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Abstract: An unprecedented, highly
fluxional structure is predicted for the
d® complex tetramethyloxotungsten,
[WO(CH,;),] (2), from density functional
and ab initio calculations: The lowest
energy structure 2Cg-1 on the potential
energy surface may be described equally
well as a distorted trigonal bipyramidal
or distorted square pyramidal arrange-
ment. Four equivalent minima 2C-1
may interconvert rapidly via four equiv-
alent, low-lying transition states 2C-2
(ca. 3 kJmol~! above 2C-1). The more
conventional regular square pyramidal
structure 2C,-1 is found to have a
twofold degenerate imaginary vibration-
al mode. It thus also serves as a tran-

2C,1). Interestingly, rotation of the
methyl groups is severely hindered in
this square pyramidal structure, whereas
it is easy for some of the methyl groups
in the distorted structures. Thus, the
methyl group conformations and the
skeletal distortions appear to be strongly
coupled due to agostic interactions.
Comparisons are made with the model
d° oxohydride [WOH,] (1), and to the
corresponding d! complex [ReOH,] (3),
which are also fluxional but differ from 2
and from each other. The related d!

Keywords: agostic interactions -
density functional calculations -
fluxionality - rhenium - tungsten

complex [ReO(CH;),] (4) prefers the
experimentally confirmed conventional
square pyramidal structure 4C4,-1, but is
found also to have unusually high bar-
riers for methyl group rotation. Com-
puted IR spectra might aid the exper-
imental structure analysis for tetrame-
thyloxotungsten. Somewhat surprisingly,
the predicted 70O NMR chemical shifts
may also provide an indirect test for the
structural distortions. The electronic
structure characteristics and the compe-
tition between o- and m-bonding in these
interesting compounds are discussed,
and are related to other d° and d! species
by natural population analysis and fron-
tier orbital arguments. Further low-sym-

sition state (only ca. 8 kJmol~! above

Introduction

Early transition metal complexes with a formal d° electronic
configuration at the metal may, under certain circumstances,
adopt less symmetrical structures than those predicted by the
usual structural models. In the past, most theoretical and
experimental work has concentrated on the simplest homo-
leptic complexes. Examples range from bent instead of linear
two-coordinatel'* via pyramidal rather than planar three-
coordinateP! to regular or distorted trigonal prismatic instead
of octahedral six-coordinatel®'? complexes. Of the factors
controlling the structures of such complexes, optimal involve-
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metry structures are suggested.

ment of the metal d orbitals in o-bonding to the ligands and
the polarization of the outermost metal core shell lead to a
preference for the low-symmetry arrangements. Repulsions
between the ligands and m-bonding favor the classical high-
symmetry structures.

In the case of pentacoordination, it is well known that the
trigonal bipyramidal and the square pyramidal structures tend
to be close in energy.'* In main-group chemistry, the
trigonal bipyramid is considered to be favored slightly owing
to lower ligand repulsion (assuming no lone pairs have to be
accommodated). In the case of d° complexes, the operation of
the above-mentioned electronic factors has been confirmed
during the last few years. Thus, purely o-bound ligands tend to
favor the square pyramid. This has been found experimentally
for [Ta(CH,);]* and for [Ta{CH,(4-MeC¢H,)}s].,l'”} and
computationally for [TaRs (R=H, CH;)].*¥! sm-Donor
ligands reverse this tendency and lead to a preference for a
trigonal bipyramid, for example for d° pentahalides (however,
the energy differences may be quite small; see examples given
in ref. [7]).
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For mixed-ligand systems, an interesting competition be-
tween m- and o-bonding preferences may be expected. In this
work, we use density functional and ab initio calculations to
address the question of which structures are preferred for
MXR, systems with one m-donor ligand X and four pure o-
donors R. We will focus on the organometallic oxo complex
tetramethyloxotungsten, [WO(CH3;),], and on the related d°
system [WOH,] and d' species [ReOR,] (R=H, CH;). The
related halogeno complexes [MOHal,] (M = Mo, W, Re) have
regular, unremarkable square pyramidal structures in the gas
phase, with the oxo ligand in apical position.I"”] This classical
ligand arrangement provides a suitable reference point with
which the present, more unusual systems contrast markedly.
Tetramethyloxotungsten was chosen as it might also be
accessible experimentally. Our quantum chemical structure
predictions, augmented by detailed IR and NMR spectro-
scopic calculations, should aid experimental studies on this
and related systems, which have been initiated.?” Beyond the

Abstract in German: Eine neuartige, hochgradig fluktuierende
Struktur wird durch Dichtefunktional- und Ab-Initio-Rech-
nungen fiir Tetramethyloxowolfram, [WO(CH;),] (2), vorher-
gesagt: Die Struktur niedrigster Energie, 2C-1, kann entweder
als verzerrt trigonal prismatisch oder als verzerrt quadratisch-
pyramidal beschrieben werden. Vier energetisch dquivalente
Strukturen 2Cx1 konnen sich leicht iiber vier energetisch
niedrig liegende (ca. 3 kJmol™ iiber 2C-1), ebenfalls dquiva-
lente Ubergangszustinde 2C,-2 ineinander umlagern. Fiir die
konventionellere, regulir quadratisch-pyramidale Struktur
2C,,-1 wird eine zweifach entartete imagindre Schwingungs-
mode gefunden. Diese Struktur entspricht daher ebenfalls
einem Ubergangszustand mit einer Energie, die um ca.
8 kimol™" gréfer ist als die von 2C,-1. Interessanterweise ist
die Rotation der Methylgruppen in der quadratisch-pyramida-
len Struktur signifikant gehindert, wihrend sie fiir einige der
Methylgruppen in den verzerrten Strukturen leicht ist. Die
Konformationen der Methylgruppen sind also aufgrund ago-
stischer Wechselwirkungen stark an die Verzerrungen des
Schweratomskelettes gekoppelt. Die Struktur 2 wird mit den
d’- und d'-Modellverbindungen [WOH,] (1) bzw. [ReOH ] (3)
verglichen, die ebenfalls fluktuierende Strukturen haben, sich
aber charakteristisch von 2 und voneinander unterscheiden.
Der verwandte d'-Komplex [ReO(CH;),] (4) bevorzugt die
experimentell bestiitigte regulire quadratisch-pyramidale Geo-
metrie 4C,,-1, weist aber ebenfalls ungewohnlich hohe Barrie-
ren fiir die Rotation der Methylgruppen auf. Die berechneten
IR-Spektren konnten zur Strukturanalyse fiir Tetramethyloxo-
wolfram beitragen. Uberraschenderweise sollten die vorherge-
sagten 7O-NMR-Verschiebungen ebenfalls zum indirekten
Nachweis der verzerrten Strukturen niitzlich sein. Die Charak-
teristika der Elektronenstruktur sowie die Konkurrenz zwi-
schen o- und n-Bindungen in diesen interessanten Verbindun-
gen werden anhand von natiirlichen Populationsanalysen und
Grenzorbital-Argumenten diskutiert und mit denen anderer
niedersymmetrischer d’- und d'-Verbindungen verglichen.
Weitere Strukturen mit reduzierter Symmetrie werden vorge-
schlagen.
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specific compounds chosen, the theoretical study is also
intended provide a more general framework to discuss the
structures of such d° and d' [MXR,] systems. The d' rhenium
complexes should give additional insight into the effect of
adding one electron to the system.

Of the systems studied here, only [ReO(CHj),] is definitely
known experimentally.?"?2 Tt has been well characterized,
both spectroscopically!l and structurally (it exhibits a regular
square pyramidal structure in the gas phase),?? but has not yet
been studied by first-principles quantum chemical calcula-
tions. It serves here mainly for comparison purposes, but also
turns out to exhibit some interesting features in its own right.
The hypothetical molecule [MoOH,], which is closely related
to [WOH,] investigated here, has been studied previously by
computations,?> 24 for example as the simplest model system
for some molybdenum enzymes. However, these calculations
were restricted to a regular square pyramidal structure. The
present results indicate that this arrangement is not a
minimum on the potential energy surface.

After the present paper had been submitted, an interesting
related article by Ward et al.’) appeared, which studies the
structures of d® MX,R; systems, that is, complexes with two -
donor ligands (DFT and extended Hiickel calculations on
model systems were carried out, as well as structure correla-
tion analyses). The present results will be compared with their
study, as well as to other experimental and computational
examples throughout the discussion.

Computational Details

In our previous study of the d° complex [W(CHj;)c],”) we found that the
structure and energy characteristics computed using density functional
theory (DFT) with gradient-corrected exchange-correlation functionals
agree excellently with the results of more sophisticated post-Hartree — Fock
treatments [MP2, CCSD, CCSD(T)]. Throughout a recent extended study
of homoleptic d°, d' and d?> hexamethyl complexes,['” and in the present
work, we have thus concentrated on the more economical DFT methods
(however, see below), using Becke’s exchange functional®! and Perdew’s
correlation functional® (this combination is frequently denoted as BP86).
The basis sets correspond to basis A of ref. [9]. Thus, quasirelativistic
effective core potentials (ECPs) with a small-core definition and 6s5p3d
GTO valence basis sets!?® are used for the metals. Carbon and oxygen ECPs
and DZP valence basis sets® are also as in refs. [9, 12]. In the case of
MOH,, the hydrogen DZ basis*l was augmented by one set of p functions
(a=1.0). All six cartesian components of the d functions were retained. We
note in passing that the use of ab initio derived ECPs in DFT applications is
well validated for the core sizes employed here.l” !l Unrestricted Kohn—
Sham calculations were used for the open-shell (doublet d') systems
[ReOR,].

Preliminary DFT optimizations without symmetry used the deMon
program,* which allows a reduction of the computational effort by fitting
the charge density and exchange-correlation potential with the help of
auxiliary basis sets. Based on the results of these preliminary optimizations,
the final calculations were carried out with the Gaussian94 and Gaus-
sian 92/DFT programs,**l which do not employ charge-density or exchange-
correlation potential fitting (the fine-grid option was generally used for
numerical integrations). All structures have been fully optimized within a
given point-group symmetry. The nonsymmetrical transition state 1C;-TS
was optimized with quadratic synchronous transit (QST) algorithms.*l All
stationary points were characterized by harmonic vibrational frequency
analyses (by means of numerical differentiation of analytical first energy
derivatives). Natural population analysesP®! (NPA) used the built-in
subroutines of the Gaussian program packages.?*’]
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CCSD(T) single-point energy calculations for [WOH,] and [ReOH,] with
the MOLPRO program? used the DFT-optimized structures and added
one metal f function®”l to the basis set. A UCCSD(T) approach®®! was used
for the rhenium complex. These calculations employed five-component d
functions.

NMR chemical shifts were calculated within the SOS-DFPT approachl® ¥
with the IGLO choice of gauge origin®! by the deMon-NMR pro-
gram.?> 3 3] These calculations employed the optimized structures, the
PW91 exchange-correlation potential,*!! and IGLO-II all-electron basis
setsl for the ligand atoms (see ref. [9] for more details of the NMR
chemical shift calculations). *C and 'H shifts are given with respect to the
absolute shieldings computed at the same level for tetramethylsilane, TMS
(03C=+4187.5 ppm and ¢'H =+31.00 ppm), whereas O shifts are given
with respect to H,Oy, (670 =271 ppm, derived from the computed
shielding of 670 =307 ppm for H,0,, at this level, and from the gas—
liquid shift of 36 ppml*).

Results and Discussion

I. [WOH,]

A. Structure and energies: As a simplified model system for
tetramethyloxotungsten, we first consider the oxohydride
[WOH,]. Previous comparisons of d° hydrides and methyl
compounds, for example between [WH;] and [W(CH;)]® 2
or between [TaH;] and [Ta(CH,)s], ¥l have shown that the
smaller hydride ligand allows the adoption of more distorted
structures. DFT preoptimizations without symmetry, starting
from various different nuclear arrangements (e.g., square
pyramidal, trigonal bipyramidal), generally converged to the
severely distorted C,-symmetrical structure 1C,-1 (Figure 1a).
It may be regarded as derived from a trigonal bipyramid with
oxygen in the equatorial position by movement of the axial
hydrogen atoms (H3, H3") towards one of the two equatorial
hydrogens (H1). Alternatively, starting from the regular
square pyramid 1C,, (Figure 1c), two hydrogen atoms H3,
H3' in diagonal positions are also displaced towards H1. At
the same time, the H3-W-O (and H3-W-O) and H1-W-O
angles are compressed, whereas the H2-W-O angle is
expanded. The distortion is accompanied by a contraction of
the W—H1 and W-H3 (W-H3') distances, and by an
expansion of the W—H2 distance (this differs from the
situation for [WO(CHs;),], see below). Note that the HI-H3
distance is computed to be 1.695 A, which is too large to
assume any significant H --- H bonding interactions.
Harmonic vibrational frequency analysis indicates that the
regular square pyramidal structure 1C,, is a transition state

d(W-0) 1.704 A
<(H1-W-0) 96.7°
<(H2-W-0) 117.0°
<(H3-W-0) 104.5Y
<(H4-W-0) 105.9

Figure 1. Optimized stationary points for [WOH,], with atom labeling and
Cartesian coordinate system used for MO analyses. a) 1C-1 (minimum);
b) 1C-2 (minimum); c) 1C,, (transition state with doubly degenerate
imaginary frequency); d) 1C,-TS (transition state).

with a degenerate imaginary vibrational mode (cf. Table 1). It
connects four equivalent minima 1C,-1 (this E symmetry
vibration is computed to have a force constant and frequency
of —0.553 mDyne A-! and i944 cm™!, respectively). In con-
trast, 1C-1 is characterized as a minimum with no low-energy
vibrational modes (Table 1). An optimization in C,, symme-
try, starting from a regular trigonal bipyramid with oxygen in
the equatorial position, converged to 1C,. A trigonal
bipyramidal structure 1C;, with oxygen in the axial position
also is not competitive (Table 1).

Table 1. Relative energies (kJmol~') for different stationary points on the [WOH,], [WO(CHj;),], [ReOH,], and [ReO(CH,),] potential energy surfaces.l?]

[WOH,] (1) [WO(CHs,),] (2) [ReOH,] (3) [ReO(CH,),] (4)
struc-  AE, " Nimggl! struc-  AE, " Nimag®! struc-  AE, Nl struc-  AE, Nimag®!
ture ture ture ture
1C1 0.0 (0.0) 0 2C-1 00(00) 0 3CA +117(+72)  1(A")
1C2  +1.1(+09) 0 202 +26(+22)  1(A") 3.2 00(00) 0
1C,,  +87.1(+77.6) 2 (B) 2C,-1  +76(+47) 2 (E) 3C, +199(+111) 2(E)  4C41  00(00) O
1G9 +142.7 (+1362) 2 (E) 2C1b  +27 (+3.0) 3 (ALA"AY) 4C,2 442 (406) 2 (E)
1C-TS  +1.7 (+0.4) 1 2C,2  +662(+61.7) 6 (A,,EE.B))

2C,,  +248(+207) 4 (B,,A,.B,.B))

[a] DFT results. See Figures 1, 3, 5 for the structures of the stationary points considered. [b] Energies relative to the most stable structures 1C-1, 2C,-1, and
3C,-2, respectively. Numbers in parentheses include zero-point vibrational energy corrections. Zero-point vibrational energies of 82.1, 374.5, and
85.2 kJmol~! were computed for 1C-1, 2C1, and 3C,-2, respectively. [c] Number of computed imaginary harmonic vibrational frequencies and their
symmetry assignment. Degenerate (E) modes are counted doubly. [d] Regular trigonal bipyramid with axial oxygen, see text.
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However, in the DFT optimizations we found a second C;
minimum, 1C2 (cf. Figure 1b), only ca. 1 kJmol~! higher in
energy than 1C-1 (Table 1). These two structures are thus
almost degenerate energetically. 1C,-2 is best described as a
distorted square pyramid, in which the angle between two
neighboring hydrogen atoms (H1, H1’) is decreased to about
70° and the one between the other two hydrogen atoms (H2,
H2') is increased to about 129° (the H1-W-H2 angle is thus
also reduced significantly). The W—H1 (W—H1’) distances are
diminished compared with 1C,,, whereas the W—H2 (W—H2')
distances are essentially unchanged. The H-W-O angles (in
particular the H1-W-O angle) are all reduced, that is, the
hydrogen atoms are moved up towards the xy plane contain-
ing the metal atom. The H1-H1’ distance of approximately
1.720 A speaks against any significant H---H bonding (see
above).

One can easily verify that the two sets of minima 1C.-1 and
2C,-1 must each exist in four equivalent orientations corre-
sponding to permutations of the hydrogen atoms. In spite of
the high energy of the degenerate transition state 1C,,
(Table 1) for the interconversion of the different minima
1C-1, the different sets of minima 1C,-1 and 1C-2 may
interconvert rapidly via unsymmetrical transition states 1C;-
TS (Figure 1d). As 1C;-TS is computed to lie only ca.
1.7 kJmol~' and 0.6 kJmol~! above 1C,-1 and 1C,-2, respec-
tively, [WOH,] is clearly predicted to be a highly fluxional
molecule at room temperature. CCSD(T) single-point energy
calculations place 1C+2 at +1.6kJmol~! and 1C, at
+70.1 kImol~' above 1C1, in good agreement with the
DFT results (similar results are obtained at CCSD and MP2
levels, whereas Hartree — Fock energies would predict 1C-2 to
be slightly below 1C,-1). However, the CCSD(T) single-point
energy for 1C,-TS is approximately 0.9 kJ mol~! below that for
1C,-2. Furthermore, the energy differences between different
stationary points are already reduced notably when only zero-
point vibrational energy corrections are included (cf. numbers
in parentheses in Table 1). Thus, probably not too much
significance should be attached to the minimum character
computed for 1C-2.

A comparison with the recent ab initio calculations on
[TaH;] by Kang et al.”] is instructive: While these authors
found a regular square pyramid to be the lowest energy
structure for this d’ complex, equivalent C,, minima may
fluctuate via low-lying C,, symmetrical transition states
(recomputed at at the present DFT level to be at AE~
+ 6 kJmol ! above the regular square pyramid). The latter!”)
are closely related to the lowest energy 1C-1 minima for
[WOH,] (in Figure 1a, imagine oxygen replaced by hydrogen,
and add a second mirror plane containing W, H1, H3, and
H3’). Thus, the relative roles of transition states and minima in
the two types of systems appear simply to be reversed, owing
to the presence of one n-donating oxo ligand in [WOH,] (see
below).

The structure 1C-1 of [WOH,] may be related to the
structure type denoted as edge-bridged tetrahedral by Ward
et al.’! for MX,R; systems like [Cp,TaH;] (Cp=n’>-CsHs)
when the H1 ligand in the present MXR, system is considered
to bridge the H3—H3' edge of the distorted tetrahedron
formed by the O, H2, H3, and H3' atoms (cf. Figure 1a). Thus,

2062
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the trend of a symmetry lowering due to the presence of one
st-donor ligand as in [WOH,] is apparently continued®! for
two smi-donor ligands (see bonding discussion below). Such a
straightforward relation to other known coordination envi-
ronments appears to be difficult for structure 2C-2.

B. Bonding: Within a simple one-electron frontier-orbital
model, the distortions 1C,;, —1C-2 may be rationalized
qualitatively in terms of improved metal—ligand orbital
interactions in the lower symmetry structures, in analogy to
previous discussions.[t 371115181 Figure 2 shows an orbital
correlation diagram for the distortions, based on the com-
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Figure 2. MO correlation diagram for the 1C,, —1C,-1 and 1C,, —1C-2
distortions of [WOH,]. The MO energies were extracted from the DFT
calculations. Only a few of the major orbital correlations occuring upon
lowering of symmetry are indicated by lines. Schematic MO drawings look
down along the W—O axis. A nonconventional Cartesian coordinate system
is used for C; symmetry (with the W—O bond along the z axis), as well as for
the 45°-rotated representation of 1C,, (right side). Note that b, and b,
symmetry are switched in the rotated structure (cf. labels in parentheses).
The HOMOs are indicated by vertical arrows for electron spin.

puted Kohn - Sham orbitals. MOs for regular square pyrami-
dal transition metal complexes have been studied in detail
previously by many workers. The relation to other coordina-
tion geometries and the dependence on the pyramidalization
angle have received most attention,[> 14 1518 25 but the effect
of o- and m-donor ligands at various coordination sites was
also considered.!'* 251 We start the correlation 1C,, —1C,-1 in
the conventional orientation for C,, symmetry, with the
hydrogen atoms on the xz and yz planes, whereas an
orientation rotated by 45° is used for the correlation with
1C,-2. The C; structures are both oriented nonconventionally
(with the W—O bond along the z axis) for comparison. Owing
to the low symmetry of 1C,-1 and 1C.-2, many metal d orbitals
and ligand orbitals may interact in the distorted structure
(depending only on whether or not they are symmetrical or
antisymmetrical with respect to the unique mirror plane). In
each case we have only indicated the most significant orbital
correlations in Figure 2. Note also that the simplified MO
drawings concentrate on the W-H interactions (roughly
parallel to the xy plane), whereas some of the MOs are also
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involved in significant W—-O interactions in the z direction
(see discussion below).

One very important electronic aspect in the regular square
pyramidal structure is the presence of an unoccupied low-
energy nonbonding metal d,, orbital (1b, LUMO), which
finds no appropriate ligand orbital combination with which it
may interact. In contrast, the metal d,. . orbital is ideally
suited in 1C,, to form bonds to the hydride ligands in the basal
plane, resulting in a low-energy W—H bonding MO of 1b,
symmetry (d,, and d. ,. character, and thus b, and b,
symmetry are switched in the 45° rotated orientation, right
side of Figure 2). Further W—H bonding interactions are
connected to the 2e MOs. The two components of this
degenerate set feature, respectively, contributions from metal
d,,px and dy,p, hybrids. In spite of this hybridization towards
the basal hydrides, away from the apical oxo ligand, these
MOs are still to some extent m(W—O) antibonding, an
important feature discussed below. Four other valence MOs
(m(W—0), 6(W-0), and W—H bonding) are at lower energies.

Let us first consider the distortion 1C,, —1C,1 (left side of
Figure 2): The metal d,, AO may now contribute significantly
to W—H3 (W—H3') bonding within the 2a” MO (including
some bonding admixture by one of the components of the
former 2e set). This may be considered a major driving force
for distortion (however, see below). In contrast, the bonding
interactions of the d,._,» AO are diminished, and therefore the
corresponding MO (now 4a’) is destabilized. This change
disfavors the distortion. An antibonding admixture of some s,
Px, and d,, character (cf. former 2e set) to the former 1b, MO
gives the 5a” HOMO. The 3a” LUMO is at relatively high
energy and derives from an antibonding d,, admixture to the
other of the two former 2e components.

A complementary picture is found for the 1C,, —1C-2
distortion (right side of Figure 2): The metal d.._» AO now
contributes in a significantly bonding fashion to the 4a” MO,
providing a major driving force to the energy lowering. In
contrast, the former 1b, MO (with metal d,, character) is
destabilized (2a” MO), as the overlap with the H2 and H2'
orbitals is diminished. The 3a” HOMO corresponds to an
appropriate linear combination of the components of the
former 2e set (slightly destabilized), whereas the high-energy
5a’ LUMO is an antibonding combination of former 2e and
1b, components. Again, a major effect of the symmetry
lowering is the removal of the low-lying LUMO.

We have discussed above how, in simple homoleptic d° MR
systems like [TaHjs], the regular square pyramidal structure is
favored, whereas distorted edge-bridged tetrahedral®! C,,
structures analogous to 1C&1 show up only as low-lying
transition states.”! Thus, the improved involvement of the dyy
AO in bonding at lower symmetry is not quite sufficient to
offset the unfavorable changes in other interactions (in
particular in those involving the d,. . AO). How does the
presence of the m-donor oxo ligand in the apical position tip
the balance in favor of the low-symmetry structures? The
answer is related to the above-mentioned t(W—O)-antibond-
ing nature of the 2e set in 1C4. In 1C1, this antibonding
contribution is reduced significantly, as one component of the
former 2e set now dominates the 3a” LUMO and is thus
unoccupied. Similarly in 1C-2, t(W—0O)-antibonding charac-
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ter is removed, as part of the former 2e set now contributes to
the 5a° LUMO. It is notable in this context that the W—O
distance contracts by ca. 0.01 A upon distortion (cf. Figure 1).

One structural consequence of the reduced m-antibonding
in the distorted structures is that, besides the distortions
within the basal plane, the hydrogen atoms H1, H3, and H3' in
1C,-1 and the hydrogen atoms H1 and H1’ in 1C_-2 are moved
up towards the xy plane containing the metal atom, and may
now interact better with the corresponding in-plane metal AO
(cf. H-W-O angles in Figure 1). Such a dependence of =«
interactions on the pyramidalization angle has also been
discussed previously for the regular square pyramid.['4!

We may compare these results to those obtained for the
MX,R; case by Ward et al.:> In each case in which a so-called
edge-bridged tetrahedral arrangement (analogous to 1C-1) is
preferred over a regular square pyramid, this is accompanied
by diminished m(M—X) antibonding interactions. In other
words, the o-donor ligands are arranged such that competition
with 7t donation is minimized. Thus, while improved M—R o-
bonding is an important driving force towards lower symme-
try, as discussed above, these interactions alone do not appear
to be sufficient to effect the distortion and thus to overcome
the increased ligand repulsion in the distorted structures.
However, these interactions certainly prepare the ground for
relatively shallow potential energy surfaces.

These considerations are confirmed by results of natural
population and natural localized MO analyses (NPA, NLMO)
for 1C+1, 1C.-2, and 1C,, (Table2). As expected, the
distortion increases the natural atomic orbital (NAO) metal
d population d(W) and thus reduces the positive metal charge
Q(W) considerably. More specifically, the nonbonding d,,
NAO (cf. the 1b; MO in conventional orientation), which is
not populated in 1C,,, becomes significantly populated in 1C,-
1. The same holds for the d,._» AO in 1C-2 (note the rotated
orientation for 1C,, in Figure 2). The d,, population in 1C.-1
and the d,, population in 1C-2 are reduced significantly
compared with 1Cy, consistent with the above-mentioned
removal of t(W—O)-antibonding interactions.

Within a natural localized molecular orbital (NLMO)
framework, covalent contributions to the (contracted, cf.
Figure 1a) W—H1, W—H3, and W—H3' bonds increase for 1C,-
1 compared with 1C,. The same holds for the W—H1 and
W-H1" bonds in 1C-2. In contrast, the covalency of the
expanded W—H2 bond in 1C,-1 and of the W—H2 and W—H2'
bonds in 1C-2 decreases, with a concomitant decrease of the
metal d character used for the bond. These results fit nicely
into the general picture of increased covalency for some of the
bonds in the distorted structures at the expense of other
bonds, as discussed previously for [WHg] and [W(CH,)4].! In
all cases, the overall covalency increases upon distortion.
Most notably, the m(W—O) NLMOs become much more
covalent upon distortion, in particular the t,(W—0O) NLMO in
1C,-1, and the 7 (W—O) NLMO in 1C,-2. This also supports a
removal of t(W—O) antibonding character upon distortion.

IL [WO(CH,),]

A. Structure and energies: For the methyl complex
[WO(CH;),] (2), different conformational orientations of
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Table 2. Natural populations and charges (Q), and analysis of natural localized molecular orbitals (NLMO) for different stationary points of [WOH,] 2]

1C-1") 1C,-21) 1c,,

NPA o(W) +0.966 (W) +0.964 o(W) +1.428
(W) 0.685 s(W) 0.630 s(W) 0.711
p(W) 0.036 p(W) 0.036 p(W) 0.060
dyy(W) 0.805 (W) 1373 dy(W) 0.000
do (W) 0.863 dg (W) 0.615 dg, (W) 0.920
dg,(W) 0.597 dy(W) 0.830 d, (W) 0.920
de_ (W) 1.351 dp_ (W) 0.869 o (W) 1.304
d(W) 0.697 d(W) 0.683 d(W) 0.657
dio(W) 4313 (W) 4370 (W) 3.801
Q(0) —0.489 0(0) —0.488 0(0) —0.608
O(H1) —0.095 Q(H1, HY') ~0.036 O(H) ~0213
Q(H2) —0.298 Q(H2, HY) —0.222
O(H3,H3) —0.061

NLMOsk 6(W-0) 27%.92% d 6(W-0) 27%.,94% d o(W-0) 27%94% d
7 (W-0) 13%,100% d 1 (W-0) 27%,98% d m(W-0) 12%,96% d
7,(W-0) 27%.,100% d m,(W-0) 21%,99% d 7, (W—0) 12%.,96% d
W-H1 48%.,94% d W-H1 (W-H1") 49%, 88% d wW-H 44%.80% d
W-H2 39%.,69% d W-H2 (W-H2') 39%,76% d

W-H3 (W-H3') 48%.,82% d

[a] Based on the Kohn—Sham wavefunction. Charges do not add up exactly to 0, as the slight depletion of some metal semicore orbitals has been neglected.
[b] Molecular orientation for 1C,-1 and 1C-2 chosen unconventionally (see Figure 1) to facilitate comparison with 1C,,. [c] The relative metal character of a
given NLMO, and the relative d-orbital contributions to this metal character are given.

the methyl groups are feasible, which may differ considerably
in energy as a result of conformation-dependent agostic
interactions.> 1% 18 43 Several stationary points on the poten-
tial energy surface thus have been considered (cf. Figure 3).
Computed relative DFT energies are given in Table 1.
Structure parameters for 2C¢-1, 2C-2, 2C4,-1, and 2C,,-2 are
given in Tables 3 -5 (data for 2C-1b and 2C,, may be found in
Tables S1 and S2 in the supporting information). As for the
hydride, the regular square pyramidal structures (2C4-1 and
2C,-2, cf. Figure3c,e) are no minima. However, while
conformation 2C,,-2, with the axial hydrogen atoms synper-
iplanar to the oxo ligand, is very high in energy (66.2 kJ mol~!
above 2C1) and is characterized as a higher order saddle

point (with four imaginary modes), the antiperiplanar con-
formation 2C,-1 is considerably more stable (only
7.6 kJmol! above 2C,-1). It has only one degenerate (E)
imaginary mode, and therefore corresponds closely to the
transition state 1C4, of the hydride. Thus, in these regular
square pyramidal structures, the rotation around the C—W
single bonds appears to be strongly hindered. Comparably
large energy differences between all-anti and all-syn arrange-
ments of the basal methyl groups in a square pyramidal d°
complex have been found computationally for [Ta(CH;);] by
Albright and Tang (51.4 kJmol~! at MP2 level).["”]

The lowest energy minimum 2C-1 for [WO(CH,),] (see
Figure 3a) is analogous to 1C-1 for [WOH,] (cf. Figure 1a),

Figure 3. Stationary points considered for [WO(CHj;),], with atom labeling and Cartesian coordinate system used for MO analyses. a) 2C¢1, all
axial hydrogen atoms antiperiplanar to oxygen; b) 2C,-2; ¢) 2C,,-1, all axial hydrogen atoms antiperiplanar to oxygen; d) 2C,-1b, axial hydrogen atoms at C1
and C2 synperiplanar to oxygen; e) 2C4-2, all axial hydrogen atoms synperiplanar to oxygen; f) 2C,,, axial hydrogen atoms at C1, C1’ synperiplanar to

oxygen.

2064 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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Table 3. Predicted structural parameters for 2C1.[

W-0 1.726 C3-H,  1.105 H,-CI-'W 1023
W—Cl 2227 C3-H,, 1103 H,-Cl-W 1155
w-C2 2.140 C3-H,, 1116 H,-C2W 1117

W—C3 2.152
Cl1-H,, 1.114

C1-W-O 116.8
C2-W-O 118.4

H,-C2W 1113
H,-C3-W 1140

Cl-H,, 1.103 C3-W-O 98.1 H,-C3-W 1153
C2-H,, 1.109 C3-W-C1 737 H.,-C3-W  101.2
C2-H,, 1.109 C3-W-C2 984

[a] Distances A—B in A, angles A-B-C in ° (see Figure 3a).

Table 4. Predicted structural parameters for 2C,-2.12!

W-0 1.728 C1-W-O 104.8
W—Cl 2.200 C2-W-0 113.6
wW-C2 2.144 Cl-W-C1’ 743
Cl-H,, 1.107 C2-W-C2 99.2
Cl-H,, 1.107 C1-W-C2 79.9
Cl-H,, 1.103 H,,-C1-W 109.9
C2-H,, 1.106 H,,-C1-W 109.1
C2-H,, 1.106 H,,-C1-W 113.1
C2-H,, 1.117 H,,-C2-W 115.6

H,,-C2-W 1134

H,,-C2-W 104.0

[a] Distances A—B in A, angles A-B-C in ° (see Figure 3b).

Table 5. Predicted structural parameters for 2C,,-1 and 2C,,-2.1%

2C,-1 2C,-2
W-0 1.737 1.731
w—C 2.166 2.193
C-H,, 1.106 1.110
C-H,, 1.108 1.103
C-W-O 1113 107.9
C-W-C (cis) 82.4 84.6
H,-C-W 112.1 105.8
H,,-C-W 110.5 114.6

[a] Distances A—B in A, angles A-B-C in ° (see Figures 3c,e).

and features similar distortions (see Table 3). However, there
are some significant structural differences: a) The C3-W-Cl1
angle in 2C-1 is compressed considerably less (73.7° vs. 59.6°)
than the H3-W-H1 angle in 1C-1. b) The C1-W-O angle is
expanded rather than compressed relative to that in 2C,,-1.
¢) The W-C1 distance is expanded rather than contracted.
Related differences between the structural distortions found
for hydride and methyl analogues were noted for [WH;] and
[W(CH,)],! and are at least partially related to the much
larger ligand —ligand repulsions in the methyl species, and to
agostic C—H —M interactions (see below).

In contrast to [WOH,], at this computational level the
second type of distorted C structure, 2C-2 (Figure 3b,
Table 4), is no minimum but a low-lying transition state for
interconversion of 2C,-1 (Table 1). The overall distortions of
2C,-2 are similar to those for the hydride, and the computed
energy is only ca. 3 kJmol™' above 2Cy1. However, the
structure of the methyl compound (2C;-2 vs. 2C,,-1) is again
less distorted than that of the hydride (1C,-2 vs. 1C4,). In
particular, the W—C1 (W—C1’) distances pertaining to the
compressed C1-W-C1’ (and C1-W-C2) angle are expanded
compared with those in 2C,,-1. This contrasts to 1C.-2 but is
consistent with the differences between 2C-1 and 1C(-1, and
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between [W(CHs)s] and [WH].[9 In all cases, those W—C
distances in the methyl compounds belonging to the com-
pressed angles are extended compared with the high-symme-
try structures, whereas the opposite holds true for the W—H
distances in the analogous hydride structures.

Most notably, 2C,,-1 is much more competitive with 2Cg-1
and 2C;-2 than 1C,, is with 1C+1 and 1C,-2 (ca. 8 kJmol~! vs.
ca. 87kJmol™!). This is again consistent with previous
comparisons between methyl complexes and hydride model
systems.” ¥ Thus, in contrast to [WOH,], at room temperature
[WO(CH,;),] is expected to fluctuate even via the low-lying
degenerate transition state 2C4-1 (the imaginary E vibra-
tional mode of 2C4-1 is computed to have a force constant
and frequency of only —0.070 mDyne A~! and i143 cm™!,
respectively). In any case, [WO(CHs;),] is also predicted to be
a highly fluxional molecule, but with a somewhat different
character of the potential energy surface than its hydride
analogue. As discussed above for the latter, the energy
differences between different structures are further reduced
when zero-point vibrational energy corrections are included
(Table 1).

Interestingly, the rotation of the two methyl groups 1 and 2
in 2C+1 into a synperiplanar orientation (2C,-1—2C.-1b,
Figure 3) costs considerably less energy (2.7 kJmol™!) than
expected on the basis of the rather large 2C,-1 vs. 2C4-2
energy difference (66.2 kJmol™'), or from the related reor-
ientation of just two methyl groups from 2C,,-1 (17.2 kI mol~},
cf. Table 1). Thus, apparently the rotation of these two methyl
groups is considerably easier™l than in the regular square
pyramid. In contrast, a partial optimization with the ‘axial’ H-
C3-W-0 (H-C3'-W-0) dihedral angles fixed at 0° (in the fully
optimized structure 2C,-1, the corresponding ‘axial’ hydrogen
dihedral angle is 172.8°) leads to an energy increase by ca.
16.5 kJmol~!, comparable to that for the 2C,,-1 —2C,, trans-
formation. Similarly, in 2C-2 a corresponding partial opti-
mization, with the axial hydrogens on C1, C1’ fixed to a
synperiplanar arrangement towards oxygen, causes an energy
increase of 24.2 kJmol~!, whereas the corresponding synper-
iplanar arrangement for methyl groups 2 and 2’ is only ca.
9.2 kImol~! above 2C,-2.

B. Agostic interactions: Albright and Tang had attributed the
conformational energy differences in [Ta(CHjs)s] largely to
repulsions between neighboring hydrogen atoms.!"> However,
we have reason to believe that the rotational barriers, and the
unusually strong coupling of the methyl group rotation to the
distortional modes in [WO(CHs;),], are at least in part related
to significant agostic interactions.[¥l Thus, for example, the
barriers are significantly reduced in the d! complex [Re-
O(CH;),], in spite of even shorter H---H distances (see
below). Hyperconjugative C—H —W interactions are appa-
rent from the C—H distances and H-C-W angles summarized
in Tables 3—5, and from the natural population analyses (see
discussion below). Thus, for example, the axial C—H bonds in
the synperiplanar arrangement 2C,,-2 act as significant agostic
donors, as evidenced by the large C—H distances and small H-
C-W angles (Table 5), whereas the equatorial C—H bonds do
not contribute significantly (they are contracted and have
larger angles®!). In contrast, in the antiperiplanar structure
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2C,-1 (Figure 3c), all hydrogen atoms apparently interact
almost equally well with empty metal orbitals, leading to
almost uniform C-H distances and H-C-W angles. This
contributes significantly to the much lower energy of 2C,,-1
compared with 2C4,-2 (cf. Table 2).

Closer inspection of the C—H distances and H-C-W angles
in the lowest energy structure 2C,-1 indicates that, for
example, agostic interactions for methyl group 3 (3') are
largely due to the C3—H,,, bond (cf. Table 3). This may be
rationalized with the shape of the 3a” LUMO acting as the
major acceptor for hyperconjugation (Figure 2, left). In
contrast, the Cl—H,, bond is the most important agostic
donor for methyl group 1, whereas the distribution is rather
uniform for methyl group 2. In 2C,-2, the agostic interactions
in methyl groups 1, 1’ are almost uniformly distributed over
the C1-H,, and C1-H,,; bonds, whereas the dominant agostic
interactions for methyl groups 2, 2" are due to the C2-H,,,
bond (cf. 5’ LUMO in Figure 2, right). Thus, there is a strong
conformational dependence of the C—H —W donor interac-
tions, consistent with the computed rotational barriers.
Generally, an antiperiplanar orientation of the methyl groups
with respect to the oxo ligand is favored over a synperiplanar
one. However, the energy gain and the structural changes due
to such an arrangement obviously depend on the orientation
of a given group with respect to the potential acceptor orbitals
at the metal.

Do the agostic interactions favor or oppose the low-
symmetry distortions? In the case of [W(CH;)s], partial
optimizations with frozen, idealized methyl group structures
indicated that the agostic interactions may add to the
preference for a skeletal distortion from Dj, to C;,.°! For
[WO(CHs;),], we have carried out the same rough test, by
doing partial optimizations with all methyl groups fixed to
local C,, symmetry, with d(C—-H)=1.107 A and ¥ (H-C-
W) =110.8°. The energy increase with respect to the corre-
sponding fully optimized structures is 7.3, 4.3, 0.5, and
8.1 kImol™! for 2C-1, 2C,-2, 2C4-1, and 2C,,-2, respectively.
This would suggest that the 2C4,-1 —2C;-1 and 2Cy,-1 —2C,-2
distortions may be slightly facilitated by the agostic inter-
actions. However, the same measure would predict 2C,,-2 to
have larger agostic interactions than 2C,,-1; this is inconsis-
tent with the lower energy (and larger d,, populations, see
below) of 2C,,~1. This is due to the fact that the C—H distances
and H-C-W angles are much more uniform in 2Cy,-1 than in
2C,,-2 (Table 5). Therefore, this type of test may not be
adequate for an assessment of the energy stabilization by the
agostic delocalizations, but rather indicate the magnitude of
the structural deformations of the methyl groups. A different,
semiquantitative measure of the energy stabilization due to
agostic interactions is offered by a second-order perturbation
theoretical analysis of delocalization interactions within the
framework of the strictly localized natural bond orbitals.[
The results suggest that the agostic interactions increase upon
distortion, owing to a larger number of hyperconjugatively
interacting NBOs in the lower symmetry structures. Never-
theless, we have to conclude at present that none of the
available analysis schemes provides a definite answer to
whether or not the agostic delocalizations favor the symmetry
distortions of the heavy-atom skeleton.
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C. Other bonding features: Differences in structure and
bonding of the methyl complex with respect to the hydride
arise from several factors (see also above): a) the larger size of
the methyl ligands, b) the possibility of C—H —W agostic
interactions (see also the discussion above), ¢) the more
directional bonding possible with sp” hybrid orbitals for
methyl ligands compared with the hydrogen 1s orbitals
in the hydrides, d) differences in the electronegativities of
methyl and hydride ligands. At least factor a) will lead to a
reduced preference for distortion in the methyl compound.
Whether the same holds true for factor b) is not answered
easily, as evidenced by the discussion above and by that in
ref. [9].

Inspection of the Kohn-Sham MOs (MO energies given
in Table S3 of supporting information) indicates that the
b,-type LUMO (cf. MO diagram for [WOH,] in Figure 2)
in the regular square pyramidal structure 2C,-1 of
[WO(CH;),] is not as low in energy (with respect to
the energies of the highest occupied MOs) as in the hydride
(1C4,). Within the framework of second-order perturba-
tion theory, this suggests a reduced energy gain from
distortion to lower symmetry, consistent with the computed
energies (cf. Table1). The LUMO is somewhat lower
in energy for the less stable synperiplanar conformer
2C,,-2.

Indeed, natural population analysis shows (numerical data
given in Table S4 of supporting information) that the d,, NAO
is already significantly populated in 2C4,-2, and particularly in
2C4-1, in contrast to 1C,, (cf. Table 2). This is due to agostic
C,; H—d, (W) donor interactions (the b, LUMO has
significant coefficients on the equatorial hydrogen atoms).
These interactions appear to be more efficient for 2Cy,-1 than
for 2C,4,-2, and thus contribute to the computed large rota-
tional barrier. The agostic interactions are also apparent from
tails of the C—H bonding NLMOs at the metal. These follow
roughly the C—H distances and H-C-W angles discussed
above.

In spite of the agostic interactions present for the methyl
compound, the positive metal charge is larger in 2C,-1
[O(W)=+1.673] than in 1C4, [Q(W)=1.428], indicating a
larger electronegativity of methyl than hydride ligands.
In addition to the larger size of the methyl groups, this
larger bond ionicity enhances the ligand-ligand repulsions
and the energy differences between occupied and unoccupied
MOs (see above), and thus is expected to disfavor the
distortion. In contrast, the oxygen charge is slightly lower
in the methyl species, that is, the oxo ligand may withdraw
less charge from the metal. As a consequence of the much
smaller structural deviations from the regular square pyramid
(2C1 vs. 1C+1 and 2C2 vs. 1C-2), the reduction of the
metal charge upon symmetry lowering is considerably less
for [WO(CH,),] than for [WOH,]. Thus, 2C-1 and 2C,-2
are still considerably ionic (with NPA metal charges of +1.473
and +1.554, respectively). The corresponding changes in
the d populations upon distortion are consequently also
less dramatic. Still, except for the agostic interactions
discussed above, the overall description is qualitatively
similar to that given above in more detail for the
hydride.
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D. Vibrational frequency analyses: A simulated IR spectrum
derived from the harmonic vibrational frequency analysis for
the 2C,-1 minimum of [WO(CHs;),] is shown in Figure 4a,
together with a rough assignment of the vibrational

a) 0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
0‘0 1 1 1 1 L 1 1 1 L 1 1 1 0.0
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Figure 4. Simulated IR spectra for [WO(CHj;),]. The computed harmonic
vibrational frequencies and intensities were convoluted using Lorenzians of
half-width 10 cm~". Intensities have been scaled to that of the most intense
band. a) 2C-1; some assignments are indicated by arrows; b) superposition
of computed spectra for 2C,-1 and 2C,-2 (the imaginary frequency for 2C-2
was deleted).

modes. As a result of the low symmetry, the spectrum is
notably more complicated than the corresponding spectrum
calculated for the regular square pyramidal structure 4Cy,-1 of
[ReO(CHj;),] shown in Figure 5. In particular, the bands at ca.
485 cm™! and ca. 530 cm~! (asymmetric and symmetric W—C
stretching modes) in 2C,-1 are considerably more intense than
the Re—C stretching modes for the rhenium complex, owing
to the somewhat larger bond polarity. Moreover, the relative
intensities of the C—H rocking type modes at ca. 600-
720 cm™! are switched in favor of the lower frequency band
(which is quite intense). The structure of the C—H stretching
bands between 2900 and 3100 cm™! is also considerably more
complicated as a result of the lower symmetry.

The transition state 2C,-2 is very low in energy. What if it
were another minimum, such as 1C-2, other than is actually
found computationally at this level? Figure 4b shows a
superposition of the computed spectra for 1C-1 and 1C-2
with equal weights, using the same Lorenzian half width of
10 cm~%. While the plot is clearly quite convoluted, the results
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Figure 5. Simulated IR spectrum for [ReO(CH,),] (4C4,-1) (see legend of
Figure 4). Some experimental assignments (ref. [21c]) are in italics,
theoretical assignments in normal letters.

suggest that with reasonable spectral resolution and sample
purity, the appearance of the spectrum is still characteristic of
the low-symmetry distortions. IR spectroscopy at low temper-
atures*! might thus be an appropriate means of experimen-
tally confirming the predicted low-symmetry structure of
[WO(CH;),]. Note that the computed spectrum for [Re-
O(CHs,),] agrees well with the available experimental data.l'l

E. NMR chemical shifts: Table 6 gives the computed isotropic
carbon and oxygen NMR chemical shifts for the structures
2C1, 2C-2, and 2C,-1 of [WO(CHj),]. As expected, the
carbon shifts for the distorted structures 2C¢-1 and 2C,-2 vary

Table 6. Predicted isotropic *C and 7O NMR chemical shifts (0) for
different structures of [WO(CHjs),].1%!

2C,1 2C,2 2C,-1
0 +745 0 +673 O  +586
Cl +41 Cl, C1 +45 C 450
o)) +39 2, +51
C3,C3 +52

[a] See Figure 3 for the atom labeling. Carbon shifts vs. TMS, oxygen shifts
vs. H,Oyq.

for the different coordination positions, whereas they are
required by symmetry to be equal for the regular square
pyramid 2C4-1. However, in view of the computed low
barriers for fluctuation, only averaged shifts will most likely
be observable (in the range of ca. 0 =45-50), probably even
down to relatively low temperatures. The same holds for the
'H shifts, for which the average computed values are ca. 6 =
+1.50 for 2C.-2 and 2C4-1, and ca. 6 = +1.35 for 2C,-1. Thus,
neither the 'H nor the *C NMR chemical shifts seem to offer
much potential for experimental confirmation of the predict-
ed low-symmetry structures.

However, it appears that the oxygen shifts may be more
useful in this respect. They are notably larger for the distorted
structures 2C-1 and 2C,-2 than for 2C,,-1. In view of the larger
HOMO -LUMO gap in the distorted structures, this is at first
sight surprising (however, note the lower negative charge on
oxygen). Table 7 gives the computed oxygen shift tensors. The
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Table 7. Predicted 7O shift tensors (0 relative to H,0y,) for different
structures of [WO(CHj),].[

2C-1 2C,-2 2C,-1

011 (Ox) +1268
O (0,y) +773 Oy (0) +880

633 (622) + 195 533 (622) +101 633 (622) + 15
B +745 1673 1586

O (dy) +1038 O =0p +871

[a] See Figure 3 for the atom labeling and Cartesian coordinates.

tensors have lost their axial symmetry in 2C-1 and 2C-2,
compared with the axially symmetrical tensor in 2Cg4,-1, with
the o,, component being more deshielded than in 2C,-1.
However, even the component parallel to the W—O axis (03;3)
becomes notably deshielded upon distortion.

MO analyses show that the m*(W—O)-type unoccupied
orbitals are lowered in energy. Thus, e.g. in the model system
[WOH,], the w*(W—0O) character is concentrated in the high-
lying 3e MO for 1C,, whereas even the LUMOs have
significant 7*(W—O) character in 1C-1 and 1C,2 (see
discussion in Section I.B and Figure 2). This gives consider-
ably increased paramagnetic contributions from magnetic-
field induced =#(W—-O)—n*(W—0O) and o(W-O)—
*(W—O0) couplings (see ref. [47] for more detailed analyses
of oxygen shielding tensors in transition-metal oxo com-
plexes). Thus the partial removal of (W—O) antibonding
interactions accounts largely for the increased 'O shifts. The
different orientations of d,; for 2C.-1 and 2C-2 in Table 7 are
indeed fully consistent with the m-bonding discussion in
section I.B.

In a fluxional structure, the statistical weights of the four
minima 2C.-1 and of the low-lying transition states 2C-2 will
be largest, and these areas on the potential energy surface
should dominate the averaged oxygen shifts. When taking the
average of the two shift values for 2C.-1 and 2C,-2, we arrive
at a predicted average shift of d ~710, which is more than
120 ppm larger than the value computed for the regular
structure 2C,-1. As such a difference is expected for this
system to lie significantly outside the systematic errors of the
DFT methods used,*’! the large oxygen NMR chemical shifts
might be useful as indirect indicators for the distorted,
fluxional structure. This approach appears to be promising
in view of the increasing use of 7O NMR spectroscopy for
organometallic oxo compounds.!

III. [ReOH,]

A. Structure and energies: Compared with [WOH,], the
rhenium oxohydride 3 has one more electron. Previous
studies have shown that such d' systems may have a reduced
tendency to distort to lower symmetries than their d° counter-
parts, provided the additional electron occupies an orbital
which becomes destabilized upon symmetry lowering. Thus,
[Re(CHs;)], for example, is computed to exhibit a regular
trigonal prismatic structure as opposed to the distorted one
for [W(CH,)g] .1 12 41

Indeed, [ReOH,] is less distorted than [WOH,], as may be
inferred from the relative energies for the stationary points in
Table 1, and from the structural results shown in Figure 6.
Most notably, 3C-1 is not computed to be a minimum
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Figure 6. Optimized stationary points for [ReOH,], with atom labeling
and Cartesian coordinate system used for MO analyses. a) 3C,-1 (transition
state); b) 3C2 (minimum); c) 3C, (transition state with doubly
degenerate imaginary frequency).

anymore, but a transition state connecting the 3C,-2 minima.
[ReOH,] is undoubtedly also fluxional, as evidenced by the
relatively low energies of the transition structures 3C,-1
(Table 1), and of the regular square pyramidal structure 3Cy,.
The latter has one doubly degenerate imaginary vibrational
mode like its [WOH,] and [WO(CH;),] analogues (with a
force constant of only —0.122 mDyne A'anda frequency of
i445 cm™'). The molecular dynamics of the rhenium oxohy-
dride are thus expected to be complicated, and somewhat
different from the two tungsten species. UCCSD(T) single-
point calculations at the DFT optimized structures place 3C,-1
at +7.8 kJmol~! and 3C,, at +7.5 kImol~! above 3C,-2. Thus,
at higher computational levels, the potential energy surface
may even be slightly more shallow, and the existence of the
3C,-1 stationary point appears uncertain.

Structurally, the smaller distortions of 3C,-1 and 3Cy-2
(Figure 6a,b) compared with their tungsten analogues (Figur-
e la,b) are most clearly seen from the more uniform H-M-O
angles and M—H distances. In contrast, the H-M-H angles
deviate significantly from a square pyramidal arrangement, as
found for [WOH,]. Interestingly, the Re—O distance in
[ReOH,] remains almost constant upon distortion, whereas
the W-0 distances in [WOH,] and in [WO(CH,),] contract
notably.

B. Bonding: Consider the MO correlation diagram for
[WOH,] in Figure2 (1Cs1, 1C-2, 1C,) and place one
additional electron into the LUMO for each structure (3a”
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for 3C,-1, 5a’ for 3C,-2, 1b, for 3C,,). The detailed analysis of
the computed Kohn-Sham MOs for [ReOH,] confirms that
this simple one-electron Aufbau principle-like picture is a
reasonable one. It allows a relatively straightforward under-
standing of the changes in the structural preferences upon
adding one electron to the d° system.

In 3C,,, the nonbonding d,,-type 1b, orbital is now the singly
occupied MO (SOMO) of the molecule. Obviously, this
situation is electronically much more satisfactory than that in
which this MO is left completely empty as in 1C,,, suggesting a
lower tendency for distortion. Moreover, the SOMOs in 3C-1
(3a”) and in 3C-2 (5a’) are both significantly m(Re—O)
antibonding (with m; character in 3C.-1, but with wt} character
in 3C,-2) and slightly Re—H antibonding (with metal d,,
contributions in 3C.-1, with d,. . contributions in 3C-2); this
pushes them to relatively high energies. This unfavorable
antibonding character of the SOMOs in the distorted
structures will also diminish the preference for distortion
and will render the regular square pyramidal structure 3C,,
much more competitive than for the tungsten analogue (cf.
Table 1).

The mt(Re—0O) antibonding character of the SOMOs in 3C;-
1 and 3C-2 also provides an explanation for the fact that the
M-O bond does not contract upon distortion, in contrast to
[WOH,] and [WO(CHs;),]. The same holds for the much lower
distortions of the H-M-O angles in 3C.-1 and 3C-2 compared
with 1C¢-1 and 1C,-2 (compare Figure 6 and Figure 1). Natural
population analyses for [ReOH,] confirm these considera-
tions (see Table S5 in supporting information).

IV. [ReO(CH,),]

In view of the above comparison between [WO(CHj;),] and
[WOH,], tetramethyloxorhenium (4) should be even less
inclined to distort than its hydride analogue, which is itself
only very slightly distorted (cf. above). This would be
consistent with the experimental observation of a regular
square pyramidal structure.?? Indeed, the computations agree
with experiment: They show that the square pyramidal
structure 4C,-1, in which the axial hydrogen atoms are
antiperiplanar to the oxo ligand (cf. the analogous structure
2C4-1 for [WO(CHs;),] in Figure 3c), is a minimum on the
potential energy surface. The vibrational analysis gives a
frequency of 207cm™' and a force constant of
+0.080 mDyne/"\*1 for the E-type mode, which would be
the analogue of the imaginary modes of 1C,,, 2C,,-1, and 3C,,
It is thus not even the lowest energy mode of [ReO(CH,),]
(several Re—C rocking modes have lower frequencies and
force constants). We have therefore not attempted to locate
distorted minima analogous to 2C.-1 or 2C-2. Obviously, the
combination of one extra d electron and methyl instead of
hydride ligands is sufficient to prevent distortion.
Incidentally, the more stable antiperiplanar conformation
4C,-1 has been correctly posited by Haaland etal. in
analyzing the gas electron diffraction data.’? The synperipla-
nar structure 4C,,-2 (see Figure 3e for the analogous structure
2C,,-2) has four imaginary frequencies and is 44.2 kJ mol~!
higher in energy than 4C,,-1. This is less than the correspond-
ing 58.6 kJmol™! 2C,-1—2C,-2 energy difference in
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[WO(CHs;),] (Table 1), but it still indicates significant hin-
drance of the rotation around the Re—C single bonds. Thus,
while the agostic C—H —M interactions are reduced by
adding one electron to the system (e.g., the extra ‘agostic’
population of the d,, NAO is only 0.078 for 4C,-1 compared
with 0.241 for 2C,,-1), they are still surprisingly large (of
course, some part of the barriers may be due to repulsions
between the methyl hydrogen atoms!™). One may even
speculate whether it is possible to freeze out the individual
methyl group rotations in [ReO(CH;),] at lower temper-
atures.

The structural data for 4C,,-1 are in good agreement with
the gas electron diffraction results (Table 8).?2 The computed
M-C and M-O distances are larger by ca. 0.03 A, whereas

Table 8. Computed structural parameters for structures 4C,,-1 and 4C,,-2
of [ReO(CH,),], compared with experiment.[?!

4C,-1 4C,,-2 Exptl.lP)
Re—O 1.717 1.717 1.682(3)
Re—C 2.140 2.154 2.117(3)
C-H,, 1.107 1.111 av.: 1.113(5)
C-H,, 1.106 1.103
C-Re-O 112.5 109.3 112(1)
C-Re-C (cis) 81.5 83.8 82(1)
H,,-C-Re 110.3 102.9 av.: 108(1)
H.-C-Re 110.7 115.0

[a] Distances A—B in A, angles A-B-C in °. See the analogous atom
labeling for 2C,-1 and 2C,,-2 in Figures 3c.e. [b] Gas electron diffraction
results, see ref. [22]. A conformation as in 4C,-1 was assumed in the
refinement.

the bond angles agree very well. Only averaged C-H
distances and H-C-Re angles were given by Haaland et al.,
assuming C;, local symmetry of the methyl groups.?? It turns
out that, in spite of the agostic interactions and of the
appreciable rotational barrier, this assumption is also well-
founded: the methyl groups in 4C,,-1 deviate only little from
local threefold symmetry (in contrast to 4C,-2). Early
qualitative MO considerations have been used by Gibson
et al.?l to interpret the ESR spectrum of [ReO(CH,),]. The
Kohn-Sham MOs computed here are consistent with the
resulting simple one-electron picture (Figure 2). Thus, the
SOMO is a metal d,,-type nonbonding b, MO, with some
coefficients at hydrogen due to agostic interactions (cf.
above).

Conclusions

Our quantum chemical calculations indicate novel types of
fluxional structures for several of the five-coordinate d° and d!
MOR, title compounds. These results extend the already
impressive range of unusual structures for d’ complexes (see
Introduction). The peculiar structural behavior results from a
competition between m-bonding to the oxo ligand and o-
bonding to the other four ligands. The C,-1 structure type
found to be the most stable for the d° systems [WOH,] (1) and
[WO(CHs;),] (2) may be related to a structure type of [MX,R;]
complexes denoted edge-bridged tetrahedral by Ward et al. in
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an independent, parallel computational study (also see
Section I).*! For the present [MXR,] complexes, a second,
to our knowledge unprecedented type of distorted square
pyramidal structure, Cs-2 (cf. Figures 1b, 3b, and 6b), was
found to be important. It is the lowest energy minimum
for the d' complex [ReOH,] (3) and is also very competitive
for the d° systems 1 and 2. Matters for the methyl com-
pounds 2 and 4 are further complicated by agostic interac-
tions. These may lead to surprisingly large conformational
energy differences, which depend additionally on the skeletal
distortions.

We have provided detailed structural and spectroscopic
predictions, in particular for [WO(CH,),] (2), as we hope that
the unusual properties predicted for this interesting com-
pound may be accessible to experimental confirmation. In
spite of the coordinatively unsaturated character, tetrame-
thyloxotungsten and related tetraalkyl systems are not
unlikely synthetic targets. Probably the most closely related,
somewhat more complicated experimental example is the
structure of [WONp;(NEt,)] (Np =neopentyl) (5).5% Con-
sider the three methyl groups 1, 3 and 3’ in 2C-1 (Figure 3a)
replaced by neopentyl ligands and methyl group 2 by the
diethylamido group. The angles between the ligands for the
two systems correspond closely. Notably, the amido ligand in §
is oriented parallel to the W—O bond. This is the optimum
orientation for m-donation from the amido ligand to the metal
(cf. the 3a” LUMO for 1C¢1 in Figure 2). As other, more
remote structural examples, one might consider [ReO,Nps]
(the bonding situation is more complex and apparently
involves H-bonding interactions)®!l or [MoO{OC(CF;)s},]
(the quality of the structural data is insufficient to allow
detailed conclusions).? In each case, a competition between
o- and m-bonding is important (see also the discussion in
ref. [25]).

Our previous calculations on hexamethyl systems have
shown that structural distortions are more pronounced in the
4d series than in the 5d series (e.g., [Mo(CHj;)4] is somewhat
more distorted than [W(CH,),]), as relativistic effects in-
crease the ligand - ligand repulsions for the heavier metals.['!
We thus expect the molybdenum analogues [MoOR,] of
the tungsten complexes studied here to be even more
significantly distorted.”*! Other d° systems with one st-donor
ligand plus four purely o-donating ligands should be expected
to exhibit similar distortions as those found here. Indeed,
stronger m-donors like nitride or alkynyl ligands should
favor more strongly distorted (and more rigid?) structures.
This is confirmed by our preliminary calculations on the
d’ alkynyl model complex [Re(CH)H,], which is computed
to have a strongly distorted structure of the C,-2 type, with
a considerably steeper potential energy surface than [WOH,]
(1).5%®1 In contrast, [NbCIH,] and [TaCIH,] are cases
with a weaker apical m-donor and thus are less distorted
than 1.

The range of compounds, where such nonclassical low-
symmetry d° (and d') structures may be expected, is probably
much larger than previously assumed. Fluxional structures are
in general quite common for five-coordination. However, our
ongoing investigations on heteroleptic methyl/halogeno com-
plexes of tungsten, [WX,(CH;),_,] (X=F, Cl; n=0-6),

2070 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

indicate that many of these six-coordinate systems feature
also unusual distorted structures.’* Thus, there should be an
entire area of d° complexes with interesting structures worth
investigating.
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