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Scission of Carbon Monoxide Using TaR;, R=(N(zBu)Ph) or OSi(zBu);:

A DFT Investigation

Nigel J. Brookes,”! Alireza Ariafard,™ ‘' Robert Stranger,” and Brian F. Yates**

Abstract: The experimentally known
reduction of carbon monoxide using a
3-coordinate [Ta(silox);] (silox=OSi-
(rBu);) complex initially forms a kete-
nylidene [(silox);Ta—CCO], followed
by a dicarbide [(silox);Ta—CC—Ta-
(silox);] structure. The mechanism for
this intricate reaction has finally been

ates has also uncovered an interesting
pattern that results in CO cleavage,
that being scission from a structure of
the general form [(silox);Ta—C,O] in
which » is even. When # is odd, cleav-
age cannot occur. The mechanism has
been extended to consider the effect of
altering both the metal species and the

ligand environment. Specifically, we
predict that introducing electron-rich
metals to the right of Ta in the periodic
table to create mixed-metal dinuclear
intermediates shows great promise, as
does the ligand environment of the
Cummins-style  3-coordinate amide
structure. This latter environment has

revealed by using density functional
theory, and importantly a likely struc-
ture for the previously unknown inter-
mediate [(silox);Ta—CO], has been
identified. The analysis of the reaction
pathway and the numerous intermedi-

Introduction

The breakdown of small multiply bonded molecules, such as
N,, CO, CO, and N,O, has attracted considerable interest
from chemical research groups over the past 15 years. Some
success has been achieved in the dinitrogen area with the
significant work by Laplaza and Cummins!"! using a 3-coor-
dinate molybdenum amide to cleave dinitrogen, and
Schrock® using a molybdenum triamidoamine complex in
the catalytic reduction of N, at ambient pressure and tem-

[a] Dr. N. J. Brookes, Dr. A. Ariafard, Prof. B. F. Yates
School of Chemistry, University of Tasmania
Private Bag 75, Hobart, Tasmania 7001 (Australia)
Fax: (+61)3-6226-2858
E-mail: Brian.Yates@utas.edu.au

[b

—

Prof. R. Stranger

Research School of Chemistry

The Australian National University
Canberra ACT 0200 (Australia)

[c] Dr. A. Ariafard
Department of Chemistry, Faculty of Science
Central Tehran Branch, Islamic Azad University
Shahrak Gharb, Tehran (Iran)
Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200903348.

Chem. Eur. J. 2010, 16, 8117-8132

Keywords: carbon monoxide - com-
putational chemistry - density func-
tional calculations - reaction mecha-
nisms - transition metals

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the added complexity of improved
electron donation from amide rotation
that can significantly increase the reac-
tion exothermicity.

perature. The concept applied in both of these areas has
been to create a very active metal centre with coordinated
basic ligands that provide sufficient steric bulk such that
access can only be gained by the small dinitrogen molecule.

It is no surprise then to find this approach used in the
breakdown of other small molecules and much of the em-
phasis in this approach has been from a theoretical perspec-
tive.® ! Of particular interest to carbon monoxide cleavage
was work by Christian et al.," in which a potential path for
CO cleavage was devised by using a mixed metal tri-amide
system of rhenium and tantalum. During this investigation,
the potential for using a single d*> metal amide, such as
[Ta{N(rBu)Ar};], was discarded due to the thermodynamic
sink created when two of the metals bind end-on with CO,
which leads to a stable dinuclear [RR'M—CO—MRR'] struc-
ture.

These results are of particular interest when compared
with the earlier experimental work of LaPointe and Nei-
thamer®?! who used the isoelectric 3-coordinate [Ta-
(silox);] (1,2 silox = OSi(fBu);) complex. This complex has
the desired active centre, basic ligands and significant steric
bulk so we would expect it to react in a similar fashion to
the Cummins system. However, the interaction of [Ta-
(silox);] (15) with CO does not form a CO bound dinuclear
species as predicted theoretically, but instead forms a dinu-
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Scheme 1. Suggested mechanism for dicarbide formation.

clear, dicarbide structure [(silox);Ta—CC—Ta(silox);] (9s),
along with the oxo monomer [(silox);Ta=0] (15-O). The sug-
gested mechanism for the dicarbide formation is outlined in
Scheme 1. It firstly involves coordination of CO to form [(si-
lox);Ta—CO] (1;-CO) followed by formation of an unidenti-
fied red solid intermediate with the formula [(silox);TaCOl,,
prior to stable ketenylidene [(silox);Ta—CCO] (6s) and [(si-
lox);Ta—O] (15-O) products. The ketenylidene (6s) can inter-
act further with additional 1g, by removing the apical oxygen
to create 15-O plus an unstable vinylidene [(silox);Ta—CC:]
(85), which in turn combines with another reactant to yield
the final dinuclear dicarbide 9.

Armed with this information, surely we would expect a
Cummins 3-coordinate tantalum amide system to react in a
similar fashion to the LaPointe tantalum silox system. In
fact, one might expect the amide system to be more reactive
than the silox equivalent, based on the additional electron
donation provided by (the well-studied)*%1*") amide rota-
tion. It is interesting to note that the reverse comparison has
recently been synthetically achieved whereby the LaPointe
silox system has been tuned to a d*-molybdenum centre to
create the complex [Mo(silox);].””! As one might expect, the
reactivity of [Mo(silox),] is similar to the analogous Cum-
mins molybdenum [Mo{N(tBu)Ar};] moiety, although it is
not sufficiently active to cleave N,. This would add further
weight to a d*-tantalum Cummins system being capable of
cleaving CO.

These apparently conflicting findings warrant further in-
vestigation. Is the same reaction pathway possible for both
[Ta(silox);] and [Ta{N(sBu)Ar};] and could the metal tri-
amide structure of Laplaza—Cummins be used or tuned for
CO cleavage within this reaction pathway? Exactly what is
the structure of the red intermediate known to exist in the
LaPointe reaction and how does it form? Why is it possible
to cleave the CO in [(silox);Ta—CCO] (65) but not possible
in [(silox);Ta—CO]? This article answers these questions by
considering a detailed theoretical study of the original [Ta-
(silox);]+ CO reaction and applying it to a proposed Cum-
mins-style [Ta{N(zBu)Ar};] system.

Methods

To adequately analyse the reaction profile of large transition-metal com-
plexes, size reduced models were employed throughout this study that
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mimic both atomic electronic behaviour and molecular structure. Three
specific optimisation models where used.

Model-opt: Geometry optimisations were performed by using the hybrid
density functional B3LYP®!l in combination with a general basis set
(termed GBS1) employing LANL2DZF*%! on tantalum and 6-31G(d)?"
on other atoms. Molecular structures were reduced in size such that both
fBu and Ar groups were replaced with H. Single-point energy calcula-
tions on these geometries were performed with B3LYP (and BP86*,
see the Supporting Information) and a larger basis set (termed GBS2,
see the Supporting Information) on molybdenum, expanded to triple zeta
with the inclusion of diffuse and f polarisation functions, and combined
with 6-311+ G(2d,p)** on other atoms. Final energies at the Model-Opt
level are reported as B3LYP/GBS2//B3LYP/GBSI. This level of theory
has proven to give accurate and reliable reaction geometries for three-co-
ordinate transition-metal complexes. 152!

QM:QM and QM:MM: In those cases requiring inclusion of steric bulk,
optimisations and some linear transit calculations have been carried out
by using a two level ONIOMP"*I method as incorporated in the Gaussi-
an 03 program.”) For the amide system and smaller components of the
silox system the central metal, amides, silox and CO components were
modelled with the above-mentioned B3LYP/GBS1, whereas the peripher-
al rBu and Ph groups (Ar replaced with Ph on the amides) were mod-
elled with B3LYP, but with the smaller 3-21G basis set.*" This model is
termed the QM:QM model. For the large-structure linear transits carried
out in the silox system a further reduction in the level of theory was nec-
essary and so the peripheral rBu groups were modelled with the Univer-
sal Force Field (UFF) method.*!! This model is termed the QM:MM
model. Except where noted all single-point energies of all QM:QM opti-
mised structures were carried out by using B3LYP/GBS2.

All final geometries were optimised with unrestricted wavefunctions and
reoptimisation was carried out in those cases in which wavefunction in-
stabilities were observed. Five d-functions were used in the basis set
throughout these calculations. Frequency calculations were performed
with all structures characterised as minima or transition states based on
the observed number of imaginary frequencies. All transition structures
contained exactly one imaginary frequency and were linked to reactant,
products or intermediates by using the intrinsic reaction coordinate cal-
culations.””). Except where noted, all energies reported in this publication
include Gibbs free energy corrections taken from the lower level of
theory (reported as AG,g). All minimum-energy crossing-point (MECP)
calculations were carried out at the B3LYP/GBS2 level of theory by
using the code provided by Dr. Jeremy Harvey,***! and are uncorrected
due to the absence of stationary points at the MECPs. All calculations
were carried out with the Gaussian 03 set of programs.*’)

Results and Discussion

Validation of the B3LYP functional for transition-metal
complexes has been performed in the past by our group!*'¥
and others,®**" but to add justification to this analysis, the
optimised geometries for [(silox);Ta—CC—Ta(silox);] calcu-
lated using the reduced Model-opt and full QM:QM ligand

Chem. Eur. J. 2010, 16, 8117-8132


www.chemeurj.org

Scission of Carbon Monoxide

systems were compared with the published X-ray crystal
data.™ The predicted and experimental geometries are
almost identical in both cases, although the spin state of this
dicarbide species requires additional analysis and is the sub-
ject of some discussion throughout the manuscript. These re-
sults and additional structural and energetic comparisons be-
tween the reduced model and full ligand system can be
found in the Supporting Information and throughout the
manuscript. Energetic comparisons using BP86/GBS2 ap-
plied to the geometries obtained using B3LYP/GBS1 have
also been carried out. These results are available in the Sup-
porting Information and closely match the mechanistic find-
ings reported here using B3LYP/GBS2.

[(Silox);Ta—CCO] (65) Formation: Modelling the reaction
of the three-coordinate tantalum silox complex 1g with CO
centres around the formation and bonding interaction of the
1-CO adduct (Figure 1). Our calculations of the reactant at
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Figure 1. Illustration of the bonding interaction present in 1-CO [(si-
lox);Ta—CO]

the Model-opt level of theory match experimental observa-
tions® of a C, trigonal [Ta(silox);] reactant (15, see
Figure 2) and confirm a diamagnetic state with a filled d,
orbital as the HOMO in the frontier orbital analysis. The
filled d,. arrangement is a result of the strong st-donor abili-
ty of the silox ligands. As illustrated in Figure 1, the interac-
tion with CO occurs through an overlap of the CO n* and
the Ta d,, (or d,,) orbitals to form [(silox);Ta—CO] (15-CO),
which has a slightly distorted trigonal pyramidal structure
with the (C bound) CO located at the apex (see Figure 2).
The degeneracy of the tantalum d orbitals and Hund’s rule
forces a spin flip to single occupancy of the d orbitals and
formation of the symmetric triplet structure 1,-CO. This is
confirmed from Model-opt calculations that have the triplet
1,-CO 36.6 kJmol™" more stable than singlet 1;-CO, and a
minimum energy crossing point from singlet to triplet just
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Figure 2. Model-opt geometries of selected silox species. All values in
Angstroms.

2.3 kImol ™! above the singlet energy, indicating perhaps that
the singlet species would be short lived if at all. This point is
supported by a linear transit carried out on both spin surfa-
ces at both the Model-opt and QM:QM levels of theory
(see the Supporting Information). These transits also high-
light a barrierless path to 1,-CO from 13+ CO.

The bonding present in 1;-CO is accompanied by the ex-
pected slight activation encountered with all end-on bound
carbonyl groups (1.138 A for CO and 1.180 A for 1,-CO).
The silox group in this situation provides sufficient bulk to
prevent reactant dimerisation, but allows enough space
around the Ta centre for unhindered CO access. The overall
reaction can be summarised as follows:
13+ CO — 1;-CO  AG = —26.8kJmol™ (1)

Having established the presence of 1;-CO, the pathway to
ketenylidene 65 can now be considered. Given that the re-
acting mixture now contains three species 15, CO and 1,-CO,
there are statistically three new pathways available: addition
of 15 to 1;-CO, addition of CO to 1,-CO or a combining of
two 1;-CO molecules. Each of these pathways requires close
evaluation and the overall outcome is well illustrated in
Scheme 2.

Calculations show that the pathway to the left in
Scheme 2 is the energetically favoured one. It involves coor-
dination of additional CO to form structure 13-(CO), such
that the two CO groups are in a cis position. This structure
can then coordinate an additional reactant 15 to form a very
stable intermediate 25, which we believe to be the uncharac-
terised red intermediate. Scission of one CO bond then
gives the ketenylidene 65 through transition structure 2gTS.
Figure 2 displays the key Model-opt geometries and
Figure 3 outlines the relative energy surface for this path-
way.

8119
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Scheme 2. Schematic diagram indicating the three potential pathways to formation of ketenylidene 6s.

Prior to a closer analysis it is pertinent to review the ex-
perimental findings in regard to this unidentified red inter-
mediate found on the path to 6g. Experimentally,?! the ther-
mally unstable red precipitate was noted prior to formation
of the [(silox);Ta—CCO] ketenylidene species (6g). Its char-
acterisation was difficult due to its thermal instability. No
solvent binding was evident in its structure, excess CO in-
hibits its formation, it does not dissociate CO, empirically it
is believed to be [(silox);TaCO],, labelling experiments sug-
gest the C=C double bond has formed and the absence of
15-O suggests that both CO bonds have not been completely
severed. At a glance our proposed 25 adheres to all of these
observations but now consider the pathway outlined in
Scheme 2 more closely.

Starting from 1g, two molecules of CO can coordinate di-
rectly on the same spin surface without a barrier to form 1s-
(CO),. This may be unlikely since the first CO addition to
15 will instantly spin flip to the triplet 1.-CO (see above)
and so the pathway starting from 1;-CO should be explored.

8120 ——
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As outlined in Figure 3, additional CO coordinates to 1,-CO
in the cis orientation, initially in the triplet electronic state
(1-(CO),), before passing to the singlet (15-(CO),). The un-
corrected electronic energies of these last two species are
identical with a weakly attached apical CO group on the
trigonal bipyramidal triplet resulting in a slight entropic dif-
ference. The MECP linking the two structures is calculated
to be just 14.9 kIJmol ™! above the triplet surface.

One might expect a frans isomer of 1-(CO), (or 1s-
(CO),) to be more stable as postulated in the experimental
evaluation.” This assumption was based on the single car-
bonyl infrared stretching frequency of the THF-1.-CO
adduct™ shifting from 1840 to 1870 cm™! in the presence of
additional CO. Our calculations indicate that the trans
isomer is some 22.3 kImol™" less stable than the cis orienta-
tion and that its structure is trigonal bipyramidal such that
one CO group is loosely bound. This structure does not sup-
port the experimental findings of one CO environment.
However, the more stable singlet cis isomer possesses Cg

Chem. Eur. J. 2010, 16, 8117-8132
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Figure 3. Relative energy surface for the formation of ketenylidene 65 from 15 and CO via intermediate 2. Figure constructed relative to Gibbs free ener-
gies (in normal type). Values in parentheses are uncorrected electronic energies. All values in kJ mol .

symmetry and is the only conformer that has just the single
CO environment. Illustrations of these and other structures
are available in the Supporting Information.

The bonding arrangement in 15-(CO), is surprisingly
simple as shown in the molecular orbital diagrams in
Figure 4. The HOMO illustrates the symmetric 3-centre 2-

HOMO
Figure 4. HOMO and LUMO molecular orbitals for 15-(CO),.

LUMO

electron bond between the tantalum d orbital and two st*or-
bitals of the CO groups. The LUMO indicates that if some
electron density was available a pyramidal structure might
be preferred or perhaps if fully occupied a C—C bond might
form.™ The overall natural bond orbital (NBO) electron
donation from [Ta(silox);] to the two CO groups is only a
modest 0.16 e indicating the C—C bond formation is unlikely
to occur in this moiety, a fact confirmed by failed optimisa-
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tions involving a preformed C—C bond that always reverted
to the current structure displayed for 15-(CO),.

Addition of further CO to 15-(CO), produces no energeti-
cally favourable products, but extra 1 reactant provides the
pathway to intermediate 2. The 15 structure bonds through
the easily accessible «* CO orbitals and the d orbitals of the
incoming tantalum. This conveniently supplies 15-(CO), with
extra electron density, thus filling the orbital responsible for
the C—C bond and bringing the two carbon atoms closer to-
gether. This net transfer of electron density is seen in the
NBO analysis in which the electron donation from the two
[Ta(silox);] groups to the (CO), has increased to —1.364 ¢
(from 0.16 e in 15-(CO),). The bonding arrangement is now
akin to having a non-linear ethene 1,2-dione wedged be-
tween two [Ta(silox);] groups.

It should be noted that an equally likely pathway to 24
could occur initially on the triplet surface prior to spin pair-
ing and formation of the more stable singlet (i.e., 1g+1;-
(CO),—2;—2). At the Model-opt level of theory this path-
way has almost identical energetic barriers to that described
above, however, we believe it is not the preferred pathway,
since the transition structure undergoes significant distortion
during the C—C bond formation. To calculate the destabili-
sation due to steric distortion using QM:QM is currently
beyond our computational budget, but for interested readers
the Model-opt structures and relative energy surface are
available in the Supporting Information.

The molecular orbital interaction present in intermediate
2, is a little more involved than that of 1,-CO and 15-(CO),.

— 8121
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The m bonding interaction between the carbon and oxygen
atoms of the central 25 dione presents us with a series of
eight symmetry-adapted orbitals. As indicated in Figure 5,
the four lower-lying orbitals remain independent of the

1l =1’

Figure 5. Abbreviated molecular orbital diagram of 24 [(silox);Ta—CO], .
Note 1’ and n2’ are not displayed as are several of the symmetry adapt-
ed tantalum d orbitals.

Ta-(CO),-La

Ta-(CO),-Hf

Ta

—,

Ta-(CO),-Ta

metal interaction as does m4'. The n3 orbital has a minor in-
teraction with the symmetry adapted d. orbital, but it is the
high lying m4 and n3" antibonding orbitals that provide the
most important component of this scheme. Both 74 and n3’
are nicely stabilised by the interaction with the d,,+d,, and
d,.+d,, Ta orbitals respectively, thus creating low-lying orbi-
tals that act as a potential well for metal electron back dona-
tion, which creates the stable intermediate 25. The structure
formed by this interesting interaction is one of a stable C—C
bond, strengthened Ta—C bonds and, perhaps most impor-
tantly, the creation of Ta—O bonds and highly activated C—
O bonds, now at 1.37 A (from 1.16 A in 1¢-(CO),). It is this
latter component that allows the reaction to progress to the
isolatable ketenylidene intermediate 65. Diagrams of the
structures created can be seen in Figure 2.

Having established that electron donation from the metal
centres is responsible for this intermediate 25, one might
consider the effect of decreasing or even increasing the elec-
tron-donating ability of the second incoming [Ta(silox)s]
group. This concept can be easily tested by calculating the
optimum geometry for the intermediate in which the second
(oxygen-bonded) Ta is replaced with electron-deficient
metals, such as d' hafnium or d° lanthanum, or, perhaps,
electron-rich metals, such as d* tungsten or d* rhenium. If
our electron donation postulate is correct, we should see re-
duced interaction with the electron-deficient metals®™ and
no change to the electron-rich metals. Figure 6 outlines the
geometries of these species and illustrates the importance of
having sufficient electron density available in the second
metal to back donate and create the 24 structure. The lan-
thanum analogue, which has no available electrons, shows
complete dissociation of the second group, whereas hafnium,
with just one available d electron, produces a weak C—C
bond, less activated C—O bonds and weak binding to the
oxygen atoms. Little difference is observed for the electron-
rich tungsten or rhenium analogues.®!)

Although beyond the scope of this manuscript, these anal-
ogous metal results tend to imply that a mixed-metal [(si-
lox);Ta—(CO),~W(silox);] intermediate might be syntheti-
cally possible. Given that [W(silox);] has recently been syn-
thesised,”””! its addition under controlled temperature and
stoichiometry to 15-(CO), may provide a mixed-metal inter-

Ta~(CO),-W

Ta-(CO),-Re

Figure 6. Moldraw representations of [(SiO);Ta—(CO),—La(OSi);], [(SiO);Ta—(CO),—Hf(OSi);], [(SiO);Ta—(CO),~Ta(OSi);], [(SiO);Ta—(CO),~W(OSi);]
and [(Si0);Ta—(CO),—Re(0OSi);]. Geometries calculated at the Model-opt level of theory. Hydrogen atoms are omitted from diagrams and all dimensions

are in A.
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mediate that produces the tantalum ketenylidene 65 and
[(silox);W—0]. Our uncorrected GBS1 Model-opt calcula-
tions indicate that a similar exothermicity exists for the for-
mation of this Ta/W mixed-metal intermediate (see the Sup-
porting Information).

The alternate pathway to the formation of ketenylidene
65, as displayed in Scheme 2, involves coordination of 1,-CO
to either 13 or to another 1;-CO. Both of these pathways
have been explored and are interlinked, with both leading
to the same intermediate (5g) prior to C—O scission through
transition structure 5¢TS, and formation of 65 plus 15-O (see
Figure 7). The 5 intermediate is again akin to having an
ethene 1,2-dione wedged between two [Ta(silox)s;] groups,
but in this instance the dione has a zigzag arrangement in
which two distinct environments exist for the C—O bonds.
The (NBO-calculated) electron back donation from the two

Relative Energy / kJ mol™

FULL PAPER

5¢ “

Figure 8. Model-opt geometries of species 3s, 45 and 5¢. All values in A.

The formation of structure Sg
is complicated somewhat by the
potential for numerous spin
crossings and so a simplified
relative energy surface has
been displayed in Figure 7. The
full diagrams are available in
the Supporting Information, but
overall the energy of the spin
crossings does not affect the po-
tential for intermediate forma-
tion or CO scission. The first
pathway to 55 involves 1-CO
combining with an additional
reactant to form 35, which can
further react with additional
CO to form 5. The formation
of 3 is without barrier and the
stability afforded to the struc-
ture is due to the electron don-
ation from the second Ta atom
to the two singly occupied de-

Reaction Coordinates

Figure 7. Simplified relative energy surface for the formation of (possible) intermediate 55 prior to C—O scis-
sion to create 65 and 15-O. Calculations performed at the Model-opt level of theory. Figure constructed relative
to Gibbs free energies (in normal type). Values in parentheses are uncorrected electronic energies. All values

in kJmol .

metal centres to the dione is again significant at 1.417 e and
the molecular orbital analysis is surprisingly similar to that
for 2g (in Figure 5 and also the Supporting Information)
with the exception being the w4’ orbital interacting with the
metal to create the LUMO. This has no overall effect on the
structure at hand (see Figure 8), it still possess sufficient
electron density to create the C—C bond and has a highly ac-
tivated CO bond.

Chem. Eur. J. 2010, 16, 8117 -8132
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generate orbitals of 1-CO. In
fact, the molecular orbital ar-
rangement of 3¢ is remarkably
similar to that displayed in
Figure 1 for 1,-CO but now the
two degenerate HOMOs are
fully occupied. NBO analyses
support this concept whereby
the overall charge on the central CO has increased from
0.22 e in 1-CO to 0.89 e in 3. In essence the bonding m or-
bitals of the central Ta—CO—Ta are saturated. Interestingly,
this structure will not cleave CO. No barrier exists to the
scission, but the products 15-O and 14-C lie +79.2 kJmol™!
above 35 making C-O cleavage thermodynamically unlikely.

Given its saturated nature, it is no surprise to find that an
incoming CO will not interact with the two metal centres of

— 8123
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3s. No electron density is available for back donation from
the metal centres, but the empty 7* orbitals of the incoming
CO can interact with the electron-rich bonded CO group,
thus creating 55 without barrier. We have, up to this point,
neglected to discuss steric implications on most of the inter-
actions. It turns out that the silox steric bulk has little effect
on the reaction outcomes involving 1g, since its large open
structure provides ample access to small molecules from
above the 3-coordinate plane. This is not the case for the
35+ CO interaction however, since the silox framework cre-
ates a cage like structure that encircles the central Ta—CO—
Ta core, ultimately creating an energy barrier to attack. To
accurately measure the energy required to penetrate this
steric enclosure is difficult for molecules of this size. Our
measurements obtained by using a QM:MM linear transit
place its value at around +15 kJmol ™!, whereas a constrain-
ed optimisation at the QM:QM level of theory would sug-
gest a barrier of greater than +59 kImol™ to be more real-
istic (see the Supporting Information for full ligand and
space-filled diagrams plus energies). These values are ap-
proximate, but as a general comment, it is sufficient to say
that a not-insurmountable steric barrier exists to CO coordi-
nation with 3¢ and, thus, formation of 5.

The second pathway to the formation of S5 in Figure 7
and Scheme 2 involves combining two 1.-CO adducts in a
head-to-head fashion (Ta—CO+ OC-Ta). This leads to the
formation of 45, which has a partially dissociated CO group.
This dissociation is a result of the stable arrangement of the
Ta—CO—Ta structure (3g) as discussed above. The energy to
completely sever this loosely attached CO group from 4 is
less than the entropic effect of dissociation, and so the CO
will detach without barrier (see the Supporting Informa-
tion). One might expect the now free CO to translate onto
the centrally bound carbon. Unfortunately, at the Model-opt
level of theory this does not occur naturally and requires
user intervention to move the free CO into a more desirable
position for bonding. However, the steric cage discussed
above for 3g, again becomes an important consideration for
4. Just as 3 had a barrier preventing CO interaction, 45 has
a containment barrier to CO loss. At the QM:MM level of
theory the presence of the silox bulk pushes the dissociated
CO towards the bound carbon making the transit to Sg
highly likely. To use the figures quoted above, a barrier of
greater than 459 kJmol~' must be overcome to prevent re-
arrangement of 45 to Sg. This steric arrangement also high-
lights the reason why a head-to-head interaction must be
considered, since the head-to-tail (i.e., Ta—CO+Ta—CO)
case results in formation of 35 and unbound CO, which is lo-
cated outside the steric cage.

Before discussion of the dicarbide formation, some addi-
tional comment needs to be made in regard to the formation
of 4¢ and 5. Firstly, our calculations do not support a direct
formation of 55 from two incoming 1-CO (or 1;-CO) mole-
cules. Every effort to create a direct C—C coupling pathway
was always preceded by O—Ta bond formation as in 4. Sec-
ondly, the reaction 2(15-CO)—4s on the singlet surface at
the Model-opt level of theory is without barrier. But a barri-
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er of +47 kJmol™" was noted when steric bulk was included
in a QM:MM linear transit and a more realistic value of
+31.5 kJmol™" was found by using a constrained optimisa-
tion at the QM:QM level of theory (see the Supporting In-
formation for both transit and constrained optimisation).
And finally, one might expect 45 or even 55 to rearrange to
the energetically favoured 24 before progressing to ketenyli-
dene 6;. A pathway for rotation of the dissociated CO to
form 65 could not be found at the Model-opt or QM:MM
levels of theory, with all optimisations leading to 55. Of
course the CO could rotate once 55 has formed, thus creat-
ing 2, but this rotation faces a barrier of 4107.1 kJmol ',
which is higher than that required to form 64 directly by C—
O scission(see structure 52¢TS in the Supporting Informa-
tion).

Formation of dicarbide [(silox);Ta—CC—Ta(silox);](9;) from
ketenylidene 65: Once formed, ketenylidene (6s) is known
to react experimentally with additional reactant (1g) to form
dicarbide [(silox);Ta—CC—Ta(silox)s] (9s), which is expected
to have a singlet electronic state. Neithamer et al.,** postu-
lated a mechanism whereby the additional 1g reactant de-
oxygenates the ketenylidene via an intermediate [(si-
lox);Ta=C=C—O—Ta(silox);] (75) producing a transient vinyl-
idene [(silox);Ta=C=C:] (8s), which is scavenged by another
reactant to form the dicarbide end product (9s). This
scheme is replicated by our Model-opt calculations and the
structures obtained are illustrated in Figure 9.

Figure 9. Model-opt geometries of species 7, 7sTS, 8 and 9. All values
in A.

The additional reactant 15 forms a side-on bonding ar-
rangement to the apical CO of 6g through an empty CCO
m*orbital to form [(silox);Ta-C=C-O-Ta(silox)s] (7s). This in-
teraction, centred on the more electronegative apical
oxygen, provides the necessary electron density to weaken
the CO bond and allow its scission. This can be seen in
Figure 9 in which the CO bond length in 75 has increased to
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1.359 A from 1.178 A found in 65 (Figure 2). Removal of the
oxygen occurs through transition structure 74TS leaving the
reactive vinylidene transient species 8, which forms the di-
carbide 9 (or 9;) after accepting another reactant. The rela-
tive energy surface of this interaction can be seen in
Figure 10.

\“HO

Si

9s (+15-0)

FULL PAPER

also help explain the cleavage of (or lack there of) CO in
structures of the form [(silox);Ta—C,O].

The data indicates that formation of a dinuclear Ta—C,O—
Ta is exergonic in all cases. The subsequent reaction in
which C—O is cleaved is unfavourable for n=1 and 3 (odd),
but favourable for n=2 and 4 (even). This pattern can be
explained in simplistic terms.
When n is odd, the Ta—C,O
structure is in a triplet spin
state and can be considered
electronically unsaturated. This
is illustrated in Figure 1 for the
n=1 case. It can readily receive
electron density from an incom-
ing reactant filling MO, and
MO, in Figurel, to form a
stable electronically saturated,
Ta—C,0O—Ta structure from
which C—-O cleavage is unlikely.
However, when n is even the
Ta—C,O complex, with a singlet
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Figure 10. Relative energy surface for the interaction between ketenylidene (65) and [Ta(silox)s;] (1s) at the
Model-opt level of theory. Figure constructed relative to Gibbs free energies (in normal type). Values in paren-

theses are uncorrected electronic energies. All values in kJmol ™.

Some interesting observations can be made here in addi-
tion to those outlined in the original manuscript of Neitham-
er et al.” Firstly, the C—O bond is cleaved in 65, whereas
for the similar 3, with one less carbon, the C—O bond is
not, despite the bond being similarly activated. In simple
terms, a CO structure is not cleaved but a CCO is cleaved.
This observation poses the question, why does the presence
of an extra carbon allow the C—O bond to be broken and
what might occur if the central arrangement was altered to
say CCCO or even CCCCO? Would the C-O bond of an
extended species be cleaved if reacted with additional 1g?
Table 1 considers the latter component of this question and
outlines our calculations in regard to increasing the central
C,O structure (in which n=1, 2, 3, 4, etc.). These findings

Table 1. Gibbs free energy of reaction at the Model-opt level of theory.
[Ta(silox);] replaced with Ta. All values taken from structures at their
lowest-energy spin state.

n Ta—C,0+4+13—Ta—C,0-Ta Ta—C,0-Ta—Ta—C,+15-O
1 —60.1 kJmol™! +79.2 kJmol™!

2 —49.5 kJmol™! —26.1 kJmol™!

3 —277.2 kJmol ™! +104.5 kI mol ™

4 —73.7 kJmol™! —11.8 kJmol™!
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ditional reactant into the anti-
bonding orbitals will then have
little stabilising effect, making
an unstable intermediate and
allowing C—-O cleavage to form
a more stable structure, such as
Ta—C, (+0O—Ta). The “odd”
case creates a stable intermediate, whereas the “even” case
does not.

The second observation to be made is in regard to the
structure of 8. The bonding analysis in 8 has been covered
elsewhere,? but Figure 9 shows the structure in a strange
bent bonding arrangement between the two carbon atoms
and the metal centre. For simplicity, throughout this manu-
script we have represented 8 with a linear Ta=C=C: axis,
but this bent structure would perhaps be better represented
with a charge separation between the metal and the o-
carbon atom. This bent arrangement, which has the Ta d-
C,m orbitals as non-degenerate, is energetically favourable
by only 13 kJmol™' compared with a linear Ta—C—C ar-
rangement at the Model-opt level of theory, whereas
QM:QM has identical energies for the linear and bent ar-
rangements. At this low energetic stability the bent orienta-
tion is unlikely to be fully maintained, but its presence,
along with the steric hindrance provided by the silox groups,
might provide reduced accessibility to a trapping species
and may help explain why this vinylidene species has not
been trapped experimentally.

Finally, the spin state of the dicarbide 95 was difficult to
determine experimentally.”"! Our calculations at the Model-
opt level of theory place the energy of the triplet just
12.4kJmol™" lower than the singlet. Structurally both are
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identical and no apparent distortion is present in the linear
Ta—CC—Ta core to favour the singlet. Since the Model-opt
calculations show no structural difference it can be assumed
that steric bulk must play a part in the preferred magnetic
state. Structural determination of both the triplet and singlet
at the QM:QM level of theory again shows both to be
almost identical with the only discernable difference being
the slight distortion (4.2°) to the Ta—CC—Ta linear core in
the singlet. Accurate energetic determination of structures
this size is currently beyond our means, but the QM:QM op-
timised energies show the triplet to again be lower in
energy, this time by around 29 kJmol ‘(see the Supporting
Information). This is certainly an approximate value, but it
would be reasonable to conclude that the singlet and triplet
dicarbides (95 and 9;) are of comparable energies. The anal-
ysis of the dicarbide is continued in the following section in
which a comparison will be made with the analogous amide
dicarbide structures.

Analogous amide [Ta(N(rBu)Ph);]+CO reaction: Having
established the reaction mechanism for the larger [Ta-
(silox);] + CO system, the concept of applying this reaction
sequence to the Laplaza—Cummins three coordinate amide
system™ will now be considered. The difference between
the two systems would at first appear to be solely steric in
nature, since the silox system has additional space around

A1y o
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the central metal core provided by the bridging oxygen
atoms. But it should be remembered that the tri-amide
system has this unique ability to rotate at least one amide
group,®™'*“ 18] thus increasing electron density to the metal
and altering the steric environment of the species. Unfortu-
nately, the electronic stability afforded by amide rotation
and steric bulk are closely linked as found in our previous
study of the molybdenum tri-amide system™'’! and, hence
some QM:QM optimisations on structures will be necessary
here.

As with the silox system, the important steps in the reac-
tion occur in the initial adduct and the pathway to formation
of an amide ketenylidene species, since this is the necessary
precursor to the dicarbide dimer formation. Given that all
of the reaction coordinates have been constructed for the
silox system it should be a simple process of creating analo-
gous model molecules replacing silox with amides. This
proves to be the case when using our Model-opt theory.
Figure 11 provides a graphical overview of the reaction rela-
tive energy surface, while Figure 12 illustrates the geome-
tries. Figure 11 is the amide equivalent of Figure3 and
Figure 10 combined of the silox system. Tabulated energetic
values are available in Table 2 along with a direct compari-
son with the calculated silox system.

Figure 11 suggests that the three coordinate amide reac-
tion should progress identically to a tantalum amide dicar-

A9s/A9r

H-N NH,

Reaction Coordinates

Figure 11. Relative energy surface for the [Ta(NH,);]+ CO reaction at the Model-opt level of theory. Figure constructed relative to Gibbs free energies
(in normal type). Values in parentheses are uncorrected electronic energies. All values in kJ mol .
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Figure 12. Model-opt geometries of selected amide species. All values in A.

bide (A9 or A9;) via the ketenylidene intermediate (A6g).
A short lived intermediate at A2g may also be observed. In
fact, the amide system shows greater stability of all species
relative to the reactants when compared with the silox
system. This is particularly evident from the initial adduct
A1;-CO, which is more stable than the silox analogue by
60 kITmol™'. As found by our group previously,"” this addi-
tional stability is directly related to the ability of the amide
groups to rotate, thus increasing the electron donation to
the metal. For example, the NBO charge on the Ta atom in
A1-CO is +1.182, whereas for the silox equivalent it is
+1.553. This comparison can be extended to every species
throughout the reaction profile and in every case the amide
metal carries more electron density compared with its silox
equivalent (see the Supporting Information) at the Model-
opt level of theory.

There are also numerous subtle differences and similari-
ties in the profile outlined in Figure 11 (and the structures
displayed in Figure 12) with those of the silox system. The
list includes, the seemingly pointless inclusion of the triplet
reactant in Figure 11, the reversal in structure and energy of

A1,-(CO),

FULL PAPER

A14-(CO),

1.283
1.951

A8,

A15-(CO), and A1-(CO),, the splayed O-C-C-O angle of
the central dione in A2g compared with 2, the trigonal bi-
pyramidal structure to the second Ta in A2, the same bent
tantalum dicarbide core in both 8 and A8, and the almost
identical energies of the singlet and triplet dicarbide end
products A9 and A9.. This list could also include the alter-
nate pathways via A3g or ASg, which are not included in the
above diagrams. Unfortunately, the analysis of these inter-
esting notes is complicated somewhat by the steric influence
of the tightly bound phenyl (or aryl) and fert-butyl groups.
Detailed analysis of intricacies such as these are covered in
other publications,**!%1371 but it would be remiss not to
highlight some of those listed above that are specific to the
proposed tantalum amide reaction sequence. In summary
terms, Table 2 outlines the energetics of the species with and
without steric consideration and as a comparison the analo-
gous silox results are included.

The top of Table 2 highlights the first point. Steric inclu-
sion at the QM:QM level of theory finds the triplet amide
reactant Al; to be more stable that the singlet Alg and ex-
plains the presence of Al in Figure 11. The Model-opt level

Table 2. Model-opt and QM:QM energies of the proposed tantalum amide system. Silox energies included for comparison. Values in normal script are
Gibbs corrected and those in parenthesis are uncorrected. All energies in kJmol .

Amide system

Silox system

Structure Model-opt energy relative to Alg QM:QM energy relative to Alg Model-opt energy relative to 1g QM:QM energy relative to 1
Al 0 0 0 0

Al +20.1 (+19.7) —21.4 (-152) +74.5 (+75.6) +16.3 (+25.4)
A1-CO —86.4 (—138.2) —102.4 (—156.0) —26.8 (—81.3) —24.6 (—66.6)
A1-(CO), —83.8 (—182.0) —20.0 (—135.5) —27.3 (—117.2) +39.0 (—66.7)
Als-(CO),  —109.2 (—220.9) +40.8 (—80.0) —43 (-117.2) +28.5 (—-81.2)
A2 —359.6 (—550.1) —212.4 (—441.4) —271.4 (—457.2) -

A2,-TS —251.2(—424.7) —149.6 (—368.9) —153.0 (—337.1) -

A3 —184.8 (—303.1) —182.4 (—331.2) —86.8 (—208.6) -

A4 —182.2 (—351.3) —5.8 (—214.6) —70.6 (—232.6) -

A5 —251.2 (—434.0) —74.4 (-302.9) —170.2 (—358.7) -

A6 —497.0 (—615.3) —518.6 (650.6) —393.6 (—514.0) -

AT —593.3 (=771.9) —548.9 (-761.1) —443.1 (—627.4) -

A8 —633.1 (—756.3) —677.7 (—817.4) —469.2 (—598.1) -

A9 —850.2 (—1031.8) —863.4 (1083.9) —644.5 (—828.8) -

A9, —861.7 (—1035.0) —845.8 (—1059.8) —657.0 (—841.1) -
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of theory predicts the reactant ground state to be diamag-
netic with one amide having the expected 90° rotation,
whereas the other two are rotated from axial by 18° counter
to each other (see Figure 12) and make an angle of 128°
with the central Ta metal. This unusual arrangement, due to
the preferred metal d- and nitrogen p-orbital overlap!'”! and
the free ligand rotation allowed within the Model-opt level
of theory, is not possible if ligand bulk is included in the op-
timisation. At the QM:QM level of theory the inability of
the singlet to obtain its preferred geometry results in it
being destabilised 21.4 kimol™' above the triplet reactant.
This allows the CO coordination to occur directly on the
triplet surface forming A1,-CO and making A1s-CO an un-
likely reaction coordinate.

At the Model-opt level of theory the geometries of Alg-
(CO), and A1,-(CO), have been reversed when compared
with the silox system. Although not exact replicas, the sin-
glet now has the trigonal bipyramidal structure, whereas in
the silox system it was the triplet. Our earlier examination
of this bonding is displayed Figure 4, but now the HOMO
and LUMO are reversed. This unusual reversal is again a
result of the amide rotation, which stabilises and destabilises
the previously outlined LUMO and HOMO, respectively.
The HOMO, which is now the interaction between the d,._,.
and the two zt* CO orbitals, forces the trigonal arrangement
in the singlet.

When steric bulk is incorporated in the QM:QM analysis,
the geometries are distorted once again (see Figure 13). The
steric presence both inhibits amide rotation and restricts the
position of the two bound CO groups in the singlet struc-
ture. In effect there is insufficient room within Als-(CO),
for it to maintain its preferred orientation. This is particular-
ly evident from the reduced angle between the bound CO

A1,-(CO), A1.(CO),

1

1

1

1

1

1

1

1

1
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1 Ta
1

1

1

1
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QM:am : QM:QM

Figure 13. Model-opt and QM:QM diagrams of Alg-(CO), and Alg-
(CO), with relevant angles highlighted.

8128 ——

www.chemeurj.org

Relative Energy / kJ mol™'

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

groups (from 88.1° to 61.4°, see Figure 13) when steric bulk
is included in the calculations. This crowding of course de-
stabilises Alg-(CO), considerably with Table 2 suggesting it
is now +40.8 kImol ' above the reactants. This destabilisa-
tion may prevent reaction through this singlet pathway.

From Figure 13, note also the arrangement of the triplet
A1(CO), at both the smaller Model-opt and bulky
QM:QM levels of theory. The overall arrangement has been
maintained along with the angle between the two bound CO
groups. Table 2 similarly indicates less destabilisation in this
structure (—20 kJmol™" below reactants), which suggests
that a triplet pathway may be the preferred option.

With the path to A2g via Als-(CO), being less likely, per-
haps a path through this more stable triplet analogue Al
(CO), is possible. To this end, consider an alternate pathway
to intermediate A2 through spin pairing during coordina-
tion of a triplet reactant Al to a triplet encounter complex
A1-(CO), rather than through the destabilised singlet sur-
face. This pairing of two triplets to form a singlet is beyond
our computational means at the QM:QM level of theory
and unfortunately, the absence of steric effects at the
Model-opt level make the calculation less meaningful. But
to provide some indication that this mode of coordination is
possible, we completed the Model-opt spin pairing analysis
and have displayed it in Figure 14.
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Aly 2 HZNZ,,,\ \TFE/NHZ
v
HoN ‘\oﬁcy\NHz
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Reaction Coordinates

Figure 14. The [Ta(NH,);]+CO interaction, assuming a triplet reactant
ground state, at the Model-opt level of theory. Figure constructed relative
to Gibbs free energies (in normal type). Values in parentheses are uncor-
rected electronic energies. All values in kJmol .

The reader should be aware that this is a guide only, but
the overall profile certainly indicates a triplet Al-(CO),
can coordinate with a triplet Al to form a loosely bound
dinuclear Ta—(CO),—Ta quintet intermediate A2, that can
immediately spin pair to the singlet. The pathway from
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quintet to singlet via triplet is similarly without barrier.
Given the two possible pathways available, intermediate
A2 will form and continue to the ketenylidene and dicar-
bide structures similarly found with the silox system.
Another observation made above was the slightly splayed
arrangement of the central ethene 1,2-dione in A2g It
comes as no surprise that again the molecular orbital ener-
gies of Ta(NH,); are being altered by the amide rotation.
The overall effect is to weaken the C—C bond and strength-
en the C—O bonds, but before launching into the molecular
orbital rationale, it should be remembered that the amide
rotation may not be allowed if steric bulk is included. This
proves to be the case as shown in Figure 15 in which the

e :
Ta
174°

2

T

QM:QM A6

¢
Model-opt 65

oY

Ta

155°
Model-opt A6s

Figure 15. Moldraw diagrams of A6y at both QM:QM and Model-opt
level of theory and 65 at Model-opt level of theory.

bulky Ph and fBu groups prevent amide rotation and return
the splayed arrangement to that found in the silox analogue,
thus maintaining the molecular orbital picture displayed in
Figure 5. This effect of steric bulk countering the stabilisa-
tion due to amide rotation occurs throughout many of the
structures and accounts for much of the differences between
the QM:QM and Model-opt structural energetics found in
Table 2.

The final observation to be considered here is in regard to
the dicarbide [(NH,);Ta—CC—Ta(NH,);] end product of this
amide reaction sequence. We noted earlier that the triplet
and singlet species have almost identical energies and are
separated by only 4 kJmol™" at the uncorrected Model-opt
level of theory, an observation also found in the silox system
(see above). An analysis of the geometric arrangement of
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the two species finds both to have one amide rotated at
each end and all bond lengths and angles comparable. The
difference however, can be seen from the axial views illus-
trated in Figure 16. The singlet has a staggered conformation
with the rotated amides on opposite sides of the molecule,
whereas the triplet has a dihedral angle of around 90° be-
tween the two rotated amides.

These geometric differences were not observed with the
silox system and are a consequence of the preferred metal
d,, and d,._. orbital interactions in the presence of one ro-
tated amide group on each metal centre.™'*!1 When steric
bulk is included in the QM:QM calculations, the singlet be-
comes more stable than the triplet by a not insignificant (un-
corrected) 24 kImol~'. The reason for the difference is due
to the singlet retaining its amide rotation (albeit with both
on the same side of the moleculeP¥), whereas the triplet has
not. The triplet has destabilised sufficiently to allow a singlet
ground state. This is opposite to that found with the original
Cummins!"! dinitrogen [Mof{N(tBu)Ar};]-N,—[Mo{N-
(fBu)Ar};] intermediate analysed previously.*'” Steric bulk
in that case destabilised the singlet, since it could not retain
the preferred amide rotation. So why would one structure
retain its amide rotation and the other not? The answer is
simply geometric, with the original molybdenum structure
having a shorter overall metal-metal distance that is not
quite sufficient to allow free rotation.

Although the singlet ground state of an amide dicarbide
can be rationalised in terms of ligand sterics, the same has
not been observed for the analogous silox dicarbide. Our
calculations place the silox triplet dicarbide to be lower in
energy and unfortunately these molecules are (currently)
computationally too large for accurate resolution of the en-
ergetic and structural intricacies. The experimental silox di-
carbide crystal structure points to a distortion in the linear
Ta—CC—Ta core and a slight deflection of the axial silox di-
hedrals, both of which are observed in our calculations with
a singlet amide dicarbide, but to extrapolate these congruen-
cies is stretching reality.

Conclusion

Experimentally, the reaction of a 3-coordinate tantalum
silox species ([Ta(silox)s], silox=0Si(tBu);) and a molecule
with chemistry’s strongest bond, carbon monoxide, results in
the formation of a dinuclear dicarbide structure of the form
[(silox);Ta=C=C=Ta(silox);]. Clearly CO cleavage is re-
quired at some point in the reaction and previous theoreti-
cal analysis on the analogous Cummins style 3-coordinate
tantalum amide finds that this CO cleavage can not occur
via the expected Ta—CO—Ta intermediate. This intermediate
structure is too stable and no further reaction from it is
likely.

In this theoretical study we have shown that if an inter-
mediate of the general formula Ta—C,0O—Ta is formed, in
which n is an even number, the intermediate is less stable
and, hence further reaction (or specifically CO cleavage) is
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grams. All values in A.

possible. This is exactly the case with the experimental tan-
talum silox and CO reaction. A precursor to this intermedi-
ate, [(silox);Ta—CCO], has been observed and characterised
from which further reaction (CO cleavage) gives a dicar-
bide. Our analysis has found that once formed the Ta—
CCO—Ta intermediate cleaves the C—-O bond to form Ta=
C=C: and Ta=0O, and should additional reactant be present
provides the Ta=C=C=Ta dicarbide end product.

This finding is individually interesting, but the mechanistic
pathway to form the intermediate Ta—C,0O—Ta (or its pre-
cursor Ta—C,0) has also been identified. Starting from the
reactant we find that two CO molecules can bind with one
tantalum silox reactant forming an unstable intermediate of
the form [(silox);Ta—(CO),]. The two CO groups, bound
through the carbon, are in a cis arrangement whereby an ad-
ditional [Ta(silox);] reactant can coordinate to the oxygen
atoms creating a more stable intermediate of the form [(si-
lox),;Ta—(CO),Ta(silox);]. It is this intermediate structure
that has eluded experimental characterisation. It consists of
a non-linear ethene 1,2-dione (O-C-C-O) wedged between
the two metal centres such that the central carbon—carbon
bond has been stabilised by electron donation from the
metal atoms. This electron donation into the symmetry-
adapted m bonding/antibonding orbitals has the simultane-
ous effect of activating the carbon oxygen bonds such that
cleavage over a modest transition barrier is possible. Once
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one CO cleavage occurs, a stable (isolatable) ketenylidene
of the form [(silox);Ta—CCO] is created that has the neces-
sary Ta—C,O (in which »n is even) arrangement from which
further cleavage can occur.

Our analysis has highlighted other potential, although less
likely, pathways to the ketenylidene. One involves first
forming the stable Ta—CO-—Ta intermediate followed by
attack on the central CO by a second carbon monoxide mol-
ecule. Although thermodynamically less likely, we have
found a major barrier to this reaction comes from the steric
protection afforded to the centrally bound CO molecule by
the encompassing cage structure of the silox ligands. Re-
moval of this barrier can occur by a variation to this path,
which involves interaction in a head-to-head fashion of two
[(silox);Ta—CO] structures. The head-to-head reaction ac-
tually results in dissociation of one CO group, but now it is
caught within the steric cage provided by the silox ligands.
This second pathway is certainly possible, but thermodynam-
ics would suggest it to be less likely.

In the course of our analysis we have highlighted the po-
tential for altering the reacting metal to form a mixed-metal
intermediate of the form [(silox);Ta—(CO),~M(silox);]. Pre-
liminary analysis would suggest this is possible for electron-
rich metals to the right of tantalum in the periodic table,
such as tungsten and rhenium, but not for electron-deficient
metals to the left of tantalum, such as hafnium or lantha-
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num. We have also provided a detailed analysis in which the
ligand arrangement of the silox groups has been changed to
the Cummins-style three-coordinate amide system. Our find-
ings in this regard are that the three-coordinate amide reac-
tion should progress in almost identical fashion to a tanta-
lum amide dicarbide via the ketenylidene intermediate. In
fact, the amide system shows greater stability of all species
relative to the reactants when compared with the silox
system, which is due to the (well-studied) amide rotation,
which provides greater electron density to the central axis of
the species.

We conclude here by highlighting the importance of the
yet to be experimentally characterised (red) intermediate
[(silox);Ta—(CO),—Ta(silox);]. We have shown it to be a
non-linear ethene 1,2-dione (O-C-C-O) wedged between the
two metal centres. The carbon—carbon bond is well formed
making this observed, but unstable intermediate a natural
precursor for further reactions. The structure may require
judicious tuning of the ligand system to alter the steric cage
surrounding the intermediate, but as we have shown this
could be achieved by switching to the Cummins amide
system.
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formed. This C=C bond does not exist with the Ta structure (see the
Supporting Information).
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