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Complexes Cleave Carbon Monoxide?

Gemma Christian,”! Robert Stranger,*'*! Simon Petrie,” Brian F. Yates,"" and

Christopher C. Cummins'*

Abstract: The reaction pathway for the
interaction of CO with three-coordi-
nate Ta™, W™ and Re™ complexes
(modelled on the experimental [M{N-
(rBu)Ar});] system) has been explored
by using density functional methods.
Calculations show that CO binds with-
out a barrier to [Re(NH,);], forming
the encounter complex [OC—Re-
(NH,);], which is stabilized by
~280 kJmol ™" relative to the reactants.
The binding of [Ta(NH,);] to the
oxygen terminus of CO is inhibited by

lowed by spontaneous cleavage of the
C—O bond to form the products [C—
Re(NH,);] and [O—Ta(NH,);]. The sa-
lient features of the potential energy
surface are more favourable to CO
cleavage than the analogous N, cleav-
age by [Mo(NH,);], which is less exo-
thermic (335 vs. 467 kJmol™') and is
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impeded by a significant barrier
(66 kImol ™). The Re™/Ta/CO system
therefore appears to be an excellent
candidate for cleaving the exceptional-
ly strong C—O bond under mild labora-
tory conditions. The related W™/Ta™
dimer, which significantly weakens but
does not cleave the CO bond, may be a
suitable alternative when the chemistry
is to be performed on activated CO
rather than on the strongly bound
oxide and carbide cleavage products.

a barrier of only 20 kJmol™" and is fol-

Introduction

One of chemistry’s supreme ironies is that although carbon
is the archetypal tetravalent element, its most abundant mo-
lecular form does not conform to this expected valence. The
molecule in question, carbon monoxide, is also notable for
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possessing the strongest bond in chemistry: D5, (C=0)=
(1076.4+0.7) kI mol ™', exceeding the value for isoelectronic
N, by well over 100 kJmol™". The extreme robustness of the
carbon monoxide bond has many implications. In biochem-
istry, its stability results in a tendency to “poison” some met-
alloenzymes such as haemoglobin,™? from which adsorbed
CO is not readily removed or destroyed; conversely, CO
also has important functions as a biochemical signalling mol-
ecule® and as a resource for microbial processing.”! In in-
dustry, CO is a constituent of synthesis gas, serving as a
feedstock for H, and CH, production through the water-gas
shift (WGS) reaction!” and Fischer-Tropsch catalysis."™) Al-
though CO also serves other uses,'™!" for example, as a car-
bonylating agent in the conversion of alcohols to carboxylic
acids, its role as a precursor to H, and hydrocarbons is dom-
inant and can only increase in industrial and economic im-
portance as subterranean hydrocarbon deposits are progres-
sively depleted.!™!

One of the principal industrial uses for hydrogen pro-
duced through the WGS reaction is in the Haber-Bosch
process of nitrogen fixation.'>¥l The latter shares with the
WGS and Fischer—Tropsch reactions a requirement for high
temperatures to drive the conversion of the strong, multiply
bonded diatomics CO and N, into the desired products. The
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contrast between the physical requirements for industrial
versus biochemical fixation of nitrogen has spurred intensive
research towards the development of catalysts and other
agents that are better able to fix N, at modest temperatures
and pressures.'*"® A breakthrough in this field came with
the discovery that sterically hindered three-coordinate com-
plexes of molybdenum exhibit an ability to cleave N, at am-
bient pressure and modest temperatures. The mechanism for
this reaction has been extensively studied through laborato-
ry kinetic investigations"*?” as well as through quantum
chemical calculations.”’?! N—N bond scission requires the
successive end-on coordination of N, to [Mo{N(R)Ar}s]
(R=1Bu, Ar=3,5-C;H;Me,), forming first the encounter
complex [N,~Mo{N(R)Ar};] and second the intermediate
dimer [{Ar(R)N};Mo—NN—Mo{N(R)Ar};] (see Scheme 1).
Traversal of an activation barrier then results in cleavage of
the N, bond generating the nitrido product [NMo{N-
(R)Ar};].

FULL PAPER

Experimentally, there have been attempts to directly
cleave the CO bond using three-coordinate metal com-
plexes. In particular, the terminal carbide [CMo{N(R)Ar};]~
has been prepared from [OC—Mo{N(R)Ar};],>>? the latter
being formed by reacting [Mo{N(R)Ar};] with CO, but a
second [Mo{N(R)Ar};] complex does not bind to the oxygen
terminus of CO to form a dimer and instead the oxygen
atom is removed by other means. However, with different
metals it may be possible to form the intermediate dimer
[{Ar(R)N};M—CO—M'{N(R)Ar};] and cleave CO in a similar
manner to the cleavage of N, with [Mo{N(R)Ar};]. CO has
been cleaved with [Ta(silox);] (silox=¢Bu;SiO~) to form
[O=Ta(silox);] and [O=C=C=Ta(silox);] or [(u-C,){Ta-
(silox);},].BY Although some aspects of the mechanism
remain unclear, it seems likely that the reaction proceeds
through a mechanism involving a polynuclear [OCTa-
(silox);], species rather than a [(silox);Ta—CO—Ta(silox);]
dimer intermediate. Cleavage of CO has also been reported

with the ditungsten complex
[fWCl(silox),},], which reacts

Affr ';{'\%I\L-M/N(R)A' with CO to form the carbon-
N ’L N bridged dimer [(silox),0OW=C=
ARIN—MeoNRAT IMINR)AT] | i WCl,(silox),] .2
TNRAr ‘ Mo I ArRIN” VNSQR)AF To choose metals best suited
ACRINT S OUE)Ar e RN N(R)AT hoa .
ArRIN™ \’“ésfﬁrr to activating and cleaving CO,

3-coordinate

encounter complex
complex

Scheme 1. Reaction mechanism for N, cleavage by [Mo{N(R)Ar};].

The ability of [Mo{N(R)Ar};] to break a bond of strength
D(N=N)=(945.4+0.8) kImol™! derives, in part, from the
formation of two nitrido complexes, each featuring a very
strong Mo—N bond. Further assistance comes from the elec-
tronic properties of the reactant complex, which is able to
channel electron density from the metal atom and its attend-
ant ligands directly into the antibonding orbitals of the coor-
dinated N,.

These sterically hindered, coordinatively unsaturated tran-
sition-metal complexes are also known to coordinate other
small molecules including N,, N,O, NO, CO, CN~ and
NCO7, as well as elemental phosphorus, sulfur, tellurium
and selenium.**?! Surprisingly, cleavage of the stronger N—
NO bond of N,O, in preference to the much weaker NN—O
bond, has also been reported.”**”! Further, quantum chemi-
cal calculations have established that the analogous tungsten
complex [W{N(R)Ar};] should be energetically better suited
to dinitrogen cleavage than the molybdenum complex. If, as
those theoretical studies suggest, other three-coordinate
metal complexes are indeed superior to [Mo{N(R)Ar};] in
their nitrogen-splitting ability, then there is a strong possibil-
ity that these coordinatively versatile complexes may well
be capable of breaking very strong bonds in other small
molecules, including perhaps CO itself, by a mechanism
analogous to that for N, cleavage. The present work exam-
ines this possibility.
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we turn to earlier work in
which a systematic study of M—
L bond strengths in model [L—
M(NH,);] complexes (L=N, C
and O), involving a wide range
of metals, oxidation states and
metal d” configurations, was conducted.’™ From this study
the strongest M—N, M—O and M—C bonds were calculated
for d°, d* and d* metals, respectively, and for isoelectronic
metals the bond energies were found to increase both down
a group and to the left of a transition period. In principle,
the results from this study allow the identification of metals
that give the most stable products on cleavage of the small
molecule L'=L2, as shown in Scheme 2, on the basis that the

nitrido
product

Ar(R)N N(R)Ar Ar(RIN N(R)Ar
AN JAN(R)Ar /. N(R)Ar
yM—L:L'—M'  — yMEL + =M

Ar(R)N Ar(R)N

Ar(R)N N(R)Ar Ar(R)N N(R)Ar

Scheme 2. The cleavage reaction of an heteronuclear diatomic molecule
L=L"

formation of strong M—L bonds in the [L—M(NH,);] product
is the thermodynamic driving force for the cleavage reac-
tion. Furthermore, the factors that influence the strength of
the M—L bond, such as M—L orbital overlap, also affect the
degree of activation of the bound small molecule in the in-
termediate dimer [(H,N);M—L—L—M'(NH,);]. The validity
of this approach was tested by comparing both the extent of
N, activation in the intermediate dimer and the barrier to
N, bond cleavage with the calculated [N—-M(NH,);] bond
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energies. A strong correlation was shown to exist in that a
concomitant increase in the calculated N—N bond length
and a general trend towards lower activation barriers were
observed with increasing M—N bond energy.

By assuming that the above approach applies to other di-
atomic molecules such as CO, we anticipate that metals that
give the strongest M—L' and M—L? bonds will be the most
suitable for binding and cleaving the small molecule L'=L2.
By using the results obtained from our earlier bond energy
study, we predict that three-coordinate complexes involving
Re™ and Ta™ will be best suited to cleaving the C—O bond,
with Re™ binding to carbon and Ta' to oxygen. With this
choice of metals, the overall enthalpy for the model reaction
[Eq. (1)] is calculated to be —467 kJmol™, which is consider-
ably more exothermic than the N, cleavage reaction carried
out with [Mo(NH,);] for which the reaction enthalpy is cal-
culated to be —335kJmol "
Accordingly, we now use densi-

for the model system. We have previously calculated the
structures of the reactants [Re™(NH,);] and [Ta™(NH,),]
and the products [C—Re(NH,);] and [O—Ta(NH,),].** Con-
sequently, the structural description that follows focuses on
the possible encounter complexes [OC-M"(NH,);] and
[CO-M"(NH,);] and intermediate dimer complexes
[(H,N);M"™-CO-M"(NH,);] arising from the different re-
actions.

Formation of the encounter complex: The reaction of
carbon monoxide with [Re"™(NH,);] or [Ta"(NH,);] leads to
four possible encounter complexes, [OC—Re™(NH,)],
[CO—Re™(NH,);], [OC-Ta™(NH,);] and [CO-Ta™(NH,),].
Selected structural data calculated for all four complexes
are given in Table 1 and the geometries of [OC—Re™(NH,)]
and [OC—-Ta™(NH,),] are shown in Figure 1.

Table 1. Selected geometrical parameters for the encounter complexes.

ty fun(fﬁonal methOdS to .eX' Encounter Bond lengths [A] Bond angles [°]
plore in detail the reaction complex Cco M-C/M-O M-N C-M-N/O-M-N M-C-O/M-O-C
pathway for the cleavage of CO  [0C-Re"(NH,),] 1.190 1.807 1.937 97 180
by the three-coordinate com- [CO-Re"™(NH,);] 1.181 1.932 1.936 92 180
plexes  [Ta"{N(R)Ar);] and [OC-Ta"(NH,] 1187 2.033 2.002,1.993,1.993 118,103, 104 172
[RCHI{N(R)AI‘}3] with NH, used [CO-Ta"™(NH,),] 1.188 2121 1.984, 1.996, 1.996 143, 88, 89 178
as a model for the bulky
N(R)Ar ligands. b
[Re™ (NH,)s] + [Ta™ (NH,)s] )
+CO — [C—Re(NH,);] + [0—Ta(NH,);] /T%
S=0 S=1
Results and Discussion Cav ~Cs

Although the combination of the asymmetric diatomic CO
and two different three-coordinate metal complexes can, in
principle, lead to a number of possible reaction pathways, in
this study we limit ourselves to metal-based reactions initiat-
ed by the terminal coordination of CO to the model com-
plexes [Re™(NH,),] or [Ta"™(NH,),].

In the first step, CO can react with either [Re"(NH,),] or
[Ta™(NH,);] to form the encounter complexes [OC-M"
(NH,);] or [CO-M"™(NH,);] (M=Re™ or Ta™). Formation
of the homonuclear [(H,N);M=M(NH,);] or heteronuclear
[(H,N);M=M'(NH,);] metal-metal-bonded dimer can be ex-
cluded on steric grounds as the bulky R groups in the exper-
imental N(R)Ar ligands prevent the metals from approach-
ing close enough to form a metal-metal bond. Once formed,
the encounter complex can potentially react with any re-
maining [Re™(NH,);] or [Ta™(NH,);] to form the intermedi-
ate dimer, [(H,N);M"™CO-M"(NH,)], with CO bridging
end-on between the two metals. If favourable, the C—O
bond will cleave to form the carbide [C—M(NH,);] and
oxide [O—M'(NH,);] products.

In the following sections we will discuss the resulting
structures and energetics for the different reaction pathways
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Figure 1. Optimized structures for a) [OC—Re(NH,);] and b) [OC—Ta-
(NH,);].

Both the carbon- and oxygen-bound encounter complexes
of Re™ are calculated to have C;, symmetry and spin singlet
ground states, whereas those involving Ta'" have spin triplet
ground states and approximately C; symmetry, with one of
the NH, ligands rotated by 90° around the Ta—N,4. axis.
The ligand rotation is the result of a Jahn-Teller distortion
due to the single occupancy of the doubly degenerate
HOMO involving the d,, and d,, orbitals on Ta™. In addi-
tion to ligand rotation, a distinct bending of the CO group
(% Ta-C-O=172°) is apparent in the structure of [OC—Ta"-
(NH,);].

The calculated enthalpies for the possible reactions (2),
(3), (4) and (5) are —277, 53, —153 and 6 kJmol™', respec-
tively.

[Re(NH,);] + CO — [OC—Re!(NH,),] (2)

[ReIII (NH2)3] +CO — [CO*Rem (NH2)3] (3)

Chem. Eur. J. 2007, 13, 42644272
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[TaIII (NH2)3] +CO — [OC*TaHI(NHZ)ﬂ (4)

[TaIII (NH2)3] +CO — [CO*Tam(NHz)s] (5)

The binding of CO through the carbon atom is clearly more
favourable for both Re™ and Ta™ with the formation of
[OC-Re™(NH,);] the most exothermic reaction. The en-
counter complexes involving CO coordination through the
oxygen atom are far less strongly bound as the reactions
leading to [CO—Re™(NH,),] and [CO—Ta"™(NH,),] are both
endothermic. Based on the calculated enthalpies, the domi-
nant encounter species are expected to be [OC—Re™(NH,),]
and [OC-Ta™(NH,),].

The potential energy surfaces for the binding of CO to
[Re™(NH,);] and [Ta™(NH,);] were explored further
through linear transits in which the metal-carbon bond
length was incremented and all other geometrical parame-
ters were optimised. The results for [OC—Re™(NH,);] and
[OC-Ta"(NH,),] are plotted in Figure 2. The linear transit
results for the formation of [CO—Re™(NH,);] and [CO—
Ta"(NH,),] are included in the Supporting Information.

With [Re"™(NH,),], the binding of CO initially occurs on
the triplet surface but crosses over to the singlet for Re—C
bond distances below 2.45 A. There is no barrier to this step
of the reaction in either spin state. The optimised singlet

a) [Re(NH)3] + CO

300 -
2001 o

100 -

-100 A

Energy / kJ mol-'

-200 -

-300 A

-400

14 16 18 20 22 24 26 28 3.0
rRe-C)/A

b) [Ta(NH;)3] + CO

400 1
300 A
200 -
100 A

0 A1

Energy / kJ mol-!

-100 +

-200 -

-300

14 16 18 20 22 24 26 28 30 32 34 36
nTa-C)/A

Figure 2. Linear transit results for the formation of the encounter com-
plexes [OC-M(NH,);] (M=Re", Ta™).
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species is the ground state as it is 146 kJmol ™ lower in
energy. With the Ta™ complex, CO initially binds on the sin-
glet surface, followed by spin crossover to the triplet. How-
ever, the singlet and triplet surfaces are similar in energy
and, since spin—orbit coupling is significant for third-row
transition metals, it is not possible to predict which is the
true ground state. As found for [OC—Re™(NH,),], there is
no barrier to the formation of [OC—Ta™(NH,);] in either
spin state.

To place the exothermicity of [OC—Re™(NH,);] and
[OC—Ta"™(NH,);] formation in a wider context, it is useful
to compare the present results with those obtained for the
much-studied N,/[Mo(NH,);] system.?»*! The uptake of N,
by [Mo(NH,);] to form [N,~Mo™(NHS,)] is exothermic by
only 71 kJmol™" with a small barrier to formation.*" In con-
trast, the uptake of CO by [Mo(NH,);] is calculated to be
exothermic by 152 kJmol™ with no barrier to formation.**l
On the basis of these calculations, we expect the formation
of [OC—Re"™(NH,);], [OC-Ta(NH,);] and [OC—Mo(NH,);]
to be more favourable than that of [N,~Mo"™(NH,),]. The
greater stability calculated for the CO encounter complexes
relative to their N, analogues is consistent with experimental
observations in that [OC—Mo{N(tBu)Ar};] has been isolated
whereas [N,~Mo{N(R)Ar};] has not yet been observed.!>?!

Formation of the intermediate dimer and products: In the
Re/Ta reaction, there are two dominant encounter com-
plexes, [OC—Re™(NH,);] and [OC-Ta"™(NH,),]. As either
complex can react with excess [Re™(NH,)] or [Ta™(NH,)],
then in principle four intermediate dimer species can form.
The main geometrical parameters calculated for the lowest
energy structure of each dimer are listed in Table 2 and the
structures of [(H,N);Re™-CO-Ta"(NH,);], [(H,N);Re"'-
CO—Re™(NH,)4], [(H,N);Ta"™-CO—-Re™(NH,);] and
[(H,N);Ta""-CO-Ta"(NH,),] are shown in Figure 3.

Except for [(H,N);Re™-CO-Ta"(NH,),], all dimers are
calculated to have singlet ground states and elongated C-O
bonds in the range of 1.21-1.31 A (cf. 1.128 A in free CO),
indicating significant C—O bond activation. Ligand rotation,
similar to that observed in the [OC—Ta(NH,);] encounter
complex, is also present in the optimised structures of
[(HN);Re"-CO—Re"™(NH,);] and [(H,N),Ta"-CO-Ta"-
(NH,);], as can be seen from Figure 3. The [(H,N);Re"—
CO—Re™(NH,),] dimer has a local trigonal axis at the rheni-
um centre bound to the carbon atom, but one amide ligand
on the other rhenium centre is rotated by 90°. The
[(H,N),Ta™-CO-Ta"™(NH,),] structure has one amide
ligand rotated at both metal centres and exhibits the most
elongated CO bond (1.306 A). The [(H,N),Ta"-CO—Re"-
(NH,);] dimer also has one ligand rotated at the tantalum
centre, but the coordination around the rhenium centre is
very different, with all three ligands lying approximately in
one plane giving rise to a pseudo-square-planar arrangement
if the CO ligand is included.

In contrast to the above singlet dimer structures, optimisa-
tion of [(H,N);Re"-CO—-Ta"(NH,),] in the singlet spin
state results in spontaneous scission of the C—O bond indi-
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Table 2. Selected geometrical parameters for the intermediate dimers.

21 kJmol™! higher in energy.

Intermediate dimer

Bond lengths [A]

Bond angles [°] Overall each reaction is ther-

C-O M-C M-O M-N (av) M-C-O M-O-C modynamically favourable, but
[(H,N);Re""-CO—-Re"(NH,);] 1.213 1.803 2.120 1.925 173 157 the final cleavage step for both
[(H,N),Re"™-CO-Ta"(NH,);] 1.350 1.807 1.950 1.954 140 135 [(H,N);Ta—CO—Re(NH,)] and
[(H,N),Ta"~CO—Re"(NH,),] 1.248 1.933 1.877 1.971 174 179 P .
[(H,N);Ta""—CO~Ta" (NH,),] 1306 1894 1854  2.000 168 170 [(H:N);Ta~CO~Ta(NH,);] s

endothermic with the products

a) [(H2N)3Re-CO-Ta(NH,)3]

N

¢) [(HoN)3Ta-CO-Re(NH,)5] d) [(Hz2N)3Ta-CO-Ta(NH3)3]

Tooe ool

)&

Figure 3. Optimised structures for the intermediate dimers [(H,N);M—
CO—M'(NH,);] (M, M’=Re™, Ta™).

b) [(HoN)3Re-CO-Re(NH,)s]

cating that the barrier to C—O bond cleavage is small or
non-existent for this complex. The structure of this dimer
(with a fixed CO bond length of 1.350 A), shown in
Figure 3, reveals that the ligand arrangement around the
Re™ centre is trigonal, but the coordination around the Ta™
centre is quite distorted with two ligands rotated. A triplet-
state structure for this dimer exists with a CO bond distance
of 1.241 A, but it is at least 20 kJmol ' higher in energy
than the singlet. The reaction profile involving this dimer is
discussed in more detail in the following section.

Consideration of all four dimers leads to the formation of
four possible products, [C—Re(NH,);], [O—Re(NH,);], [C—
Ta(NH,);] or [O—Ta(NH,);], on cleavage of the C—O bond.
We have previously calculated the structures and energies of
[C—Re(NH,);] and [O—Ta(NH,);].”* Singlet ground states
were obtained for [C—Re(NH,);], [O—Re(NH,);] and [O—
Ta(NH,);], whereas [C—Ta(NH,);] was found to have a trip-
let ground state. Both [C—Re(NH,);] and [O—Ta(NH,);]
were shown to have trigonal symmetry, whereas [O—Re-
(NH,);] has C, symmetry with one ligand rotated and [C—
Ta(NH,);] has no symmetry and two ligands rotated.

The calculated energies of the encounter complex, [OC—
M(NH,);], intermediate dimer, [(H,N);M—CO—M’'(NH,);],
and CO cleavage products, [CM(NH,);] +[OM'(NH,);], for
M and M’=Re™ or Ta™ relative to the energy of the reac-
tants, [M(NH,);]+CO+[M'(NH,);], are summarised in
Table 3 for the four possible reactions.

For each reaction, the intermediate dimer is calculated to
be more stable than the relevant encounter complex with
the exception of [(H,N);Re™-CO—-Re"(NH,);] which is
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Table 3. Calculated energies of the encounter complex, intermediate
dimer and products relative to the reactants for the reaction [M"-
(NH,):]+CO+ [M,III(NHz)s]H[OC—MIII(NH2)3] + [1\/1/”1(1\11'[2)3]H
[(HLN);M"'=CO-M""(NH,);]—[C-M(NH,);] + [O—M'(NHL)s].

Reaction M M’

Energy [kJmol™]

En. complex  Dimer Products
M—-CO M-CO-M'’  M-C+0-M’
6 Re™  Re™ 277 —256 —301
7 Re™ T 277 —316M —467
8 Ta™  Re™ 153 —237 -23
9 Ta™  Ta™  —153 —340 —189

[a] C—O bond fixed at 1.350 A as dimer undergoes spontaneous cleavage
of the CO bond.

approximately 215 and 150 kJmol ™, respectively, less stable
than the intermediate dimer. Thus, for these two dimers, C—
O bond cleavage is unlikely. Interestingly, both these cleav-
age reactions require the formation of the [OC—Ta"(NH,)]
encounter complex, whereas the reactions involving the
more strongly bound [OC—Re™(NH,);] encounter complex
have exothermic CO cleavage steps.

The energetic differences between the various reaction
pathways can be rationalised by considering the number of
d electrons on the metals and the stability of the products.
For [(H,N);Ta™"-CO—Ta"(NH,),] there is a total of four d
electrons on the metals which is two short of the six necessa-
ry to fill the o* and m* orbitals of CO and thus reductively
cleave the CO bond. Cleavage of the C—O bond in this
dimer is therefore unfavourable. For [(H,N);Ta™-CO-Re"-
(NH,);] there are six d electrons available to fill the CO an-
tibonding orbitals, but the Ta™-C and Re™-O bonds are
relatively weak as Ta"!(d*) and Re(d*) do not have the op-
timum d” configurations to bind strongly to the carbon and
oxygen atoms, respectively, and consequently the products
are not very stable.” In the case of [(H,N);Re'-CO—Re"-
(NH,);] there are two d* metal centres so there are excess
electrons to reductively cleave the CO bond. However, for a
d* metal, two of the d electrons in [O—M"™(NH,);] occupy
M-O antibonding orbitals and thus destabilize the products.
Analogous to [(H,N);Ta™"-CO—-Re™(NH,);], the reaction
involving [(H,N);Re™-CO-Ta"(NH,);] also has the neces-
sary six d electrons on the metals, but in this case Re"'(d*)
and Ta"(d?) have the optimum d" configurations necessary
to strongly bind carbon and oxygen atoms, respectively, re-
sulting in greater stabilization of the products.

The importance of the correct d” configuration on the
metal atom is further highlighted in the case of the
[Mo{N(R)Ar};] + CO reaction. Experimentally, although the
encounter complex [OC—Mo{N(tBu)Ar};] has been isolated,

Chem. Eur. J. 2007, 13, 42644272
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the reaction does not progress beyond this point and, conse-
quently, CO bond cleavage is not observed.?>?! This result
can be rationalised on the basis that although [(H,N);Mo"'—
CO-Mo"™(NH,),] is isoelectronic with [(H,N);Mo™-N,—
Mo"™(NH,);] and therefore has the required number of elec-
trons to cleave CO, Mo™ does not have the optimum d”" con-
figuration to form strong M—C and M—O bonds to suffi-
ciently stabilize the products.

Cleavage of the C—O bond: On the basis of the data in
Table 3, reactions (6) and (7) are both thermodynamically
favourable but this conclusion ignores any kinetic barriers
to the formation of the intermediate dimers or cleavage of
the C-O bond. To examine the reaction profile in more
detail and to obtain a measure of any kinetic barriers to M—
CO bond formation and C—O cleavage, linear transits were
performed on the intermediate dimers [(H,N);Re™—CO—
Re"™(NH,);,] and [(H,N);Re™-CO-Ta"™(NH,);]. Linear
transits were not undertaken for the dimer species involved
in reactions (8) and (9) because in both cases the intermedi-
ate dimer is the lowest energy species on the reaction path-
way and therefore cleavage of the C—O bond is energetical-
ly unfavourable.

The linear transit data for reaction (6), involving the bind-
ing of [Re"™(NH,);] end-on to [OC—Re"™(NH,);] and the
cleavage of the CO bond in the dimer, are included in the
Supporting Information. From this data, the barriers to the
formation of the intermediate dimer and cleavage of the CO
bond are approximately 30 and 93 kJmol™', respectively. As
the barrier to CO cleavage is significant and the overall
cleavage step is exothermic by 45 kJmol™, the Re™/CO/
Re™ system is clearly inferior to the Re™/CO/Ta™ system
discussed below and will be considered no further.

The linear transit curves for the formation of
[(H,N);Re™-CO-Ta"(NH,);] as a function of the {O—Ta""
(NH,);} bond distance are shown in Figure 4a. The initial
approach of [OC—Re™(NH,),] and [Ta™(NH,),] to form the
intermediate dimer occurs on the singlet surface. For inter-
mediate Ta—O distances between 3.0 and 2.2 A, the triplet is
the ground state, but below 22 A the singlet crosses the
triplet surface again and is lower in energy. As the Ta—O
distance falls below 2.2 A, the C—O bond cleaves and the
energy drops sharply by over 100 kJmol™. The dramatic
drop in energy and lack of a minimum for the [(H,N);Re™-
CO-Ta™(NH,);] dimer on the singlet surface indicates a low
barrier to C-O cleavage for this system. The barrier to
forming the intermediate dimer is approximately 20 kJ mol™!
if the system remains in the singlet state. However, given
that spin-orbit coupling is not insignificant for either Re'™
and Ta™, this barrier is likely to be even smaller.

The linear transit results for C-O bond cleavage in
[(H,N);Re™-CO-Ta"(NH,);] are shown in Figure 4b. For
the singlet surface, a smooth decrease in energy is observed
as the C—O bond length increases and consequently there is
no barrier to C—O bond cleavage in this spin state. The trip-
let surface exhibits a minimum for the dimer at approxi-
mately 1.25 A but this minimum is at a higher energy than
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Figure 4. Linear transit results for the formation of the intermediate
dimer [(H,N);Re—CO-Ta(NH,);] and cleavage of the C—O bond.
a) [OC~Re(NH,);] +[Ta(NH,);]—[(H,N);Re~CO~Ta(NH,);].
b) [(H,N);Re—CO—-Ta(NH,);]—[C—Re(NH,);] +[O—Ta(NH,);]. Energies
are given relative to the reactants.

the singlet curve except at unrealistically small C—O bond
lengths.

The overall reaction profile showing the relative energies
of the reactants, encounter complex, intermediate dimer and
products for the [Re(NH,);]/CO/[Ta(NH,);] reaction is plot-
ted in Figure 5. The approximate minimum-energy crossing
point for the encounter complex to intermediate dimer step
is also included. On the basis of Figure?2 through to
Figure 5, the main reaction proceeds as follows: CO binds
to triplet [Re™(NHS,);] without a barrier and is followed by
spin crossover to form the singlet encounter complex [OC—
Re™(NH,);], which is stabilized by 277 kImol ™ relative to
the reactants. This is followed by the binding of [Ta™(NH,),]
on the singlet surface to the oxygen terminus of CO with a
barrier of approximately 20 kJmol™". Spontaneous cleavage
of the C—O bond then occurs to form the singlet products
[C—Re(NH,);] and [O—Ta(NH,);] which are stabilized by
190 kI mol™ relative to the encounter complex. The low bar-
rier calculated for this pathway indicates that the reaction of
CO with [Re™(NH,);] and [Ta™(NH,);] should proceed
quickly. Given the large exothermicity and low barrier, the
reaction should be favourable for second-row transition
metals such as Nb"™" and Tc™ as well.

4269

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

R. Stranger et al.

A EUROPEAN JOURNAL

1007

< =100
—2001

~300 s=¢0 " __

Energy / kJ mol~

—400+

-5001 S=0
* barrier of ~20 kJ mol-!

Reactants Encounter Dimer
Complex

-600

Product

Figure 5. Overall reaction profile for the cleavage of CO by [Re"(NH,),]
and [Ta"(NH,);] through the reaction [Re"(NH,);]+CO +[Ta"-
(NH,);]—[OC-Re"(NH,);] + [Ta™(NH,);] - [(H,N);Re"'-CO-Ta'""-
(NH,)5]

—[C—Re™(NH,);] +[O—Ta"(NH,),]. Energies shown are relative to the
reactants. The barrier of 20 kJmol ' to the formation of the dimer is in-
cluded.

In the model calculations discussed above, the symmetry
of the {M(NH,);} fragment was not constrained. However,
in the experimental system, the size of the N(R)Ar ligands
may limit any distortion from an approximately trigonal ar-
rangement around the metal centre and thus affect the over-
all reaction energetics. For example, in a previous study of
the deoxygenation of R;PO and [ON—W(silox);] by [M-
(silox);] (M=V, Nb and Ta), steric factors were found to
play an important role in the size of the barrier to N—O and
P—O cleavage.! Calculations showed that the barrier to de-
oxygenation of Ph;PO was considerably greater when the
M—O-E geometry (E =Ph;P or [NW(silox);]) was constrain-
ed to be linear.

To examine the effects of symmetry constraints on the re-
action energetics, the formation of [(H,N),Re"'—CO—Ta"-
(NH,);] and subsequent cleavage of the CO bond were in-
vestigated with C; symmetry and a linear Re-CO-Ta core.
From these calculations, the barrier to dimer formation was
estimated to be 31 and 45 kJmol™" for the triplet and singlet
states, respectively, compared with 12 and 25 kJmol ™" for
the unconstrained calculations. Thus, symmetry constraints
only result in an increase in the barrier to dimer formation
of around 20 kI mol~'. The barrier to CO cleavage exhibits a
greater dependence on symmetry constraints. In the uncon-
strained case there is no barrier to CO cleavage, but when
C; symmetry is enforced, the barrier to C-O cleavage is cal-
culated to be 35 kImol™! and, in contrast to the unconstrain-
ed calculations, the intermediate dimer has a triplet ground
state.

Although trigonal (C;) symmetry constraints impose a
moderate barrier to CO cleavage, previous calculations on
[N,~(Mo{N(rBu)Ar};),] have shown that the bulky N-
(rBu)Ar ligands are free to rotate away from the C; symme-
try and that the Mo-N-N-Mo core is still able to bend slight-
1y.%! Since the [{Ar(fBu)N};Re—CO—-Ta[N(tBu)Ar};] struc-
ture should have similar flexibility, the C; barrier can be
considered the “worst case scenario”.

The effects of the full ligands on the reaction enthalpy
have been studied by using QM/MM methods for the cleav-
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age of N, by [Mo{N(tBu)Ar};]* and the cleavage of the N—
N bond in N,O by [Mo{N(tBu)Ar};].*" In all three cases,
the reaction enthalpy was found to decrease by 30-
40 kJmol ™! when the full ligands were included and the acti-
vation barrier to N—N cleavage by [Mo{N(rBu)Ar};] showed
an increase of 36 kIJmol~.* Based on these results and the
fact that the calculated barrier to CO cleavage in the model
system is less than the calculated value for the cleavage of
N, by [Mo™(NH,),], we expect that CO cleavage should be
facile at room temperature for the real system.

CO activation without cleavage: There is considerable inter-
est in the possible application of three-coordinate complexes
as catalysts for small molecule activation. Consequently, as
with the N, cleavage reaction, it may be advantageous to
weaken the C-O bond while bound in the intermediate
dimer but not to cleave it. This approach would allow
chemistry to be performed directly on activated CO rather
than on the strongly bound carbide and oxide cleavage
products that essentially act as a thermodynamic sink pre-
venting regeneration of the reactants in any catalytic pro-
cess. The d°d®> dimeric complex [{Ar(R)N};Mo(u-
N,)Nb{N(R)Ar};], which has been structurally character-
ized® and its N, cleavage reaction investigated by density
functional methods,® serves as a useful prototype in this
context. This complex exhibits a significantly activated N—N
bond of 1.235 A (cf. 1.105 A in free N,), but does not under-
go N, cleavage as it is one electron short of the six electrons
necessary for the full reductive cleavage of dinitrogen.

Applying the above approach to CO activation requires
the replacement of either the d* Re™ centre bound to the
carbon atom with a d® metal such as Mo™ or W, or the re-
placement of the d* Ta centre bound to the oxygen atom
with a d' metal such as Nb™ or Hf'. However, on the basis
of previous work,™! the M—O bond energies exhibit greater
variation with d” configuration than the M—C bond energies
and therefore it is preferable to replace Re™ with W™ and
thus investigate the intermediate dimer [(H,N);W™-CO—
Ta™(NH,);]. Calculations on [(H,N);W"-CO-Ta™(NH,);]
show that this complex does indeed possess a significantly
activated C—O bond of 1.311 A (cf. 1.128 A in free CO),
even greater than the CO bond of 1306 A in the
ditantalum(IIT) dimer. Furthermore, the actual cleavage step
to form the [C—W(NH,);] and [O—Ta(NH,);] products is cal-
culated to be endothermic by over 68 kJmol. Thus, at
lower temperatures, at which the barrier to CO cleavage is
unlikely to be overcome, this complex seems well suited to
performing activated CO chemistry.

Conclusion

Our analysis of the reaction involving [Re(NH,);], [Ta-
(NH,);] and CO shows that only two pathways are viable
thermodynamically. For the reaction involving [(H,N);Re"'-
CO—-Re"(NH,),], a barrier of approximately 30 kJmol™! in-
hibits the formation of the intermediate dimer from [OC—
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Re™(NH,);] and [Re™(NH,);], and an even larger barrier of
93 kJmol™' impedes cleavage of the C—O bond once the
dimer is formed. Although these barriers are not insur-
mountable, the second reaction involving the formation of
[(H,N);Re™-CO-Ta"(NH,);] from [OC—-Re™(NH,);] and
[Ta™(NH,),] has a maximum barrier of only 20 kJmol™" and
the CO cleavage step is barrierless. Furthermore, the overall
reaction is more exothermic by over 160 kJmol'. Conse-
quently, we anticipate that the reaction involving the forma-
tion of [(H,N);Re™-CO-Ta"™(NH,);] will be the more sig-
nificant pathway. Although other reactions involving the
binding of CO to [Ta™(NH,);] to form [OC—Ta"(NH,),] are
not capable of cleaving CO, they do lead to the formation of
stable dimer species. However, it should be possible to mini-
mise the formation of these complexes by controlling the re-
action conditions, for example, by adding [Ta™(NH,),] after
the formation of [OC—Re™(NH,)].

In contrast to the above CO cleavage reaction involving
[(H,N);Re"-CO—-Ta™(NH,),], the analogous cleavage of N,
by [Mo"(NH,),] has a significantly higher cleavage barrier
of 66 kJmol™' and the overall reaction is less exothermic by
132 kImol 1. The cleavage of CO by [Re"(NH,);] and
[Ta™(NH,),] is therefore considerably more favourable from
both a thermodynamic and a kinetic viewpoint. Given that
the cleavage of N, by three-coordinate [Mo{N(R)Ar};] has
been observed experimentally,'”*! we anticipate that the
CO cleavage reaction described above will proceed even
more rapidly.

Computational Details

The calculations carried out in this work were performed using the Am-
sterdam Density Functional (ADF)*'! program (2002.03 and 2004 ver-
sions) running on either Linux-based Pentium IV computers or the Aus-
tralian National University Supercomputing Facility. All calculations
were performed using the local density approximation (LDA) to the ex-
change potential, the correlation potential of Vosko, Wilk and Nusair
(VWN),l the Becke!®! and Perdew!“”! corrections for non-local exchange
and correlation, and the numerical integration scheme of te Velde and
Baerends.*’! Geometry optimisations were performed using the gradient
algorithm of Versluis and Ziegler.*®! All electron, triple- Slater-type or-
bital basis sets (TZP) with polarisation functions were used for all atoms.
All calculations were carried out in a spin-unrestricted manner. Relativis-
tic effects were incorporated using the zero-order relativistic approxima-
tion (ZORA).*-!) Minima were confirmed by the absence of any imagi-
nary frequencies, the latter being computed by numerical differentiation
of energy gradients in slightly displaced geometries. The energies of opti-
mised structures were corrected for zero-point vibrational energy. The
convergence criteria for geometry optimisations were 107> hartrees for
energy and 1072 hartrees A~ for gradient. SCF convergence was set at
107°. The integration parameter, accint, was set to 4.0 for geometry opti-
misations and to 6.0 for frequency calculations.
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