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Abstract: Density functional calculations oansabridged rare earth disilylamide complexes confirm the
presence of a new type of symmetric-k1(Si—H) S-diagostic interaction, the origin and electronic structure

of which are delineated in terms of structural criteria, vibrational spectra, natural population analyses, natural
bond orbitals, and canonical molecular orbitals. The interaction turns out to be dominated by electrostatic
effects, and the presence of vacant f orbitals appears to be of minor importance for the bonding in this case.
It is shown that only central metals of sufficient size allow for a diagostic coordination mode due to steric
hindrance.

1. Introduction When performing a formal electron count, one can regard the
agostic ligand as a whole as a four-electron ligand, with two
electrons being donated by the carbon atom of theQvbond
and another two electrons by the-8& group. However, recent
theoretical studies on ethyltitanium trichloride suggest that only
one doubly occupied molecular orbital is responsible for the
groups, but also for a variety of unusual{$i)---TM (TM = overall bongling of the ligand to Fheﬁmetal, the ligand thus
transition metal) interactior?s® Agostic bonding has been found formally acting as a two-elec_:trgn liga _d' )
to play a major role in the ligand reactivity of transition metal  1ne presence of an agostic interaction is commonly proved
complexes, particularly i-olefin polymerizatiorf:5 by Fhe resultmg geometrical gleformatlons of the agostic I.|gand,
The nature of the interaction was interpreted by Brookhart Which are mainly an elongation of theH bond (E= C, Si),

and Green in terms of a three-center, two-electron bond betweerfather short M--H contacts, and a distortion of the ligand
the C—H bond and a vacant d orbital of the transition metal, 9eometry toward the metal centefin a variety of X-ray crystal

In a number of transition metal complexes;-8 bonds of
alkyl or alkenyl ligands can bind to the metal center, acting
formally as a two-electron donor. Brookhart and Green coined
the term “agostic” for this type of interactidnSince then, the
meaning of the word “agostic” has been used not only feHC

leading to a charge transfer from the-8 o bond to the metal. structure analy.ses,.hydrogen' atoms were located a.nd refined to
provide an estimation of their positioA8.More precise data

39&1_)4(8% ‘igogrg‘g&h’\g-r?tG,\;Ie_eg'n';"'e-nL-l\;ﬂ-LO'H@l?wg‘% CL*]ePf?é%B??nzoﬁg were collected using neutron and electron diffraction tech-
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In some cases, protermetal spir-spin coupling was observéd.

Paralleling experimental studies, efforts were made to understand

Hieringer et al.

Scheme 1. Structural Models of Agostic Bonding ih—7

2SiH (Cp)2SiHy

agostic bonds by theoretical methods. Extendéakel mo- (cp)Lns ’ etn
lecular orbital calculations by Hoffmakhand Eisensteit?d He o e
provided insight into the bonding mechanisms of this type of \,/N\ / N
interaction. Later, structural, spectroscopic, and bonding features Ry S%'-H =~ Ng”™ He
were confirmed and refined by high-level ab initio and density R R R i
functional calculation§3 In principle, such calculations have 1a (R=Hy) 1b (R < Hy)
an advantage over X-ray crystallography in that hydrogen RN ooy 2b (R =Me)
positions are known exactly within the accuracy of the model
chemistry used. " Mo " M

In recent years, several complexes with agostietsi-TM A\ 'L /" A 'L
interactions have appeared in the literattifelhe very few Y \Si(nR R.\\)Si/ N
known examples of rare earth metals invariably comprise R R R ~
silylamide ligands, all of them showing unusual multiple agostic i
coordination mode%.In an earlier paper, a new type of 22522{',{;)) 2?1223‘3)
symmetric Ln-+(Si—H) -diagostic interaction observed in a M=Li.Na M=t Na
number of rare earth metal complex@swas reported and e

Ha Ha

characterized by X-ray crystallography and spectroscopic
methods:* The peculiar coordination modes in combination with

/ \ M =siMe,
N

MegSi Ln

R\\)Si/ N\Si‘,,R
R Gl

5 (R = Hp)
7 (R = Me)

é e —YsiMe, we look for criteria, such as rare earth metal ionic radius,
allowing for the formation of a symmetric diagostic rather than
A a monoagostic bond.

2. Computational Details

the common notion that rare earth metals tend to favor purely  pensity functional theory with gradient-corrected exchange correla-
ionic interaction® makes this class of complexes particularly tion functionals has proved to be a reliable tool for performing electronic
interesting for theoretical investigations. structure calculations on transition metal complexes at a moderaté cost.

The purpose of this paper is to provide insight into the The calculations presented in this study have been carried out using
electronic structure and the unprecedented agostic bonding modéhe 1988 gradient-corrected exchange in combination with the 1986
in A, modeled agnsabridged rare earth disilylamide complexes correlation functional introduced by Bedkeand Perdew® (BP86).
1-3 (Scheme 1) using current density functional meth§ds This functional combination has yielded the best agreement with
Structural and spectroscopic features are used to delineate. th experimental data in our case. More details on the performance of other

. o . . . fevels of theory can be found in the Supporting Information.
characteristics of this interaction. We wish to clarify whether Despite the efficiency of KohnSham density functional theory as

low-lying f orbitals can participate in the bonding mechanism compared to post-Hartredock methods, the size of the complexes
and investigate the degree of covalent and electrostatic contribu-tackled here led us to seek the most economic way to treat the problem
tions to the bonding. We are furthermore interested in the energyaccurately. The most proven method for large transition metal
that is associated with the agostic interaction, which might act complexes is the use of pseudorelativistic effective core poteftitls,
chemically as a ligand, screening the metal center from solventwhich allows us to deal with the valence electrons exclusively. All

coordination, bearing important synthetic consequences. Finally, model complexes were treated using effective small-core potentials on
the rare earth and silicon atoms together with a Gaussian valence basis
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set of doublez (triple-; for Lu) quality?® Los Alamos ECPS$
(LanL2DZ) were used for Sc, Y, La and Si, while an ECP optimized
by the Stuttgatf group was used for Lu. The orbital basis sets on the
disilylamide fragment were augmented by a single set of polarization
functions according to Huzinagaj.e., one set of p functions on each

of the six (two in case of N(SiHM#) hydrogen atoms of the SiH
groups, one set of d functions on nitrogen, and one set of appropriate
d-type Gaussians on each of the silicon atoms, yielding a basis set
labeled DZP in this paper. An additional set of f-type polarization
functions according to Frenkidgwas furthermore added on the Sc,

Y, and La centers (basis set label DZR. For Lu, an f function
exponent of 0.772 was used within DZP.
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Table 1. Selected Structural Parameters for Optimized Structures in Angstroms and Degrees (BP86)

compound/method OSi—N-Si Si—H, Si—Hy OH;—Si—N OHp,—Si—N M-+-H,

experimental 154.88(18) 1.39(3) 102.4(13) 2.70(3)
1.38(4Y 100.7(16) 2.66(4)

la(La) DzP 155.8 1.538 1.489 102.1 117.4 2.68
la(La) DZP+f 154.5 1.536 1.488 101.8 117.3 2.68
2a(La) DZP 159.6 1.556 100.3 2.58
2a(La) DZP+f 158.2 1.552 100.0 2.58
3a(La) DZP 156.5 1.552 101.0 2.67
3a(La)DZP+f 155.5 1.548 100.7 2.66
4a(Li) DzP 132.1 1.508 1.497 107.4 115.9 2.89
4b (Li) DZP 132.8 1.538/1.49%6 1.495/1.497 102.4/109.7 118.8/114.5 2.14/3.48
4a(Na) DZP 134.7 1.514 1.501 108.0 134.7 3.05
4b (Na) DZP 132.1 1.531/1.503 1.500/1.501 105.9/109.8 118.4/115.7 2.52/3.62
5DzP 148.6 1.515 1.523 113.8 118.2
6a(Li) DZP 175.9 1.561 102.5 2.10
6a(Na) DzP 165.1 1.551 105.5 2.48
6b (Li) DZP 141.0 1.560/1.507 100.4/107.4 2.02/3.28
7DzZP 177.1 1.521 115.2

aReference 14, compouridi.c (Ln = La). P La---H and Si—H distances have to be discussed carefully due to the uncertainty of location of the
hydrogen atoms close to two heavy atofiseft/right value: silyl group close to/far from the metal center.

Full geometry optimizations were carried out@a symmetry using (SiHg)] 1 that is believed to represent a fair approximation of
analytical gradient techniques, and the resulting structures were the electronic situation of the lanthanum center and the agostic
confirmed to be true minima by diagonalization of the analytical nuclear si—H groups. When comparing experimental structures with

Hessian matrix¥® All molecular orbital (MO), natural bond orbital
(NBO), and natural population (NPA) analySesere performed within
the BP86/DZF-f level. For the model compounds M[N(SiHJ3] 4a/b
(R=H, M = Li, Na)), 6a/b (R = Me, M = Li, Na), and [N(SiHR),]

5/7 (R = H, Me), the DZP basis set was employed. Here, geometry
optimizations were carried out i8,, or Cs symmetry, unless stated

the calculated structurds one has to keep in mind that steric
effects are, of course, not modeled adequately with this
procedure. To estimate the limitations of model compouhds
we performed additional calculations on comp&iyearing the
real N(SiHMe), (bdsa) ligand, as well as on f8i(Cp’).LaN-

otherwise. All calculations presented were performed using the Gaussian(SiHMez)2] 3 (Cp' = CsMey), which takes into account the

98 program suité® Molecular orbital plots were made with the Molden
graphical interfacé®

3. Results and Discussion

3.1. Geometry Optimization of Different Structural Mod-
els.Ansalanthanidocene bis(dimethylsilyl)Jamide complexXes
have been studied in an earlier contributtbby X-ray crystal-

substitution of the cyclopentadienyl rings. The main focus of
this paper is on the electronic nature of the observed diagostic
interaction, however.

Initial Geometries and Symmetry. There are basically three
coordination modes of the disilylamide (dsa, bdsa) ligand to
the metal center, featuring zero (nonagostic), one (monoagostic),
or two close hydrogen lanthanum contacts (diagostic) (Scheme

lography and spectroscopic methods. Several structural pecu-1). The first and the last (structure typa/2a/33 formally show
liarities in these complexes point to the presence of a pronouncedCz, Symmetry, while structure¢b/2b display Cs symmetry.

Si—H---Ln (Ln = La, Y, Lu, Sc) interaction, which will be
examined by virtue of several model structures in this work. In
the first part of the paper, we will deal exclusively with the
lanthanum complexes, and we will extend our study to scan-
dium, yttrium, and lutetium later.

To keep the computations feasible, we have simplified the
experimental structure& to model structure [bBi(CpyLnN-

(22) Ehlers, A. W.; Bame, M.; Dapprich, S.; Gobbi, A.; Hievarth,

A.; Jonas, V.; Kaler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.
Chem. Phys. Lett1993 208 111-114.

(23) Komornicki, A.; Fitzgerald, GJ. Chem. Phys1993 98, 1398~
1421.

(24) (a) Reed, A. E.; Weinhold, F.; Weiss, R.; Macheleid].JPhys.
Chem.1985 89, 2688-2694. (b) Reed, A. E.; Curtiss, L. A.; Weinhold, F.
Chem. Re. 1988 88, 899-926. (c) Foster, J. P.; Weinhold, .Am. Chem.
S0c.198Q 102 7211-7218. (d) Reed, A. E.; Weinhold, B. Chem. Phys.
1983 78, 4066-4073. (e) Reed, A. E.; Weinstock, R. B.; Weinhold JF.
Chem. Phys1985 83, 735-746. (f) Reed, A. E.; Weinhold, Rl. Chem.
Phys.1985 83, 1736-1740. (g) The NBO transformation dfa at BP86/
DZP+f resulted in the following decomposition: total Lewis, 176.59
(97.0%); valence non-Lewis, 5.14 (2.83%); Rydberg non-Lewis, 0.28
(0.151%) of 182 electrons.

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Peterson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Saussian 98Revisions A.3 and
A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(26) Schaftenaar, G. CAOS/CAMM Center, University of Nijmegen, NL.

When investigating compounds of tyfe/2a/3a we adopted
initial geometrical data from the X-ray structure of comphex

(Ln = La).1* The approximat€,,-symmetric diagostic structure

is the only coordination mode observed experimentally in
compounddA for larger rare earth metals such as La and in the
absence of steric constraints. Despite this fact, we also wanted
to check about the possibility and properties of equilibrium
structures such a&b or 2b. To obtain a suitable starting
structure, we “broke” one of the agostic bondslia’2a by
asymmetrically contracting the SN—Si angle to 130. The
resulting starting structure was then also subjected to uncon-
strained geometry optimization, the results of which are
presented in the following sections.

Comparison with Experimental Data. Critical parameters
of the optimized structures describing the {-8 distance, St
N—Si and H-Si—N angles, as well as SH bond lengths, are
compiled in Table 1.

The characteristic agostic distortions of the local SiHR
geometry, namely elongation of the agostie-Bi bonds and
N—Si—H, angle contraction, are common features of all
structural models (Scheme 2). However, comparison of these
results with the experimental data has to be done with care,
since hydrogen positions are not known exactly from X-ray
structure determination. Therefore, to benchmark the accuracy
of theoretical predictions and the quality of the structural models,
we regard the SiN—Si angle as the single critical parameter
to compare with experiment. The widening of the-8i—Si
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1a(La)

1b (La)

H%\LH: Hnwﬁa

N

53 51 55 &

Hd Be Hbé{O Hy Hy C‘)JHh thko Hy
4a (Li) 5

Figure 1. Optimized geometries dfa, 1b, 4a, and>5.
Scheme 2. Agostic Distortions
M\

~\H
N\(;// bond elongation
|l

angle contraction

angle is the crucial structural evidence gf-@liagostic interac-
tion which can be taken from the X-ray structure.
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Alternatively, one could argue that the enhanced donating power
of the methyl-substituted Cpcompared to Cp reduces the
electrophilicity of the central metal. In summary, however, we
conclude that the geometrical perturbations due to methyl
substitution are modest, and the simpler mddebnstitutes a
sufficient starting point to study the origin and electronic
properties of the double agostic interaction in compouhds
The excellent agreement of the -S9N—Si angle with the
experimental data is, in part, the result of error cancellation, as
indicated above. We like to point out here that the comparison
with an experimental X-ray structure bears certain dangers, since
crystal packing effects might influence the result.

An important question of our investigation was whether there
also exists an asymmetric minimum structure in addition to the
observed symmetric one. Hence, we were looking fd€sa
symmetric minimum structure of typgb with one long and
one short L&-H, distance. Such a structure could not be located
using the standard methods employed in this study (BP86/DZP,
BP86/DZP+f). This also holds for the bdsa-containing structures
2, where attempts to minimize initial geometries of typle
resulted in equilibrium structur&a. This is not surprising, given
the enhanced strength of agostic bonding.iA local minimum
structurelb, however, was found at a lower level of theory
(BP86/LanL2DZ), which serves as an approximation to a
hypothetical structuréb in the following discussion. We cannot,
however, rigorously rule out the existence of a minimum
structurelb at higher levels, since we did not scan the potential
hypersurface completely. The nonexistence of structbrg a)
(Figure 1) at high levels of theory parallels the experimental
observations, where only a diagostic complex of lanthanum was
detected so far.

In structurelb obtained as described, the silyl group next to
the lanthanum center is strongly distorted, while the silyl group
on the far side of the metal is nearly unperturbed. TheN&+
Si angle is markedly reduced (138)Gs compared to that in
the symmetric diagostic structurés.

To obtain deeper insight into the bonding mechanism, we
additionally optimized several model structureand6, where

As can be seen from Table 1, this parameter is generally well the { H,SiCp,La} fragment was replaced simply by the alkali
reproduced by theory, with minor variations among the different metals lithium or sodium (Scheme 1). Comparison of the

models. From a theoretical point of view, it is interesting to

properties of these compounds with those of the rare earth

see that inclusion of f basis functions into the basis set of the complexes allows us to estimate the role of electrostatic effects
rare earth metal improves the agreement only slightly. This in the agostic bonding in later sections of this report. Relevant

points to the fact that f orbitals probably do not play a central
role in the formation of the double agostic bond, as will be
underlined in subsequent sectidns.

The good agreement with the experimental structres
interesting in view of the structural simplifications made in
model compounda (Figure 1), i.e., omission of the four methyl

structural parameters have been included in Table 1. At this
moment, we would like to note only that th&,-symmetric
structuregta/6a(Li, Na) represent transition states with respect
to a reduction of symmetry to yield minimum structurdg6b

of Cs symmetry. The only exception is the sodium-containing
compound6a (Na), where no asymmetric structuéé could

groups of the real bdsa ligand. As can be seen from Table 1, be located at the theoretical level used, paralleling the observa-

the four methyl groups i2 lead to a slightly more opened-Si
N—Si angle of 158.2 Together with other structural features
(Table 1), this points to an enhanced agostic interactio? in

tions for the lanthanum complexésand 2.

Agostic Silyl Group Distortion. We now come back to the
point of how the local geometry of the SIHRR = H, Me)

The closed-shell repulsion of the Me groups and different groups changes upon formation of the agostic bonds by means

electronics within the bdsa moiety may also favor wider Si

of a more quantitative discussion. To compare the structures of

N—Si angles, as can be seen from the geometries of the isolatedne rare earth complexes 2, and 3 with the geometry of

dsa 6) and bdsa7?) ligands.
While the Si-N—Si angle in2 compares slightly worse with

nonagostic disilylamide fragments, we make use of our model
compoundsA—7. Compounds4 and 6 are considered as the

the experimental reference, excellent agreement is restored whemimiting case of a weak, predominantly ionic metal hydrogen
the methyl substituents on the cyclopentadienyl rings are takeninteraction?® whereas irb and7 no metal influence is present

into account as i8. This can be rationalized by steric repulsion
of the Cp' rings and the Me groups of the bdsa ligand.

at all.
In the Cy,-symmetric structurda, the agostic StH, bonds

(27) A more elaborate study on the performance of different computa- @€ stretched by 0.05 A with respect to their nonagostic

tional levels can be found in the Supporting Information.

counterparts StHp. An analogous, but more subtle elongation
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Table 2. Si—H Stretching Vibrational Frequencies (cin Totally Symmetric Modes; BP86/DZH, Unscaled)

vibration La Y Sc Lu Li Na

dsa, Si-Ha, 1948 (La) 1939 (La) 1921 @La)P° 2081 @a)° 2041 @a)®
1921/2138 {b)? 1965/2170 {b)? 1882/2126 1b) 1928/2142 4b)? 1951/2103 4b)?

dsa, Si-Hj 2188 (La) 2190 @a) 2157 (La)® 2151 @a)° 2134 @a)*
2183/2167 {h)? 2183/21651b)? 2153/2136 1b) 2137/21564b)? 2105/2112 4b)?

bdsa, Si-H 1864 @a) 1861 Qa) 1926 @a) 1838 @a) 1823 Ga)° 1851 @a)

1873/2112 2b)? 1817/2083 §b)?
exptl Si-H° 1845 (19 1789 (L1b) 1793/2012 1339 1804 (3h)

a Left/right value: silyl group close to/far from the metal centeimaginary frequency of 5i cri for a — b transition.© Reference 14.

is found in theC,,-symmetric model complexeka, where the the Lit (Na') ion coordinates symmetrically to free aniofic
effect amounts to only 0.01 A. The effect is more pronounced This can easily be understood from a rehybridization of the
when the smaller alkali metals are relaxed toward one of the bonding orbitals at nitrogen when going frdo 4a according
Si—H groups to form mono-“agostic” structurdb. In this case, to Bent’s rule2? In 5, nitrogen hybridization is between%and
the elongation is comparable to that in diagodtcIn the free sp, the sp part favoring a linear arrangement. When the alkali
ligand 5, the Si-H, bonds are even shorter than the-8l, cation is coordinated to nitrogen, the p character of the hybrid
bonds, thus indicating the apparent influence of the metal. is increased, or, which is the same in this case, its s character
Scheme 2 shows the angle contraction and bond elongationis reduced, allowing for a direct bond to the metal by a hybrid
motions. orbital of predominantly sptype. In1a, these arguments still
Compared to the SiH distances of metal-coordinated silane hold. However, here the angle doest contract as expected
groups reported in the literature, this elongation of 0.05 A is from Bent's rule alone, since an additional diagostic interaction
rather low. For example, Schubert et al. have used neutronforces the Si-N—Si angle to open by 5?%compared to that in
diffraction techniques to characterize some compounds in which 5. Thus, assuming the (SH):--La interaction as the driving
RsSi—H groups seem to be frozen along their path toward force, this suggests that the agostic interaction is strong enough
oxidative addition to the metal cent&They observed elonga-  to distort the SEFN—Si angle of the disilylamide fragment to
tions up to 0.34 A. However, id the & configuration of the the extent observed. In the bdsa compounds, the action of the
La®" center precludes metal-to-(SH) back-donation, and thus  agostic bonds is less obvious, since the1$i-Si angle of the

the Si-Ha bond is only slightly weakened. free anion is almost linear (177)1 For a simple or even a
The N-Si—H, angle in la is contracted to 101°8 as complex fragment to fit into the tripod bdsa bite, it is necessary

compared to the bond angle of the nonagostieI¥-H;, atom to contract the angle due to geometrical requirements.

triple of 117.3. These data express an overall tilt of the §iH In summary, we conclude that compourid®, and3 show

group, with the apex of the Sipyramid pointing not directly conspicuous structural deformations, suggesting the presence
to the nitrogen atom to which it is actually bonded, but rather of a unique doubles(Si—H)---La agostic bond, in good
toward the other silyl group. To decide whether the observed agreement with available experimental data. They are believed
angles are due to the influence of an agostic distortion, we to represent excellent models to study the dominant electronic
compare the data to the structures of model compodratsd features of the agostic bonding observedAinAn excellent
5 (Table 1). The nonagostic angle1$i—Hy, is similar in all structural agreement between theory and experiment is achieved
cases. Hence, the large value of about’ldppears to be typical  both at the BP86/DZP and BP86/DZPlevels.
for the disilylamide fragment and is unaffected by the presence  3.2. Vibrational Analysis. Agostic interactions are revealed
of a metal center. In contrast, thed$i—Ha angle is gradually  not only by changes in the local ligand geometries, but also via
contracted when going from the metal-free ari13.2) over certain spectroscopic characteristics. They usually lead to a
the sodium (108.9 and lithium (107.4) compoundsgtato the significant weakening of the agostic element hydrogen bonds,
lanthanum complexa (101.8). Within an ionic model, this  which can be seen experimentally from a shift of theHE
can be understood from the increasing Coulomb attraction stretching vibration to lower frequencies in the vibrational
exerted by the metal due its increasing partial charge. For the spectrunt1°The calculated harmonic frequencies of the totally
bdsa-containing compounds and 3, similar, yet more pro-  symmetric bond stretching vibrations of agostic—8i; vs
nounced distortions of the local SiHMgeometry are observed.  nonagostic StHy groups are collected in Table 2 for complexes
Once again, this points to an enhancement of the diagosticof type 1 and2 with several different central rare earth metals.
interactions due to inclusion of the four methyl groups in the  From the data in Table 2, it can be seen that theFSi
sinIa}mide ligand. The reader is referred to Table 1 for more yiprations for the simple dsa complexdsappear at higher
detalils. frequencies than the experimental bdsa references. Without
As already pointed out, the SN—Si angle is a sensitive  consideration of any agostic effects, introduction of the four
probe of the symmetric L-&(Si—H) S-diagostic interaction in  methyl groups into the dsa ligand to yield bdsa leads to a
1. Our calculations orb reveal that the freeC;,-symmetric  reduction of absolute frequencies, which allows for a direct
disilylamide anion shows an SN—Si equilibrium angle of  comparison of the bdsa complex2swith experimental data
148.6. The Si-N—Si angle iscontractecby 16.5 (13.9°) when for A. While a reasonably good agreement for lanthanum is
(28) (a) Goldfuss, B.. Schleyer, P. v. R.. Handschuh, S.. Hampel, F.; achieved, the calculate_d values are somewhat too high for the
Bauer, W.OrganometallicsL997, 16, 5999-6003. (b) Schleyer, P. v. R.;  other central metaf¥. Given the observed dependency of the
Clark, T.J. Chem. Soc., Chem. Comma886 1371-1373. (c) Sekiguchi,

A.; Ichinohe, M.; Takahashi, M.; Kabuto, C.; Sakurai, Ahgew. Chem., (30) Bent, H. A.Chem. Re. 1961, 61, 275-311.

Int. Ed. Engl.1997, 36, 1533-1534. (31) Scaling schemes have been developed to overcome systematic errors
(29) (a) Schubert, U.; Ackermann, K.; We, B.J. Am. Chem. So&982 in calculated vibrational frequencies. See, for example: Scott, A. P.; Radom,

104, 7378-7380. (b) RabaeH.; Saillard, J.-Y.; Schubert, U. Organomet. L. J. Phys. Chem1996 100, 16502-16513. Since we are less interested

Chem. 1987 330 397-413. (c) Schubert, U.; Bahr, K.; Mer, J. J. in absolute values, we did these without scaling, but rather exploited the

Organomet. Cheml987 327, 357-363. relative changes in the vibrational frequencies.
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Table 3. Natural Atomic Partial Charges (BP86/DZP

atom(s) la(La) 1b (La)? 4a(Li) 4b (Li)? 5

M +2.480 (La) +2.510 (La) +0.961 (Li) +0.952 (Li)

N —1.859 —1.883 —1.893 —1.868 —-1.715
Si +1.198 +1.158A-1.149 +1.159 +1.162/4-1.169 +1.185
Ha —0.297 —0.276/0.242 —0.249 —0.304/-0.230 -0.273
Hp —0.200 —0.194/-0.198 —0.222 —0.217+0.224 -0.277
SiHs +0.501 +0.494#-0.511 +0.466 +0.424/+0.491 +0.358
N(SiHs)2 —0.857 —0.878 —0.961 —0.952 —1.000

aLeft/right value: silyl group close to/far from the metal center M.

Si—H vibrational frequencies on the structural details of the reported so far recommend complexes of t§@s useful models
complexes? however, the agreement is considered reasonable.for studying the electronics of the agostic bondingAinThe
The inclusion of rare earth metal f functions in the basis set discussion will take advantage of the fact that, in the dsa
again only slightly changes the absolute vibrational frequencies complexes1, agostic and nonagostic -SH bonds can be

to higher values. investigated and compared within the same molecular structure.
More relevant than the absolute numbers is the frequency We will then proceed to analyze additional aspects introduced
shift between vibrations of agostic and nonagostietbgroups. by the more sophisticated bdsa structu?esnd 3.

For the bdsa complexes, such a comparison is possible only Partial Charges. We have performed a natural population

for the asymmetric scandium complexes, bearing an agostic andanalysis (NPA) and natural bond order (NBO) anaRfsis our

a nonagostic SiHMggroup in the same complex. Here, the prototypical modeld—7. This partitioning scheme has proven

calculated shift of 239 cnt is in good agreement with the to be extremely valuable for the analysis of the electronic
experimental value of 219 cmh. The simpler dsa complexds structure even of largely ionic compounds, while lacking the
allow for the determination of the agostic shift also for the major limitations of the traditional Mulliken population analysis.

symmetric complexe$a by comparison of the SiH, and Si- The model cases are compared in terms of partial charges of
Hp frequencies. Similar shifts between 218 and 251 tare interacting versus non-interacting hydrogen atoms\$iH),
predicted, indicating comparable agostic interactions as in the silicon and metal atoms, as well as Wiberg bond indéges.
bdsa complexes. C—H and Si-H agostic bonds may be classified according
More information about the agostic interaction itself can be to their different dipolar structures. In transition metal alkyl
obtained by a comparison of the vibrational dataloéind 2 complexes, the €H bond is slightly polarized toward the
with those of the simple modela/b and 6a/b. In the Cy,- carbon atom, the hydrogen atom being the more electropositive

symmetric model compount, the lithium ion induces a shift  atom in the ligand fragme#itThe polarity of the Si-H bond,

of only 70 cn1%, which is significantly smaller than that of the  however, is opposite, the hydrogen atom being the more
rare earth metals. However, when the lithium ion is allowed to electronegative partnét.Thus, while an electrostatic interaction
come close to one of the SH, bonds as irCs-symmetric4b, between the agostic ligand and the metal center in the former
a frequency shift comparable to that I is observed (209  type is expected to be due to the carbonetal attraction, the
cm1). These results suggest that the smaller shift induced by latter Si-H agostic compounds show a predisposition to interact
Li* in 4ais due to its smaller size or, more precisely, due to via the negatively polarized hydrogen atom. Apart from this

the different electrostatic potential introducgd bV.LFFOHOV_Ving purely electrostatic model, the accumulation of electron density
the same argument, the sodium iortam(Na) induces a slightly  on the hydrogen atom in SH bonds predestines the agostic
larger shift of 93 cm? due to its increased size. kb (Na), hydrogen atom to donate into vacant valence orbitals of the

however, the reduced ability of the sodium atom to polarize its electrophilic (Lewis acidic) metal center of the complex. The
surroundings results in a smaller frequency shift than in the charge distribution within the three-center$i,«-La moiety
lithium analogue (154 vs 209 cr). Similar arguments hold  was studied by inspection of the partial charges calculated for
for the bdsa model6. Moreover, in the bdsa complea (Sc) our model systems, which are summarized in Table 3.
with the smallest trivalent cation, a-SH vibrational frequency The lanthanum atom iha bears a high positive partial charge
significantly higher than that for the other rare earth metals is of +2.48 elementary charges (e), while the nitrogen atom, which
calculated. Again, a larger shift is obtained when the symmetric js pound directly to the metal center, has a negative charge of
structure collapses @b (Sc), where the small scandium center 1 86 e. The disilylamido fragment as a whole is charged by
is much closer to one of the SH groups. —0.86 e, indicating a charge transfer of 0.14 e toftha(Cpy-

So far, we conclude that the observed frequency shifts inducedsijH,)} moiety upon complexation. These results seem to support
by the larger and highly charged rare earth metals can be wellthe common notion that the bonding in rare earth metal

explained in terms of an electrostatic model. complexes is predominantly ionic in characteHowever, we
3.3. Electronic Nature of the f-Agostic Ln:-+(Si—H) note here that the transfer of electron density lia is

Interaction. In this section, we like to shed more light on the significantly higher than that in the ionic modets.

origin and electronic nature of the {:aSi—H) S-agostic Clearly, the highly charged lanthanum center is strongly

interaction. We will address the question of covalency Vs polarizing its surroundings, including the-Sil, bonds. Thus,
ionicity*>32 in terms of partial charges and orbital overlap the hydrogen atoms Hvhich eclipse the lanthanum atom are
arguments, and we will discuss the contribution of d and f more negative|y Charged than their gauche Congengrbw
orbitals to the bonding. The structural and spectroscopic datag 10 e. On the other hand, this might also suggest that there is
no significant transfer of electron density from, kb the

(32) For studies on Lnx see, e.g.: (a) Adamo, C.; Maldivi, Ehem.

Phys. Lett.1997 268 61-68. (b) Lanza, G.; Fragald. L. Chem. Phys. lanthanum center, which would, of course, lead to a more
Lett. 1996 255 341-346. (c) Cundari, T. R.; Sommerer, S. O.; Strohecker,
L. A.; Tippett, L.J. Chem. Physl1995 103 7058-7063. (d) Di Bella, S.; (33) (a) Wiberg, K. BTetrahedronl 968 24, 1083-1096. (b) Sannigrahi,

Lanza, G.; Fragald. L. Chem. Phys. Lettl993 214, 598-602. A. B. Adv. Quantum Cheml992 23, 301-351.
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-0.030

+0.009 Table 5. Wiberg Bond Orders in the NAO Basis (BP86/DZH

-0.021 lLa +0.055 L
Ha Ha bond ord
\S_ 0024 \ 0025 atom ona order atom bond order
Hb\\“"]“flo'o“o\Si _Pos Hg/sw«'o.ooa\ i/',‘_’,f“’ pair la 2a 3a pair 1p2e
Y A . 0‘;*3% 20010 La,H, 0040 0.052 0.045 LaH 0.030/0.016
‘ oo ‘ o La,H,  0.006 La,H  0.006/0.005
. ) o o i Si, Ha 0.820 0.764 0.774  Si,H  0.846/0.883
Figure 2. Flow of charge density id (La) and4 (Li) upon formation Si, Hy 0.897 Si, K 0.901/0.905
of the second agostic bond (negative sign, gain in electron density; La, Si 0.031 0.034 0.032 La, Si 0.030/0.022
positive sign, loss of electron density). La, N 0.143 0.151 0.133 La, N 0.154
) ) La, C 0.065 0.069 0.065 La,T 0.071
Table 4. Natural Atomic Partial Charges (BP86/DZP
atom(s) 2a(La) 3a(La) 6a(L) 6a(Na) 7 atom bond order atom bond order
h - - h ~ ~—
M 12483 42498 40921 +0.957 pair 4da(Li) 6a(Li) 6a(Na) pair 4b (Li) 6b (Li)
N -1.903 -—-1905 -1.879 -—-1.859 -—1.797 M, H, 0.002 0.033 0.013 M, H 0.015/0.007 0.022/0.001
Si +1.726 +1.725 +1.713 +1.712 +1.721 M, H, 0.002 M, H, 0.002/0.002
Ha —-0.337 -0.332 -0.340 -0.344 —0.299 Si,H, 0.893 0.777 0.791 Si,H 0.843/0.905 0.782/0.862
SiHMe, +0.533 +0.543 +0.479 +0.451 +0.399 Si,H, 0.893 Si, i 0.885/0.898
N(SiHMe;)), —0.837 —-0.818 -0.921 -0.957 -—1.000 M,Si 0.005 0.018 0.009 M,Si 0.013/0.004 0.016/0.005
M,N 0.062 0.048 0.030 M,N 0.062 0.057

" : aLeft/right value: silyl group close to/far from the metal center.
positive partial charge ondtompared to that onHHowever, b Carbon atom in the cyclopentadienyl rings; mean vat@@eometry

one has to keep in mind that the charge on the hydrogen atomgptimized at BP86/LanL2DZ.

is, in fact, influenced both by the adjacent silicon atom to which

it is bound covalently and by the proximity of the metal center natyral atomic orbital (NAO) basis for our model structures,

due to the agostic interaction. Hence, the negative partial chargeyhich are partially recorded in Table 5.

on H,, as compared to that onyHloes not necessarily rule out In general, the SiH bonds are characterized by covalent

the possibility of charge transfer to the lanthanum atom, although pond orders (b.0.) close to 1 (Sil.0.~ 0.9; SiHMe b.o. ~

the ionic contribution seems to predominate. A similar polariza- 0.8), while ionic dominance is attributed to the-ti bond (b.o.

tion of the Si-H, electron density by the metal is observed in < 0.154). The covalent bond indexes for-t-# and La--Si

the ionic modelsta and4b. are close to 0 (b.as 0.052). Still, inla, the agostic hydrogen
The asymmetricstructurelb allows for a comparison of @&  atoms H show a noticeably higher bond order with the

nonagostic (far from the metal) and an agostic (close to the |anthanum center as compared to the nonbonding gauche

metal) silyl group (Table 3) and the change in partial charges H,.--La values, the absolute magnitude of the former being

upon formation of the second agostic bond (Figure 2). The comparable to that of the Cp ring carbon atoms bonding to the

results are in line with the interpretation given above, the agostic |anthanum center. The difference in -t#d, bond orders

SiHs group showing a stronger negative polarization toward the petween the agostic and nonagostie Bigroups inlaandlb

lanthanum center than the nonagostic one. As indicated beforeis small, but still distinguishable. The corresponding-Bi

the electrostatic polarization of the disilylamide fragment bonds are slightly weakened compared to thet%j bonds,

obscures any charge-transfer effects from thetgibonds to which might be rationalized by a charge transfer of-Bj

the La center. Still, as can be derived from the data in Table 3, ponding density to the electronically unsaturated metal center.

electron density of 0.02 e is transferred from {é(SiHs)2} A similar change in SiH, bond orders is also induced by the

ligand to the{La(CpSiHz)} moiety upon formation of the i+ jon when it is allowed to come close to one of the $iH

second agostic bondlf — 1a). This is in contrast to the changes  groups, like indb (Li). However, in contrast to the larger #a

observed on going fromb (Li) to 4a (Li), where the lithium  center, the Li ion is too small to significantly reduce the-Si

atom insteadosespart of its residual electron density. The H, bond orders when it is forced to take a central position, as

charge rearrangement within the disilylamide fragment is clearly in 4a (Li). While a negative polarization of Hust as in the

dominated by electrostatic factors in this case. We restrict |anthanum complex is still observed, a concomitant increase in

ourselves here to stress that the flow of charge density during covalent bond order for the interaction between Li andier

the transformatiorib — lais qualitatively distinct from that Hp cannot be distinguished ia, contrasting the La-Hap

in the 4b — 4a case (Figure 2). interactions in the lanthanum compléa In summary, however,

The charge distribution in the bdsa comple2esand 3a is
similar to that in the simpler moddla (Table 4). The overall
transfer of electron density from the bdsa ligand to the metal-
containing complex fragment is slightly higher Za and 3a
than that inla, and significantly higher than that in the purely
ionic models6a (Li, Na). Still, the agostic hydrogen atoms are
more negatively charged than thoselm but less negative than
those in6a (Li, Na). The partial charge of the central rare earth
metal is similar in the three complexés, 2a, and3a. These

these data attribute only a very small covalent contribution to
the agostic La-H, interaction inl.

The situation is not very much different for the more realistic
bdsa complexe2a and3a. La---H bond orders are only very
slightly increased in these structures, while the-tSi values
remain virtually unchanged with respect i@ Overall, in
agreement with other criteria reported so far, the agostic bonds
appear to be somewhat stronger2mthan those irla and3a
and considerably stronger than those in the ionic mo@als

data, in summary, point to a more pronounced agostic bonding (Li, Na).

in the bdsa complexes compared to the simpler dsa complexes. Natural Bond Orbital Interaction.

On the basis of the charge distribution, nonelectrostatic contri-
butions to the agostic bonding cannot entirely be ruled out.
Covalent Bond Orders. Another hint to answering the
question of ionicity vs covalency can be obtained by inspection
of the Wiberg covalent bond order matrixes calculated in the

An analysis of the
interaction between the natural bond orbitals by second-order
perturbation theory shows a stabilizing dorarcceptor interac-
tion via the occupied, localized SH, bond orbital to a vacant
lanthanum-centered tiybrid orbital (Table 6). This leads to

a stabilization of approximately 3.2 kcal/mol due to each of
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Table 6. Dominant Agostic Bonding Contributions According to Perturbation Theory (PT2) in the NBO Basis

interaction la(La): o(Si—H) — La 4b (Li): o(Si—H) —Li
PT2-energy (kcal/mol) 3.2 3.0
donor hybrids 34.7%: Sis (20.5%), p (78.4%), d (1.1%) 34.7%: Sis (20.1%), p (78.8%), d(1.1%)

65.3%: H s (99.9%), p (0.1%)
La s (31.1%), p (0.4%), d (67.7%), f (0.8%)

65.3%: H s (99.9%), p (0.1%)

acceptor hybrids Li s (86.6%), p (11.4%), d (2.0%)

interaction 2a(La): o(Si—H) — La 6b (Li): o(Si—H) — Li
PT2-energy (kcal/mol) 5.4 5.1
donor hybrids 32.1%: Sis (18.4%), p (80.4%), d (1.3%) 32.0%: Sis (18.1%), p (80.5%), d (1.4%)

67.9%: H s (99.9%), p (0.1%)
La s (46.6%), p (0.3%), d (52.5%), f (0.7%)
La's (0.7%), p (1.1%), d (97.7%), f (0.6%)

a|nteraction energy per agostic borid3a (La): 8.0 kcal/mol.

68.0%: H s (99.9%), p (0.1%)

acceptor hybrids Li s (86.9%), p (11.4%), d (1.8%)

Table 7. Selection of High-Energy Occupied Kokisham MO'’s Involved in Agostic Bonding dfa

number symmetry orbital energyyy bonding charactér principal components
52 0} —0.21219 ab: LaN/ab: La++H, La(py, d-1)/N(py)
50 a —0.22143 b: La-HJab: La—N La(p,, dw2)/N(p)/Ha(S)
48 a —0.25099 b: La-Hyb: La—N La(do)/N(py)/Ha(s)
43 0} —0.32190 nb: La-Hynb: La—N La(py, d-1)/N(py)/H«(S)/Si(, p)
39 a —0.34212 nb: La-Hyab: La—N La(p;, di2)/N(p,)/Ha(S)/Si(p)
32 a —0.36058 ab: La-Hjab: La—N La(s)/N(p)/Ha(s)/Si(p)

2 Hartrees® Abbreviations: b= bonding; nb= nonbonding; ab= antibonding.

Table 8. Coefficients of Basis Functions Composing Molecular

the agostic bonds iha. There is no significant participation of Orbitals 43, 48, 50, and 52

f orbitals. A similar interaction of 3.0 kcal/mol stabilizéb

atom-centered basis function coefficients

(Li; 1.6 kcal/mol for Na). Here, the lithium-centered acceptor molecular

NBO has predominantly s character, while the-Sidonor NBO orbital La H N

is essentially the same as that la (La). This interaction 43 p 0.11,0.01 s0.21,0.26 ,p.22,0.05

essentially vanishes (i.es0.1 kcal/mol) in4a (Li), obviously d-; —0.09,—-0.04

since the small Lii ion is not capable of simultaneously forming 48 % —-0.27,-0.07  s0.09,0.16 9.46,0.25

two agqstic. bonds. For the somewhat larger sodium cation, the 50 36.22,2*0.06 $0.05 009 $0.02,—0.09

interaction is as weak as 0.25 kcal/mol. d, 0.03. 0.07 p0.30, 0.20
As expected, somewhat stronger agostic bonds are attributed d.» —0.13,—0.08

to the bdsa complexes, while the nature of the interaction is fo —0.02

virtually identical to the one reported fdma (Table 5). In2a, 52 p0.18,0.10 s0.01,0.01 ,p.02,0.00

interactions of two acceptor orbitals of pure d and sd type with ?fslg'gg' 0.06

a Si—H bonding orbital sum up to 5.4 kcal/mol on average per

agostic bond. In3a, the situation is comparable but more

complicated, since at least five acceptor orbitals contribute to paralleling the description of Brookhart and Green for agostic

the bonding®* Interestingly, the relevant orbital interactions in
3aresult in an interaction energy of 8.0 kcal/mol on average

compounds of the €H typel
Analysis of the Canonical Kohn—Sham Molecular Orbit-

per agostic bond. This may seem somewhat surprising, givenals. Inspection of the canonical KorrSham molecular orbitals

the results reported previously in this paper, where the agostic(MOs) of complexl1a® reveals the presence of several doubly
bonding in3a appeared weaker than that2a. We therefore occupied MOs which lead to a buildup of electron density
recommend a careful interpretation of the absolute interaction between the metal center and the hydrogen atoms (Table 7).
energies reported here, but rather stress that agostic bonding irmThe a-symmetric agostic molecular orbital number 48, occur-
the bdsa complexes is stronger than that in the dsa compoundsting at—0.25099 hartrees, is mainly composed of a lanthanum-

The ionic model$a (Cy,-symmetry) lead to lower interaction
energies (2.3 kcal/mol for Li, 1.9 kcal/mol for Na). Only in the
Cssymmetric caséb (Li), where a close interaction of the alkali
metal with the SiH moiety is possible, is a comparable
stabilization of 5.1 kcal/mol for the single agostic bond gained.

No significant stabilizing back-donation of metal electrons
to the disilylamide moiety is predicted, as expected fora d
transition metal io> According to the analysis in the picture
of localized orbitals, the agostic interactions in complevcan

centered g(i.e.,| = 2, m = 0) orbital, with a small admixture

of fo, which overlaps with a nitrogen,prbital and s orbitals
centered at the agostic hydrogen atoms (Figure 3b). Within
this MO, the lanthanum d coefficients and the hydrogen s
coefficients both are comparably high, indicating some degree
of polar covalent bonding (Table 8). A similar conclusion can
be drawn from molecular orbital number 50;,(a-0.22143
hartree), which documents a constructive overlap of a lanthanum
p—d hybrid with hydrogen s orbitals (Figure 3c). It is antibond-

be described as a double three-center, two-electron bond,ing between the lanthanum and nitrogen atoms. A somewhat

(34) We note that two of the five agostic acceptor orbital8an(La)
contain an f participation of 3%, while contributions efL% were found

more ionic contribution to the bonding is suggested by molecular
orbital number 43, which transforms as the ibreducible

in any other relevant orbital. The energetic contributions of the corresponding representation of the point group, due to the rather high

donor-acceptor interactions are as low as 0.5 kcal/mol, however.

(35) In fact, weak back-bonding interactions from the metal to the
antibonding Si-H orbital are found irBa (La) and6a (Li), with a stabilizing
energetic contribution of 0.18 and 0.23 kcal/mol per agostic bond,
respectively.

(36) The MO's discussed in section 3.3 were obtained from a separate
calculation using the DZPf basis set on structuréa with exact Cy,
symmetry (BP86/DZR). The shapes of the molecular orbitals faand
3ado not reveal any additional information and are thus not discussed.
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Figure 4. C,, symmetric Si-N—Si angle bending potential f@ra (Li)
and6a (Li).

of predominantly f character at lanthanum occur at very high
energy and do not contribute to the bonding. We therefore
attribute the role of f functions as polarization functions, which
only slightly adjust the shape of occupied orbitals and electron
density without changing their character significantly. This is
in accord with the results reported in previous sections. The
situation may be different for other lanthanide central metals
with nonzero f orbital population, however.

3.4. Energetics of Agostic BondingWe now deal with
the question of how strong the agostic interaction with the
lanthanum and other lanthanide metal centerd\irand the
modelsl (La) and2 (La) actually is. The answer to this provides
an approximate energetic measure of how strongly a coordina-
tion site at the metal center is blocked by the agostic interaction
in these complexes, which is of significance for their reactivity.

A clue to this question has already been given in the last
section within the NBO picture (Table 6). While the dominant
orbital interaction energy ida (La) is as low as 3.2 kcal/mol
per agostic bond, the binding in the more realistic mo@als
(La) and3a (La) amounts to 5.4 and 8.0 kcal/mol, respectively.
These numbers, however, do not necessarily reflect the true
dissociation energies per agostic bond, which is a superposition
of roughly two effects, namely the bending potential of the
Si—N—Si angle and the agostic bond itself.

A decomposition of these effects can be achieved via
calculation of the S+N—Si angle bending potential in a
disilylamide complex where the overall electronic situation is
Figure 3. Selection of high-energy occupied KohBham MO’s §imilar to that inl or 2, but where no dominan.t agostic bonding
involved in agostic bonding dfa; schematic representation of principal is present. Model 9ompoun@|sa (L) "f‘nd 6a (L) are expe(_:ted_
components. (a) Orbital number 48z = —0.32190 hartree; b (b) to meet these requirements to a sufficient level of approximation.
Orbital number 48¢45 = —0.25099 hartree;;a(c) Orbital number 50;  Figure 4 shows the relaxed-SN—Si angle bending potential
eso = —0.22143 hartree;;a(d) Orbital number 52¢s; = —0.21219 (calculated inC,, symmetry) for the model compounda (Li)
hartree; b. and6a (Li).

The SN—Si bending potential of lithium disilylamidéa
coefficients of the hydrogen s functions compared to lanthanum (Li) shows a minimum at 132 The calculation reveals that the
p.d orbital coefficients (Figure 3a). potential curve is rather flat, with an energy difference of only

However, there are also several occupied antiagostic 0.7 kcal/mol for angles of 13Gand 158, suggesting an extraor-
molecular orbitals present itia, i.e., which are interfering dinarily flexible SN—Si angle in nonagostic disilylamide
destructively between lanthanum and agostic hydrogen atoms.complexes8 Clearly, this allows for the large angle distortions
One of them is shown in Figure 3d (number 53), which observed experimentally and in the calculations, with rather
represents an antibonding &l interaction as well as an  weak interactions sufficing as the driving forces. TheISi-Si
antibonding La-H interaction. The balance of bonding vs bending potential for lithium bis(dimethylsilyl)amidga (Li),
antibonding MOs can be viewed as one factor that ener- however, is qualitatively distinct from that df. Its minimum
getically prevents the system from intensifying one of the agostic is located at 17§ and the force constant is even lower than
bonds while breaking the other one in favor of an asymmetric that in4a. In the range from 180to 125, the potential is also
structurelb. very flat, indicating very low repulsive forces against angle

The coefficients of the f basis functions range between 0.025 — — — - - -
and 0.01 in orbitals 43, 48, 50, and 52, while being invariantly esarption of 1o pontial. For meance omicsion of the d poarsaton

lower in all the other occupied MGE.The unoccupied MOs  functions on silicon stiffens the potential at high-8i—Si angles. Hence,
it is clear why a monoagostic structuté (La) as reported in section 3.1.

(37) A maximum f coefficient of 0.035 is obtained in the HOMO3& is only artificially stable in calculations with the limited LanL2DZ basis
(La). set.
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Table 9. Selected Structural Parameters for Model Complexe and [CpScN(Sik),] ™ in Angstroms and Degrees (BP86/DZR

complex OSi—N-Si Si—Ha Si—Hp OH.—Si—N OHp—Si—N M---H, M-++Sibrigge
1b (Sc) 134.3 1.534/1.492 1.489/1.492 99.7/108.8 118.0/113.2 2.27/3.51 3.324
la(y) 160.4 1.539 1.488 101.1 117.4 2.47 3.435
1b(Y) 136.5 1.534/1.497 1.489/1.492 100.4/107.6 118.2/114.0 2.42/3.46 3.437
la(La) 154.5 1.536 1.488 101.8 117.3 2.68 3.604
la(Lu) 158.1 1.548 1.498 100.4 117.5 2.49 3.417
[CPSc(N(SiH))]* 159.9 1.546 1.463 94.2 116.7 2.20
2a(Sc) 161.5 1.542 98.5 2.32 3.357
2b (Sc) 141.4 1.554/1.502 96.9/105.7 2.18/3.25 3.341
2a(Y) 163.4 1.555 99.2 2.38 3.447
2a(La) 158.2 1.553 100.0 2.58 3.599
contraction and high flexibility of the ligand. Below 125he Q C\\)/O O\C/o
potential shows a steeper slope, possibly due to steric (closed- & & &)
shell) repulsion of the methyl groups. Compareddtm this c C*C//ék &(é
repulsive flank appears already at higher Ni—Si angles due c v\c)ﬁo <

to the increased bulkiness of the methyl groups. Thus, in contrast
to the simple dsa ligand, the bdsa ligand by itself prefers high
Si—N—Si angles and thus favors the formation of diagostic
bonds as observed & 3, andA. In the model complexes,
however, the StN—Si bending potential impedes to some
extent the formation of the diagostic bond since its minimum
is located at lower angles. Thus, summing up the contributions
from the Si-N—Si angle deformation (ca. 0.7 kcal/mol) and
the agostic interaction energy derived by the NBO analysis (3.2
kcal/mol), an agostic dissociation energy of 2.5 kcal/mol results
for the simple modela (La).

The same number can be obtained in a more direct fashion
by calculating the energy difference of the symmetric diagostic
interaction {a, Cy,) and the situation in which one agostic bond
is broken (b, Cs). At the BP86/DZP-f level, the energy
difference betweerla and 1b (optimized at BP86/LanL2DZ)
amounts to 2.6 kcal/mol, which is close to the above estimate. [CpSe(dsa)]’

For the more realistic modeBa and3a, the NBO perturbation 1a (Lu)

theory values of 5.4 and 8.0 kcal/mol, respectively, may provide gigyre 5. Optimized geometries dfb (Sc), 1a(Y), 1a(La), 1a(Lu),
useful estimations for the agostic bond dlssouanon energies du€and [CpSc(N(SiH))]".

to the different shape of the bdsa potential. The variance in the

values for2zaand3a, however, remains unexplained at this time,

and for this reason we must handle the absolute values withis the ionic radius of the rare earth metal in the complex and,
some care. Moreover, the dissociation energies are expected tén the case of La, the presence of low-lying vacant f orbitals.
be sensitive to the nature of the Cp ring substituents, mainly The results of our calculations are summarized in Table 9 and
due to steric constraints. visualized in Figure 5. Vibrational frequencies are given in

Agostic dissociation processes such as the one analyzed abovéable 2.

may have important consequences for the chemical behavior = Similar to the case for the lanthanum complex, we find the
and reactivity of the complexes. One of the major advantages  symmetric diagostic interaction to be a stable coordination mode
of the “extended silylamide route” using bdsa ligands is the in the case of the simplest yttrium complea(Y). Additionally,
enhanced yield of THF-adduct-free comple%ihis is easily an asymmetric structuréb (Y) was found to be a stable
rationalized if one considers that the dissociation of THF from minimum, which is only 0.58 kcal/mol higher in energy than
the complex is facilitated by competitive formation of an agostic 1a (Y). For scandium, however, only an asymmetric mono-
bond of comparable binding strengthMoreover, even smaller  agostic coordination modéb (Sc) could be located. For the
energy differences such as that calculatedlfa(La)/1b (La) lutetium complex, onlylb (Lu) is calculated to be a true
readily explain why no experimental evidence for monoagostic minimum, while the symmetric structutia (Lu) turns out to
species with the larger metals could be found in solution at he a first-order saddle point, with a very low imaginary
ambient temperature so far. frequency of only 5i cm! for the conversioria (Lu) — 1b

3.5. The Effect of Metal SizeWe have seen that a symmetric  (Lu). As for 1 (Y), the energetic difference between both
diagostic interaction is favorable for a central metal ion as large coordination modes is very low (0.56 kcal/mol). In summary,
as lanthanum. However, a similar coordination mode has not for the simple modell, both mono- and diagostic structures
been observed for all rare earth complexes of #pgé We have have been observed for Y and Lu, while La and Sc exhibit only
therefore studied the occurrence of symmetric-L(Si—H) the symmetric diagostic or the asymmetric monoagostic mode,
p-diagostic bonding in complexes of tydeand2 in the series  respectively. The apparent similarity of the Y and Lu complexes
La—Y—Sc-Lu. The most important parameter at change parallels that of their ionic radii (0.900 A for3, 0.861 A for

(39) THF dissociation energies have been reported to be around 10 kcay/LU°"; coordination number 6§

mol, cf.. Nolan, S. P.; Stern, D.; Marks, T. J. Am. Chem. Sod.989
111, 7844-7853. (40) Shannon, R. DActa Crystallogr. A1976 32, 751-767.
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The details of these mono-/diagostic equilibria are expectedin 1 (La, Y) or 2 (La, Y, Sc) is, in fact, also possible for the
to be sensitive to changes in electronics and steric congestionsimple disilylamide ligand in combination with a small cation
in the compounds. Although a full study of these aspects is out such as scandium. As expected, the 1Si-Si angle (159.9 is
of the scope of this report, it is worthwhile to note that methyl predicted to be wider than that itb (Sc) and even that ifia
substitution on the dsa ligand to yield the bdsa complexes (La), and the deformations of the agostic Sidtoups are very
changes the situation qualitatively. Thus, the symmetric diagostic pronounced. However, due to the overall positive charge of
coordination mode now is the only stable geometry that could the model complex, the attractiedectrostaticforce exerted on
be located in the yttrium compleR (Y), in contrast to the the Si-H, bonding electrons is much higher than that in the
situation forl (Y). For the scandium complekpthmono- and reference complexes under discussion.
diagostic equilibrium geometrie®a (Sc) and2b (Sc) were The importance of metal size and/or steric congestion can
found, while only a monoagostic modé (Sc) was detected.  more indirectly be deduced from experimental data. For instance,
These findings again document the greater tendency to formthe steric interaction of the silylamide ligand and the benzo-
the double agostic bond in the bdsa compleXes compared  substituted cyclopentadienyl rings in the isolated lutetium
to 1, which may be explained by stronger agostic bonds and complex rac-15e leads to a crystallographically disordered
steric Me-Me repulsion within the bdsa ligand. The increased SiHMe, moiety4
strength of agostic bonding in the bdsa compleXesn also The observation that, in general, the lighter rare earth cations
be anticipated from the structural deformations (Table 9), as are also able to form simila#(Si—H) diagostic interactions as
was corroborated for the lanthanum case. The occurrence oflanthanum, depending on steric interligand repulsion, confirms
mono- or diagostic species and the strength of agostic bondingour conclusion that f orbitals play only a minor role in the bond
is also expected to be dependent on the steric bulk of substituent§ormation in the cases considered here. In summary, we
on the cyclopentadienyl rings &, which may interact in @  conclude that the size and accessibility of the coordination area
repulsive manner with the methyl groups of the bdsa ligand, around the central metal play a decisive role in determining

thus disfavoring the formation of agostic interactions. We will - the dominance of either species in the equilibril#®a (Ln) =
not study this important aspect in any detail here, but at this 1/2b (Ln).

stage rather we will discuss the influence of the central metal
itself. 4. Conclusion

Metal size can have several effects on the tendency to form o . . .
a symmetric diagostic interaction. In general, a reduction of jonic  Structural peculiarities predicted with the aid of current
radius reduces the surface area around the metal ion, thudensity functional theory (DFT) methods provide evidence for
limiting the available space for ligand coordination. A diagostic &N Unprecedented symmetric-t4(Si—H) f-diagostic interaction
coordination of the disilylamide (dsa, bdsa) moiety formally _between the rare earth metal center_and the o!lsuylamlde moiety
uses three coordination sites and is therefore less probable for" the model complexeansa[(CsHa)oSiHLNN(SIHRe)] (Ln =
small cations. Moreover, the geometric ligand distortions, t& SC, Y, Lu; R=H, Me). The optimized geometries are in
including the S-N—Si angle deformation, are expected to be excellent agreement with available experimental data. Similarly,
more pronounced in order to facilitate two agostic bonds around the frequency shift of the isolated-SH stretching vibration of
a small central metal. This can be seen from a comparison of the silylamide ligand, which is normally observed for agostic
the calculated structures of the lanthanum and the yttrium 9roups, is well reproduced by theory. The characteristic
complexes (Table 9). The SN—Si angles are opened even weakening of the agostic SH bonds is paralleled by a decrease
more for the yttrium complexes than for the lanthanum case. I the _covalent_bond _order, while the lanthanum hydrogen bond
Also, the Si-Ha, bond stretching and NSi—H, angle contrac- order is only slightly increased to a value comparable to that of
tion are more pronounced for the smaller cation. This is, of the La--Cp interaction in metallocenes. The electrons in the
course, favored by the larger electrostatic potential of the yttrium Si—H bond are polarized toward the H atom due to the influence
ion due to its increased charge/radius ratio, but it might also be Of the positively charged lanthanum center, resulting in a more

a necessargeometricacondition to accommodate to the small N€gative partial charge of the agostic hydrogen atoms. This
metal size. points to a significant electrostatic contribution to the bonding.

The effect of increased steric stririn the ligand sphere Molecular and electronic structure data suggest a stronger bond
due to the reduced metal size can be seen from Figure 5. Withi" the N(SiHMe), (bdsa) than in the N(Sié), (dsa) complexes.

decreasing size, the metal intrudes deeper intoatigaCp,- Analysis of NBO orbitals describes the agostic interaction
SiH, moiety. Numerically, this is reflected by the decreasing as @ donation of electron density from the-8i bond to an
distance between the central metal and dnsabridging Si empty d orbital centered at lanthanum. No significant participa-

atom in the sequence L& Y > Lu > Sc (Table 9). As a tion of forbitals can be devised. The interaction yields a binding

consequence, the repulsive forces between the Cp rings and th&nergy of about 3.2 kcal/mol per agostic interaction for the dsa
silyl groups of the dsa/bdsa ligand increase from the lanthanum complex, which is considerably increased to approximately 5
complex to the scandium complex. This may be the reason for kcal/mol for the.bdsa complexes. The formatlon. of a diagostic
the lower tendency of the scandium complex to form a diagostic Ponding mode is supported by a rather flat-8i—Si angle
bond or, viz., to stay in a monoagostic mode. To rule out bending potennal, allowing for the unusually wide angles
prohibition by bare metal size as mentioned above, we optimized ©bserved in the complexes.
another model complex (constraineddg symmetry), cationic An analysis of the occupied canonical Ketsham molecular
cyclopentadienyl scandium disilylamide, in which steric ligand Orbitals suggests a small covalent contribution to the agostic
repulsions should be a minimum. As can be seen from Figure bonding, which is probably induced by a polarization of the
5 and Table 9, the symmetric diagostic coordination mode like Si—H bonding electron density due to the electrostatic potential
: of the rare earth metal ion. f orbitals do not seem to play a
- ()0 Cooner 8. G o i, 3 € 51, s dominant roe in the agostic bonding for the complex type
(b) Ujaque, G.; Cooper, A. C.; Maseras, F.: Eisenstein, O.; Caulton, K. G. Studied here, which is underlined by the occurrence of a similar
J. Am. Chem. Sod.998 120, 361—365. diagostic interaction in model complexes of the lighter rare earth
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metals scandium and yttrium. The details of the mono-/diagostic We are grateful for computer time granted by the Leibniz-
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strength. A diagostic mode is less favorable for the smaller rare Miinchen.

earth cations. The formation of a diagostic interaction thus seems
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