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We applied the density functional theory to propose a new class of compounds affording hydrogenation
of the coordinated dinitrogen molecule under mild conditions. These calculations have demonstrated
that geometry-constrained complexes with a formula oHSIH,NR)M, where M= Ti (with R =
H(1) and M€2)) and Zr (with R= H(3), Me(@), and'Bu(5)) coordinate the Bmolecule in a side-on
manner and form highly stable (relative to the dissociation limit mf42 N2) n-(u2,7%1%N2)-n dimer
(wheren = 1-5), and satisfy the first necessary condition of hydrogenation of the coordinatedlicule.

These complexes also satisfy the second necessary condition for the successful hydrogenation of the
side-on coordinated Nmolecule: they possess appropriate frontier orbitals to add amdlecule.
Calculations show that-(u2,7%17?-N2)-n complexes add an Hmolecule with a reasonable barrier (ca.

20, 14-16, and 15-18 kcal/mol forn = 1, 3, and4, respectively); Zr compleg, is expected to be more
reactive than its Ti analoguke Replacement of R= H in 3 with R= Me (i.e., going fromn = 3ton =

4) has no significant effect on the calculated-H addition barriers. The comparison of the calculated
H—H addition barriers of these species with those<{28 and 24 kcal/mol barriers) for experimentally

and computationally well-studied dizirconium compleXd®,N2]Zr} 2(u2n%17>N,) (where [BNg] =
PhP(CHSiIMe;NSiMe;,CH,),PPh) and (CsMesH)2Zr} »(u2,1721n?-N>) show that the proposed complexes

1, 3, and4 will exhibit similar or better reactivity toward the Hmnolecule than the latter complexes.

1. Introduction

Designing novel catalysts that can facilitate the utilization
of a N=N triple bond of an inert and abandoned iolecule
under mild conditions have occupied the minds of many
scientists for yearsExtensive studiég~7 during the past several

coordination to the transition-metal centers. Since discovery of
the [Ru(NHs)s(N2)]2+ complex in 1965, a large number of
dinitrogen/transition-metal complexes have been synthesized.
Detailed structural analysis of this large class of mononuclear
transition-metal/M complexes has revealed that therblecule

in this species is mostly in its end-opYj coordination mode

decades have led to discovery of several important reactions(s(:heme 1), which is suitable for utilization of the=N! triple

for activation and transformation of=sN triple bonds and have

bond via protonation-and-reductior{Chatt-type) mechanism.

provided deeper understandings of the fundamental principles The side-on#?) coordination of N molecule to a transition-

of nitrogen fixation via bothprotonation-and-reductiorand
hydrogenatiormechanisms. In general, it was demonstrated that
the first condition of utilization of the N molecule is its
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metal center with strong MN interaction, the first necessary
condition for its successflilydrogenationis extremely difficult

to achieve in mononuclear transition-metal complexes. However,
it can be achieved in multinuclear transition-metal complexes.
In the literature, numerous dinuclear-dinitrogen complexes,
[LaM]2(u2,727%-N2), with a side-on 4?) coordinated N, were
reported. However, extensive studié§8°of the reactivity of
these complexes have shown that not every reportgll]j-
(u2,m%m?-N5) complex with a side-on coordinated Kolecule
adds hydrogen molecule to,NOn the basis of these studies it
is concluded that, in addition to the side-on coordination §f N
there are other factors that control the successful hydrogenation
of N2 molecule.

One of these critical factors is the availability of the singlet
electronic state of these complexes with appropriate frontier
orbitals: HOMO, which is expected to donate electrons to the
oy* orbital of the reacting K molecule and should be a
m-bonding orbital of M-N,—M fragment210 Meanwhile, the
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Scheme 1. End-on#?') and Side-on ¢?) Coordination Scheme 3. Schematic Presentation of Complexes Used in
Modes of N, to One and Two Transition Metal Centers the Present Study; the Calculated, Important Geometry
N Parameters and Relative Energies (of Lower-Lying
LM ------ N==N | — m Electronic States) of These Complexes Are Presented in
Table 1
M-(m'-Ny) M-(n*-N,) 1 M=TiiR=H; X=Cp
N ,//" 2 M=Ti; R=Me; X=Cp
LMo NN ML, LM e ML SO s s ke X0
N /) 4 M=Zr; R=Me; X=Cp

R/N\Ni/ 5 M=Zr R='Bu;X=Cp
M-(1y, ' m'-Np)-M M-(1p, 2 n%-Np)-M
6 M=Zr; R=H; X=Ind

Scheme 2. Schematic Presentation of the Metathesis

Transition State, H-bridged Product and Non-H-bridged transition metals (called “constrained-geometry catalysts”),
Product of the Reaction of H, Molecule with which are widely used in homogeneous catalysis (for example,
LnM-(p2,n2%N2)-ML , Complex for olefin polymerization), show reactivity similar to that of their
H metallocene analogués®Therefore, in the present contribution
HH | H we propose to study structure, stability, and reactivity (toward
Ly H N H, molecule) of (CESIHNR)M-(iz,72,72-N2)-M(Cp'SiH.NR)
LM I \MLn LM < sNml"ML, N\ S, complexes aiming to find a more efficient dinitrogen-hydroge-
NN LM ZmsN=ML, nation reaction. In our studies we use=MTi and Zr, R= H,
H Me, and'Bu, and Cp= Cp and Ind, (see Scheme 3). In the
Metathesis Transition State H-bridged Product Non-H-bridged Product

first part of the present paper, we elucidate geometry and
controlling factors of relative stability of side-on vs end-op N
LUMO of these complexes, which accepts electrons from the coordination modes in the proposed mononuclear, $iEp-
og-bonding MO of the reacting ymolecule, should mainly have  NR)M(N,), and dinuclear, [(CiSiH.NR)M]»(N2), complexes.

a metal character. This qualitative orbital picture is consistent |n the second part, we investigate the mechanism of the reaction

with the “metathesis” transition state (that involves one of the of selected [CISiHNR)M]a(t2,72,72-N5) complexes with the
M and N atoms of the complex, and two H atoms of the H H, molecule.

molecule, see Scheme 2) reported fop Bddition to di-

zirconium-Ny, [LnZr]o(uz2.m?n%N2), complexeg— #4714 2. Computational Procedure
Another critical factor forsuccessful addition of seral )
(consequentH, molecules to the side-on coordinated I8 The geometries of all the proposed complexes, as well as

reactants, intermediates, transition states, and products of the
proposed reactions with the;Hnolecule, were optimized using
the hybrid density functional B3LYP meth#dand Stevens
Basch-Krauss (SBK3! relativistic effective core potentials (for Ti,

Zr, Si C, and N). We used standard CEP-31G basis sets for all

geometrical rigidity of L, ligands of M centers. It was shown
that the rigid (nonflexible) ligand environment of M centers
prevents the formation of a H-bridged [with a M{H)(u2,7%,17%
NNH)M moiety] intermediate after the first Haddition. The

add|t_|on of the H molecule t_o the H-bridged |ntf3rmed|at_e atoms, augmented with d-type polarization functioas= 0.80
requires a larger energy barrier than that to the mtermedlate(N) and 0.55 (Si)) for N and Si atoms, respectively. Below we

without a H-bridged structure [with a HIMg,;%7*NNH)M denote this method as B3LYP/CEP-316G4). Since this is the
moiety] (see Scheme 2). same method that was used previously in our studies, one can

Recent studies have shown that dinuclear complexgd]j- directly compare the presented new findings with those from our
(u2m?n?-Ny) of group IV transition metals (Zr and Hf) with  previous studies. All reported structures were optimized without
{PhP(CHSIMe:NSiMe,CH,)PPR 15 and ¢75-CsMe4H)¢ ligands any symmetry constraints, and their nature was confirmed by
add dihydrogen molecule to the coordinated inder mild performing normal-mode analysis. In addition, we performed
experimental conditions. In early studiést was shown that intrinsic reaction coordinate (IRC) calculations for all located
multi-hapto ligandy;®:7*-CsHs-,MeSiR 2NR offers steric and transition states to confirm the reactants and products connected
electronic requirements, which can be compared to and con-by these transition states. All reported results were calculated by
trasted with those of more conventional Qjgands. In fact, ~ USing the Gaussian_03 program pack&ge.

the resulting (€Hs—Me,SiIR2NR)M complexes of group IV Recently, for [§*CsMenHs—n)oM] 2(uz2,7%7*N2) (Wheren = 0
and 4) complexes of group IV transition metals, we have demon-

strated® the importance of the low-lying electronic states of
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Table 1. Calculated, Important Geometry Parameters (distances in A, and angles in deg) at Their Lowest Singlet and Triplet
States, as Well as the Energy Difference between the Lowest Singl&) @nd Triplet (T) States,AE(S — T), (in kcal/mol) of
Compounds -6

geometry parameters

complex M R X state M-N N—R N—Si Si—-Ct M—Ct OMNSI ONSICt AE(S—T)
1, Ti H Cp S 1.941 1.024 1.809 1.909 2.054 94.0 93.3 15.9

T 1.970 1.025 1.798 1.916 2.256 99.3 94.2 0.0
2, Ti Me Cp S 1.935 1.482 1.815 1.903 2.055 93.1 94.1 15.5

T 1.965 1.484 1.802 1.911 2.254 98.3 95.0 0.0
3, Zr H Cp S 2.051 1.026 1.810 1.904 2.487 107.6 91.8 9.5

T 2.087 1.020 1.810 1.913 2.481 105.2 93.6 0.0
4, Zr Me Cp S 2.045 1.485 1.790 1.901 2.493 108.3 91.9 4.5

T 2.064 1.490 1.811 1.905 2.506 106.1 93.6 0.0
5, Zr Bu Cp S 2.049 1.485 1.777 1.906 2.591 110.3 90.4 2.9

T 2.097 1.488 1.777 1.915 2.481 106.7 93.0 0.0
6, Zr H Ind S 2.062 1.026 1.793 1.903 2.424 105.5 92.4 7.6

T 2.082 1.025 1.797 1.912 2.420 103.1 94.5 0.0

that the triplet state (which was found to be the ground state for 3. Results and Discussion

Ti-complexes) is less (or non-) reactive than the corresponding

singlet state (which was found to be the ground state for Zr- and  First, let us discuss electronic and geometrical structures of

Hf-complexes). Therefore, in 'Fhe present paper we also investigatethe proposed complexes. For simplicity of our discussion, let

the nature of ground electronic states of the proposed complexes.ys divide these complexes into three classes. Class | includes

In general, it is known that the B3LYP functional (used complexesdl (R = H)and2 (R= Me) with formula of (CpSiH-

throughout this paper) overstabilizes the high-spin states of transi-NR)Ti. Class Il includes the (CpSHNR)Zr-compounds with

tion-metal complexe#’ Therefore, the B3LYP-calculated energy p — (3), Me (4), and'Bu (5). Comparison of the calculated

difference between the lowest singlet and triplet electronic states o y P

of the complexesAE(S — T) presegnted in thiFs) paper should be properties of these complexes within the same class as well as
. . . oo ' similar systems from different classes will allow us to elucidate

used with caution and applied only to qualitatively determine the ethe role Béf the transition-metal center (M) and R ligand in the

ground electronic state of the proposed species. One should not . S .
that the best method to calculate accurate valueSES — T) is structure, stability, and reactivity of these geometry-constrained

a highly correlated methods such as CCSD(T) and MRSD-CI with compounds. We also study the compt¢Class 1) with M=
a very large basis set. However, the application of such sophisticated?!» R = H, and X= indenyl (Ind). Comparison of the results
methods to transition-metal complexes proposed in this paper isfor this compound with those for compleX will allow us
not practical. elucidate the role of X (Cp vs Ind) group in the structure,
Previously, we have showithat the use of large basis sets (such stability, and reactivity.
as Stuttgar:/Dresder! .effective core po'tentiz'il anc] associated basis 3 1. Geometrical and Electronic Structures of the Com-
e (SO for ranson etae i conuncton it Sandard  pleves 1-6. B3LYP calcuaions o the single (S) and tpe
} _ . .~ (T) states of the complexe$—6 show that their ground
on the B3LYP/CEP-31Gk,s)-calculated geometries and energetics electronic states are triplet states with two unpaired electrons

of the reactants, transition states, intermediates and products of th o
reaction of [(5-CsMenHs_r)sM]s(ua?n?-N5) with H, molecule. qocated on the M centers. Their singlet states are-289 kcal/

Therefore, in the present study we use only B3LYP/CEP-331&)d mol higher in energy (see Table 1).
method. The calculated important geometry parameters of these
Throughout the paper the energi@d) obtained at the B3LYP/ ~ compounds also are presented in Table 1. As seen from this
CEP-31G¢,s) level with zero-point vibrational (ZPV) and thermal  table, S-to-T conversion slightly elongates-M(amido) bond
corrections (at 298.15 K and 1 atm) are used for the studied distance for both Ti- and Zr-complexes. It also causes ca. 0.20
reactions. Here, we do not discuss entropy corrections (although A elongation of Ti-C! (Ti—Cp) distance. For the Zr-complex,
we have calculated Gibbs free energies for all reported structures,the S-to-T excitation does not change-Z! bond distances
see Supporting Information) because these corrections are usually, complexes3, 4, and6, but it does reduce it by 0.11 A for

significantly (very often unrealistically) large in the gas-phase complex5. It appears that Ind ligand coordinates to the Zr center
(model) studies compared to those in solution phase where the rea

processes are expected to occur. The inclusion of entropy effects
in the gas-phase studies could lead to wrong conclusions for solution
chemistry. The bulk solvent effects on relative energies of reactants,
intermediates, transition states, and products of the proposed
reactions were evaluated at the polarizable continuum model
(PCMY?* level using their gas-phase optimized structures and water
as a solvent.

(23) Khavrutskii, I. V.; Musaev, D. G.; Morokuma, Knorg. Chem.
2003 42, 2606 and references therein.
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Quantum Chemistry: The Challenge of Transition Metals and Coordination - “ 5
Chemistry Veillard, A., Ed.; Reidel: Dordrecht, 1986; p 79. (c) Leininger, n-(n'-Nyp) n-(n"-Ny)

T.; Nicklass, A.; Stoll, H.; Dolg, M.; Schwerdtfeger, B. Chem. Phys. ; ; ; 1
1996 105 1052. (d) Cao, X. Y. Doig, MJ. Mol. Struct. (THEOCHEM Figure 1. Schematic presentation of the mononuclegr*-Ny)

2002 581 139. and n-(y>N,) complexes (wheren = 1-6). The calculated,

(25) (a) Tomasi, J.; Persico, NChem. Re. 1994 94, 2027-2094. (b) important geometry parameters and relative energies of these
Cammi, R.; Tomasi, JJ. Comput. Cheml996 16, 1449-58. complexes are presented in Table 2.
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Table 2. Calculated, Important Geometry Parameters (distances in A, and angles in deg, see also Figure 1) and Energetics (in
kcal/mol) of the n-('-Ny) and n-(?>-N,) Complexes, Wheren = 1-6

geometry parameters

complex state A-N2 M—N? M—N?2 M—N3 N3—-R N3—Si Si—Ct M—Ct AE(S—T)2 De"
1-(7*-Ny), S 1.179 1.987 1.934 1.024 1.803 1.912 2.176 9.6 11.7

T 1.185 1.991 1.965 1.025 1.787 1.912 2.329 0.0 54
1-(7%-Ny), S 1.251 2.049 2.017 1.932 1.024 1.794 1.910 2.334 —2.4 23.2

T 1.212 2.216 2.180 1.951 1.024 1.786 1.909 2.325 0.0 4.9
2-(n*-Ny), S 1.156 2.020 1.926 1.484 1.810 1.906 2.160 12.4
2-(?-Ny), S 1.216 2.031 2.003 1.929 1.485 1.799 1.904 2.328 24.6
3-(7%-Ny), S 1.190 2.121 2.082 1.025 1.800 1.913 2.340 7.3 216

T 1.207 2.099 2.089 1.025 1.788 1.911 2.492 0.0 194
3-(7%-Ny), S 1.234 2.195 2.169 2.073 1.025 1.808 1.907 2.522 -3.9 34.8

T 1.202 2.333 2.303 2.080 1.025 1.806 1.908 2.489 0.0 21.4
4-(7%-Ny), s 1.164 2.159 2.075 1.486 1.805 1.908 2.467 26.0
4-(72-Ny), S 1.229 2.185 2.152 2.073 1.488 1.794 1.904 2.522 39.6
5-(71-Ny), S 1.170 2.158 2.081 1.497 1.800 1.910 2.330 23.9
5-(7%-Ny), S 1.225 2.195 2.165 2.086 1.506 1.800 1.905 2.475 36.0
6-(7*-Ny), S 1.164 2.147 2.089 1.025 1.791 1.907 2.382 21.3
6-(72-N2), S 1.226 2.184 2.147 2.084 1.025 1.786 1.906 2.537 34.2

a AE(S — T) is an energy difference between singlet and triplet statBs.is an enthalpy ) of the reactiom-(N2) — n + Na.

stronger than to the Cp ligand: The calculatee-Zt distance,
2.424 A, is slightly shorter it than that in3, 2.487 A.

3.2. Geometrical and Electronic Structures of the Mono-
nuclear-Dinitrogen Complex, n-(Nb), n = 1-6. In general,
the N, molecule can coordinate to complex&s6 in two
different ways: in the end-ongf) and side-onf?) modes (see

N2) complexes facilitates the activation of the-N bond of
the side-on coordinated Nnolecule.

Also, one should note that the replacement of Cp ligand by
Ind, namely, going froom = 3 to n = 6, does not change the
calculated M-N; binding energy.

3.3. Geometrical and Electronic Structures of Dinuclear-

Figure 1). The calculated important geometry parameters andDinitrogen Complex, n-(Nz)-n, n = 1—6. Coordination of the

energetics of the resulting(N,) complex are given in Table 2.
As seen from this table, the-\N bond distance is longer in
side-on coordinated-(72-N,) isomers than that in their end-on
counterpart®-(71-Ny). This indicates that the %N triple bond
is more activated im-(172-Ny) than inn-(31-N,) for all proposed
complexes. Furthermore, in the singlet statenef;?-N,) the
N—N bond is longer than that in their triplet states (calculated
only for n = 1 and 3), indicating that interaction of the N
molecule with the M center is slightly stronger in the singlet
state compared with that in the triplet state. This conclusion is
consistent with the calculatedN(N5) bond distances, which
are much shorter for singlet complexes than for triplet ones.
Changes in the NN, as well as M-N(N,) bond distances, upon
going from singlet to triplet states of the end-on(-N,)
complexes are insignificant, indicating weaki¥ interaction
in n-(y1-N2) complexes.

seconch-complex to mononuclear-dinitrogen complexeg;!-

N,) and n-(3%-N,) leads to dinuclear-dinitrogen complexes
n-(uz,mt-No)-n and n-(uz,n%n?-N2)-n, respectively. One
should note that the side-on coordinatae(uz,72,7%-N2)-n
complex could have several different isomers, among which
anti- and synisomers presented in Figure 2 (and studied only
for n = 1, 3, and4) look more interesting from a reactivity
point of view (see next section). In tlhati-isomer two R ligands

(or two Cp ligands) are located anti positions to each other.

In contrast, in thesynisomer these two ligands asgnto each
other. Calculations show that these two isomers are energetically
very close to each other (with tlati-isomer slightly less stable

by 0.2, 1.7, and 2.7 kcal/mol for = 1, 3, and4, respectively)

and are separated by relatively large energy barriers of 17.0,
12.5, and 13.6 kcal/mol fan = 1, 3, and4, respectively. The
structures of transition states associated with these barriers are

The above presented geometry changes are consistent wittpresented in Supporting Information and will not be discussed
the calculated energy difference between the lowest singlet andhere. Below, we study structure and reactivity of both isomers.

triplet statesAE(S — T), and the M~N; binding energy D).
Indeed, as expected, coordination of, Kb the “naked”
complexesl and 3 (and presumably for all other studied

In Table 3 we present the calculated important geometry
parameters and energetics of end-on and side-on isomansi-of
n-N2-n. As seen in this table, similar to the mononuclear

complexes) stabilizes the singlet state more than their triplet complexes discussed above, the side-on coordinatiorp ¢d N

states. As a resulAE(S — T) reduced from 15.9 and 9.5 kcal/
mol in the “naked” complexe% and3, respectively, to 9.6 and

two n complexesanti-n-(u2,7%,7%-N2)-n, is significantly more
favorable than its end-on coordination. Comparison of corre-

7.3 kcal/mol in the corresponding end-on coordinated complexessponding results in Tables 2 and 3 shows that coordination of

1-(*-Ny) and3-(71-Ny). Interestingly, in their side-on coordi-
nated analoguek(7%-N) and3-(%-N,), strong M—N; interac-

the seconah to n-(Ny) further stabilizes the singlet state of the
resulting species. Indeed, as seen in Table 3, the singlet state

tion makes the singlet the ground state, and their triplet statesof anti-3-N»-3 complex becomes the ground state for both end-

lie about 2.4 and 3.9 kcal/mol higher in energy, respectively.
Thus, the thermodynamically more stabl€?-N,) isomers of

all n-N, (wheren = 1—-6) complexes studied here have a singlet
ground state.

As seen from Table 2, the calculated, binding energies
(De) are significantly larger fon-(2-Ny) isomers than for the
n-(7%-N,) isomers and increase upon going from Ti-complexes
to Zr-complexes. It also slightly increases by changing Ri
with R = Me and'Bu. These results indicate that the electron-
rich substituent (R) on the amido group of (Cp@R)M- (-

on, 3-(u2,n1,11-N2)-3, and side-on3-(u2,n%,7%-N,)-3, isomers.
However, foranti-1-(uz,n%,17-N2)-1 the triplet state is still lower
(by 8.5 kcal/mol) in energy, while for its side-on coordinated
counterpartanti-1-(u2,72,7%-N)-1, the singlet state is the ground
state. Furthermore, iranti-n-(uz,n%5%-N2)-n, which is the
starting complex for addition of theinolecule to the ¥ the
N—N bond is significantly elongated (especially for the ground
singlet state of these complexes); the calculated\Nistances

are within 1.56-1.64 A range, which corresponds to the-N
single bond. Furthermore, almost all complexes, at their ground
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Figure 2. Schematic presentation of the dinucl@au,7?,7%N2)-n,

anti-n-(uz,n2,n7%-N)-n, andsynn-(uz,7%1%N;)-n complexes (where

n = 1—6). The calculated, important geometry parameters and relative energies of these complexes are presented in Table 3.

Table 3. Calculated, Important Geometry Parameters (distances in A, and angles in deg, see also Figure 2) and Energetics (in

kcal/mol) of the anti-n-(u2,n1n*-N,)-n and anti-

n-(u2,m%n%N,)-n Complexes, Wheren = 1—-6

geometry parameters

complex state N-N2 MI-N! MI-N2 MZ2-N! M2-N2 MI-N3 M2-N* MI-Cl M2-C? ¢ ¢ AES—T)° Ded

TuaytyN)-1 S 1.312 1.752 1.752 1952 1.957 2.398 2.392 916 85 530

T 1261 1925 1.821 1.956 1947 2360 2.354-141.6 -- 00 519

T(ua?y>Nz)-1 S 1.639  1.901 1.927 1944 1.892 1946 1.951 2422 2.421152.6 421 —6.2 577
T 1353 2046 2050 2.046 2044 1952 1.957 2358 2.356  179.7 0.1 00 539

2-(uatyN)-2 S 1288 1.758 1.758  1.949 1949 2386 2.386-91.0 — 55.1
2-(uan?n®Ny)-2 S 1584 2042 2058 2059 2042 2103 2588 2105 2585  144.6 36.0 58.2

(ot iN2)-3 S 1301  1.903 1.904 2107 2109 2551 2.551-94.3 — -10.7 741

T 1270 1971 2.054 2087 2093 2521 2527-109.4 - 00 56.1

3-(u2n?n?N2-3 S 1590 2039 2054 2039 2057 2109 2108 2596 2594  161.0 423101  88.6
T 1329 2169 2167 2167 2169 2108 2108 2.513 2513  180.0 0.0 00 804

4(uomty-Np)-4 S 1301  1.907 1.907 2100 2101 2549 2544-885 - 785
4(ua?n?Nx)-4 S 1590 2039 2054 2039 2058 2111 2107 2596 2594 1512 39.1 925

5-(uanpty-N)-5 S 1.300  1.908 1.908 2116 2114 2527 2527-941 - 73.2
5(uomy>Ny)-5 S 1558 2,052 2,057 2052 2057 2124 2124 2566 2566 1451 0.1 85.0

5-(uaytyN)-5 S 1.302  1.896 1.895 2105 2104 2572 2573-921 - 745
6-(uz2*Ny)-6 S 1593 2034 2054 2056 2.035 2103 2103 2587 2598  150.1 43.1 88.6

a ¢, is a dihedral angle ofl(N3,M1,M2N%). b ¢, is a dihedral angle afl(M%,M2,N,N?). ¢ AE(S — T) is an energy difference between singlet and triplet

statesd De is an enthalpy ) of the reactiom-(N2)-n — n-(Nz) + n

singlet states, have a “butterfly” structure with thgM?,M2,

N1,N?) dihedral angle of 3642° (with the exception of complex
5-N2-5, which has a planar MN,—M moiety). As seen from
this table, the calculated;(M%,M2 N, N?) dihedral angle
decreasesvin=1> 2, andn =3 > 4 > 5, i.e. via increasing

2. The calculated geometries and energies ofyima-(u,172,17%
N>)-n compounds will be discussed in section 3.4.

3.4. Reactivity of the Complexes ng»,1%,52-N2)-n toward
the Dihydrogen Molecule.The results presented above clearly
show that all studied species= 1, 2, 3, 4, 5, and6 coordinate

the size of R ligand. This conclusion is consistent with those N2 molecule in side-on manner and form highly stable (relative

reported for the dinuclear Zr comple{P2N2]Zr} o(uz,nm2,n?-
NZ)-14

to dissociation limit of & + Nj) n-(u2,72,7%-N2)-n complexes,
thus satisfying the first necessary condition of hydro-

The calculated energy of reaction (involving the same states, genation of the coordinated,Nnolecule?31°Since, as shown

singlet or triplet, of the reactants and producs}i-n-(N2)-n

above, energy differences between éméi- andsynisomers of

—n-(N) + n, D, is large, and is larger for Zr-complexes than  n-(uz,727%-N2)-n are very small and these isomers are separated

for their Ti-analogues.

The synisomers, synn-(uz,n%n%-N2)-n, where two NR
ligands (or two Cp ligands) argynto each other were studied
only forn = 1, 3, and4. For this isomer, we were able to locate
only the structure (presented in Figure 2), where thendlecule
is located at the Cp-sides. The structure withaithe RN-side

with large energy barriers, below we study reaction of tzwtti-
andsynn-(uz,7%n%-N2)-n complexes with the kimolecule. We
expect that the complexes for alls studied will show similar
reactivity; therefore, here we only investigate reaction mecha-
nisms ofn = 1, 3, and4 with H, molecules in detail.

Before starting our calculations on the potential energy surface

is not stable and converges to the structure presented in Figureof the reactionn-(uz,7%7%-N2)-n + H,, we examine the
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HOMO's LUMO's

Figure 3. HOMO and LUMO of theanti-n-(u2,17%,7?-N)-n complexesif = 1—3). Similar orbitals for thesynn-(u2,7%7?-N2)-n are given
in Supporting Information.

applicability of the second necessary cond#i¥ffor successful As seen from Table 4, coordination and activation of the H
addition of the H molecule. As shown previously (see Introduc- molecule toanti-3-(u,72,7%-N5)-3 occurs with 14.6 and 15.9
tion), the second necessary condition for the successful hydro-kcal/mol barriers at the transition statesiti TS1A 3 and
genation of a side-on coordinated Molecule is the availability anti_TS1B_3for pathways A and B, respectively. (Here and
of the singlet electronic state of the reactant complexes with below the calculated transition states and products of the
appropriate frontier orbitals: HOMO should bemabonding reactions are denoted ® XYZ_n, whereiso stands foranti-
orbital of the M—N,—M fragment, while the LUMO should or synisomers;X stands for structure and could Beor TS,
mainly have metal character. As seen in Figure 3, the HOMO indicating product and transition states, respectivilyorre-
and LUMO of theanti-n-(u2,7%,7%-N2)-n complex satisfy this sponds to the number of the hydrogen molecules included in
requirement. Similar results have been found for syen- the reaction, and could Heor 2; Z stands for the pathways
(u2,m%2m%-N2)-n complex (see Supporting Information). Thus, or B: andn stands for the compleg, 3, or 4.) The activated
one may expect that these complexes will add thendlecule H1—H2bond is elongated to 0.953 and 1.067 A at the transition
to the coordinated Nwith a reasonable energy barrier. statesanti_TS1A_3andanti_TS1B_3 respectively. Meanwhile,
Now, let us discuss the mechanism and energetics of thethe formed N—H! and Z#—/Zr?—H?2 bond distances are 1.444
reaction n-(uz,n2,7%-N2)-n + H,. At first, we discuss the  and 2.129 A inanti TS1A 3 and 1.353 and 2.014 A in
mechanism of the reaction afnti-n-(uz,72%,7%-No)-n with the anti_TS1B_3 respectively. During this process, the-ZfZr>—
H, molecule. N2 bonds are also elongated to 2.183 and 2.185 A at the
Reactivity of anti-n-(u2,3212-N2)-n toward the Dihydrogen transition stateanti_TS1A_ 3andanti_TS1B_3 respectively.
Molecule. As expected, this reaction proceeds via coordination The optimized geometry parameters indicate thahtite TS1B_3

and activation of the Fimolecule on one of the MN bonds is a later transition state than theti TS1A 3 which correlates
through the metathesis transition state (see Scheme 2). As seewith the calculated energy of the reaction. IRC calculations
in Figure 2, the coming FHmolecule could coordinate the-WN indicate thatanti_TS1A_3 connects reactantanti-3-(uz,7?,

bond of anti-n-(uz,72,7%-N2)-n from two different directions: 7?-N2)-3 + H, to the productanti_P1A_3 reaction3-(uz,7?,
from Cp- and N-sides, called below Cp-side and N-side attacks 7?-N5)-3 + H, — anti_P1A_3is calculated to be exothermic
or pathways A and B, respectively. The calculated reactants,by 35.5 kcal/mol. Meanwhile, transition stagati_TS1B_3
transition states, and products of the proposed reactions areconnects the reactantanti-3-(uz,7%7%N2)-3 + H, to the
presented in Figure 4. Their important geometry parameters andanti_P1B_3_terminal product, which lies only 11.4 kcal/mol
energetics are given in Table 4. lower than reactants.
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Figure 4. Schematic presentation of the reactants, intermediates, transition states, and products of the remutiioR(@f,172,7?-N2)-n
with H, molecule. The calculated, important geometry parameters and relative energies of these complexes are presented in Table 4.

Table 4. Calculated, Important Geometry Parameters (distances in A, and angles in deg, see also Figure 4), and Relative
Energies (in kcal/mol), AH (in gas-phase) andAGs (in water solution), of the Reactants, Transition States, Intermediates, and
Products of the Reaction ofanti-n-(u2,723?-N)-n with H, Molecule (wheren = 1, 3, and 4)

structure AH  AGsy MI-N! MI-NZ2 MI-N® MI-N M2-N! M2-N? M2-N* N-N2 HI-H? N2—H. M-H! MI-HZ2 M2—H?
L-(uatpNo)-1 00 00 180 1925 1955 - 1939 1876 1954  1.509- - - - -
TS1A 1 198 194 1890  1.893 1955 - 1927 2076 1952 1533 0979 1370  1.916 1.904
P1A_1 -230 -305 1967 2045 1966 2135 1943 2012 2172 1523 1.025 - 1717
TS1B_1 200 157 1961 2120 1932 - 1868 1973 1951 1467 1101  1.299 1808  1.795
P1B_1 terminal —4.2 -84 2024 2093 1957 - 1852 2002 1929 1573 1.033 - - 1.696
P1B_1 bridge —159 -203 2.021 1981 1960 - 1916 2069 1967  1.525- 1026 - 1.848 1916
3 (o n?-N5)-3 00 00 2039 2054 2111 - 2058 2039 2107  1.590- - - - -
TS1A_3 146 168 2042 2037 2110 - 2058 2183 2107 1617 0953 1444  2.104 2.130
P1A_3 -355 -305 2089 2185 2118 2292 2056 2157 2347 1513 1023 - - 1.902
TS1B_3 159 188 2104 2200 2088 - 2010 2105 2098 1543 1067 1353 1985  2.0%4
P1B_3_terminal —11.4 -9.6 2144 2295 2106 - 2022 2136 2087  1.633- 1035 - 1875 -
P1B_3 bridge —269 -—185 2143 2153 2109 - 2070 2209 2114  1593- 1.027 - 2038  2.109
4(aaNo)-4 00 00 2039 2054 2111 - 2058 2039 2107  1.590- - - - -
TS1A_4 148 169 2043 2041 2104 - 2058 2187 2111 1614 0947 1453  2.169 2.135
P1A_4 -324 -310 2118 2194 2117 2307 2074 2172 2351 1585 1026 — - 1.902
TS1B_4 157 161 2112 2178 2081 - 2012 2108 2098 1551 1049 1369 1997  2.031
P1B_4_terminal —124 —152 2144 2310 2098 - 2028 2133 2083  1631- 1034 - 1878 -
P1B_4_bridge  —27.6 —257 2140 1160 2107 - 2077 2205 2118  1590- 1027 - 2037 2103

Such a large energy difference (ca. 24 kcal/mol) between the Meanwhile, theanti_ P1B_3 terminal— anti_P1B_3 bridge
anti_P1A_3 and anti_P1B_3_terminal products could be isomerization occurs with a slightly larger barrier2 kcal/
explained by presence of a five-coordinated Zenter in the  mol) and is only 11.5 kcal/mol exothermic. Thus, the direct
anti_P1B_3_terminal (see Figure 4). Since the coordination product of N-side addition of the Hnolecule, the intermediate
of five ligands to the Zr center is not thermodynamically anti P1B_3_terminal can easily (kinetically and thermody-
suitable, Zt releases either the amido (RNor H? ligand to namically) rearrange to the Cp-side addition produtt P1A_3

fOFm a four-coordinateql (—:llnviTr;)]nmelnt, cglled . dR';ﬁ?izlrlg H- with RN(amido)-bridge. However, the formation of the energeti-
migration steps, respectively. The released amido} cally less favorable structuranti_ P1B_3_bridge during the

ligand moves to bridging position between two Zr centers and reactionanti-3-(us?n?-N5)-3 + H, cannot be excluded.

leads toanti_P1A_3andanti_P1B_3 bridgestructures. Cal-
Reactivity of synn-(u2,5217%-N2)-n toward the Dihydrogen

culations show that thanti P1B_3 terminal— anti_P1A 3 . : _
isomerization occurs with only 0=2.3 kcal/mol energy barrier ~ Molecule. Now, let us discuss the mechanism of the reaction

(the transition state corresponding to this process is presenteddf synn-(uz,7%n%Nz)-n with the H, molecule. As seen from
in Supporting Information) and is exothermic by 24.1 kcal/mol. Figure 2, for thesynn-(u2,7%7?-N2)-n complex, the Cp-side
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Figure 5. Schematic presentation of the reactants, intermediates, transition states, and products of the rematiof(tafr2,7?-Ny)-n
with H, molecule. The calculated, important geometry parameters and relative energies of these complexes are presented in Table 5.

Table 5. Calculated, Important Geometry Parameters (distances in A, and angles in deg, see also Figure 5), and Relative
Energies (in kcal/mol), AH (in gas-phase) andAGs (in water solution), of the Reactants, Transition States, Intermediates, and
Products of the Reaction ofsynn-(u2,n237%-N)-n with H, Molecule (where n= 1, 3, and 4)

structure AH  AGgy MI-N! MI-N2 MI-N3 M2-N3 M2-N! M2-N2 M2-N* NI-N2 H1-H2 NI-H! M1-H! MI-H2
1-(u272n>N2)-1 0.0 0.0 1.871 1941 1.949 — 1941 1871 1949 1.494 — - - -
TS1A 1 19.8 19.2 2094 1.947 1.941 — 1938 1.876 1.949 1.487 1016 1.331 1.874 1.867
P1A_1 -7.6 -163 2112 1981 1957 — 1974 1854 1934 1.490 — 1.029 - 1.712
3-(u22m>Nz)-3 0.0 0.0 2037 2063 2105 — 2063 2037 2105 1576 — - - -
TS1A_3 141 185 2171 2.077 2104 — 2029 2057 2103 1597 0975 1411 2081  2.109
P1A 3 —186 —9.3 2257 2128 2111 - 2126 2012 2085 1534 — 1.029 — 1.895
A-(uz2m>Ng)-4 0.0 0.0 2032 2075 2101 — 2075 2032 2101 1.558 — - - -
TS1A_4 17.7 201 2217 2.095 2.083 — 2.063 2048 2105 1547 1056 1.357 1.988  2.024
P1A 4 —30.7 —26.1 2162 2053 2350 2307 2186 2091 2351 1.51% 1.025 — 1.905
attack of K looks electronically and sterically to be the more 4. Solvent Effects

f bl th . . . .
avorable pathway As seen in Tables 4 and 5, inclusion of the bulk solvent effect

ASs seen Table 5 and Figure 5, treynisomer of i\ 4ter was chosen as a solvent) into the calculations did not
n-(uz*n*N2)-n, (wheren = 1, 3, and4) reacts with the first  cnange the above-presented trends from the gas-phase studies.
H, molecule with an energy barrier similar to those for their Indeed, solvent effects only slightly change the calculated
correspondingnti-isomers. Fon =1 the calculated barrier is  p5rriers for the reaction ahinti-1-(uz,2,7%-Ny)-1 and syn-1-

19.8 kcal/mol, while it reduces to 14.1 and 17.7 for complexes (u221%-N2)-1 with the H, molecule, while it makes these

n = 3 and 4. Close inspection of the transition states, reactions more exothermic by a few kcal/mol. For Zr-complexes
synTS1_n associated with these barriers (see Figure 5 and 3 and 4, inclusion of solvent effects increases the calculated
Table 5) reveals that fan = 4 (M = Zr and R=Me) ithas a  parriers by 2-3 kcal/mol and reduces the exothermicity of the
structure similar to that of itanti counterpart. Indeed, the  studied reactions. However, still the calculated &tdition
calculated (N,M1,M%N*) dihedral angle is 1675 In other barrier remains a few kcal/mol smaller for Zr-complexes
words, addition of an kimolecule causes rotation of one of compared to that for their Ti-analogues.

the (CpSiHNMe)Zr groups around the ZZr bond. This can

be explained in terms of strong steric repulsion between the 5. Conclusions and Summary

RN—NR groups. Indeed, in the complex=3 (M = Zr and R .

= H), where steric repulsion between the HNH groups is The above-presented results clearly show that (1) all studied
smaller, this effect is not significant (BM*,M2,N4) dihedral speciesn = 1, 2, 3, 4, 5, and6 preferentially coordinate N
angle is only 15.6). molecule in the side-on manner and form the highly stable

(relative to the dissociation limit ofr2+ Ny) n-(uz,7%,7%N2)-n
complex. Thus, the resultant(uz,7%,7%-N2)-n complex satisfies
the first necessary condition of hydrogenation of the coordinated
N, molecule; (2) bothanti- andsynisomers of then-(uz,72,7?-
N2)-n complex satisfy the second necessary condition for the

The reactionsynn-(uz,n%7%-N2)-n + H, — syn P1 nis
calculated to be exothermic by 7.6, 18.6, and 30.7 kcal/mol for
n =1, 3, andn = 4, respectively. Analysis of the optimized
structures ofsyn_P1_n products shows thagyn P1_4has a

structure similar to that foantl_PlA._4, while structur'es (.)f successful hydrogenation of the coordinatedblecule; both
synP1_1 and syn_Pl__3 are very d'ff?fe”t frqm theianti isomers possess appropriate frontier orbitals: HOMO is a
counterpa_lrt_s. These flndlqgs are con&s;er;t with the Calcmatedn-bonding orbital of the M-N,—M fragment, while the LUMO
exothermicity of the reactlcznn?,ntl-4-(/42,n 1°N2)-4 + Hp = has mainly a metal character. Therefore, it could be expected
anti_P1A_4 andsynn-(uz,5°17*N2)-n + Hz — syn P1_nfor that (3) all studiedn-(u2,725?-N2)-n complexes add the H

n = 4; they have very similar exothermicities, but for= 1 molecule with a reasonable barrier (ca. 20;-14, and 15-18

and 3 the_ formation of thesynproduct is significantly less kcal/mol barriers fom = 1, 3, and4, respectively) regardless

exothermic. of the direction of H attack (Cp- or N-side) and the nature of
The studies of the mechanism of then P1 n— anti_P1A n initial complex @nti or syrn). However, the Zr-complexn(=

isomerization reaction, as well as of the (the second) addition  3) is expected to be more reactive than its Ti-analogue (L),
tosyn_P1_nandanti_P1A_nproducts are in progress and will  and replacement of R H ligand with R= Me (i.e., going from
be discussed elsewhere. n = 3 to n = 4) has no significant effect on the calculated
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barriers. The comparison of the calculatediaddition barriers dizirconium complexes{[P2N2]Zr} 2(u2,7%n?-N2) and {(Cs-

of these reactions with those (280 and 24 kcal/mol barriers)  MesH)2Zr} 2(u2,7%7?N2). We encourage experimentalists to
for the experimentally>16 and computationalfr>19-14 well- examine these predictions. One should note that studies of the
studied dizirconium complexeP2N2]Zr} »(uz2,m%1%-N2) and mechanism ofyn_P1_n— anti_P1A_nisomerization, as well
{(CsMesH)2Zr} o(u2,17%,n*-N2) show that the proposed complexes  as of the H (the second) addition tsyn_P1_nandanti P1A n

1, 3, and4 should exhibit similar or better reactivity toward products are in progress and will be discussed elsewhere.

the first H, molecule than the latter complexes do. (4) It was

shown that, in general, reacti@nti-n-(u2,7%,7%-N2)-n + Hy .
. . . . . Acknowledgment. S.M. thanks Spanish MEC and CICYT
anti_P1A_nleading to the product with H- or I\ZIR;bndge 'S (MAT2006-0400 Project) for financial support. We thank
more exothermic than itsyncounterpartsyni-(uz° ‘Nﬁ)'r}. AFOSR for DURIP Grant (FA9550-04-1-0321) for support of
+ Hz = syn P1_nleading to nonbridged products. The first o comnyter facilities. The use of computational resources at

reaction is calculated to be exothermic by ca. 23.0, 35.5, and e cherry Emerson Center for Scientific Computation is also
32.4 kcal/mol, while the second reaction is exothermic only by acknowledged.

7.6, 18.6, and 30.7 kcal/mol, for= 1, 3, and4, respectively.
(5) The inclusion of solvent (water) effects into the calculations
did not change trends and conclusions obtained from the gas-
phase studies.

In summary, the results presented above clearly show that
the proposed (CpSHMR)M-(u2,72,17%-N2)-M(CpSiHNR), com-
plex (for M = Zr and Ti, and R= H, Me, 'Bu) are likely to
exhibit similar or better reactivity toward the;tholecule than
the experimentally>%and computationalfy>10-14 well-studied OM700613V

Supporting Information Available: Complete ref 22; Table
S1, Cartesian coordinates (A) of all reported structures; Tables S2
S7, calculated energetics (au) of all reported structures; and Figure
S1, HOMO and LUMO ofsynn-(uz,72,2-N)-n complexesif =
1, 3, and4). This material is available free of charge via the Internet
at http://pubs.acs.org.



