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Abstract: The edge-bridged tetrahedral geometry of five-coordin&eothplexes [MBL 3] with strongzz-donors D

is analyzed with extended tdkel methodology as well as density functional theory. It is shown that this geometry,
also encountered in bent metallocene systems [Mé}pcan be considered as a distortion of a regular trigonal
bipyramid arising from a second-order Jatreller distortion of Esymmetry (inDs) and corresponds to a deformation
along a reversed-Berry pathway. This model was tested with a structure-correlation analysis of all experimentally
determined [MDBL3] structures, thus allowing a mapping of the reversed-Berry pathway. The catalytic potential of
these complexes and their isolobal relationship to [MGpare emphasized.

Introduction

The square pyramid (SPY-5) and the trigonal bipyramid (TB-
5) represent prototypical geometries of five-coordinate com-

plexes. These geometries and their interconversion along the

Berry pathway as well as the reactivity and catalytic potential
of the corresponding compounds have been thoroughly studied
often as a function of the number of metal d electrbris This
work focuses on the electronic and geometric structure of five-
coordinate 8 complexes.

Considering cyclopentadienyls as 6-electron donors occupying
a single coordination site, [MGhs] complexes are also five-
coordinate. However, %[MCp,L3] compounds cannot be
categorized as either TB-5 or SPY-5. This is illustrated with
four examples: [TaG3] (1) is one of the first structurally
characterized [MCgh.3] complexes’ [ZrCp,Cl(12-CH3CO)] (2)
is an early example of ap2-bound acykC [ZrCp,(*-C4Hg)]
(3) contains atrans-coordinated dien&}'2 and 4 contains a
planar four coordinate carbdf. Structural features common
to these complexes are a b¢ MCp,} fragment and a coplanar
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arrangement of the three ligands L with two acuteNl—L
angles. We call this unusual [M@ps] geometry “edge-bridged
tetrahedral”, abbreviated as EBT-5. The geometry of these
complexes has been rationalized with the help of molecular
orbital (MO) theory at various degrees of sophisticafig#:1°

In all cases, the presence of three low-lying empty orbitals in

'the yz plane sandwiched between both Cp rings has been

invoked. These are depicted in Figure 1.

[MCp.L 3] complexes with their benfMCp,} fragment not
only show unprecedented geometries but also have led to
impressive catalytic applications, among them the stereospecific
polymerization ofa-olefins20-22 Although much effort has
been invested to improve on existing cataly3t$> most systems
still incorporate benfMCpy} fragments in many disguisé%.28
It is generally accepted that the transition state for chain
propagation involves a five-coordinate geometsy With an
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Figure 1. The three lowest lying unoccupied orbitals of the beht d
{MCpz} fragment dictate the coplanar arrangement of {3}
fragment in [MCpL3] complexesl—4 and transition staté.

a-agostic interactio? 34 Brintzinger has proposed that this
a-agostic interaction rigidifies the transition state structure of
the Co-symmetric catalyst during propylene insertion, thereby
increasing the isotacticity of the resulting polypropylene.
Specifically, then-agostic interaction firmly orients the polymer
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Figure 2. Sketch of the angular symmetry deformation coordinates
with irreducible representatiori #r a trigonal bipyramidal molecule
(point group symmetnpa,).
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In this study, we analyze the electronic requirements which
may force five-coordinate%complexes devoid of Cp ligands
to adopt an EBT-5 geometry rather than the usual TB-5 or

SPY-5 geometry. We also describe their relationship to the
family of bent [MCpL3] complexes.

Results and Discussion

Theoretical Description of [MLs]*~ (L Is a o-Donor). The
geometries we are mainly concerned with, SPY-5 and EBT-5,
can be considered as “small” angular distortions from an ideal
TB-5 geometry. Such distortions are conveniently described
in terms of seven linearly independent angular symmetry
deformation coordinate8:*! Four of these, relevant to our
study, are sketched in Figure 2. For the purpose of this paper,
we refer to the ligands asak, Lax, Leg Leg, and Lyy, where
Lpiv is the equatorial ligand not moving ingS The SPY-5
geometry is achieved by deformation alo8g and S, the

chain into an open sector of the catalyst structure; this minimizes gg_g5 geometry by deformation primarily alongSra

interaction between the alkyl substituent of the monomer and

the ligand/polymer array during the insertion reacfi®?f. Here
again,5 can be described neither as SPY-5 nor as TB-5.

In this context, the silyl-bridged amidecyclopentadienyl
ligand designed by Bercaet al. also needs to be mentioned.
It is used for the industrial production of polyethylene. An
X-ray crystal structure of a five-coordinate hydride-bridged
dimer, [(7°-CsMes)MezSi(p-NCMes)} (PMes)ScHL (6), re-

veals an EBT-5 geometry with an+8c—H angle of only 65.9
and an H-Sc—P angle of 68.837 Such compounds were found
to polymerizeo-olefins in a quasi-living manner. Structurally
related zirconium complexe$§(;°>-CsMes)Me;Si(r-NCMes)} -
MeZr]* have been patented as w&iF°
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We begin our analysis with an extended dkal (eH)
description of the bonding of a trigonal bipyramidal five-
coordinate 8 complex containing pure-donors. A simplified
molecular orbital diagram for a [Tigl- model is sketched in
the middle of Figure 3:4243 The five ligand orbitals transform
as la + € + &'" + 2&' (2a&' not shown) and interact with the
de-y? (€), de (€), dZ (&), P (&"), and s (&) orbitals,
respectively (abbreviated a&— y2, xz, 72, z, etc., s not shown).
The HOMO is @' and is mostly ligand-centered. Thg and
yz orbitals remain unperturbed and correspond to the LUMO
(€¢"). It is the presence of these low-lying metal-centered
orbitals, absent in main group compounds, which determines
the ground state geometry of five-coordinafedmplexes. The
second-order Jahtileller distortio® (20JTD) occurs along the
coordinatesSs and Sy of € symmetry which allows mixing of
HOMOs and LUMOSs [Homo @ T'Lumo = &' ® €' = €). As
the LUMO is purely metal-based and the HOMO is mostly
ligand-centered, electropositivedonors and/or electronegative
metals should decrease the HOMOUMO gap, thereby
accentuating the propensity for a 20JTD.

A Walsh diagram for deformation along one of these e
distortions, the one alongSy, is presented in Figure 3. By
varying the Hy—Ti—Hax anglea from 130 to 55°, we find
two minima at 120 (Ew: = 0.00 eV) and 70 (Eiot = +0.22
eV) which correspond to the SPY-5 and EBT-5 geometries,
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Figure 3. Walsh diagram for the SPY-5 TB-5 — EBT-5 intercon-
version of [TiHs] . (Dotted line Eio; labels in parentheses correspond
to Dan irreducible representations).

respectively. TB-5¢ = 90°, Eit = +1.00 eV) is a transition
state in this diagram. The total energy follows mostly the fate
of the &" orbital in Dg, symmetry which becomes; tin C,,.
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two-dimensional surfaceE(= f(a,3)) and lies well below the
maximum representing TB-5.

In order to obtain more accurate results, density functional
calculations were performed on the model [§]H (see the
Appendix for computational details). The-TH bond lengths
were first optimized with the local density approximation
(Vosko—Wilk —Nusair, LDA) along the totally symmetric;'a
breathing mode iD3, symmetry. The bond lengths yielding
the minimum energy were then used to generate the EES (
f(a,B)) at the same level of approximation (LDA), as well as at
the nonlocal (BeckePerdew, BP) level. The resulting DFT-
BP PES is depicted in Figure 4b. Finally, the geometry of the
extrema (TB-5 and SPY-5) was fully optimized at the LDA
and BP levels. The relevant structural features are summarized
in Figure 5. The PES obtained from eH and DFT (LDA and
BP) calculations display similar overall features. In both cases,
a Mexican hat-like PES is computed with a high-lying TB-5
transition state, low-lying ETB-5 saddle points, and SPY-5
minima.

It thus appears that, irrespective of the level of theory (eH,
DFT-LDA, DFT-BP), the predicted ground state geometry of
d° [MLs] complexes with fiveo-donating ligands is SPY-5.
Further, the complexes may well show fluxional behavior which
does not involve TB-5 but EBT-5 transition states.

The SPY-5 vs EBT-5 preference can be traced back to a A Cambridge Structural Database (CSD) search revealed a

difference in ligane-ligand interactions associated with thg 2a
orbital: artificially setting the kx—Leqand Lax—Lpiv Overlaps

single homoleptic compound containing five puredonors
around a 8metal: [Ta(CH(4-MeGsHy))s].*°> Its SPY-5 struc-

to zero reduces the energetic advantage of SPY-5 over EBT-5ture (v = 138.T, f = 177.2, andy = 137.0) is depicted in

to only 0.05 eV. The total energy is fairly insensitive to the
Leq—Ti—Legq angley. For all three geometries EBT-5, TB-5,
and SPY-5,y = 12(¢° affords the lowest energy.

As mentioned above, the 20JTD fof dystems follows a
doubly degenerate’ €oordinate. So far, we have analyzed a
bending of the kx—M—Lay fragment toward k. This bending
could also take place in the direction ofglor Leq or in any
direction in between. We measure this direction by the
precession anglg about they axis measured relative to the
vertical mirror plane of EBT-5 and illustrated ih*

The whole édistortion pathway was probed by independently
varying @ < f < 360 and 55 < a < 90°. The resulting

potential energy surface (PES) is presented in Figure 4a, with

ordinate cosx sin and abscissa cascosfs. These coordinates
represent the projection of ML, unit vectors onto the
equatorial plane Mk eqLpiv. This PES shows the expected

Mexican hat features with three minima and three saddle points

corresponding to the SPY-&.& 60°, f = 60°, 18C°, and 300)
and EBT-5 ¢ = 70°, § = 0°, 12C°, and 240) geometries,

8. Recently, the structure of [TaMewas determined by gas
phase electron diffraction. In contrast to its main group
counterpart [SbMg, the & complex has a SPY-5 geometfy

=

Theoretical Description of [MD,L3]*~ (D Is a &-donor).

respectively. EBT-5, which appears as a minimum in the Walsh Coordinatively saturated [MGhs] complexes differ from the

diagramE = f(a) (Figure 3), is in fact a saddle point on the

(44)a, o' and g, ' are the polar coordinates of unit-M.ax vectors.
They are related t&, and Sy, by 20 O (S72 + Sid)Y2 andtgB = Si/Sra
Since variations in the d—M—Leq angley affect calculated eH energies
only little, this angle is not varied in the calculation of potential energy

above models; they contain two cylindricaldonating cyclo-
pentadienyls in equatorial positions. As will be shown below,

(45) CSD refcode HEDCUW. Piersol, C. J.; Profilet, R. D.; Fanwick, P.
E.; Rothwell, I. P.Polyhedron1993 12, 1779.
(46) Pulham, C.; Haaland, A.; Hammel, A.; Rypdal, K.; Verne, H. P.;

surfaces described below, but is occasionally mentionned for experimentally Volden, H. V.Angew. Chem., Int. Ed. Endl992 31, 1464;Angew. Chem.

determined structures.

1992 104 1534.
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Figure 4. Potential energy surfade = f(a.,5) for the SPY-5—~ TB-5 — EBT-5 interconversion of [Till: (a) eH level of theory, (b) DFT-BP
(the coordinates, abscissacosa cosf, ordinate= cosa sin 3, correspond to the position of an-MLax unit vector projected onto thgzplane
containing the MkgdLeqLpiv fragment, equienergy contours in electronvolts).
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Figure 5. DFT-optimized geometry of [Tik]~.

the presence af-donors D affects the ground state geometry

of [MD,L3]*~ complexes, eventually favoring EBT-5 over SPY-
5

Introducing different ligands into TB-5 complexes, e.g., weak  HOMO (b,)

and strongr-donors or single- and double-faceetonors, raises
the problem of site and orientation preference.
geometries, the strongestdonors bind preferentially in the

equatorial plane, relegating the electronegative and hence

weaker, donors to axial positio43 As o-effects dominate
over s-effects, electronegative weak cylindricaldonors are

predicted to bind in a diaxial geometry. This has been verified

computationally for [Ta(OPhMH3]. Related structures deter-

mined experimentally will be discussed in the section on

structure correlation. Conversely, strong cylindrigationors

cos(alpha)*sin(beta)

For TB-5

J. Am. Chem. Soc., Vol. 119, No. 49, 199B77
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o-bonding in the equatorial plane. For thepfragment
molecular orbital (FMO) inl0a this yields increased overlap
with the metal-centered FMOs which are polarized away from
Hpiv to minimize the Hi,—M antibonding interaction. However,
due to its M—H o-antibonding character, this metal-centered
FMO has a poor energy match with the;pFMO. The
stabilization energy, as predicted by perturbation theory, is thus
small. The other combination, p(b,) in 10b, is essentially
nonbonding, because the corresponding metatbital is mostly
involved in M—C o-bonding. Both pg (by) and po (a)
interact efficiently with pureyzandxy orbitals as seen ifilb

and 11a respectively. Despite slightly smaller overlaps, the
good energy match between the FMO’s determines the preferred
orientation of ther-donors.

H
H — o HOMO (b)) i p*
-11.57 eV -12.03 eV L
10b M y  11b
H z H
@ -
HOMO-1 (a,) . +  HOMO-1 (ay) .
1218 eV O_Gé@\@ P 285ev H PL
10a H 11a A

Having delineated some factors important in determining the
site and orientation preferencemfdonors in TB-5 [MQHz]*~

adopt a bisequatorial geometry as computed for the hypotheticalcomplexes, we focus on the 20JTD for [Mis]*~. We tackle

bisalkylidyne [Ti(CH}H3]®>~. Trigonal bipyramidal complexes
containing two single-faced-donors can assume nine different
configurations, differing in the position of the-donors (axial/
equatorial) and the orientation of their filledorbital (parallel,

Il, or perpendiculari], to the equatorial plane). The three most

stable diastereomers of the bis-alkylidene [TiglH3]3~ are
depicted in9a—c. Interestingly,9d is the least stable of all

isomers.
T ®‘O @O H
- “ SR | 8
H—-T,% > H___ql.i ...... H ~ H—TI\H >> H;’\%
H H é H
Ejot=0.00 eV Ey = +0.67 eV Ejr = +0.69 eV Ejpr = +2.22 eV
9a 9 9¢ 9d

The sr-orientation preference &a over9d can be traced to
the fact that, for9d, the M—C s-interactions compete with

the problem by analyzing [Ti(Nk:Hs]~ which contains two
single-faced-donors. The amides are positioned in the
equatorial plane with their occupied grbital perpendicular to

it. A Walsh diagramE = f(a)), 13¢° > o > 55° for the
distortion SPY-5— TB-5 — EBT-5 is presented in Figure 6.
As for [TiHs]~ (Figure 3), we find two minima, but this time,
EBT-5 (@ = 70°, y = 120, Eit = 0.00 eV) lies well below
SPY-5 @ = 110, y = 120°, Ex = +0.91 eV). A slightly
distorted TB-5 { = 95°, v = 120, Eixt = +1.00 eV) is the
transition state. Remember that, in the distor@d form of

the pure o-donor complex [TiH]~, the orbitals of the b
irreducible representation determine to a large extent the shape
of the Mexican hat PES. The in-phase combination of the p
orbitals of [Ti(NH).H3]~, abbreviated Ng', also has b
irreducible representation; it therefore interacts with the b
molecular orbitals built from the ligana-orbitals and affects

the appearance of the PES. To trace down the reversal of
geometric preference from SPY-5 to EBT-5, a simplified
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Figure 6. Walsh diagram for the SPY-5 TB-5 — EBT-5 intercon-
version of [Ti(NH).H3z] ~. Only the MOs containing Npcontributions

are sketched. All other MOs are very similar to those of Figure 3 (dotted
|ine, Etot)-

interaction diagram containing the three relevant fragment
orbitals of the hirreducible representation is sketched in Figure
7.

For each geometry, we build [Ti(NhH3]~ from two
fragments:{ TiHz} * and{ (NHy)2}2~. On the{TiH3} * fragment,
the lower orbital is T+H bonding, while the upper one is-tH
nonbonding. Hybridization of the metalz and y orbitals
maximizes T+H bonding (1 MO) and minimizes antibonding
(2by MO), respectively. The even higher lying-TiH antibond-
ing combination is not shown. As the minima are computed
for a = 70° and 110 for EBT-5 and SPY-5, respectively, the
Ti—H overlaps are identical for bothTiH3}* fragments.
Therefore, all three interacting FMOs, namely;-H bonding,
Ti—H nonbonding, and Ny, have identical energies for both
geometries:—14.5,—9.4, and—13.4 eV, respectively.

In the case of SPY-5, the ¥H bonding FMO has a good
energy match and overlap with the NpFMO. This leads to
an efficient interaction, yielding a FN bonding and a FN
antibonding MO, both filled MOs. The FH nonbonding FMO
hardly interacts with the N~ FMO as it is polarized away
from the Ti=N vector (Figure 7, left).

The situation is reversed in EBT-5. The-H bonding FMO
is polarized away from the FN vector. Despite a good energy
match with the Np* orbital, the overlap is small and this orbital
remains mostly TN nonbonding. The Np" orbital has a
strong overlap with the FH nonbonding FMO in the EBT-5

geometry, but the poor energy match prevents efficient interac-

tion between the two FMOs. As a consequence, the two filled
MOs of the  irreducible representation in EBT-5 [Ti(N}H3] ~
are mostly T+N nonbonding (Figure 7, right).

Overall, the 2k antibonding combination in SPY-5 is more
destabilized than its 4tbonding counterpart is stabilized, and
the EBT-5 situation is favored energetically as both &hd
2b; are essentially 7N nonbonding. The reverse tendency

Ward et al.

ENERGY (eV)

Figure 7. Simplified interaction diagram dfTiH3} ™ and{(NH,)2} %~
fragment molecular orbitals in the EBT-5 (right) and SPY-5 (left)
geometries of [Ti(NH)Hz]~ (Only b, irreducible representations
shown).

seen for [TiH]~, namely, a preference of SPY-5 due to the a
orbitals, is overcompensated by the effects of therbitals in
[Ti(NH2)2H3] .

In going from [TiHs]~ to [Ti(NH2)2H3]~, the symmetry of
the TB-5 reference geometry is reduced frbm to C,,. This
is reflected in the two-dimensional PES= f(a,5): only two
minima are found (Figure 8a). The more stable one.at
70° corresponds to EBT-5; the very shallow, higher lying
minimum corresponds to SPY-5. They are connected by a
transition state atx = 97°.47 The deformation takes place in
the plane bisecting thgTi(NH>),} fragment, either away from
or toward the two NHligands. Note that the distortions away
from or toward a single NK group no longer lead to an
extremum as was found for [THH™ (Figure 4). Nevertheless,
the remnants of the Mexican hat PES of Figure 4 are still found
in Figure 8a. The more stable minimum is shallower in the
direction that corresponds to a change of the precession angle
B than in the direction which changes only This feature will
be important in discussing experimental structural data.

DF calculations were also performed on the model
[Ti(NH2)2H3]~. The Ti-Hpy = Ti—Hax and Ti=Neq bond
lengths were first optimized with LDA in a TB-5 geometry (all
angles as well as NH bond lengths frozen). The resulting
geometry was then used to generate the PES- (f(.,3)) at
the same level of approximation. The computed DFT-LDA PES
is depicted in Figure 8b. The geometry of the minimum (EBT-
5) was then fully optimized at the LDA and BP levels. The
relevant structural features are summarized in Figure 9.

In contrast to the eH PES obtained for [Ti(B)bH3]~, no
extrema are found for TB-5 and SPY-5 geometries, but the

(47) Similar calculations were repeated with the parameters of all metals
from groups 4-7. The shallow SPY-5 minimum was obtainedat 110°
only with the Ti parameters. For all other calculations (both at the DFT
and eH levels of theory), the minimum at~ 110¢° becomes a flat region
on the PESE = f(a.,f).
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Figure 8. Potential energy surfacé = f(a,) for the SPY-5— TB-5 —

DFT-LDA (for a definition of coordinates, see Figure 4).

[THMHzHalr. DFT-BF
[TEPEH)#4T, DFT-LOW
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.

18T 11542
1.02% 1007

T T B, 0100
[ BuDB, 01040

Figure 9. DFT-optimized geometry of [Ti(Nk)-H3] .

overall shape of the EBT-5 minimum is maintained. The LDA

J. Am. Chem. Soc., Vol. 119, No. 49, 199B79

-050 -0.30 -0.10 0.10 0.30
cos(alpha)*cos(beta)

EBT-5 interconversion of [Ti(NR)2Hs]~: (a) eH level of theory, (b)

observed for [Ti(NH),H3]~ in EBT-5 is restored and the
pB-precession about theaxis is soft.

It remains to investigate the effects of replacingdbdonating
ligands L in our model [M(NH)L3]*" by z-donors which are
weak compared to NH. If one considers the imides as 6-electron
donors, a Bl complex would be coordinatively saturated with
three pures-donors L completing the coordination sphere. If L
is a potentialz-donor, it competes for-interactions with the
imides. The resulting ground state geometry will be determined
by a delicate balance betweerdonation and steric interactions.
Let us illustrate this point with a few examples.

The presence of a third, albeit weaker;donor in the
equatorial plane of [Ti(NHH:Cly]3~ prevents efficienyzy
hybridization and reduces the driving force for distortion toward
EBT-5 relative to [Ti(NH}H3]®~. As a consequence,

and BP ground state geometries closely resemble that computedTi(NH) ;H.Cl,i,]3~ is calculated to adopt an EBT-5 geometry

with eH for [Ti(NHy)H3]~.47

Introduction of two double-faced-donors in the equatorial
plane of TB-5 was probed with the model [Ti(NHs]3~.
Neither Np* 10anor Np,~ 10b contribute significantly to the
EBT-5 preference, which is dictated by the fragment orbital
Npg™ 11b. However, as the FiN distance decreases on going
from an amido (T+N 1.94 A) to an imido group (FiN 1.76
A), the Ti—N overlap increases, further favoring EBT-5 over
SPY-5. Within the range af andg investigated here (0<
< 360 and 55 = o < 90°), this model yields a single minimum
for the EBT-5 geometry. Here again, deformations of fhe
angle do not destabilize the system significantly.

The model [Ti(NH}H3]3~ is directly comparable to [TiGpl3].
The role in metatligand binding of the “sp” lone pair of NH
is analogous to that of the nodelesorbital of Cp; similarly
the role of the two p-orbitals of NH is comparable to that of
the two degenerate-orbitals of Cp with a single nodal plane.
For comparison, we computed & = f(a,3) PES for the
metallocene model [TiGls]~. The overall feature resembles
Figure 8. However, the EBT-5 absolute minimuBy(= 0.00
eV, a = 65°, § = 0°, y = 136€) is very deep, and small
distortions both in thex and directions are costly in energy.
In its TB-5 geometry Eot = +1.95 eV), the HOMG-LUMO
gap of [TiCpH3]~ is only 2.20 eV (compared to 3.03 eV for
[Ti(NH2)2H3] 7). As aresult, the HOMGLUMO mixing along
the é 20JTD coordinate is more efficient and accounts for the
acutea in the EBT-5 ground state. The distortion along fthe
coordinate is disfavored purely on steric groundso.at 65°
andp = 30°, the shortest B—Hcp and Hx—Ccp contacts are
2.05 and 2.02 A, respectively. By artificially setting thgH
Hcp and Hy—Ccp overlaps to zero, the shallow minimum

with a approaching 90 The presence of cyclopentadienyls,
which are both bulky and strongly-donating, forces the
[TiCp2H2Clpiv]3~ complex back into an EBT-5 geometry &
77°); seel2. Adding two chlorides in the axial positions in

relative p m-donor strengths («—»)
determine yz+/-y hybridization
which, coupled with steric

2 1Y interactions (< )

<7xa determine geometry

[Ti(NH) 2ClH,i]3~ yields an EBT-5 withoe = 80°, andj = 0°.

In this case, the efficiency of the 20JTD away from the TB-5
geometry is hampered by the large HOMOUMO gap caused

by the presence of electronegative axial chlorides. For
[Ti(NH).Cl3]3~, where three chlorides complete the coordination
sphere, we compute a nearly perfect TB-5 equilibrium structure.
As the TB-5 geometry is sterically highly unfavorable when
two cyclopentadienyls are present, [TiQOb]®~ adopts a EBT-5
geometry witha = 80° andf = 0°.

In summary, the geometry adopted by five-coordinate d
-[MD,L3] complexes with strong, single- or double-faced
m-donors D as well as that adopted by [MCp complexes is
the result of the same 20JTD alongeaersed-Berry coordinate
From our model calculations, it appears tladit d® systems
containing only two strong single-faceddonors in the equato-
rial plane with their filled p-orbital perpendicular to this plane
(po) should display an EBT-5 geometry. In the following section,
we test this model with structural data retrieved from the
Cambridge Structural Database (CSD) (June 1996 version).
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Table 1. Complexes Containing Two StrongDonors in the Equatorial Plafe
entry M Leq Leg Lpivot Lax Lax 20 Brmean 0 4 ref
1 Ta CHBU CHBU Mes PMe PMe; 166.3 4.8 6.9 109.0 55
Ta NSiR NSIR; Py Me Py 151.9 4.7 2.0 115.3 52
3 Mo ¢} o Mes Mes ChPRs 151.0 16.2 45 113.5 56
4 Re o) o) Np Np Np 1497 93.0 -12.5 117.3 53
5 Re o o SAr Np Np 1495 1.2 -0.2 117.8 57
6 Re NAr NAr Me Np Np 147.7 0.8 0.5 130.8 58
7 W o] NE% Np Np Np 145.8 20.0 11.2 118.8 54
apy = pyridine, Np= neopentyl, Ar= substituted phenyl group.jo. — a’| > 5°. ¢ andd move in the same direction, sé8.

Structure Correlation. After defining and retrieving the

was defined to be perpendicular to tkeplane and to bisect

structures of interest, we map the available structures in the two-the D—M—D' angle. On the basis of this coordinate system,

dimensional configuration space spanned doyand 3. As

all relevant angles where calculat®dThe ligands Ly and Lay

observed structures tend to concentrate in low-lying regions of are not always identical, and thusanda’ or 8 andf' are not

the potential energy surfaéaye compare structural scatterplots
with the results of eH calculations for analogous model
compounds. The points in such plots which are far from the
computed minima will be discussed individually in an attempt
to trace down their particularity.

(a) Fragment Definition. We searched all%five-coordinate
complexes. The metals considered were Sc(lll), Y(lII), Ti(IV),
Zr(1V), Hf(IV), V(V), Nb(V), Ta(V), Cr(VI), Mo(VI), W(VI),
Mn(VIl), Tc(VIl), and Re(VII). Only those compounds con-
taining two of the following strongr-donors were retrieved:
alkylidyne, alkylidene, nitrido, phosphoraniminato—(}, hy-
drazido (2-), imido, amido, oxo, and alkoxo ligand%. To

ensure that the geometry is not biased by ligand constraints, all
polynuclear complexes were excluded, as well as those contain-

ing chelating om"-arene ligandsrn(> 1).

To our surprise, this search yielded no more than five five-
coordinated @icomplexes containingnly two strongz-donors.
We thus relaxed our definition to include complexes containing
two strongmr-donors and up to three weakeidonors: halides
and N-bonded aromatic heterocycles, yielding a total of 29
complexes. In the presence of goodlonors such as dianionic

always the same; only the sum+ o' = 2o and Bmean are
reported in Tables-25. Note that, for & = 180, § is not
defined. For & close to 180, 5 values are meaningless. Since
Deq is not always identical to £, the ligand Ly, does not
necessarily lie in the bisecting plane; its deviation from this
plane is measured hy, seel35° As in the theoretical section,
we map the distortion angles and g, by looking at the
projection of unit ML 4 vectors in thexzplane containing the
ligands Qg Deq and Lyy. The necessary relationships ares
cosa sin f andz = cosa cosp.

I-piv |

| L
8/_ B 'Laxl
\v4

M

¥
13

We have shown in the theoretical section that the geometry

or trianionic C, N, and O ligands, alkoxides can be considered Of five-coordinate 8 complexes [MDBL3]*", incorporating two

comparatively weaker and were included as well to afford a
total of 36 complexes: one V(V), four Nb(V), eight Ta(V), six
Mo(VI), five W(VI), and twelve Re(VIl) complexes. These are
listed in Tables +4.

For comparison, all [MCg_3]-like complexes were retrieved

strongzr-donors D, depends critically on the ancillary ligands
L. The 36 compounds listed in Tables-% are categorized
according to the donor properties of L. The corresponding
Figures 16-13 map the experimental structures together with
an eH equienergy contour which lies 0.1 eV above the energy

from the CSD database. These are listed in Table 5 and Figureminimum calculated for an appropriate model compound. The
13. Again here, only mononuclear complexes and those horizontal dotted line corresponds to a bending of the axial
containing no chelates are considered, yielding six Zr(IV), five ligands away from ther-donor ligands, i.e., to EBT-5 geom-
Ta(V), and four Nb(V) complexes. Of these sixteen hits, the etries. The diagonal dotted lines correspond to bending of the
last three contain hydride atoms for which no positional axial ligands toward one or the otherdonor, corresponding
coordinates are available. to a different type of EBT-5 geometry. Analogously, the
(b) Ligand Labeling and Distortion Mapping. In order to horizontal solid line describes a bending of the axial ligands
unambiguously determine the relevant distortion angles, a toward ther-donors, i.e., SPY-5 geometries. The diagonal solid
consistent ligand labeling scheme is required. Since the jines imply bending of the axial ligands away from one of the
complexes can be viewed as distorted TB-5, one large3(r), two sz-donors, leading to different SPY-5 configurations. This
three medium¢120°), and six small {90°) interligand angles g0ometry is expected for complexes bearing only one strong
are expected. After computing all 10 interligand angles for each

complex, the |ar9_es_t angle was assigned as T«ﬂeM_Lgx (48) Nugent, W. A.; Mayer, J. MMetal-Ligand Multiple BondsJohn
angle. The remaining three ligands were taken to define the Wiley & Sons: New York, 1988.
equatorial plane. (49) In the experimental structures, M is not necessarily coplanar with

In th h t I les1B0° the equatorial plane defined byd-Leg, and Lyv. However, this does not
n those cases w ?re wo large a”_g es §0) were . affect the definitions ot andj. The anglesx anda’ are the complement
computed, thus suggesting an SPY-5 coordination, the equatoriako 90° of the angles between the M.ax and M-Lay vectors and the
plane was defined in terms of the two strongestonor ligands axis. Ihe anfgtlﬁsﬁ Nifﬂd B Zriktfte anglfs bet\?’e?r? ﬂlEIaXIs and the
. ol T ) : projections of the ax an ax vectors onto thexz plane.

D and .D and ,the r?ma‘_'”'”g eq,uatonal |Iganq|\J.. Wlth the (50) In the theoretical analysis described aboygahd L.y were identical
exception of five bisaxial alkoxide complexes listed in Table and rotated by the same amount and in opposite directions abouaie
2, this simple procedure allows us to consistently label all thus defining thex-distortion. Similarly, the-precession of both 4 and
complexes. Having assigned the equatoradlane, containing Lax about they axis was synchronous. In reality, howevegy heed not be
Lpiv, Lax and La, the metal was placed at the origin. In the

the same as dx and neither of these distortions need be synchronous. The
spirit of the idealC,,-symmetric EBT-5 geometry, thezplane

entries in Tables 45 which display marked asynchronous distortions are
superscripted accordingly.
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Figure 10. Mapping of [MD,L3]*~ structures (D= strongz-donor, L

= pure o-donor). The dotted circular line represents the 0.1 eV eH
isoenergy contour computed for [Ta(NdH]>~ (for a definition of
coordinates, see Figure 4).

equatorialz-donor®® All lines intersect at the origin which

J. Am. Chem. Soc., Vol. 119, No. 49, 199881

Table 2. Complexes Containing Twa-Donors as Axial Ligands
entry M Leg Leg Lpwvot Lax Lax 200 PBmean O y  ref
8 Ta Np Np Np OAr OAr 1783 49 1.0 127.3 59
9 Nb Bz BzZ Bz OAr OAr 1748 129.1 0.1 121.2 60
10 Ta Bz Bz Bz OAr OAr 1745 1340 0.4 122.0 60
11 Ta Bz Bz Bz OAr OAr 165.6 160.0 0.1 127.8 61
12 Ta Me Me Me OAr OAr 163.9 21 0.7 105.2 62

aBz = substituted benzyP |3 — B'| > 15°.

not only for [ReQ(Np)s] (14) but also for [WO(NE£)Nps] (15)
(entry 7)>* In both cases, the axial ligands precess toward the
weakerz-donor, the longest, most distant oxo and the amide
groups, respectively.

H.HH - (
SCVANN axial ligands
B;.T J O precess towards GP/—‘ N—/
Bu! z )/ weakest n-donor Nph e,/
u ,—Re '\5) EW
t p
Bu N\ N\
1 O 15 O

Overall, the distortion away from TB-5 is less pronounced
than for bent metallocene complexes [MCg (Table 5), but
does follow the same reversed-Berry pathway.

When very bulky aromatic alkoxides and three alkyl ligands
are present, the two electronegative weaklgonating ligands
occupy axial positions; i.e., the-site preference dominates
m-effects (Table 2). This arrangement also minimizes the steric

corresponds to TB-5. Compounds incorporating two chemically interactions and yields complexes approaching TB-5, in agree-

equivalent strongr-donors are displayed twice, i.e.,-atosa
sin 5. Compounds [MDLL3]*~ with two differentz-donors
D and D are displayed only with positive ordinates.

(c) Structural Scatterplots. Complexes bearing only two
equatorialz-donors are listed in Table 1. In addition, we
included one complex containing two pyridine ligands which
are notably weake-donors (entry 252 One complex with Ly
= thiophenolate was included as well, as the sutftorbital is
oriented in the equatorial plane and thus does not compete wit
the oxo p orbitals responsible for the 20JTD (entry 5). The
observed structural data are displayed in Figure 10, along wit
the eH isoenergy contour at 0.1 eV for the model [Ta(¥? .

ment with theoretical results. The j projections of all five
compounds nearly coincide with the 0.1 eV isosurface of the
model [Ta(OPhH3] (mapping not shown).

Complexes bearing two strong and one weaker equatorial
m-donors are listed in Table 3. The general picture is as
expected. Fluoride which is generally considered the strongest
m-donor among the halide ions, efficiently competes with the
oxo ligands forz-interactions; se&2. It is thus not surprising

pthat [VOF(P2);] adopts a nearly perfect TB-5 geometry (Pz
= substituted pyrazole, entry 13). Despite the presence of a

h pivotal chloride in [Nb(NAnClyi(PMes)],5 the 20JTD is

efficient: 20 is compressed to 148A4perhaps due to the

In most compounds of this class, the axial substituents bent awayPreésence of strong axiatdonors (entry 17). In comparison,

from thez-donors and toward the pivot@2< 180° andf <
30°). Five of the seven compounds are within the minimum
energy region calculated for the model complex [Ta(MHH)>.
Exceptions are entries 1 and 4.

Entry 1, [Ta(CHBY,Mes(PMe),], follows the reversed-Berry

coordinate. Both carbenes are oriented properly to favor an

efficient 20JTD. Relatively short HH contacts (2.19 A)
between the axial PMeand the pivotal mesitylene prevent
further bending of Ly toward Lyy. Entry 4, [ReQ(Np)s], 14,

is very unusuat?® It reveals a strong interaction between a

methylene hydrogen from each axial neopentyl group and one

of the two equatorial oxygens (HO distances 2.08 and 2.26
A). This leads to a significant lengthening of the corresponding

Re=0 bond (1.81 A vs 1.66 A), accompanied by a decrease in

m-donation from O to Re.
Systems incorporating one strong and one weakdobnor

20 expands to 161%on going to the poores-donor pyridine
in [Ta(NAr)ClaPy:] (entry 16)%4

(54) CSD refcode VUMGOZ. Le Ny, J. P.; Youinou, M.-T.; Osborn, J.
A. Organometallicsl992 11, 2413.

(55) CSD refcode NPYTAP10. Churchill, M. R.; Youngs, W.dorg.
Chem.1979 18, 1930.

(56) CSD refcode DULFEV. LaR.; Le Bot, S.; Baldy, A.; Pierrot, M.;
Arzoumanian, HJ. Chem. Soc., Chem. Commad986 1208.

(57) CSD refcode JAWBEO. Cai, S.; Hoffman, D. M.; Wierda, D. A.
Inorg. Chem.1989 28, 3784.

(58) CSD refcode JILCUC. Cook, M. R.; Herrmann, W. A.; Kiprof, P.;
Takacs, JJ. Chem. Soc., Dalton Tran%991, 797.

(59) CSD refcode DERGEM. LaPointe, R. E.; Wolczanski, P. T.; Duyne,
G. D. V. Organometallics1985 4, 1810.

(60) CSD refcode JIHWOM, JIHWIG. Chesnut, R. W.; Jacob, G. G;
Yu, J. S.; Fanwick, P. E.; Rothwell, I. Rrganometallics1991 10, 321.

(61) CSD refcode FOVCOI. Chamberlain, L. R.; Rothwell, I. P.; Folting,
K.; Huffman, J. C.J. Chem. Soc., Dalton Tran&987, 155.

(62) CSD refcode BUNJUP10. Chamberlain, L. R.; Rothwell, 1. P.;
Huffman, J. C.J. Am. Chem. Sod.986 108 1502.

can be expected to adopt geometries intermediate between EBT- (63) CSD refcode ZAZDEJ. Bott, S. G.; Hoffman, D. M.; Rangarajan,

5, encountered with two strong-donors, and SPY-5, a

geometry prevalent with five-coordinate compounds bearing a o

singlesr-donor4851 Such an intermediate geometry is observed

(51) DuBois, D. L.; Hoffmann, RNew J. Chem1977, 1, 479.

(52) CSD refcode PAVFEX. Schaller, C. P.; Wolczanski, Plnarg.
Chem.1993 32, 131.

(53) CSD refcode FUWLAK. Cai, S.; Hoffman, D. M.; Wierda, D. A.
J. Chem. Soc., Chem. Commu888 313.

S. P.Inorg. Chem.1995 34, 4305.
(64) CSD refcode VIDVEJ. Chao, Y.-W.; Wexler, P. A.; Wigley, D. E.
rg. Chem.199Q 29, 4592.

(65) CSD refcode YOGJAF. Mohan, M.; Bond, M. R.; Otieno, T.;
Carrano, C. Jinorg. Chem.1995 34, 1233.

(66) CSD refcode VUGTUM. Dilworth, J. R.; Jobanputra, P.; Parrott,
S. J.; Thompson, R. M.; Povey, D. C.; Zubieta, JPdlyhedron1992 11,
147.

(67) CSD refcode BIFRAG. Chatt, J.; Crichton, B. A. L.; Dilworth, J.
R.; Dahlstrom, P.; Gutkoska, R.; ZubietaJdorg. Chem.1982 21, 2383.
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Table 3. Complexes Containing Three-Donors in the Equatorial Plahe
entry M Leq Leg L pivot Lax Lax 200 Prmean o) y ref
13 \Y O (0] F Pz Pz 177.6 118.2 3.1 114.9 65
14 Re (0] NNPhMe Cl PRh PPh 1721 24.8 6.4 110.7 66
15 Mo NNMe, NNMe, Cl PPh PPh 170.6 32.9 7.3 112.2 67
16 Ta NAr NAr Cl Py Py 161.5 2873 3.3 113.2 64
17 Nb NAr NAr Cl PMe PMe; 148.4 33.8 5.6 114.2 63
apZ = substituted pyrazole.|3 — §'| > 15°.
Table 4. Complexes Containing Axial and EquatorialDonors
entry M Leq Leg L pivot Lax Lax 200 Bmean 0 y ref
18 Re CBU CHBU THF OR: OR: 128.6 8.6 40.1 102.5 68
19 Mo NNAr; NNAr, Cl Cl PPh 166.6 15.% 0.3 115.3 69
20 Mo O O OSiPh OSiPh PPh 166.5 3.0 2.0 110.0 70
21 W NAr CHR OR OR: NRs 163.9 1.3 9.5 100.7 71
22 W NAr CHR OR OR: P(OMe} 163.7 20.2 18.6 98.8 72
23 w CHBU o Cl Cl PEg 163.4 11.% 9.8 106.8 73
24 Mo CHBU NAr ORe ORe PMe; 162.0 35 10.8 110.7 71
25 Re N NNArPh Cl Cl PPh 161.72 32.7 13.8 107.5 74
26 W NSiMg NSiMe; Cl Cl PPhMe 161.2 13.5 -1.5 110.0 75
27 Re NBU NBuUt Cl Cl Ph 157.7 10.0 9.1 110.1 76
28 Re NBU NBuUt Cl Cl Ar 146.4 32.2 25.6 108.0 77
29 Re NNR NNR; Cl Cl Cl 170.8 8.0 0.3 119.7 78
30 Re NNR NNR; OSiMeg; Cl Cl 170.6 154 0.4 114.8 78
31 Re NBU NBuUt Cl Cl Cl 165.4 9.0 3.2 110.7 76
32 Nb NPPh NPPh Cl Cl Cl 161.5 27.1 11.0 109.0 79
33 Re NAr CHBU OAr OAr OAr 160.7 12.6 37.3 100.0 80
34 Mo N NPPh Cl Cl Cl 160.0 25.2 18.7 106.1 81
35 Nb OAr OAr Cl Cl Cl 153.9 46.0 26.8 103.8 82
36 Ta OAr OAr Cl Cl Cl 143.8 441 27.9 104.2 83

3l — | > 5°. 2|8 — B'| > 15°. ¢ andd move in the same direction; s&&.
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Figure 11. Mapping of [MD,BL,]*" structures (D= equatorial strong
sr-donor, B= pivot wz-donor, L= pure o-donor). The dotted circular

line represents the 0.1 eV eH isoenergy contour computed for
[Ta(NH)ClsivHz]?~ (for a definition of coordinates, see Figure 4).

Next, we consider a complex incorporating strong equatorial
as well as weaker axiat-donors, Table 4 and Figure 12. The
geometry of [Re(CBWCHBUW){OCCH;(CF)2}2 (THF)] (16),
entry 18% is unique: the pivotal site is occupied by a very

(68) CSD refcode PAGMIT. Toreki, R.; Schrock, R. R.; Davis, W. M.
J. Am. Chem. S0d.992 114, 3367.

(69) CSD refcode YELXUI. Bustos, C.; Manzur, C.; Carrillo, D.; Robert,
F.; Gouzerh, Alnorg. Chem.1994 33, 4937.

(70) CSD refcode PERGAU. Huang, M.; DeKock, C. Worg. Chem.
1993 32, 2287.

loosely-bound THF (ReO 2.40 A), which has precessed,
however, by an unusually large angleof ~40° toward the
weakest carbor-donor. The resulting structure resembles a
face-capped tetrahedron more than EBT-5.

Complexes incorporating weakdonors Ly, and Lay nicely
follow the reversed-Berry pathway. As discussed above, those
with two differentszz-donors, i.e., electronic asymmetry, bend
toward the weaker-donor, yielding distorted EBT-5 structures
(entries 19-27). Bisimido complex [Re(NApCILAr] (entry 28,

p = 32, 6 = 26°) displays a nearly perfect SPY-5 geometry.
The strongr-donors are electronically asymmetric as one imido
is linear, Re-N—C = 176.4, and one is bent, ReN—C =

(71) CSD refcode VIZMAZ, VIZMEW. Schrock, R. R.; Crowe, W. E.;
Bazan, G. C.; DiMare, M.; O’'Regan, M. B.; Schofield, M. Brgano-
metallics1991, 10, 1832.

(72) CSD refcode YAVTUK. Johnson, L. K.; Grubbs, R. H.; Ziller, J.
W. J. Am. Chem. S0d.993 115 8130.

(73) CSD refcode CLNPOW10. Churchill, M. R.; Missert, J. R.; Youngs,
W. J.Inorg. Chem.1981, 20, 3388.

(74) CSD refcode VAXGOR. Dilworth, J. R.; Jobanputra, P.; Miller, J.
R.; Parrott, S. J.; Chen, Q.; Zubieta,Rblyhedron1993 12, 513.

(75) CSD refcode KEGTIZ. Lichtenhan, J. D.; Critchlow, S. C.; Doherty,
N. M. Inorg. Chem.199Q 29, 439.

(76) CSD refcode JIBSUI, JIBSOC. Danopoulos, A. A.; Longley, C. J.;
Wilkinson, G.; Hussain, B.; Hursthouse, M. Bolyhedron 1989 8,
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Table 5. [CpML 3]-like Complexed
entry M Leq Leg L piv Lax Lax 20 Brmean 0 4 ref
37 Zr Cp Cp OTs HO HO 148.0 0.5 15 135.7 85
38 Zr Cp Cp HO H,O H,O 145.2 6.3 0.3 134.9 86
39 Zr Cp Cp THF OTf OTf 140.9 2.0 1.9 132.9 87
40 Ta Cp Cp SnGMe H H 131.5 4.4 3.0 148.2 88
41 Ta Cp Cp H H H 125.8 0.1 0.5 147.0 9
42 Nb Cp Cp H H H 125.7 6.2 0.3 149.2 9
43 Zr Cp Cp H PMe PMe; 119.6 0.4 4.2 1334 89
44 Nb CpTMS CpTMS SiHPh H H 115.4 11.6 6.3 136.2 90
45 Zr Cp Cp H SiMe PPh 112.7 1.0 2.9 141.1 91
46 Nb Cp Cp AsEt H H 112.® 55 0.6 145.3 92
47 Nb Cp Cp H SiMeClI SiMeCl 104.2 1.2 1.8 143.8 93
48 Ta Cp Cp PPh H H 102.7 22.3 -2 143.1 94
49 Ta Cp Cp H SiHMg SiHMe; 109.9 144.3 95
50 Ta Cp Cp SiMgPh H H e 144.7 96
51 Zr GMes CsMes H H H e 144.1 97
aTs = tosylate, Tf= triflate, TMS = trimethylsilyl. " |a. — a'| > 5°. ¢ |8 — B'| > 15°. ¢ 8 andd move in the same direction; s&&. ¢ H atoms
not localized.
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Figure 12. Mapping of [MD,Z3]*~ structures (D= equatorial strong
sw-donor, Z= o-donor or weaks-donor). The dotted circular line
represents the 0.1 eV eH isoenergy contour computed for
[Ta(NH)Hyi Cl2]>~ (for a definition of coordinates, see Figure 4).

150.5. The axial ligands bendwayfrom the stronger of the
two, analogous to the situation i, 15, and17.

/ || better n-donor
[” R

o' PL conjugated with

-

e ‘Bu CI—M< aromatic o-framework
~__ 7 ClZs p, conjugated with
ReQns Re Cl O aromatic n-system
RO~ \ NG N Y
'‘Bu axial ligands / ~
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weakest n-donor

17
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Complexes with three weak-donors adopt very similar
geometries (entries 28B6), with the exception of both bisalkoxo

Figure 13. Mapping of [MCpL3]*~ structures. The dotted circular line
represents the 0.1 eV eH computed isoenergy contour for [F&Lp
(for a definition of coordinates, see Figure 4).

> 0) and are never found between them (cososf < 0).
This implies that the electronically driven distortion discussed
in the theoretical part is operative, but leads to an ideal EBT-5
only if Leg and Leg are structurally, conformationally, and
electronically identical.

Finally, we note that an inequivalence ofqland Leg also
affects the position of }i,: if Lax and Lax deviate from the
bisector plane in one direction il tends to deviate from this
plane in the opposite direction and by about half as much. Such
a distortion, characterized by the anglgcorresponding to a
distortion alongSs,, opens up one of the pl,—Leq angles,
eventually leading to a SPY-5 geometry with both basal angles
(Lax~M—Lay; Lov—M—Leg > 120

As discussed in the theoretical section, the 20JTD is more
efficient for cyclopentadienyl ligands than for other strong
m-donors. For [MCpL3] complexes, the @ angles fall in the

complexes which are best described as SPY-5. Although bothrange 148.6102.%. lItis interesting to note that the complexes

alkoxo ligands are linear, their-orbitals are electronically
asymmetric as one shows; gonjugated with the aromatic
m-system (weaker-donor), while the other is hyperconjugated
with the ligando-framework. The axial ligands precess toward
the weakest alkoxo ligand, as illustratedlin In other words,
they bend away from the better of the two donors (@asf

which are least bent are those with the most electronegative
Lax electropositive axial donors favor the 20JTD. This is
nicely reflected with compounds containing axial silanes (Table
5, entries 45, 47, and 49) which all display very acutg—L
M—Lax angles, despite significant steric interactions with.L
Except for two compounds (entries 44 and 48), fhangle is
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very small. Entries 46 and 48 contain a pivot ligand capable
of m-donation. However, the pyramidalization at As and P,

respectively, clearly points toward a localized lone pair and thus
no significantz-bonding®

Conclusion and Outlook

We have shown that five-coordinaté@ domplexes tend to
show an EBT-5 geometry when two strongdonors are
incorporated into equatorial positions with thetrorbitals
perpendicular to the equatorial plane of the distorted TB-5. This

Ward et al.
Ty Pa E] e Pa
—_— Beimy' Paifmyy TBF-5 B = T P ey & EBT-S
o) L] E." 5]
F 1 1
| \
" s L] . - ot
@ @S 8L oo
% | I/ i |:|'+
s o é o
[TaiCHA]  [TalOAngRy]  [Te=CHAAFFlE  [FelEhseoRy]  [CeyTaHy

Figure 14. Mapping of the reversed-Berry pathway with five-
coordinate 8complexes incorporating two-donors and three-donors.

geometry can be considered as the result of a 20JTD along a

reversed-Berry pathway. We find that the 20JTD is maximal
in the absence of further-donors L in the coordination sphere
of [MD,L3]*~. The compounds are analogous structurally and
electronically to the bent metallocenes [MCp*~. However,
these latter display a larger degree of 20JTD. On one hand,
the cyclopentadienyl ligand is an idealdonor. Not only does
this yield a small HOMG-LUMO gap in the TB-5 geometry,

it also prevents other potential-donors in the coordination
sphere of [MCpL3]*~ from interacting efficiently via an-
interaction. On the other hand, steric interactions between Cp
and Lay, Lax, and Lyy keepp and o small and thus L, Lax,

and L,y coplanar.

Our theoretical model was tested, and the results from a
structure-correlation analysis of afl five-coordinate complexes
incorporating two strongr-donors lead to the same conclu-
sion: the presence of two strong but differentonors, i.e.,
electronic asymmetry, favors structures intermediate between
SPY-5 and EBT-5. In the spirit of Muetterties and Guggen-
berger's mapping of the Berry pathwayhe & complexes
containing twoz-donors can be arranged in a sequence that
maps a reversed-Berry pathway (Figure 9%4).

The three lowest lying empty orbitals ¢fCp,Ti}?" and
{Ti(NHy),} 2+ are compared in Figure P8. These orbitals have
similar composition and the same energetic ordering, and thus

(84) Baker, R. T.; Whitney, J. F.; Wreford, S.Srganometallics1983
2, 1049.

(85) CSD refcode DOKCAH. Lasser, W.; Thewalt, ll. Organomet.
Chem.1986 302 201.

(86) CSD refcode CAXBOS. Thewalt, U.; Lasser, \J/. Organomet.
Chem.1984 276, 341.
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1983 38, 1501.
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Figure 15. The three lowest lying empty orbitals ¢TiCp,} 2" (left,
Cp contributions not shown) afd’i(NHz),} 2" (right), generated with
the CACAO program.

both fragments can be coined isolofal110¢-102 \We believe,
however, that these fragments are unique to systems incorporat-
ing a transition metal. To illustrate our point, let us mention
the nucleophilic attack on four-coordinate tetrahedral systems.
In main group chemistry, such a reaction occurs on the face of
the tetrahedron, eventually leading to TB-5; 48e Formally,
four-coordinate metallocenes and their relatives undergo nu-
cleophilic attack on aedgeof the tetrahedron, to yield EBT-5
geometries, which is the landmark of such systems;195¢
One major advantage of Cp ligands over other strong
m-donors, often triply bonded ligand atoms, is the ease of
incorporating sterically demanding groups capable of efficiently
interacting with coordinated substrates and promoting catalytic
transformations at the metal template to proceed in a stereo-
specific manner. The isolobal relationship presented in this
work could form a basis for the synthesis of EBT-5 complexes
with other sterically demanding-donors. Bercaw’s mixed Cp/
amide complex is a first step in this direction. A further step
is the titanium-based chelating bisamide system, [Ti(RNfjeH
NR)Me], R substituted arene, recently reported by
McConville and Scollard. In the presence of BEg)s, this

(100) Elian, M.; Chen, M. M. L.; Mingos, D. M. P.; Hoffmann, Riorg.
Chem.1976 15, 1148.

(101) Hoffmann, RAngew. Chem., Int. Ed. Endl982 21, 711;Angew.
Chem.1982 94, 724.
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complex polymerizes propene in a living manfet? The
chelate ring enforces proper orientation of thedbitals, and
the amide offers an opportunity to incorporate steric bulk, which
could well yield promising stereospecific catalytic systems.

Appendix

All eH calculation$%4-1% were performed with the CACAO
programi® All the parameters used were taken from previous
calculationg®1%8 |n this paper, we describe the results obtained
with the Ti (theoretical part) and Ta parameters (structure
correlation). Very similar results for the most relevant cases
were computed with other metal parameters including Zr, V,
Cr, Mo, and Re. The following bond lengfi&were used for
the eH calculations: FiH 1.7 A, Ti—Cl 2.30 A, Ti—Cpeentroid
2.06 A, C-C 1.40 A, C-H 1.05 A, Ti-NH, 1.94 A, Ti-NH
1.76 A/ N-H 1.02 A, Ta-H 1.77 A, Ta-Cl 2.40 A, Ta-NH
1.76 A, Ta-OAr 1.5 A, O-Cu 1.32 A.
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Density Functional Calculations. The Hartree-Fock—
Slater combination of Atomic orbitals (HFS-LCAO) as imple-
mented in the Amsterdam density functional (ADF) program
developed by Baerends al. was used!®113 The potential
energy surface calculations were performed using the VVesko
Wilk —Nusair (VWN, LDA) exchange-correlation potentiaf.
The extrema ([TiH]~, TB-5 and SPY-5; [Ti(NH),H3]~, ETB-

5) were then fully optimized with VWN augmented with
Becke’s approximation for the exchange and Perdew'’s for the
correlation (DFT-BPY15118 For [TiHg] -, a PES was generated
with DFT-BP, yielding a picture very similar to that obtained
with the VWN. Therefore, for [Ti(NH),H3]~, only the DFT-
LDA PES was computed. The ADF atomic orbitals were
described using an uncontracted trigl&later-type orbital basis
set on Ti and augmented by single polarization functions both
on C and H. The 1s shell of carbon and 1s2s2p3s3p3d shells
of titanium were assigned to the core and treated using the
frozen core approximatioH! A set of auxiliary s, p, d, f, and

g functions, centered on all nuclei, was used to fit electron
density together with both Coulomb and exchange potentials
in each SCF cyclé!®
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