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A Molecular Orbital Rationalization of Ligand Effects in N, Activation

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

Abstract: Molecular orbital theory has
been used to study a series of [(u-N,)-
{ML;},] complexes as models for dini-
trogen activation, with M=Mo, Ta, W,
Re and L=NH,, PH,, AsH,, SbH, and
N(BH,),. The main aims of this study
have been to provide a thorough elec-
tronic analysis of the complexes and to
extend previous work involving molec-

diagrams have been used to rationalize
why for L=NH, ligand rotation is im-
portant for the singlet state but not the
triplet, to confirm the effect of ligand m

Keywords: density functional calcu-
lations - ligand rotation - molecular
orbital theory - nitrogen activation -
reaction mechanisms

donation, and to rationalize the impor-
tance of the metal d-electron configu-
ration. The outcomes of this study will
assist with a more in-depth understand-
ing of the electronic basis for N, activa-
tion and allow clearer predictions to be
made about the structure and multi-
plicity of systems involved in transi-
tion-metal catalysis.

ular orbital analyses. Molecular orbital

Introduction

The activation of the nitrogen molecule in the laboratory re-
mains an important and popular problem in science due to
the intellectual challenge and the significant industrial bene-
fits that would flow from a mild low-cost process."?) One
promising avenue is the use of three-coordinate molybde-
num complexes, and the mechanism of the Mo"-promoted
N, bond cleavage reaction has been extensively studied by
experimentalists®™ and theoreticians’®® during the past
decade. As shown in Figure 1, the proposed mechanism of
the reaction includes the initiation step via the end-on coor-
dination of N, to a quartet molybdenum reactant followed
by an intersystem crossing process from the quartet to the
doublet surface. The system then involves the coupling of
the doublet encounter Mo complex with a second molybde-
num reactant, giving rise to the triplet dinuclear intermedi-
ate [(u-N,)(MoL;),]. Finally, the N, bond cleaves via the sin-
glet transition state shown in Figure 1 preceded by a spin
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flip from the triplet to the singlet state. The calculations
showed that the stability of the singlet (u-N,)(MoL;), rela-
tive to the triplet analogue mainly depends on the nature of
the ancillary ligands L. In general, the stronger the s-donat-
ing capability of L, the smaller the triplet-singlet energy gap
of [(u-N,)(MoL;),], and consequently, the smaller the rate-
determining barrier./®5*)

The theoretical studies on the [(u-N,){Mo(NH,);},] inter-
mediate were also applied to investigate the dependence of
the energy of the intermediate on the NH, ligand orienta-
tion around the Mo metal centers. Two different structures
with D, and C,, symmetries were found for the triplet inter-
mediate. The D;, form having trigonal symmetry around
each metal was calculated to be approximately 4 kImol™
higher in energy than the C,, form having one NH, ligand at
each Mo metal center rotated by 90°. In comparison, the
energy difference between the Ds;; and C,, forms is much
more pronounced for the singlet intermediate [(u-N,){Mo-
(NH,);},]. The singlet C,, form was found to be 56 kJmol
more stable than the singlet D;;, form. The calculations at
the BP86 level revealed that the ligand rotation brings the
singlet Cy;, form 13 kJmol ™! below the triplet D, form.!”

In addition, the replacement of one of the d*> Mo metal
centers with the d*> Nb metal center yielded some interesting
results. Contrary to the very small singlet—triplet energy gap
reported for the Mo™Mo™ intermediate, the corresponding
doublet-quartet energy gap for the Mo™Nb™ intermediate
was calculated to be substantially large. Christian and Stang-
er calculated a value of 132 kJmol™ in favor of the dou-
blet.""! The NH, ligand rotation also plays a crucial role in

WWILEY

) InterScience’

6119



CHEMISTRY—

A EUROPEAN JOURNAL

2 //Mo\+ N,

quartet  singlet

i 0

) N
Mo + Mo
-7 ~7 Mo, + Mo
7N TN AN 7N
quartet quartet doublet

quartet

Energy

Il
//I\/Io\

triplet

singlet

Figure 1. Potential energy surface for reaction of N, with 2 MoLs.

stabilizing the doublet Mo™Nb™ intermediate. The calcula-
tions showed that the doublet intermediate bearing the ro-
tated NH, ligands is 47 kJmol ' more stable than the corre-
sponding non-rotated intermediate.”

The main purpose of the present study is to theoretically
rationalize why the NH, rotation is an important process for
the stabilization of the singlet Mo™Mo™ intermediate and
not the triplet analogue. The dependence of the triplet—sin-
glet energy gap on the d-electron configuration of the metal
center has been examined by performing additional calcula-
tions on the model intermediates [(u-N,){M(NH,);},] for
M=Ta, W, and Re. The effect of the ancillary ligand L on
the triplet-singlet energy gap of [(u-N,)(ML;),] has also
been investigated. Overall this paper addresses the depend-
ence of the structure and multiplicity on the transition metal
and its ligands and allows rational predictions to be made.

Results and Discussion

n-Donor ability of L: Calculations™ were carried out start-
ing with the triplet and singlet states of [(u-N,)(MoL;),],
where L=NH,, PH,, AsH,, SbH,, and N(BH,),.'"¥) The n-
donor ability of L decreases from N to Sb. In each case, we
have used non-rotated species as the starting points of the
geometry optimizations. N_X is the nomenclature used for
the studied species where X =S stands for singlet, X=D for
doublet, X=T for triplet, and X=Q for quartet spin states.
The results given in Figure 2 show that the singlet form for
L=NH, and PH, is more stable than the corresponding trip-
let, whereas for L=AsH,, SbH,, and N(BH,), the triplet
form is more stable. It follows from this result that, as ex-
pected, the triplet-singlet energy gap is mainly reliant on
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the m-donating capability of L.
Apparently the strong mt-donor
ligands enhance the stability of
the singlet form relative to the
triplet form. A comparison of
the frontier molecular orbi-
tals*®1] for the singlet and
\ y triplet forms provides insight
Mo— into the origin of this issue.
Figure 3 shows an MO diagram
Va for interactions between va-
M lence orbitals of N, and in- and
out-of-phase combinations of

d-valence orbitals of two Mo-

(NH,); units. Note that the

lowest energy valence orbital

of N, is not shown. In addition,

nl and n2 have a weak stabi-

ITI lizing interaction with the
metal d orbitals, but they
singlet remain essentially as s orbitals
on N, and are omitted from

the central part of the diagram

L L

\ sl
/,Mo—N:N—Mo
L L/ \L
L Species  AFg.r
[kJ mol™]
NH, 1 -11.7
PH, 2 -1.7
AsH, 3 506
SbH, 4 52.7
N(BH,), 5 59.8

Figure 2. Singlet—triplet energies for a variety of ligands L.

for clarity. The occupied MO1 and MO2 orbitals are primar-
ily derived from interaction of the out-of-phase combination
of d, orbitals with 02 on N,, and of in-phase combinations
of d,? orbitals with 03 on N,, respectively. The d,,—d,, and
dy,—d,, orbitals combine with the unoccupied w1* and m2*
orbitals, respectively, forming the degenerate MO3 and
MO4 orbitals. The in-phase combinations of d,, (d,, + d,,)
and d,, (dy, + d,,) orbitals are slightly destabilized due to
the repulsive interaction with the low-lying occupied w1 and
n2 orbitals on N,. In the triplet dinuclear intermediate [(u-
N,)(MoL;),], the MOS5 and MOG6 orbitals are degenerate
and singly occupied (Figure 3). This indicates that, without
taking into account the ancillary ligand L, the triplet form
should be electronically far more favorable than the singlet.
Therefore, we can say that the singlet species 3_S, 4_S, and
5_S are higher in energy than their triplet counterparts as a
result of the violation of Hund’s rule.

Rotation of L—singlet case: The most important question
now is why the dinuclear intermediates [(u-N,)(MoLs),]
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Figure 3. a) Schematic orbital correlation diagram showing the o and & interactions between the valence orbi-
tals of 2MoL; and N, for [(u-N,){ML;},]. b) Spatial plots of the molecular orbitals MO1-MO6 for the model

complex [(p-No){M(NH,)s},].

with the strong m-donor ligands can violate Hund’s rule and
yet be more stable than their triplet counterpart. An analy-
sis of the interaction between the Mo metal centers and the
L ligands provides an excellent probe for understanding of
this issue. As mentioned above, the NH, ligand rotation at
each Mo metal center by 90° plays a crucial role in stabiliz-
ing the singlet intermediate [(u-N,){Mo(NH,);}]. Indeed, the
ligand rotation provides the best orientation for the nitrogen
lone pair electrons to interact with the Mo d,, orbitals. The
in-phase combination of the lone pair orbitals (nl) pushes
up MO3 in energy (Figure 4), enhancing metal-to-N, charge
transfer and leading to an increase in N, activation. This
pull-push interaction builds up the electron density in the
N, p, orbitals more than in the N, p, orbitals, yielding a
zigzag arrangement for the singlet state of [(u-N,){Mo-
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(NH,);}] (1_S in Figure5). A
NBO analysis shows that the
N, p, orbital populations
(2434 ¢) is 0.102 larger than
the N, p, orbital populations
(2.332¢). The out-of-phase
combination of the lone pair
orbitals (n2) in the singlet in-
termediate is stabilized by in-
teraction with the unoccupied
MOS5 orbital (Figure 4). This
interaction is accompanied by
a slight shortening of the Mo—
N3 and Mo—N6 bond lengths,
due to an increase in the
strengths of the Mo—N3 and
Mo—N6 bonds (Figure 5). It
can also be clearly seen from
Figure 5 that the rotation also
leads to a shortening of the
Mo—N1, Mo—N2, Mo—N4, and
Mo—NS5 bonds, indicating a sta-
bilization of all the Mo—N
bonds. The orbital interaction
diagram shown in Figure 6 ex-
; plains why the rotation
‘e ; strengthens the four Mo—N
Qo eg bonds. In the non-rotated in-
an termediate, there is a competi-
Py tion between the lone pair
MO3 electrons of the three nitrogen
o atoms at each Mo metal center
¢ LN to interact with the empt
y
“ a ﬁi de_y» and d,, orbitals of Mo.

s This feature leads to a dilution

£ e of the Mo—N bonding interac-

MO tions. The relevant rotation
turns off the competition and
facilitates charge transfer from
the remaining two nitrogen
atoms to Mo, making the Mo—
N bonds stronger. Therefore
the stronger Mo—N bonds in 1_S can compensate for the de-
stabilization effect of the Columbic repulsion between the
two electrons in orbital MO6, giving rise to higher stability
of 1_S relative to 1_T.

To support the argument that the rotated NH, ligand en-
hances the charge transfer from the lone pair electrons of
NH, moieties to the Mo metal centers, we performed partial
geometry optimizations on the singlet intermediate by fixing
the dihedral angles listed in Table 1. The results of the calcu-
lations show that the NH, rotation from =90 to 10° brings
about a significant destabilization (43.9 kImol™). The at-
tempts to locate a structure with 6=0° were unsuccessful.
The lone pair orbital population of NH, (obtained from
NBO analysis) gradually increases as the dihedral angle 6
decreases. There exists a very good correlation between the

N=N
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Figure 4. Schematic orbital correlation diagram showing the m interac-

tions between the valence orbitals of the MoN,Mo fragment and the in-
phase and out-of-phase combinations of the rotated NH, fragments.

N6 1.957
1970

N2™ N1
1204 8

1.957
Mo1
Mo2 N8 1.881

1.957 1.881 1.970

N4 N5 O\ N3

1.957
1S

N6
1.979 1'97U2 N1

1.189
1.979
Mo1

1 575 102, BT
N4 Ng\‘ 1.979
1.979 N3

N5

1.965

1.965

1.192 Qz

g-Mo2 N8 N7
1.903 1.903

D
1,989
1.989 N4‘\

1.965 N3

NT ) os
MoT~—"

Ir T
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relative energy of partially optimized structures and the
averaged population of the lone pair orbital of the NH, moi-

6122

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

d 22 d 72 2
| .
N3 TB
I‘\Illo Mo
P PN
N1 N2 N1 N2_
Y v \4 RS

Non-rotated intermediate Rotated intermediate

Figure 6. Interaction of ligand and metal orbitals in rotated and non-ro-
tated intermediates.

eties. The largest HOMO-LUMO gap is calculated for the
structure with 6=90°, whereas the smallest is calculated for
the structure with 6=10°. On the basis of the molecular or-
bital diagram given in Figure 4, one can expect that the NH,
rotation is able to further destabilize the LUMO, giving the
larger HOMO-LUMO gap. The larger the HOMO-LUMO
gap, the greater the stability of the singlet intermediate rela-
tive to the triplet. The stronger push—pull m-interactions in
the structures with larger dihedral angle 6 (Figure 4) are
also capable of enhancing the metal-to-N, charge transfer as
evidenced by the smaller N, partial charges as well as the
longer N—N distances (Table 1).

Rotation of L—triplet case: Consistent with the previously
detailed theoretical studies,'® the rotation of a NH, ligand
at each metal center of 1_T results in a structure (1r_T,
Figure 5) lying 13.8 kJmol ! below 1_T. This result reflects
the much lower sensitivity of the triplet non-rotated inter-
mediate to the ligand rotation as compared to its singlet an-
alogue. The Mol—-N1, Mol-N2, Mo2—N4, and Mo2—-N5
bond lengths in 1r_T are 0.014 A shorter than those in 1_T,
whereas the Mol—N3, and Mo2—N6 bond lengths in 1r_T
are 0.010 A longer (Figure 5) (although these changes in
bond length are probably within the error margin of the cal-
culations). The averaged population of the lone pair orbitals
of N1, N2, N4, and N5 in 1r_T (1.578) is 0.043 less than that
in 1_T (1.621), whereas the average for N3 and N6 in 1r_T
(1.653) is 0.031 more. These results imply that the ligand ro-
tation causes an increase in the charge transfer from NI,
N2, N4, and N5 to Mo, whereas it causes a decrease in the
charge transfer from N3 and N6 to Mo. Therefore, the
Mol1—N1, Mol1—N2, Mo2—N4, and Mo2—NS5 bonds in 1r_T
become stronger than those in 1_T, whereas the Mo1—N3,
and Mo2-N6 bonds in 1r_ T become weaker. From this
comparison, one may conclude that the strengthening of the
Mol1—N1, Mol1-N2, Mo2—N4, and Mo2—N5 bonds in 1r_T is

Chem. Eur. J. 2008, 14, 6119-6124


www.chemeurj.org

Ligand Effects in N, Activation

Table 1. Relative energy, HOMO-LUMO gap, the averaged population of the lone pair orbitals of N3 and N6
(Pop 1), the averaged population of the lone pair orbitals of N1, N2, N4, and N5 (Pop 2), N, NBO charge, and

N—N bond length with a variety of dihedral angles 6.
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drop of the singlet energy in
the Ta™Ta™ and Re™Re™ sys-
tems. For the singlet Ta™Ta™

1H - 0°

0° = H7-N4-Mo2-N8 1o \N{Hﬁs H1-N1-Mo1-N7 T systems, the MO3 and MO4 -
180° = HEN4-MozNg 11H,\N6 gy HZN1-MoT-N7 o bonding orbitals correspond to
0° = HO-N5-Mo2-N8 \M02—N_N— MO/ H3-NZ-Mo1-N7 = the HOMO. In the case of the
180° = H10-N5-Mo2-N8 1OH\N5’] A N 180 triplet, one of these electrons
0 = H11-N&-Mo2-N8 oH” s N\3 HE-N3-MoT-N7 = 0 is forced into one of the high
180°-6 = H12-N6-Mo2-N8 e }-|7 He HE-N3-Mo1-N7 = 180°-60 lying unoccupied orbitals with
- an antibonding character, re-

0[°] Relative HOMO-LUMO Pop 1 Pop 2 N, NBO N—N bond . . . .
R sulting in the much higher in-
energy gap [eV] charge length [A] e 1
[kImol ] stability of 6_T (195.1 kImol™)

-1

90 0.0 1.776 1.585 1.579 +0326 1.198 and 7T (15&7ka ngl(’l ). For
80 1.6 1.774 1.588 1.580 +0.332 1.198 the singlet Re™"Re™ systems,
70 6.2 1.771 1.591 1.582 +0.346 1.197 the doubly occupied MOS and
o 0 1729 lan 10 toam e MO orbilals correspond to
40 26.9 1.654 1.607 1.595 +0.448 1.193 the HOMO. The l}f’wfﬁ stability
30 323 1.570 1.609 1.600 +0475 1.192 of the triplet Re"'Re™ systems
20 37.6 1.455 1.611 1.604 +0.500 1.192 relative to their singlet coun-

able to counterbalance the weakening of the Mol—N3, and
Mo2—N6 bonds, giving rise to a comparable stability for 1_T
and 1r_T. A crucial reason for the weakening of the Mol—
N3, and Mo02—N6 bonds in 1r_T can be attributed to the
single occupation of orbital MOS5_a having a Mo—N m-anti-
bonding character (Figure 4).

Metal electronic configuration (d* vs. d* vs. d* vs. d'): We
also considered model systems [(u-N,){MLs},] with M =Ta,
W, and Re (L=NH,, AsH,) to elucidate the effect of metal
electron configuration on the triplet-singlet energy gap
(Figure 7). As with the Mo systems, the stability of the sin-
glet form of [(u-N,){WL;},] relative to its triplet is primarily
ligand-dependent. For example, the 8_S structure is
31.1kIJmol™! more stable than 8 T, while 9 S is
24.0 kJmol ! less stable than 9_T. Interestingly, for the d*d?
Ta™Ta™ and d‘d* Re™Re™ systems, irrespective of whether
the L ligand is a strong or weak m-donor, the singlet struc-
ture is lower in energy than the corresponding triplet ana-
logue. The MO diagram given in Figure 3 explains the large

L L
fM-N:N—M” .
L'L/ L
L  Species AEgr
[kJ mol™]
M=Ta | NH, 6 -195.1
& AsH, 7 -158.
& AsH, 9 24.0
& lAasH, 11 -28.2

Figure 7. Singlet—triplet energies for a series of transition metals.
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one electron from a weakly an-

tibonding orbital to a signifi-
cantly antibonding orbital, but as expected this has a lesser
effect on the relative energy than moving an electron from a
bonding to antibonding orbital as in the Ta™Ta™ case.

Since both the MOS and MOG6 orbitals are unfilled in the
singlet form of [(u-N,){Ta(NH,);},], it was found that only
the rotated form (6_S) corresponds to a minimum on the
potential energy surface (PES) (Figure 8). On the contrary,
the results of our calculations show that the singlet non-ro-
tated form of [(u-N,){Re(NH,)s},] (10n_S) forms a stable
minimum on the PES. This conformer lies only 7.8 kJmol ™
above the rotated singlet form of [(u-N,){Re(NH,);}]
(10 S). The formation of 10_S is relatively disfavored by the
repulsive interaction derived from the double occupancy of
MO5_a (Figure 4). The effect of the repulsive interaction in
10_S is clearly evidenced by the calculated N3-Mo1-N7 and
N6-Mo2-N8 bond angles, which are significantly larger by
18.1-43.7° than in 10n_S and 6_S (Figure 8). In other words,
the N3-Mo1-N7 and N6-Mo2-N8 angles in 10_S are widened
to avoid the four-electron repulsion.

For completeness, we also calculated the triplet-singlet
energy gap in a d'd' model system with N, bridging end-on
between two HfL; (L=AsH, and NH,). Our calculations on
[(u-Ny){HfLs},] predict a triplet ground state for these sys-
tems, with triplet-singlet energy gaps of 44.2 kJmol™' for
L=NH, and 40.5 for L= AsH,. In [(u-N,){HfL5},], the high-
est occupied molecular orbitals MO3 and MO4 are degener-
ate and singly occupied. This degeneracy means that there is
a strong preference for the triplet form to be the ground
state for [(u-N,){HfLs},].

Some comments about the d*d> Mo™Nb™ system: As men-
tioned in the Introduction, the doublet form of
[(NH,);MoN,Nb(NH,)] is 132 kJmol ' more stable than its
quartet counterpart.’! The lower stability of the quartet
state in the d°d*> Mo™Nb'™ system is conveniently related to
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119.2 N1 N2
’\ 1,293N7 Ta1 1.997
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1.937
N4 W
N3
10n_S
N6 54 1.922 Ni s
’\ 1.156 iy
Re2 N8 N7 Ret *~
1.941 5
N5 1.934
N4 N3
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Figure 8. Selected structural parameters [A, °] calculated for the species
6_S,10n_8S, 10_S.

the depopulation of the mn-bonding orbitals shown in
Figure 5. The previous experimental’” and theoretical
studies showed that the rotation of one amide ligand at the
Nb moiety is much more important than at the Mo moiety.
This behavior is understandable if one inspects the frontier
orbitals of [(NH,);MoN,Nb(NH,);]. It should be noted that
the orbitals shown in Figure3 for the case of
[(NH,);MoN,Nb(NH,);] are somewhat different from
[(NH,);MoN,Mo(NH,);]. The MOS and MOG6 orbitals in the
Mo™Nb" system are unsymmetrical in that the d orbitals of
Nb contribute more to these molecular orbitals than the d
orbitals of Mo. On the basis of Mulliken population analy-
ses, ™! the percentage contributions of Nb and Mo in MOS5
are calculated as 41 % and 36 %, respectively, and in MOG6
42% and 35 %, respectively. A reverse order is found for
MO3 and MO4; 17% for Nb versus 40% for Mo in MO3
and 12% for Nb versus 31 % for Mo in MO4. This can be

explained in terms of the different energy levels of the fron-
tier orbitals in Nb(NH,); and Mo(NH,);. Because the d orbi-
tals of Nb(NH,); are higher in energy than those of Mo-
(NH,), the Nb d,, and d,, orbitals contribute much more to
MOS5 and MO6 but much less to MO3 and MO4. A greater
contribution of Nb to MOS5 leads to a better interaction be-
tween the rotated amide ligand and Nb, making the rotation
more pronounced at the Nb moiety.
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