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To elucidate (i) the phzsicochemical properties of the { (17°-CsMes) [Ta" ] (i-Pr) C(Me)N(i-Pr) },(u-17" ' -N,), I, [Ta™V ], (u-17" ' -Ny),
and {(17°-CsMes)[Ta"](i-Pr) C(Me)N(i-Pr) }, (u-N),, 1L, [Ta"],(u-N),, complexes; (ii) the mechanism of the I — II isomeriza-
tion; and (jii) the reaction mechanism of these complexes with an H, molecule, we launched density functional (B3LYP) studies of
model systems 1, 2, and 3 where the CsMe; and (i-Pr) C(Me)N(i-Pr) ligands of I (or IT) were re})laced by CsHs and HC(NCHs),,
respectively. These calculations show that the lower-lying electronic states of 1, [Ta""],(u-n":17'-N,), are nearly degenerate open-
shell singlet and triplet states with two unpaired electrons located on the Ta centers. This finding is in reasonable agreement with
experiments [J. Am Chem. Soc. 2007, 129, 9284—9285] showing easy accessibility of paramagnetic and diamagnetic states of I. The
ground electronic state of the bis(u-nitrido) complex 2, [Ta"],(u-N),, is a closed-shell singlet state in agreement with the
experimentally reported diamagnetic feature of II. The 1-to-2 rearrangement is a multistep and highly exothermic process. It occurs
with a maximum of 28.7 kcal/mol free energy barrier required for the (-17":7'-N,) — (u-1>:7*>-N,) transformation step. Reaction
of 1 with H, leading to the 1,4-addition product 3 proceeds with a maximum of 24.2 kcal/mol free energy barrier associated by the
(u-n":17"-N,) — (u-7*:17"-N,) isomerization step. The overall reaction 1 + H, — 3 is exothermic by 20.0 kcal/mol. Thus, the
addition of H, to 1 is kinetically and thermodynamically feasible and proceeds via the rate-determining (u-"m"-N,) = (u-1"n"-N,)
isomerization step. The bis(u-nitrido) complex 2, [Ta"],(u-N),, does not react with H, because of the large energy barrier
(49.5 kcal/mol) and high endothermicity of the reaction. This conclusion is also in excellent agreement with the experimental

observation []. Am Chem. Soc. 2007, 129, 9284—9285].

1. INTRODUCTION

Reduced nitrogen is an essential component of nucleic acids
and proteins. A major fraction of all the nitrogen required for
human nutrition is still obtained by biological nitrogen fixation."
The industrial analog of this process, in terms of N=N triple
bond utilization, is the old Haber—Bosch process.” Fixation of
N, by H, in this heterogeneous catalytic process occurs via the
formation of atomic nitrogen and hydrogen on the surface (via
the on-surface atomization of the N, and H, molecules) followed
by the addition of H-atoms to the coordinated nitrogen to form
ammonia.’ The atomization of N, on the surface was shown to be
a slow step of the entire catalytic cycle. Empirically it has been
found that the presence of potassium ions in the catalyst
improves the efficiency of the process and is believed to promote
the N=N triple bond activation.®
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While the heterogeneous Haber—Bosch catalyst is robust, it
operates at high temperature and pressure, and is less energy- and
atom-efficient. Therefore, it is of utmost necessity to find a
soluble homogeneous version of the Haber—Bosch process that
will (a) be more energy- and atom-efficient, (b) occur at milder
experimental conditions, and (c) be amenable to detailed study
and optimization. To this end, extensive studies* >* have led to
the discovery of many fascinating new classes of homogeneous
reactions involving the nitrogen molecule as a substrate.

One of such processes is the N=N triple bond cleavage followed
by utilization of the resulting metal-nitrido species in subsequent
steps.”' Another one is a coordination of dinitrogen molecule to
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transition metal center and functionalization of the activated
N=N bond in various ways. Extensive experimental®”*~'” and
theoretical®'® 2 studies have established that the N, molecule
coordinates to transition metal center(s) via several modes (see
Chart 1), and the N=N bond activation and utilization mostly
correlates with its coordination mode and the elongation of the
N=N bond.

In a majority of reported monotransition metal dinitrogen
complexes, the N, molecule is coordinated to the metal center
in end-on (17') manner, which can be utilized (for example, be
converted to ammonia) mainly via the Chatt mechanism (i.e.,
via multiple protonation and reduction steps). However, in
dinuclear transition metal complexes the N, molecule can
coordinate to transition metal centers in multiple ways: side-
on (u-n*;*-manner), side-on-end-on (u-17*:%"-manner), end-
on (u-n":n'-manner), and zigzag. Furthermore, the side-on (u-
n*;*) or side-on-end-on (u-n*y') coordination of N, to
transition metal centers leads to a more significant elongation
and activation of its N=N bond, mostly because of the strong
back-donation from d_,-orbitals of the transition metal(s) to the
or* orbital of N—N bond. A stronger M—N,, interaction and
significant N=N bond activation in these complexes facilitates
direct hydrogenation of the nitrogen molecule. There exist a
few exceptions; for example, N, ligand in [(5°-CoHs-1-"Pr-3-
Me),Zr-NaX],(N,) (where X = Cl, Br and I) reported by
Chirik and co-workers'” is sandwiched between the Zr centers
in the end-on fashion, but easily undergoes hydrogenation by an

H, molecule. However, close examination shows that in this
complex the N, ligand is also sandwiched between two Na
centers in the side-on fashion. The existence of the Na-
(u-n7*:m*)-Na bonding framework in this complex significantly
contributes to activation of the end-on (relative to Zr centers)
coordinated N, molecule. It is noteworthy that in this complex
the Na ion most likely plays the same role as the potassium ion
in the famous Haber—Bosch catalyst.

In spite of all the above-mentioned developments, the
understanding of reactivity of transition metal-dinitrogen com-
plexes still remains the focus of many research groups. In this
aspect, a recent report by Sita and co-workers'> on physico-
chemical properties and reactivity of the end-on-bridged
{(17°-CsMes)[Ta"] (i-Pr) C(Me)N(i-Pr) } o (u-n7" 97" -N), I, com-
plex, denoted below as [Taw]z(,u—rjlznl—Nz), is very intriguing
(see Scheme 1). As reported by the authors, this species is stable
and paramagnetic at <0 °C. However, the solid-state magnetic
susceptibility (SQUID) data show that I may have a singlet
ground state in the temperature range of 2—300 K. In other
words, its singlet and triplet states could be very close in energy.
Increasing the temperature from 0 °C (in pentane solution)
results in conversion of I to diamagnetic species II (with a major
cis conformer) with the following important geometrical para-
meters: Ta' —=N' (Ta>—N?) = 1.894(4) A, Ta' —=N* (Ta>—N")
= 1.924(4) A, N'=N? = 2.574 A. In 1I, the four-membered
[Ta],(u-N), ring adopts a planar geometry. Furthermore, upon
exposure to 2 atm H, gas compound I reacts slowly with an H,
molecule at 0 °C, and provides a 43% yield of the single
diastereomeric product III, along with a 20% yield of IL
Interestingly, IT does not react with H, under 2 atm at ambient
temperatures and temperatures elevated to 60 °C, while cis-II
reacts with PhSiH; to form IV with no bridging hydrides. Thus,
these experimental findings raise several questions such as the
following: (1) What is the electronic structure of the complexes
I and II? (2) What are the mechanisms and relative energies of
the reported I — II isomerization reaction? (3) What is the
mechanism of the reaction I + H, — III2, and (4) Why complex
II is less reactive toward H, molecule compared to complex I?
Understanding these factors is vital and will allow us to better
optimize reactivity of the [Ta],(N,) complexes, and provide
reasonable guidance in design of 7°-cyclopentadienyl/7”-ami-
nate ligand based dinuclear dinitrogen complexes of groups 4, S,
and 6 metals.”

To answer the above-mentioned questions, we launched
computational studies on the complexes 1, 2, 3, and reactions
1—2,1+H,—3,and 2 + H, — 3. Here, structures 1,2,and 3
are models of the experimentally reported complexes I, II, and
III, respectively, where the CsMes and (i-Pr)C(Me)N(i-Pr)
ligands of real systems are replaced by CsHs and HC(NCH3),
in model systems, respectively.

Il. COMPUTATIONAL PROCEDURES

All calculations were performed using the Gaussian 03 program.”
The geometries of all species under investigation were optimized
without any symmetry constraint at the B3LYP/{Lanl2dz (for Ta) +
6-31G* (for other atoms) } level of theory.**** Below this method will be
referred to as the “B3LYP/BSI” approach. For all species under
investigation, Hessians were calculated and all transition states were
confirmed to have one imaginary frequency corresponding to the
reaction coordinate. Previously the B3LYP method was found to be
reliable for systems like those studied in this paper.>® Intrinsic reaction

3
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Table 1. Calculated Relative Energies” of Intermediates, Transition States and Products of the 1 — 2 Isomerization, As Well As
Spin Density Distributions (in e) on Important Atoms of These Structures

rel. energies

spin distributions

struct. electr. state AH AG
1_trans "Aop —0.3 0.6
'A 239 24.5
A 0.00 0.00
A 402 37.7
1_cis "Aop -0.3 —02
A 234 24.9
A —0.4 0.00
TS(1—1a) "Aop 21.8 24.8
A 21.6 242
la A 163 21.5
A 202 21.8
TS(1a-1b) "Aop 26.1 28.7
A 26.7 30.0
1b 'A 10.7 14.7
A 15.6 17.1
TS(1b-2) "Aop 16.8 19.5
A 23.0 26.1
2_trans 'A —53.4 —50.7
A —2.1 0.01
2 cis A —51.8 —49.1
A -0.8 1.8

“In keal/mol, relative to the *A state of the reactant 1_trans.

(8% Ta' Ta® N' N*

1.02 1.09 —1.09 —0.08 0.08
2,01 1.01 1.01 —0.05 —0.05
6.03 1.65 1.61 0.41 0.01
1.02 1.09 —1.09 —0.08 0.08
2,01 1.01 1.01 —0.05 —0.05
1.01 0.93 —1.04 0.00 0.08
2,01 0.86 1.09 0.01 —0.07
2.01 0.91 1.09 —0.04 —0.07
0.97 0.86 —0.73 —0.09 —0.07
2.04 0.87 121 —0.09 —0.11
2.06 1.06 1.06 —0.13 —0.13
0.77 —0.76 0.75 0.16 —0.15
2.03 0.88 0.79 0.34 —0.13
2.03 0.13 0.39 0.56 0.57
2.02 0.29 0.25 0.70 0.33

coordinate (IRC) calculations were performed to confirm the nature of
the calculated transition state and intermediates connected by this
transition state. The Cartesian coordinates of all optimized structures
at the B3LYP/BSI level are presented in the Supporting Information.

Ill. RESULTS AND DISCUSSION

A. Electronic and Geometrical Structures of the Com-
plexes 1 and 2. In general, Ta centers of the end-on-bridged
form of the reactant, 1, could have +2, +3, +4, and +5 oxidation
states formally with d3, d% d', and d° electronic configurations,
respectively. Consequently, 1 could have a septet, quintet, triplet,
and singlet electronic states.

As seen from Table 1, the ground electronic states of both cis
and trans conformers of 1 are the open-shell singlet and triplet
states with two unpaired electrons located on the Ta centers
(one on each Ta atom). At the enthalpy level the open-shell
singlet state is only 0.3 kcal/mol lower in energy for both trans
and cis isomers. Inclusion of entropy effects only slightly
changes the energy gap between the open-shell singlet and
triplet states of these species. The closed-shell singlet states of
1_trans and 1 cis are 23.9 (24.5) and 23.4 (24.9) kcal/mol
higher than their triplet states, respectively (Here and below we
will present energies as AH (AG)). The quintet and septet
states of 1_trans are very high in energy, 40.2 (37.7) and 67.8
(63.5) kcal/mol, respectively. The use of the nonhybrid BLYP/
BS1 approach does not change the above-reported energy order
of the open-shell singlet, triplet, and closed-shell singlet states:
at the nonhybrid BLYP/BS1 level the open-shell singlet state
is still the ground state, the triplet state lies only 0.2(—0.5)
kcal/mol higher(lower), and the closed-shell singlet state lies

12.0 (12.0) kcal/mol higher. These computational finding are
in reasonable agreement with experimental findings'® show-
ing easy accessibility of both paramagnetic and diamagnetic
states of L.

The calculated Ta'—N' (Ta?—N?) and N'—N? bond
distances in 1_trans are 1.831 and 1.277 A for the closed-
shell singlet state, 1.821 and 1.285 A for the open-shell
singlet state, 1.820 and 1.287 A for the triplet state, 1.961
and 1.220 A for the quintet state, and 2.119 and 1.181 A for
the septet state, respectively (see Figure 1). The calculated
values for the energetically lowest singlet and triplet states
are in good agreement with 1.807(2) and 1.313(4) A re-
ported experimentally.'?

Analyses of spin densities for lower-lying electronic states of
1_trans show that in its open-shell singlet state Ta' and Ta’-
centers have one a- and [5-electrons, respectively, while at the
triplet states each of them has one a-spin (see Table 1). At the
quintet and septet states N-atoms of N,-unit acquire some (ca.
0.4 e) unpaired spins, and the amount of unpaired spins on Ta'
and Ta’-centers increases to 1.61 and 2.41e for the quintet and
septet states, respectively. On the basis of the geometrical
parameters [namely, the Ta' —N' (Ta’~N?) and N' —N? bond
distances] and spin distributions, one can characterize the
complex 1 as Ta"™/™.--(N,) -—-Ta"™™ (at its septet state),
Ta" -(N2)27—TaIH (at its quintet state), and Ta"V=-
(N,)*"=Ta"" (at its open-shell singlet and triplet states). Thus,
1 (at its both trans and cis isomers) is the Ta" =(N,)* =Ta""
complex.

Calculation of the trans and cis isomers of the four-membered
metallacycle form of the reactant, 2, shows that they have closed-
shell singlet ground states, which lie 53.4 (50.7) and 51.5 (49.1)
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Figure 1. Calculated important geometry parameters of the trans isomers of complexes 1, 1a, 1b, and 2. Numbers in the first, second, and third rows are
for the singlet, triplet, and quintet states, respectively, while the numbers in italic are the experimental values. Full geometrical parameters of these
structures, as well as those for their cis isomers are given in the Supporting Information.
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Figure 2. Calculated important geometry parameters of the trans isomers of transition states connecting complexes 1, 1a, 1b, and 2. Numbers in the first
and second rows are for singlet and triplet states, respectively. Full geometry parameters of these structures, as well as those for their cis isomers are given

in the Supporting Information.

kcal/mol lower in energy than the corresponding triplet states of
1, respectively. The triplet states of 2_trans and 2_cis are 51.2
(50.7) and 50.8 (50.9) kcal/mol higher than their ground singlet
states. As seen from Figure 1, the calculated Ta'—N'/Ta'—N*
bond distances are 1.953/1.871 A and 1.940/1.940 A, while the
Ta?—N'/Ta?—N?bond distances are 1.871/1.953 A and 2.007/
2.006 A, in singlet and triplet states of 2_trans, respectively.
These calculated geometrical parameters are in good agreement
with the experimental13 ﬁndin§s: Ta!-N!/Ta'-N?= 1.894(4)/
1.924(4) A and Ta>~N'/Ta’—N? = 1.924(4)/1.894(4) A for

compound II. Furthermore, the experimentally reported diamag-
netic feature of Il is consistent with the calculated singlet ground
electronic state of 2. On the basis of thesevgeometry analyses, one
may characterize the complex 2 as a Ta"-(N°"),-Ta" complex.

B. Mechanism of the 1 — 2 Isomerization Reaction. As
shown in Table 1, the 1 — 2 isomerization is highly exothermic,
53.4 (50.7) and S1.5 (49.1) kcal/mol, for trans and cis isomers,
respectively, which is consistent with Sita et al’s experimental
finding'® showing the conversion of 1 to 2 upon increasing the
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Figure 3. Schematic presentation of Potential Energy Surface (PES) of
the 1 — 2 isomerization reaction.

temperature (in pentane solution). However, the mechanism of
this transformation is not known, and the use of computation is
necessary. For the sake of simplicity, below we discuss only the
mechanism of the 1_trans — 2_trans isomerization, while that
for the cis isomers is likely to be very similar. Therefore, below we
will drop the “trans” extension in the notation, unless that is
needed specifically.

Extensive computational studies revealed two intermediates
on the potential energy surface of the 1 — 2 isomerization
reactlon (see Figure 1). Intermediate la is a side-on-end-on
(u-17*m") complex and has a closed-shell singlet ground state. Its
triplet state is calculated to be 3.9 (0.3) kcal/mol higher than the
ground singlet state. This intermediate lies 16.3 (21.5) kcal/mol
higher than the ground triplet state of 1. The calculated N—N
bond distance in the singlet and triplet states of 1a, 1.322 and
1.350 A, is slightly longer than 1.277 and 1.287 A for 1,
respectively. Thus, upon 1 — 1a isomerization the N—N bond
is partly activated.

The transition state connecting 1 and 1la is structure TS-
(1—1a) with the N—N bond distance of 1.305 and 1.341 A for
singlet and triplet states, respectively (see Figure 2). Comparison
of TS(1—1a) with reactant 1 reveals the bending of the
ZN'—-N>-Ta” angle from about 173° to 123.4° and 102.6° for
singlet and triplet states, respectively. The calculated barriers at
these transition states (relative to reactant 1) are 21.8 (24.8) and
21.6 (24.2) kcal/mol for open-shell singlet and triplet states,
respectively. Thus, both 1 and TS(1—1a) have almost degen-
erate open-shell singlet and triplet states with two unpaired
electrons, one on each Ta center. However, the ground state of
the product 1a is the closed-shell singlet state. This indicates a
spin-flip after (or in the vicinity of) TS(1—1a) brings the product
to the closed-shell singlet ground state. One should point out that
the calculated imaginary frequencies (39.3i and 83.9i cm ™' for
singlet and triplet states, respectively) associated with the reac-
tion coordinate at transition state TS(1—1a) are unexpectedly
small, while they clearly correspond to the Ta’~N' bond
formation (coupled with a slight N'—N?* and Ta*>~N” bond
elongation). The calculated small values of these normal-mode
frequencies could be result of several factors including the
following: (i) the reaction coordinate involves numerous heavy
atoms (at least, 2 nitro ogen and 2 tantalum), and (ii) the overall
reaction 1 (*A) — 1a (*A) is highly endothermic and the reverse
barrier is only 1.4 (2.4) kcal/mol.

Another intermediate on the potential energy surface of the
1 — 2 isomerization is complex 1b, which is connected to
intermediate la and final product 2 with transition states
TS(1a-1b) and TS(1b-2), respectively. The ground electronic
state of 1b is a closed-shell singlet state, and its triplet state lies
4.9 (2.4) kcal/mol higher. As seen in Figure 1, in 1b, the N,
unit is located between the two Ta centers and is coordinated
to them in a side-on (#-%”:;7*-) manner. In 1b, the N—N bond
distance is elongated to 1.474 and 1.524 A from 1.30S and
1.341 A in 1a, for singlet and triplet states, respectively. In
other words, in 1b the N—N bond is a single bond. Thus,
during the 1a — 1b transformation N, molecule moves from a
side-on-end-on to side-on coordination mode. This process occurs
via transition state TS(1a-1b). Calculated geometrical parameters
and normal-mode analyses confirm the nature of this transition
state, Wthh has only one imaginary frequency of 70.5i and
122.2i cm ™" for singlet and triplet, respectively. Energy barriers
at the singlet and triplet state of TS(1a-1b) are 26.1 (28.7) and
26.7 (30.0) kcal/mol, relative to the ground triplet state of 1, and
9.8 (7.2) and 6.5 (8.2) kcal/mol, relative to the corresponding
electron states of pre-reaction complex 1a, respectively.

Intermediate 1b converts to the product 2 via transition
state TS(1b-2), which can be characterized as the N—N single
bond activation transition state. Indeed, as seen in Figure 2, at
TS(1b-2), N—N bond is significantly elongated (to 1.844 and
1.914 A from 1.474 and 1.524 A in 1b, for singlet and triplet states).
IRC calculations along the normal modes (489.2i and 440.9i cm !
for singlet and triplet, respectively) confirm that TS(1b-2) con-
nects 1b and 2. Energy barriers at the singlet and triplet states of
TS(1b-2) are 16.8 (19.5) and 23.0 (26.1) kcal/mol, relative to the
ground triplet state of 1, and 6.1 (4.8) and 7.4 (9.0) kcal/mol
relative to the corresponding electron states of pre-reaction
complex 1b, respectively.

As shown in Figure 3, the overall 1 — 2 isomerization is highly
exothermic, 53.4 (50.7) kcal/mol, and proceeds with maximum
of 26.1 (28.7) kcal/mol energy barrier at the singlet transition
state TS(1a-1b), which corresponds to transformation of the
N=N double bond to the N—N single bond and reorganization
of the side-on-end-on complex to the side-on complex.

C. Reactivity of the Complexes 1, 1a, 1b, and 2 toward H,
Molecule. C.1. Mechanism of the Reactions of 1 and 1a with H,
Molecule. The above presented results show that the N, molecule
in the model complex {(7°-Cp)[Ta""] [HC(NCH3)2} (N,)
could be 1n three different coordmatlon modes: (u-7':1"-N,),
1, (u-n*n'-N,), 1a, and (u-17”:1°-N,), 1b. Therefore, we study
H, addition to each of these isomers and to the bis(u-nitrido)
complex 2, [Tav]z(ﬂ—N)z, which is another isomer of 1. It is
noteworthy to mention that experiments'> have shown that upon
exposure to 2 atm H, gas compound 1 reacts slowly with H,
molecule and leads to the 1,4-addition product 3. However,
compound 2 does not react with H, under 2 atm at ambient
temperature and temperature elevated to 60 °C.

Since open-shell singlet and triplet states of 1 are nearly
degenerate, here we discuss the reactivity of triplet 1 (which is
characterized as Ta""=(N,)* =Ta" complex) with H, mole-
cule for simplicity. As seen in Figure 4, the first stage of this
reaction is oxidative addition of the H—H bond to one of the Ta
centers, that is, dihydrogen — dihydride transformation. In this
figure, for the sake of simplicity of presentation, we omitted the
Cp-rings and HC(NCHj3), ligands wherever possible. Oxida-
tive addition of H, to Ta' occurs with a 16.9 (27.0) kcal/mol
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Figure 4. Calculated important geometry parameters of intermediates, transition states, and products of the reactions 1 + H, and 1a + H,. Numbers
given without and with parenthesis are for singlet and triplet states, respectively. Full geometry parameters of these structures, as well as those for their cis

isomers are given in the Supporting Information.

Table 2. Calculated Relative Energies” of Intermediates, Transition States, and Products of the Reactions 1_trans/la_trans + H,
— 3, As Well As Spin Density Distributions (in e) on Important Atoms of These Structures

relative energies

spin distributions

structure electr. state AH AG )
1_trans + H, A 0.00 0.00 2.01
1TS1 A 16.9 27.0 2.02
1P1 A 122 21.9 2.02
A 19.0 306 0.00

1TS2 A 329 4.4 2.02
'A 30.8 43.4 0.00

1P2 A 28.1 392 2.00
'A 12.4 25.5 0.00

1TS3 A 12.3 27.1 0.00
1P3 A —0.50 13.0 0.00
1TS4 A —0.60 13.4 0.00
1P4 A —2.60 9.50 0.00
1TS5 'A —0.90 9.80 0.00
3 A —29.6 —20.0 0.00

Ta' Ta” N N> H' H>
1.01 1.01 —0.05 —0.05
0.04 141 0.41 —0.08 —0.00 0.09
—0.10 1.44 0.48 —0.05 0.00 0.07
0.00 126 0.46 0.06 0.01 0.06
0.08 1.18 0.36 0.19 0.00 0.04

“In keal/mol, relative to the *A state of the reactants 1_trans + H,.

energy barrier at 1TS1 and is endothermic by 12.2 (21.9) kcal/
mol. Here and below we use the nAm notation, where n stands
for the reactant complex 1, 1a, 1b, and 2; A stands for the
transition state (TS) and product (P), and m is the structure
number. As seen in Figure 4, in 1TS1, the calculated H'—H?,
Ta'—H', and Ta'—H” bond distances are 1.056, 1.823, and
1.837 A, respectively. In the dihydride product 1PI1, the
Ta'—H' and Ta'—H? bond distances are 1.765 and 1.774 A,
respectively. It is interesting to note that the addition of H—H

bond to Ta' destabilizes the Ta' —N' bond and, consequently,
stabilizes the N'—N? bond: N'—N? bond distance reduced
from 1.287 Ain 1 to 1.227 A in 1P1. As seen in Table 2, in 1P1
the unpaired spins are distributed as follows: Ta' = 0.10
(B-spin), Ta® = 1.44 (a-spin) and N'=048 (a-spin). Thus, on
the basis of these geometry and spin distribution analyses, one
can characterize the 1P1 mostly as a mixed-valent (H),Ta"-
(N,)* =Ta"" complex with some (to a lesser extent) of
(H),Ta"+ - - (N,) -Ta™ contribution.
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The ground electronic state of 1P1 is the triplet state, while the
singlet state lies only 6.8 (8.7) kcal/mol higher in energy (see
Figure 5).

For the reaction to lead to the 1,4-addition product 3,
intermediate 1P1 has to transform to intermediate 1P2, where
N, is in the (u-n*:n"'-N,) coordination mode, as in compound
la. As expected, the singlet state of 1P2 is the ground state and
lies 12.4 (25.5) kcal/mol higher than reactants H, + 1 (*A). Its
triplet state is 15.7 (13.7) kcal/mol higher in energy. The
energy barrier associated with the reaction 1P1 — 1P2 is
11.8 (12.8) and 20.7 (22.5) kcal/mol at the singlet and triplet
state transition states 1TS2, respectively. Thus, the reaction
starts from the triplet state reactants 1 + H,, proceeds on the
triplet state surface and leads to the triplet state intermediate
1P1. Then 1P1 converts to singlet state intermediate 1P2 via
the singlet state transition state 1TS2, which lies 30.8 (43.4)
kcal/mol above the reactants 1 + H,. In other words, singlet and

AH (AG), In keal'mal
A9 A
'—-.J —  simglet sate
300, 08 (434 e ag 392 o friplet state
T—
200 & 19.0 (30.5),
1 189270y 3
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‘|njl b
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Figure 5. Schematic presentation of Potential Energy Surfaces (PES) of
the reactions 1 + H, — 3 and 1a + H, — 3.

triplet state potential energy surfaces cross before the 1TS2,
and the system hops from triplet to singlet potential energy
surface. Therefore, we discuss only the singlet state intermedi-
ates and transition states after the intermediate 1P2. One
should mention that the calculated important bond distances
in 1P2 are consistent with its mostly (H),Ta"« + - (N,)* —Ta"
character which could also include (to a lesser extent) the
mixed-valent (H),Ta" -+ - (N,)* --Ta'V character.

One should note that 1P2 could also be an intermediate for
the direct addition of H, molecule to 1a. This reaction occurs
with a small (or no) energy barrier. Scanning potential energy
surface of the reaction 1a + H, — 1P2 by fixing the H—H bond
distance but optimizing all other geometrical parameters has
produced no energy barrier (see Figure S1 of Supporting
Information). Since the overall energy barrier, 30.8 (43.4)
kcal/mol at the transition state 1TS2 required for the reaction
1 + H, — 1P2, is larger than 21.6 (24.2) kcal/mol at the
TS(1—1a) required for the 1-to-la isomerization, the overall
reaction 1 + H, — 1P2 is predicted to proceed via the pathway
1+ H, — TS(1—1a) + H, — 1a + H, — 1P2, which requires
only 21.6 (24.2) kcal/mol energy at the transition state TS-
(1—1a) and is endothermic by 12.4 (25.5) kcal/mol. Thus, to
add H—H bond to complex 1, with an end-on (u-":17"-N>)
coordinated Ny-ligand, it first rearranges to the complex 1a with an
end-on-side-on (u-17>:n"-N,) coordinated N,-ligand, i.e., it under-
goes the (u-n':n'-N,) — (u-17’:17"-N,) isomerization.

At the next stage, intermediate 1P2 rearranges to 1P3 via
transition state 1TS3. As seen in Figure 4, in 1P3 one of the H
ligands (H*) has moved from a terminal position on Ta' to
bridging one between the Ta centers. As we have shown
previously,**" this type of rearrangement occurs with a very
small energy barrier and is slightly exothermic; for the present
reaction the calculated barrier is only 0.1 (1.6) kcal/mol, and
process 1P2 — 1P3 is exothermic by 12.9 (12.5) kcal/mol.
The calculated energy difference between the 1(*A) + H,
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Figure 6. Calculated important geometry parameters (in A) and relative energies (in kcal/mol) of intermediates, transition states, and products of
the reactions 1b + H, and 2 + H,. Full geometry parameters and total energies of these structures, as well as those for their cis isomers are given in

Supporting Information.

9487

dx.doi.org/10.1021/ic201159z |Inorg. Chem. 2011, 50, 9481-9490



Inorganic Chemistry

reactants and 1P3 intermediate is —0.5 (13.0) kcal/mol (see
Figure S).

The transfer of the bridging H> atom to the Ta” center in IP3
to form intermediate 1P4 is extremely easy; it occurs with almost
no barrier at enthalpy level (only 0.4 kcal/mol barrier at the AG
level) at the transition state 1TS4 and is exothermic by 1.9 (9.5)
kcal/mol. Intermediate 1P4, which could be characterized
most‘l/y as HTa —-(N )*~--Ta"H complex, rearranges to another
HTa"--(N,)* --Ta"H complex 3, the final 1,4-addition product,
with a 1.7 (0.3) kcal/mol energy barrier at the transition state
1TSS. Reaction 1(°A) + H, — 3 is calculated to be highly
exothermic, by as much as 29.6 (20.0) kcal/mol.

In summary, reaction 1CGA) +H,— 3, that is, the 1,4-addition of
H, to the complex 1 with an end-on (u-17":17"-N,) coordinated N,-
ligand, proceeds with a maximum of 21.6 (24.2) kcal/mol energy
barrier associated with the isomerization of reactant 1 to intermedi-
ate 1a with a (u-n>n'-N5) coordinated N, molecule, for example,
the (u-n"m'-N,) — (u-n>n'-N,) isomerization. The overall
reaction is exothermic by 29.6 (20.0) kcal/mol. Thus, the calcula-
tions show that 1,4-addition of H, to 1 is kinetically and
thermodynamically feas1b1e This conclusion is in good agree-
ment with experlment

C.2. Mechanisms of the Reactions of 1b and 2 with H, Molecule.
In general, complex 1b, the complex with the (u-n*1*N,) coordi-
nated N,-molecule, can react with H, molecule via several different
pathways: (a) oxidative addition, which starts by oxidative addition of
H—H bond to Ta' center, (b) o-bond metathesis, where H—H
bond simultaneously attacks to the Ta' and N' centers, (c) 1b-to-1a
isomerization followed by H, addition, and (d) 1b-to-2 isomerization
followed by H, addition.

The oxidative addition of H—H bond to 1b occurs with no
(or very small) energy barrier; all attempts to locate the
transition state corresponding to this step failed. Scanning of
potential energy surface of the reaction 1b + H, — 1bP1 by
fixing the H—H bond distance but optimizing all other geome-
trical parameters produced no energy barrier (see Supporting
Information, Figure S1). The intermediate of this oxidative
addition reaction is 1bP1, which lies 6.1 kcal/mol lower and
3.3 kecal/mol higher at the enthalpy and free energy levels,
respectively. Rearrangement of 1bP1 to 1bP2 via transition
state 1bTS3 or to 1P2 via transition state 1bTS4 requires 5.6
(32.3) and 13.6 (20.3) kcal/mol energy barrier, respectively,
calculated relative to the ground singlet state of the intermedi-
ate 1bP1. In other words, the oxidative addition of H—H bond
to 1b will only proceed via 1b + H, — 1bP1 — 1bTS4 — 1P2
pathway with a 13.6 (20.3) kcal/mol energy barrier. In spite of
the fact that this energy barrier is comparable to 15.4 (14.0)
kcal/mol barrier required for the 1b-to-1a isomerization, it is
significantly larger than 6.1 (4.8) kcal/mol barrier required for
1b-to-2 isomerization (see Figure 3). In addition, while the 1b-
to-1a isomerization is 5.6 (6.8) kcal/mol endothermic, the 1b-
to-2 isomerization is highly exothermic, by as much as 64.1
(65.4) kcal/mol. On the basis of these kinetic and thermo-
dynamic considerations, it is most likely that 1b will not react
with H, molecule via the oxidative addition pathway before first
converting to the bis(¢-nitrido) complex 2.

The 0-bond metathesis pathway of the reaction 1b + H,, which
requires 29.2 (38.4) kcal/mol energy barrier associated with the
transition state 1bTS2 in its singlet ground state (see Figure 6) also
cannot compete with the both 1b-to-1a and 1b-to-2 isomeriza-
tion reactions. Therefore, here we will not further discuss reaction

1b + H,, although all calculated intermediates and transition states
of this reaction are presented in Figure 6.

Bis(u-nitrido) complex 2, having two bridging N centers,
reacts with H, molecule, like that reported for the group IV
transition metal complexes,™ *'®?® via o- bond metathesis
transition state 2TS1, involving Ta' and N' centers of 2 and
H' and H? atoms of the Hz molecule As seen in Flgure 6, in
2TS1, the calculated H'—=H? N'—H', and Ta'—H” bond
distances are 0.997, 1.335, and 2.016 A, IRC calculations along
the normal mode vector (1580i cm™') confirm that 2TS1
connects reactants 2 + H, with product 2P1. The calculated
energy barrier at 2TS1 is 39.7 (49.5) kcal/mol, relative to the
reactants 2 + H,. In the product 2P1, one of the H atoms (H') is
bound to N atom, but the other one (H?) is on the Ta' center.
Reaction 2 + H, — 2P1 is found to be endothermic by 9.9 (19.2)
kcal/mol. Thus, these results clearly show that the addition of H,
to complex 2 is not feasible. This conclusion is in good agreement
with experiments. 13

IV. CONCLUSIONS

From the above presented computational results and discus-

sions, we may draw the following conclusions.

(1) The lower-lying electronic states of both cis and trans
conformers of 1, [Ta"],(u-1":n"-N,), are nearly degen-
erate open-shell singlet and triplet states. Their closed-
shell singlet states are AH = 23.9 (AG = 24.5) and 23.4
(24.9) kcal/mol higher in energy than the triplet states,
respectively. These findings are in good agreement with
experiments ~ showing easy accessibility of paramag-
netic and diamagnetic states of I. However, the trans
and cis isomers of bis(u-nitrido) complex 2, [Ta"],
(u-N),, have closed-shell singlet ground states, with
triplet states lying 51.3 (50.7) and 50.7 (50.9) kcal/
mol higher in energy. The experimentally reported"
diamagnetic feature of I is consistent with the calculated
singlet ground electronic state of 2.

(2) The trans and cis isomers of bis(u-nitrido) complex 2,

V], (u-N),, lie 53.4 (50.7) and 51.5 (49.1) kcal/mol
lower in ener, than the corresponding complex
[Ta™],(u-1"5"-N,),1, respectively. The 1-to-2 rearran-
gement (or experimentally reported I-to-II rearrange-
ment"®) occurs with a maximum of 26.1 (28 7) kcal/
mol energy barrier required for the (u-7":n'-N,) —
(u-1":m*-N,) rearrangement at the transition state TS(la-
1b). At the beginning, complex 1, [TaV ]z(ﬂ ' N,),
rearranges to intermediate 1a, [Ta" ), (u-n*1"-N,), with a
21.6 (24.2) keal/mol energy barrier at TS(l la) Then,
la rearranges to intermediate 1b, [Ta " (u-**-Ny),
with a 9.8 (7.2) kcal/mol energy barrier. Complex 1b
is thermodynamically less favorable and converts to com-
plex 2, [Ta"],(u-N),, with a 6.1 (4.8) keal/mol energy
barrier.

(3) Reaction of 1(°A), [Ta"],(u-n"5"-N,), with H, mo-
lecule to form the 1,4-addition product [HTa"],-
(u-n':n'-N,), 3, proceeds with a maximum of 21.6
(24.2) kcal/mol energy barrier assoc1ated by the 1-to-
1a, that is, the (u-n':y -Nz) — (u- 77 7 'N,), isomer-
ization. Then, la, a 2(/4 77 17l Nz) complex,
oxidatively adds H—H bond to one of the Ta centers
to form the dihydride derivative, the 1P2 complex,
with  mostly (H),Ta" -+ (N,)* —Ta" character.
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Later, the 1P2 converges to complex HTa':- -
(N,)*"--Ta"H, 1P4 via the hydride migration from
one of Ta centers to another. At the final stage, the 1P4
rearranges to another HTa--- (N2)47—-TaVH com-
plex 3, the final 1,4-addition product. Overall reaction
1(°A) + H, — 3 is exothermic by 29.6 (20.0) kcal /mol.
Thus, addition of H, to 1 is kinetically and thermodyna-
mically feasible and proceeds via the (u-1":;'-N,) —
(u-1"m"-N,) isomerization followed by H, addition.
This conclusion is in excellent agreement with the
experiment.13

(4) The thermodynamically most favorable isomer of

[Ta"],(u-N), complex, that is, bis(¢-nitrido) complex
2, with two bridging N atoms, cannot react with an H,
molecule at moderate experimental conditions because
of the existence of a large energy barrier, 39.7 (49.5)
kcal/mol, associated with the o-bond metathesis transi-
tion state 2TS1, and the endothermicity of 9.9 (19.2)
keal/mol. This conclusion is also in excellent agreement
with the experiment."

The above presented data and discussion, once again, have
demonstrated the complexity of structure—reactivity relation in
transition-metal-dinitrogen systems. Comparison of the knowl-
edge acquired from the current study on the [Ta],(N,) com-
plex with that for group IV transition metal dinitrogen com-
plexes,sa*e’]g’26 [M(IV)][N,] shows the utmost importance of
the structural flexibility of the [M—N,] fragment and the easy
availability of multiple oxidation states of the metal centers.
The structural flexibility of the [M—N,] fragment not only
facilitates realization of various possible coordination modes of
N, molecule, eventually leading to either more reactive [M, d°],
[(u-n*n*>-N,)] complexes or dinitrogen-to-bis(nitrido) [M, d%
rearrangement, but also makes available the coordinatively and
oxidatively unsaturated transition metal centers that are suitable
for the facile oxidative addition of various o-bonds. Of course,
other factors (including, but not limited to, ligands manifesting in
many different ways and countercation) may also be important
for controlling the reactivity of the metal-dinitrogen complexes.
These factors should be a subject of comprehensive experimental
and theoretical investigations.
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