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The reaction of MoL; [L = NH, and N(tBu)Ar] with CO was
explored using DFT in order to rationalize why CO cleavage
is not observed experimentally for this system in contrast to
the corresponding N, reaction which results in spontaneous
cleavage of the N-N bond. The binding of CO to MoL3 was
found to be both kinetically and thermodynamically favored
over the binding of N,, with the formation of the encounter
complex, LsMo-CO, calculated to be without barrier and
exothermic. While the overall reaction to form the C-MoL;
and O-MoL; products was calculated to be energetically fa-
vorable, both the encounter complex and intermediate dimer,

L3Mo-CO-MoLj, were found to be lower in energy than the
products, with the final C-O cleavage step calculated to be
endothermic by 169 kJmol! and 163 kJmol™! for L = NH,
and N(tBu)Ar, respectively. The unfavorable CO cleavage
step can be attributed to the fact that Mo does not possess
the optimum d-electron configuration to sufficiently stabilise
the carbide and oxide products relative to the CO-bridged
intermediate dimer.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

One of the most significant discoveries in dinitrogen
chemistry is the cleavage of N, by Mo[N(zBu)Ar]; under
mild conditions.['-?] N, reacts with Mo[N(Bu)Ar]; to form
the intermediate dimer, [Ar(zBu)N];Mo—N,—Mo[N(7Bu)-
Arl]s;, with N, bridging the metal centers end-on, followed
by N-N bond cleavage to form the nitride product N—
MOo[N(tBu)Ar];.3! The reaction proceeds under mild con-
ditions (1 atm of pressure and between —33 and 25 °C) com-
pared with the extreme conditions of 200 atm and 500 °C
required in the industrial Haber—Bosch process for nitrogen
fixation. In addition to N, cleavage, Mo[N(zBu)Ar]; is also
known experimentally to cleave the stronger N-N bond in
N,O to form the nitride, N-Mo[N(/Bu)Ar];, and nitrosyl,
[Ar(:Bu)N];Mo-NO, products.[®7]

Following the success of N, and N,O cleavage by
MOo[N(R)Ar]; complexes under mild conditions, attention
was turned to other small multiply bonded molecules such
as CO and CN. Although CO and CN are isoelectronic
with N,, and therefore in principle Mo[N(R)Ar]; complexes
are able to provide the necessary number of electrons to
reductively cleave these small molecules, to date neither
C-O or C-N bond cleavage has been observed.[>1% The
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carbide complex [C-Mo[N(#Bu)Ar]s] has been synthesized
from the encounter complex, [Ar(zBu)N];Mo—-CO, the lat-
ter easily formed by the reaction of Mo[N(tBu)Ar]; with
CO.[®1 However, despite the ready formation of the encoun-
ter complex, neither the intermediate dimer or C-O
cleavage is observed and instead, the O atom in the
[Ar(Bu)N]sMo—CO complex is removed through conver-
sion to the related methylidene complex, [HC-Mo[N(7Bu)-
Ar]s], which is then deprotonated to form [C-Mo[N(7Bu)-
Arls] 1B

The resistance of CO to cleavage by Mo[N(R)Ar]; com-
plexes may well be a consequence of the fact that the bond
dissociation energy for CO is approximately 100 kJ mol™!
greater than that for N,. However, an alternative view is
that the metals used to form the intermediate dimer, in this
case only Mo, are not tuned to optimise the thermodynam-
ics of the cleavage reaction. This aspect is particularly perti-
nent since a recent theoretical study!''! has shown that CO
cleavage is predicted to be spontaneous under mild condi-
tions when two different three-coordinate complexes
Re[N(R)Ar]; and Ta[N(R)Ar]; are used. In this reaction,
an intermediate dimer is formed with Re[N(R)Ar]; and
Ta[N(R)Ar]; binding to the C and O atoms, respectively,
and cleavage of CO proceeds without barrier.

The reaction steps of [Ar(zBu)N]sMo with CO are shown
in Scheme 1, assuming the cleavage of CO proceeds by a
mechanism analogous to the N, cleavage reaction. The first
step involves the binding of CO to form the encounter com-
plex, [Ar(tBu)N]sMo—CO, followed by binding of a second
Mo[N(tBu)Ar]; unit to form [Ar(zBu)N];Mo-CO-
Mo[N(7Bu)Ar]s, and finally C-O bond cleavage to give the
products C—Mo[N(zBu)Ar]; and O-Mo[N(zBu)Ar];.
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Scheme 1. The reaction of CO with MoLs, L = NH, or N(rBu)Ar.

In this study, the reaction mechanism shown in Scheme 1
is explored using density functional theory (DFT) for both
the model, L = NH,, and experimental, L = N(Bu)Ar, sys-
tems in order to rationalise the experimental results. Earlier
work on the analogous N, cleavage reaction by us and other
groups!>!12-14 has shown that DFT methods give results in
good agreement with experiment.

Results and Discussion

1.1 Calculated Structures

For the model system (L = NH,), calculations were car-
ried out on the encounter complex, [H,N]sMo-CO and in-
termediate dimer, [H,N]3sMo-CO-Mo[NH,]s. The energies
and structures of the remaining species, namely the reac-
tant, [H,N]zMo, and products, [H,N];Mo-C and [H,N]3-
Mo-O, have been reported in earlier studies.['*!3] In the
case of the experimental system [L = N(tBu)Ar], QM/MM
calculations were carried out for the reactant, encounter
complex, intermediate dimer and products. The optimized
model and QM/MM structures are shown in Figure 1 and
selected structural data from these calculations are shown
in Table 1.

For the model system, the reaction of [H,N]sMo with
CO gives rise to two possible encounter complexes, [H,N]s-
Mo-CO [structure (c)] and [H,N]3;Mo-OC. Both complexes
have doublet ground states with approximately C, sym-
metry with one amide ligand rotated by 90° around the
metal-ligand axis. The Mo-C-O angle of 177° indicates
that the Mo—CO fragment is slightly distorted from linear
geometry. Similar ligand rotation has been found for the
analogous dinitrogen complex [H,N]3Mo-N,.[!3:16] The
model and QM/MM structures of the CO encounter com-
plex [structures (c) and (d)] have very similar core structures
and bond lengths. Because the formation of the O-bound
encounter complex was calculated to be endothermic, it is
not considered further.

For the model system, the optimized Cj structure of the
intermediate dimer [structure (e¢)] has a bent Mo—C-O-Mo
core with a C—-O-Mo bond angle of 126° in the triplet spin
state. In the QM/MM system [structure (f)], bending of the
core is also observed but the larger size of the N(sBu)Ar
ligands restricts the C—-O-Mo bond angle to 163°. Analo-
gous to the N,-bridged intermediate dimer,!'*!¢! ligand ro-
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Figure 1. Optimized model and QM/MM structures.

tation around the metal-N(amide) axis is also observed for
the CO-bridged intermediate dimer. However, while ligand
rotation is observed at only one metal center for the model
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Table 1. Selected geometric parameters for encounter complex, intermediate dimer and products.

Complex Spin  Bond lengths [A] Bond angles [°]
L CO Mo-C/Mo-O MoN.misze C-Mo-N/O-Mo-N Mo-C-O/Mo-O-C
L;Mo NH, 32 1.982
N(/Bu)Ar 2.004
L;Mo-CO NH, 12 1.184 1.921 1.969 103 177
N(/Bu)Ar 1.184 1.906 1.989 103 177
L;Mo-CO-MoL; NH, 0 1.294 1.774/1.960 1.960 101/115 178/134
N(/Bu)Ar 1.276 1.823/1.957 1.987 107/113 168/175
NH, 1 1.278 1.789/2.048 1.974 100/104 178/126
N(/Bu)Ar 1.272 1.815/2.019 1.999 105/110 177/163
L;Mo-C NH, 12 1.760 1.982 105
N(7Bu)Ar 1.737 1.994 105
L;Mo-O NH, 12 1.722 1.975 113
N(7Bu)Ar 1.717 1.996 111

[a] Data has been included for the model intermediate dimer [H,N];Mo-CO-Mo[NH,]; even though the optimized structure is not a

true minimum.

system, it occurs at both metal centers for the QM/MM
system. This difference between the model and QM/MM
structures is a consequence of the fact that rotation of the
bulky N(tBu)Ar ligands has been shown to reduce steric
crowding.[°]

The [Ar(tBu)N]3sMo-C product [structure (h)] has ap-
proximately trigonal symmetry, unlike [H,N]sMo-C, [H,N];s-
Mo-O and [Ar(tBu)N]3Mo-O [structures (g), (i) and (j)]
which all show rotation of one or more of the amide li-
gands. However, the QM/MM structure for [Ar(zBu)N]s-
Mo-C with one ligand rotated lies only 11 kJmol™! higher
in energy. In general, the metal-amide distances are greater
for L = N(tBu)Ar than L = NH,, consistent with the in-
creased steric crowding for the former ligand. The C-O
bond lengths of 1.278 and 1.276 A in the lowest energy
model and QM/MM intermediate dimer structures, respec-
tively, indicate moderate activation compared to free CO
(cf. 1.128 A).

1.2 Overall Reaction Profile

The relative energies of species along the reaction path-
way for the cleavage of CO by MoL; are summarized in
Table 2 for both the model and QM/MM systems. The cor-
responding energies of species in the analogous N, cleavage
reaction are also included for comparison. Overall, the CO
cleavage reaction is exothermic for the model and experi-
mental systems but the encounter complex and intermedi-
ate dimer are lower in energy than the products in both
systems. Cleavage of the C-O bond to form L;Mo-C and
L;Mo-O is highly unfavorable, and is calculated to be en-
dothermic by 169 and 163 kJmol™' for the model and ex-
perimental systems, respectively. In general, when L =
N(zBu)Ar, the reaction of MoL; with CO is less exothermic
and the species along the reaction pathway are less stable
relative to reactants than when L = NH,. This is consistent
with the results for the N, cleavage reaction where a similar
decrease in exothermicity was found when L = N(7Bu)Ar
due to increased steric crowding.
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Table 2. Calculated energies of the encounter complex, dimer and
products relative to reactants for the reaction of CO and N, with
MolL; for L = NH, and N(Bu)Ar.['3!

Reaction L Encounter complex  Dimer  Product

CcO NH, -152 -248 -79
N(/Bu)Ar 142 -222 -59

N, NH, 71 -241 -335
N(/Bu)Ar 43 -238 -293

From the data in Table 2, the intermediate dimer is calcu-
lated to be the lowest energy species on the reaction path-
way, and is 96 and 80 kJmol' lower in energy than the
encounter complex for L = NH, and L = N(zBu)Ar, respec-
tively. However, under the reported experimental condi-
tions, the intermediate dimer is not isolated, and instead
the reaction is observed to cease with the formation of the
encounter complex [Ar(zBu)NJ3;Mo-CO.®! Although for-
mation of the dimer is entropically unfavorable, AS is calcu-
lated to be 218 Jmol '-T"! which is not enough to offset
AH, even at room temperature.

1.3 Formation of the Encounter Complex and Intermediate
Dimer

Because the calculations indicate that the intermediate
dimer, L;Mo—CO-MoL;, should be thermodynamically
stable, then it is pertinent to examine the kinetic barriers
that may prevent its formation. Accordingly, the formation
of both the L;Mo—-CO encounter complex and intermediate
dimer, LsMo-CO-MoLs, for L = NH, and N(tBu)Ar, were
investigated via linear transits, the results of which are
shown in Figure 2.

The formation of the encounter complex, L;Mo—CO, be-
gins on the spin quartet surface but the spin doublet crosses
below the quartet surface to become the minimum at an
Mo-C distance of around 1.9 A. There is no barrier to for-
mation in either spin state for the model or QM/MM sys-
tems and the reaction is exothermic by 152 and 142 kJ mol!
for L = NH, and N(zBu)Ar, respectively. To put these re-
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Figure 2. Linear transit results for the formation of (a) [H,N]sMo-CO, (b) [Ar(zBu)N]sMo-CO, (c) [H,N]3;Mo-CO-Mo[NH,]; and (d)

[Ar(tBu)N];Mo-CO-Mo[N(Bu)Ar];.

sults in context, the formation of the analogous N, encoun-
ter complex, [Ar(zBu)N]zMo-N,, is exothermic by only
43 kJmol ! and in addition, has a barrier of approximately
18 kJmol'. The uptake of CO by Mo[N(tBu)Ar]; is there-
fore both kinetically and thermodynamically much more fa-
vorable than the uptake of N,, consistent with experimental
observations in that, while [Ar(R)N];Mo—CO has been iso-
lated, [Ar(R)N]sMo—N, has not been observed.*!7]

Dimer formation for both [H,N]3sMo-CO and [Ar(sBu)-
N]zMo-CO through binding of a second MoL;z complex
end-on to O, occurs initially on the spin triplet surface. For
L = N(zBu)Ar, the spin singlet state crosses below the triplet
when the Mo-O distance is approximately 2.0 A with the
minimum lying at approximately 1.9 A. For the model sys-
tem, the spin singlet surface also crosses the triplet around
1.9 A, but lies higher in energy at the minimum distance of
approximately 2.0 A. As is apparent from Figure 2, there
is no barrier to dimer formation for either the model or
experimental system.

It is possible that the absence of dimer formation experi-
mentally may be linked to the reaction conditions used.
There are two differences in the reported reactions of
Mo[N(tBu)Ar]; with N, and CO. Firstly, the solvent used
in the CO reaction was tetrahydrofuran (THF) whereas
non-polar solvents were used in the reaction with N,. Sec-
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ondly, CO, which is bound more easily than N,, was in
excess.

Solvent effects on the reaction energetics were investi-
gated by performing calculations on the model system
which allowed binding of THF directly to the reactant,
MOo[NH,];, encounter complex, OC-Mo[NH,];, and the in-
termediate dimer, [H,N]3sMo-CO-Mo[NH,]s. In the case of
the encounter complex, binding of THF to either the Mo
or CO was explored. The results are summarized in Table 3.

Table 3. Calculated energies for the binding of THF to Mo[NH,]s,
[H,N]sMo-CO and [H,N];Mo-CO-Mo[NH,];.

AE [kImol ]
[H,N]sMo-THF -2
[H,N]sMo-CO-THF ca. 4
THF-[H,N]sMo-CO (trans) =37
[THF][H,N];Mo-CO-Mo[NH,]3 -13
[H,N]3;Mo-CO-Mo[NH,]5[THF] -38
[THF][H,N]:Mo-CO-Mo[NH,];[THF] -59

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Binding of THF to the reactant or directly to CO in the
encounter complex is predicted to be weak, but binding of
THF to Mo (trans to CO) in the encounter complex is exo-
thermic by 37 kJmol . Binding of THF to the intermediate
dimer is also favorable, particularly when THF is bound at
both ends. Although binding of solvent molecules is ex-
3739
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pected to be weaker for the experimental system due to li-
gand crowding, based on these results, the intermediate di-
mer should be even more stable relative to reactants and
encounter complex in the presence of THF. In addition to
calculations involving the explicit binding of THF, the effect
of the bulk properties of the solvent on the reaction path-
way was also studied using the COSMO model. However,
the relative energies changed by at most 10 kJmol™' com-
pared to the unsolvated calculations, and the formation of
the dimer is still calculated to be exothermic.

Because the above calculations indicate that solvent ef-
fects do not favor formation of the encounter complex over
the intermediate dimer, the other main difference in the re-
action conditions, namely the presence of excess CO, must
be significant. For the N, cleavage reaction, binding of N,
to form the intermediate dimer is known to be slow experi-
mentally, and therefore there is an excess of Mo[N(Bu)-
Ar]s available to react with the encounter complex to form
the intermediate dimer. Binding of CO to form the encoun-
ter complex, [Ar(Bu)N]sMo—CO, however, is fast and cal-
culated to be more exothermic than the formation of the
intermediate dimer. When CO is in excess, the rapid uptake
of CO by MOo[N(sBu)Ar]; will leave little remaining
MOo[N(tBu)Ar]; for dimer formation. However, under dif-
ferent reaction conditions, namely controlling the CO con-
centration so that it is never in excess, the formation of the
[Ar(zBu)N]3sMo-CO-Mo[N(zBu)Ar]; dimer may be pos-
sible.

Conclusions

Calculations were carried out on the reaction of MoLs
with CO for the model (L = NH,) and experimental [L =
N(#Bu)Ar] ligand systems. On the basis of these calcula-
tions, the formation of the encounter complex and interme-
diate dimer are predicted to be thermodynamically favor-
able and without barrier. Despite the overall cleavage reac-
tion being exothermic, both the encounter complex and in-
termediate dimer are predicted to be more stable than the
O-MolL; and C-Mol; products and therefore the final C—-
O cleavage step is unfavorable, being endothermic by 169
and 163 kJmol! for the model and experimental systems,
respectively. The endothermic CO cleavage step can be ra-
tionalized on the basis of the electronic properties of the
metal. An earlier study examining M—L bond energies in
model [NH,]sM-L (L = N, C, O) complexes showed that
the strongest M—O, M—N and M—C bonds occurred for d?,
d? and d* metal configurations, respectively.l!>] Therefore,
in the LsMo + CO system, Mo does not possess the opti-
mum d-electron configuration to sufficiently stabilise the
carbide and oxide products relative to the intermediate di-
mer.

The intermediate dimer, L;Mo—-CO-MolL, is calculated
to be the lowest energy species along the reaction pathway,
and from both a thermodynamic and kinetic perspective,
the calculations indicate that its formation is more favorable
than the analogous N,-bound dimer which is observed ex-
3740
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perimentally in the reaction of Mo[N(¢Bu)Ar]; with dinitro-
gen. Thus, the absence of the CO-bridged intermediate di-
mer experimentally is attributed to the different reaction
conditions employed compared to its N, counterpart,
namely the use of a polar solvent and the presence of excess
CO. Since calculations which investigated solvent effects
were shown to favor formation of the CO-bridged interme-
diate dimer, it is concluded that this species is not observed
experimentally due to the presence of excess CO and the
ability of Mo[N(/Bu)Ar]; to rapidly bind CO. This conclu-
sion is also consistent with the observation that, while
[Ar(:Bu)]sMo—CO has been isolated, [Ar(zBu)]sMo—-N, has
not been observed experimentally.

Computational Section

The calculations carried out in this work were performed with the
Amsterdam Density Functional (ADF)'#2% program running on
either Linux-based Pentium IV computers or the Australian
National University Supercomputing Facility. All calculations used
the local density approximation (LDA) to the exchange potential,
the correlation potential of Vosko, Wilk and Nusair (VWN),!] the
Beckel??! and Perdew!®?! corrections for non-local exchange and
correlation, and the numerical integration scheme of te Velde and
co-workers.?* Geometry optimizations were performed using the
gradient algorithm of Versluis and Ziegler.[>>! All electron, triple-
Slater-type orbital basis sets (TZP) with polarization functions
were used for all atoms. Relativistic effects were incorporated using
the zero-order relativistic approximation (ZORA)P%28 function-
ality in ADF. Frequency calculations were used to confirm that the
optimized model structures of lowest energy were true minima and
were computed by numerical differentiation of energy gradients in
slightly displaced geometries.*>3% Solvent-corrected calculations
were carried out using the COSMO methodP!! to accommodate the
bulk effects of the tetrahydrofuran solvent used in the experimental
work. For these calculations the solvent dielectric constant was set
at 7.58 and the radius (rigid sphere) at 3.18 A. All calculations were
carried out in a spin-unrestricted manner. Optimized structures for
the model system were corrected for zero-point vibrational energy.
The convergence criteria for geometry optimizations were
103 Hartrees for energy and 102 Hartrees/Angstrom for gradient.
SCF convergence was set at 106, The integration parameter, accint,
was set to 4.0 for geometry optimizations and to 6.0 for frequency
calculations. For the experimental M[N(R)Ar]; system, the QM/
MMPB2 method implemented in ADF was used. For these calcula-
tions, the system under study was partitioned into two regions one
of which was treated with DFT and the other with force field meth-
ods. The electronically important parts of the molecule were in-
cluded in the QM region. Accordingly, N,, CO, the N donors from
the amide ligands, and Mo were treated with DFT while the /Bu
and 3,5-C4H;Me, substituents were treated with molecular me-
chanics using the Sybyl®?! force field available in ADF. UFF
van der Waals parameters®# were used for Mo and all other pa-
rameters involving the metal atoms were set to zero. The bonds
that cross the QM/MM partition, known as link bonds, were
“capped” by H for the QM region. The ratio of the link bond to
the length of the capping bond was kept constant throughout the
calculations corresponding to the link bond parameters being fixed
at values of apn_cry = 1.489 and apy_car = 1.412. All QM/MM
calculations on the experimental systems were undertaken in C;
symmetry.

Eur. J. Inorg. Chem. 2007, 3736-3741
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Supporting Information (see footnote on the first page of this arti-
cle): Calculated structures and energies for L;Mo, L;Mo-CO,
L;Mo-CO-MoL;, LsMo-C and L;Mo-O for L = NH, and
N(rBu)Ar. Calculated structures and energies with THF bound to
L;Mo, L;Mo-CO, L;Mo-CO-MoL;, L;Mo-C and L;Mo-O for
L = NH, are also included.
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