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Abstract: The mechanism of reaction of binuclear zi

rconium dinitrogen complex]ir(u-172-N2)Zr[p2n;]

(1, where pn, = (PHs)2(NH2), as a model of the experimentally usesNP = PhP(CHSiMe;NSiMe,CH,),-
PPh ligand), with a hydrogen molecule has been studied by using the density functional method. It is shown
that this reaction proceeds via (i) activation of theH o-bond via a “metathesis-like” transition state where

simultaneously ZrH and N—-H bonds are formed and
produce the diazenidohydride comp@&Xpznz]Zr(u-7?-N

the-HH and one of the NN sz-bonds are broken, to
NH)Zr(H)[p2n2], and (ii) migration of the Zr-bonded

hydride ligand to a position bridging the two Zr atoms to form the diazenidbydride complex7, [p2ng]-
Zr(u-n?>-NNH)Zr[p2nz](«-H). The entire reaction is calculated to be exothermic by 18 kcal/mol. The rate-

determining step of this reaction is found to be the

activation of theHHbond, which occurs with a 21-

kcal/mol barrier. The experimentally observed diazeriddydride complex?, [p2n2]Zr(u-1n2-NNH)Zr{p2na] (u-

H), is not the lowest energy structure in the potenti

al energy surface. The hydrazono comp#ar(p-

NNH_2)Zr[p2ny] (with a bridging NH) and the hydrado complexfm]Zr(w-NHNH)Zr[p2ny] (with two bridging

NH units) are calculated to be more stable than the
However, these complexes cannot be generated by

diazenidoydride complex7 by about 50 kcal/mol.
the reactibr-dfi, at ambient laboratory conditions

because of very high (nearly 60 kcal/mol) barriers separating them Trom

1. Introduction

Activation of the N=N triple bond and its chemical trans-
formations has attracted great interest from both fundamental
and practical points of view.” Perhaps the most famous and
oldest such reactions is the energy-intensive HaBesch

TOn sabbatical leave from the Department of Chemistry, Bar llan
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process,? which annually accounts for the production of
millions of tons of ammonia directly from dinitrogen and
dihydrogen molecules with use of an iron metal catalyst. The
biological analogue to this industrial process appears to be the
nitrogenase processExtensive attempts to find the new
processes better than Hab&osch and nitrogenase processes
have not met with success, although they have led to the
discovery of several important reactions which are believed also
to occur in these processes.

The first of these is a catalytic cleavage of theN triple
bond by transition metal complexeJ.he cleavage of the &

N triple bond of the bare Nmolecule is not easy because of its
very high binding energyQfe = 225.94 £ 0.14 kcal/mol),
reflected in its short KN equilibrium distanceR. = 1.0976
A).8 Although some highly reducing systems, such as a mixture
of a metat-halide with an excess of a Grignard reagent, that
react with N to form nitrides have been recognized for many
years? the clean splitting of the &N triple bond has only
recently been achieved by Cummins with a tridentate amine
complex of Mo, Mo(NRAr}, where R= C(CH;z),CHz and Ar

= 3,5-C6H3M62.

The second is the reaction of a coordinatedblecule with
electrophiles (protons, organic free radicals, acidic transition
metal complexes, or a coordinated hholecule) via protona-
tion,296 and with molecular hydrogen via hydrogenation by
Fryzuk et al’ Since a metal-coordinatedldresumably already

(8) CRC Handbook of Chemistry and Physi@2nd ed.; CRC Press:
Boca Raton, Ann Arbor, and Boston, 1991992.
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Reaction of H with [P2No]Zr(u-172-N2)Zr[P2N;]

has an activated NN bond, it is expected to react with

J. Am. Chem. Soc., Vol. 121, No. 24, 199755

from the solution datd,rather than the u(-7?-Np)(u-17%-Hy)

molecular hydrogen (and other hydrides) more easily than the complexlll from the low-temperature X-ray studylhis same

bare N molecule.

study'! also reported the analogous geometric structures cal-

However, the mechanisms of these nitrogen-activation and culated for the bridging metal complexes resulting from the
transformation processes are not well understood, and theirreaction of1 with CHs and SiH molecules. Note that the
detailed understanding is highly desirable. In previous papersreaction ofl with primary silanes RSiklwas also studied

we have studied the mechanism of Mleavage by three-
coordinate group 6 complexes Ml(where M= Mo and W
and L= CI, NH,, and OCH) in detail? It has been shown that
this reaction is a multistep process including (i) coordination
of the dinitrogen molecule to the transition metal center of the
guartet ground state of the Micomplex to form a doublet (H-
ML 3 intermediate, (ii) coordination of the second Mtagment
to form a stable triplet binuclear complexgNi(N2)ML 3, (iii)
crossover from the triplet to the singlet state, and (iv)yMW
cleavage over a significant barrier to form two Nytom-
plexes. The barrier to NN bond cleavage can be controlled
by the number and the kind of ligands L and the metal M.
Strongly z-donating ligands L decrease the barrier; the NRAr
ligand used experimentaflyvas the best choice. Calculatidns
also suggest that Wilis more active than Mol

In the present paper, which is a continuation of previous
theoretical studies of the cleavage of the coordinatgd We

experimentallywith the resulting formation of only one product,
[PoN2]Zr(u-73-N2SiHaR)ZIP2N2](1u-H). On the basis of the
comparison of the calculated energetics for the reactioris of
with Hp, CHy4, and SiH, it was concluded thalt can activate
the H-H and Si-H bonds of dihydrogen and primary silanes,
respectively, but not the €H bond of alkanes.

However, these novel experimental studi€sand previous
calculationd! left several key questions unanswered about the
mechanism of the reaction ofwith H,. In the present paper
we will report on the calculations and address some of these
questions; namely, (1) what is a mechanism of the reaction of
| with H,, and (2) what are the structures and energies of all
the equilibrium, intermediates, and transition states on the
reaction path of + H,? Also, we will very briefly discuss the
role of the auxiliary ligands of [N,]. A detailed discussion
on the effects of the different external ligands, together with
studies on the effects of different metals, and the possibility of

will present the results of theoretical studies of the mechanism successive reactions of complewith more than one hydrogen

of reaction of a H molecule with a dinitrogen molecule

coordinated to two Zr complexes, experimentally reported by

Fryzuk and co-workeréPreviously, this group had reporféd

molecule will be presented in a subsequent paper.
The electronic and geometrical structural properties of bare
MN,>M complexes have been the subject of several theoretical

on the synthesis and spectroscopic characterization of variousstudies'® In general, it was shown that the side-on coordinated

binuclear M—-N,—M complexes involving both the end-@i-
N and the side-om?-N, bonding mode. The only experimen-

MN:;M systems may have two different low-lying electronic
states. The first of them is characterized by a high-spin state

tally determined end-on structure is found to have a shorter and an intermediately perturbed Nnit with an N—-N distance

N—N bond length of 1.30 A, while the side-on forms have
unusually long N-N bond lengths of 1.551.43 A. The

close to the double bond in azomethane (1.24 A). The second
state is characterized by a low-spin state and a strongly perturbed

composition of the auxiliary ligands seems to determine whether N, unit with an N=N distance close to the single bond in
the side-on or end-on complex is formed. Furthermore, even hydrazine (1.47 A). The low-spin state is the ground state for

for a given orientation type of the complex, the-N bond
distance (which should reflect the degree o&N bond
activation) is sensitive to the nature of the exterior ligands,
giving the range of N-N distances quoted above.

The novel aspect of Fryzuk et al.’s latest repsithe ability
of [PaN2]Zr(u-n?-N2)Zr[P2N2] (1, where BN, = PhP(CHSiMe-
NSiMe,CH,),PPh) to react with molecular hydrogen to form
[P2N2]Zr(u-172-NoH)Zr{P2N2](«-H) (11') containing an N-H bond
on the bridging N molecule and a metal bridging hydride. This
is the first example of the reaction of a coordinatedblecule
with molecular hydrogen. Although the-\N bond is not split
in this reaction, productl could be an intermediate in the
process of obtaining ammonia directly from, Mnd H at

ambient conditions. Our recent joint paper, based on the density,,

functional calculations for a simplified model b{called1 later)
using the ligand [pn;] = (PHs)2(NH2)2 and neutron diffraction/
inelastic scattering studiés,confirms that the product of the
reactionl + H, is the g-12-NoH)(u-H) complex!l proposed
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the second-row metals to the left in the periodic table (Y and
Zr), while the high-spin state is lower in energy for the second-
row metals to the right of Zr and for all first-row metals. On
the basis of comparison of the calculated geometries for the
naked ZrNZr system with those for the experimentally studied
systems such as it was concluded that the auxiliary ligands
on the metal atoms have a very small influence on the electronic
and geometrical structure of the central¥s unit. All calculated
bare side-on MBM (M = Ti, Y, and Zr) complexes are
calculated to have a planar structure.

2. Computational Procedure

Since it is technically impossible to explicitly compute the potential
ergy surface of the reactidn+ H; for the experimentally used
complex | with the [RN;] = PhP(CHSIiMe:NSiMe,CH,).PPh tet-
radentate ligand at a reasonably high level of the theory, some kind of
modeling of the complexes and reaction is needed. However, one should
be aware that unreasonable modeling may lead to unrealistic results,
therefore, we should be extremely careful. Here, as in our previous
computational study of the structures and energetics of the reaction
of | with H,, CH,;, and SiH, each [BN;] = PhP(CHSiIMeNSiMe,-
CH,),PPh tetradentate ligand in the real complex was replaced:y} [p

= (PHs)2(NHy), in the model compound. In other words, the coordinated
phosphine and nitrogen atoms of the tetradentate macrocyeh&][P

(12) Musaev, D. G.; Basch, H.; Morokuma, K. To be submitted for
publication.

(13) (a) Bauschlicher, C. W., Jr.; Pettersson, L. G. M.; Siegbahn, P. E.
M. J. Chem. Physl987 87, 2129. (b) Musaev, D. QRuss. J. Inorg. Chem.
1988 33, 3207. (c) Siegbahn, P. E. M. Chem. Phys1991, 95, 364. (d)
Blomberg, M. R. A.; Siegbahn, P. E. M. Am. Chem. Sod 993 115
6908.
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on each Zr atom are conserved, while H atoms replace-tGél,,

Basch et al.

phosphines, because this would put the size of the calculations beyond

—SiMe,, and phenyl groups. Since the coordinating P and N atoms are current capabilities. In some of our present calculations, the weaker

not connected in the fp;] model as in the actual macrocyclic ;]
ligand, the structurally more rigid aspect of the extended ligand is lost.

Zr—P bond in the model complexes and its expected effect on the
calculated ZrP distances were compensated for by reoptimizing all

In addition, the electronic and the steric effects of the substituents are the equilibrium geometries of the complexes studied here using a fixed

lost in the model phosphine ligands. However, the primary electronic
effects of phosphine and imine ligands are retained. As eachghitip
formally accepts one electron from Zr atom and the bridging N
molecule accepts four more, each Zr is formaltyadd the electronic

Zr—P bond distance of 2.80 A. This procedure is intended to simulate
the constraints of the macrocyclic ligand and their results will be
discussed and interpreted alongside the unconstrained results. The
external NH groups (formally as Nkt) are expected to be more

ground state of the model complex is a closed shell singlet state. Triplet strongly bound to Zr than PHby the electrostatic interaction, and d-type
electronic states were not examined. We are presently extending thefunctions were not used on these N atoms. The calculated\NBp

present study with the use of the real ligandNER employing the
IMOMM method, and the results will be published elsewhére.

The electronic structure calculations were carried out with the hybrid
density functional method B3LYP,as implemented in the GAUSS-
IAN-94 packagé? in conjunction with the SteversBasch-Krauss
(SBK)!7 effective core potential (ECP) (a relativistic ECP for the Zr

distances in the model complex are much closer to the X-ray results
for 1 than the Zr-P distances.

Geometries of the reactant, intermediates, transition states (TSs), and
products of the reaction §p]Zr(u-17%-N2)Zr[p2n] (1) + H, were
determined by gradient optimization. Since the systems studied here
were too large for the local computer resources, it was not possible to

atom) and the standard 4-31G, CEP-31, and (8s8p6d/4s4p3d) basis setsarry out second-derivative calculations. To confirm the nature of the

for the H, (C, P, and N), and Zr atoms, respectively.

Preliminary calculations tested the effect of d-type polarization
functions located on the bridging nitrogen atoms on the geometric
parameters. Because the Molecule in the complex is still expected
to have partial multiple bond character, the d-type function could be
needed. Full optimization of the equilibrium geometry of the complexes
1, [p2na]Zr(u-17%-N2)Zr[pznz], and7, [pana]Zr(u-17>-NNH)Zr[ponz](u-H)
(vide infra), with the d-polarization functions on the bridging nitrogen

calculated TS, quasi-IRC (intrinsic reaction coordinate) calculations
were carried out in the following manner. For one direction, the TS
geometry (optimized but with a small residual gradient) was simply
released for direct equilibrium (Eq) geometry optimization. Once one
Eq geometry is obtained, the other Eq geometry was obtained by
stepping from the TS geometry in the reverse direction, as indicated
by the eigenvector of the imaginary eigenvalue of the approximate
Hessian, and releasing for equilibrium optimization. In this manner,

atoms (using a Gaussian exponent of 0.8) showed a calculatedthe TS and Eq geometries in the reaction path were “connected”. The

shortening of the bridging NN distance by 0.12 and 0.07 A,
respectively, relative to the optimized geometry obtained without the
d-type functions on the bridgingNThe smaller effect in complex

is justified by its more saturated nature comparedlLtdue to the

energies given here and discussed below do not include zero-point
energy correction (ZPC) or any other spectroscopic or thermodynamic
terms.

protonation of one of the bridging nitrogen atoms. To be able to describe 3 Rasylts and Discussion

all the bonding forms of bridging Non an equal footing, the d-type
functions on these two nitrogen atoms were retained in all the

All the calculated equilibrium structures and transition states

calculations reported here. The effect of phosphorus atom d-type 5 the potential energy surface of the reaction efith H, are

functions on the calculated zPH; bond lengths of model complexes
1 and7 was also tested; here the influence was found to be negligibly

small and, therefore, d-type functions on the P atom were not included 1

in further calculations.

However, computational studié®f the model (H)ZrPRs™ complex
show that the stepwise substitution of-RH by R = Me steadily
increased the ZrPR; binding energy, which is consistent with
experimental studies on the Rh and Ru compléReadicating a
strengthening of the ZrP bond. Thus, the simplification of using NH
and PH in the model [pny] ligand instead of the real macrocyclic,[¥®]
ligand is expected to result in weakerZ? bonds in all the geometric
structures studied here. The more rigid macrocyclic structure of the
real [RN;] ligand, together with the stronger ZN bonding, will not
allow a substantial lengthening of the -ZP bond distance. In the
optimized geometric structure for compléxwith the [png] ligand,
the Zr—PH; distances were found to be calculated too large~y2
A compared to experimefitWe could not put substituents on the

(14) Yates, B.; Musaev, D. G.; Basch, H.; Morokuma, K. To be submitted
for publication.

(15) (a) Becke, A. DJ. Chem. Physl993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. 1988 B37, 785. (c) Stephens, P. J.; Devlin, F.
J.; Chabalowski, C. F.; M. J. Frisch, M.J.Phys. Chenll994 98, 11623.

(16) Gaussian 94Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P.
M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A;;
Petersson, J. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A;
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov,
B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin,
R. L.; Fox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J.; Stewart, J. J. P.;
Head-Gordon, M.; Gonzales, C.; Pople, J. A. Gaussian Inc.: Pittsburgh,
PA, 1995.

(17) (a) Stevens, W. J.; Basch, H.; Krauss,MChem. Physl984 81,
6026. (b) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, Ba@. J. Chem
1992 70, 612.

(18) Musaev, D. G.; Basch, H.; Morokuma, K. Unpublished results.

(19) (a) Serron, S.; Nolan, S. P.; Moloy, K. Grganometallics1996
15, 4301. (b) Serron, S.; Luo, L.; Stevens, E. D.; Nolan, S. P.; Jones, N.
L.; Fagan, P. JOrganometallics1996 15, 5209.

shown in Figure 1. The reaction potential energy profile is
shown in Figure 2. Their Mulliken charges are tabulated in Table

A. Structure of Zr(N 2)Zr Complex 1. In general, reactant
complex,1, which is calculated to have a bentp unit, could
have various isomeric forms with regard to the arrangement of
the NH, and PH groups relative to the bridging NN axis. In
the optimized structure shown in Figure 1, the bridgirig-N2
axis (of the N molecule) isperpendicular(¢ = 90°) to the
ligand N—N axis (of the two NH ligands attached to each Zr
atom) butparallel to the P-P axis (of the two PHlligands
attached to each Zr atom). We have confirmed that this structure
is energetically the most favorable under thg, constraint.
Another structure with the bridging NN parallel (¢ = 0°) to
the ligand N-N andperpendicularto the P-P is calculated to
be 18 kcal/mol higher. This result can be understood in terms
of the larger repulsion in the latter complex between the negative
charges of the nitrogen atoms in NK—0.83 e) and in the
bridging N; atoms (-0.45 e), as shown in Table 1. An attempt
to optimize a structure with the bridging!NN? axis initially
bisecting the \pand—7r—P angles¢ = 45°) reverted to structure
1 presented in Figure 1.

In the above-discussed isomers, the ligands of the same type
are situated trans to each other: N trans to N and P trans to P,
which is the conformation found experimentally with theNE]
ligand. We have also calculated several possible isomers that
may arise from the cis location of the same ligands. In these
isomers, the bridging NN axis can then bisect either the
Nligand—7r—P angles or the PZr—P angles, or align with a
Nligand—7r—P axis. In each case, structutevas found to be
more stable. Thus, structurgé represents the most stable
coordinating ligand geometry with regard to the arrangement
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2250
(2.247)

zlzd NN =prge (5)

Ze-ZA-HE = 119.1°
z'zP-N'N'=578° ©

Y] ©
® o Rotated by 180° around the axis going through
D 71l 72 NLN? = -10.3° the N-N midpoint and the Zr-Zr midpoint.

(10) TSD

a4 1SF © Zd-Z2-NLN? = -63.1°

1996 N2 2.0a0>>"
(1.899(] 2.047)

® zlzZ2 NN =.01° @
NLN? =2.803A

s zr‘-z.N‘-N2:-59.0° (16) TSG
Figure 1. The calculated geometries (distances in A and angles in deg) of the reactants, intermediates, transition states, and products of

the reaction of [pn;]Zr(u-n%N2)Zr[p2n;] with a hydrogen molecule. Numbers given in parentheses are calculated for with the constraint of
R(Zr—P) = 2.80 A.

of the external NHand PH ligands around each Zr atom, which  (1.698 A inDap, to 1.530 A in1; 1.43 A), Zr—N! (2.077 A'in
is in accord with the experiment. D, to 2.047 Ain1; 2.01 A), the largest Z¢P (3.016 A inD2,

As noted above,l is calculated to have a bent Kb t0 2.942 A'in1; 2.734 A), and Z+Zr (3.792 A inD, to 3.570
configuration, hinged at the NN axis, and 24.4 kcal/mol more A in 1, 3.756 A) distances (where the third number in
stable than the planar 2, in Dy, symmetry. This result is parentheses is from the X-ray crystal data for complgxThe
contrary to the earlier theoretical studiésn the naked ZN,, origin of the bend is probably electronic in nature, i.e., due to
and to the experiment on’ Note that the calculated bending, more extensive opportunities for orbital mixing between the Zr
with the ZA—Zr2—N1—N? dihedral angle of 49%or the distance  (4d, 5s, and 5p) and molecular nitrogen ¢*, x, r*) valence
between the Z+Zr2 midpoint and the I—-N2 midpoint of 0.954 electrons in the lower symmetry. It is, therefore, probable that
A, is accompanied by a substantial reduction in thle-N2 the extended macrocyclic ligands prevent the bending in the
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Table 1. Calculated Mulliken Charges (in €) of Selected Atoms and Groups of Various Stridctures
atom 1 2 3 5
N? —0.45 (-0.44) —0.50 —0.59 (-0.55) -0.60 {-0.54)
N2 —0.45 (-0.44) —0.45 —0.47 (-0.47) -0.49 ¢0.40)
Zrt 0.95 (0.83) 1.05 0.98 (0.79) 1.00 (0.89)
Zr? 0.95 (0.83) 0.61 0.67 (0.59) 0.69 (0.48)
H? 0 0.18 0.33(0.34) 0.32(0.31)
H? 0 -0.11 —0.11 (-0.09) —0.14 (-0.17)
N —0.83 (-0.83) —0.83 —0.84 (-0.81) —0.82 (-0.80)
NH, —0.30 (-0.29) -0.27 —0.28 (-0.27) —0.27 (-0.26)
P —0.03 (0.02) —0.01 —0.01 (0.04) —0.02 (0.04)
PHs 0.05 (0.10) 0.08 0.07 (0.11) 0.07 (0.12)
atom 7 8 9 10 11 12
N —0.56 (~0.54) —0.48 —0.54 (-0.45) —0.60 —0.90 (~0.88) (-0.88)
N2 —0.43 (-0.42) —0.52 —0.60 (-0.63) -0.61 —0.76 (-0.68) (0.64)
Zrt 0.92 (0.80) 0.89 0.83(0.71) 0.86 1.07 (0.75) (0.75)
Zr? 0.73 (0.58) 0.43 0.68 (0.64) 0.69 0.98 (0.85) (0.80)
H? 0.32(0.32) 0.31 0.36 (0.26) 0.28 0.31(0.31) (0.31)
H? —0.14 (-0.13) 0.14 0.32(0.27) 0.28 0.29 (0.30) (0.31)
N —0.81 (~0.80) —0.82 —0.82 (-0.82) —0.82 —0.85 (-0.81) (+0.80)
NH, —0.27 (-0.26) —0.28 —0.29 (-0.28) —0.28 —0.30 (-0.27) (0.26)
P —0.01 (0.04) 0.03 —0.03 (0.03) 0.00 —0.02 (0.03) (0.03)
PH; 0.06 (0.11) 0.09 0.02 (0.08) 0.05 0.05 (0.11) (0.10)
atom 13 14 15 16 17
Nt —0.95 (-0.92) —0.59 —0.59 (-0.58) —0.68 —0.94 (=0.90)
N2 —0.65 (-0.62) —0.39 —0.59 (-0.58) —0.58 —0.94 (-0.90)
Zrt 1.09 (0.80) 0.83 0.79 (0.73) 0.64 1.31 (0.99)
Zr? 1.08 (0.80) 0.52 0.79 (0.71) 0.90 1.32 (1.00)
H? 0.34 (0.34) 0.32 0.29 (0.29) 0.30 0.31 (0.28)
H? 0.34 (0.34) 0.08 0.29 (0.29) 0.28 0.30(0.28)
N —0.83 (-0.78) —0.81 —0.81 (~0.80) —0.81 —0.85 (-0.81)
NH; —0.29 (-0.25) —0.27 —0.29 (-0.28) —0.27 —0.29 (-0.26)
P —0.08 (-0.01) —0.01 0.06 (0.02) 0.05 —0.11 (0.00)
PH; —0.02 (0.07) 0.08 0.05 (0.07) 0.06 —0.05 (0.07)

aNumbers in parentheses are for the-Br constrained optimized geometries. N, NR, and PH values are averages.
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Figure 2. The calculated relative energies (in kcal/mol, relative to the
reactantsl + H;) of the intermediates, transition states, and products
of the reaction of complek with a hydrogen molecule. Numbers given
in parentheses are calculated with the constrairR(@r—P) = 2.80

real complexl. This point has been confirmed by IMOMM
calculation$* on the real complex; these calculations show
that the Z-NN—Zr core is nearly planar for the real complex
I, which is consistent with experimental findings. One notices
in Figure 1 that the NN distance il is 1.530 A, corresponding
to a single N-N bond. In1, the twoz-bonds in the molecular

nitrogen are completely broken, and the-&N—Zr core can
be considered as a metallabicycle.

B. H» Activation with Complex 1. The first step of the
reaction of 1 with a H, molecule is the coordination of
dihydrogen tol. As shown in our previous papé#r,this
coordination does not produce the dihydrogen compley- (-
but leads directly to the activation of the-HH bond via the
transition state TSA, structur2 in Figure 1, to the diazeni-
dohydride complex [p2]Zr(u-172-N2H)Zr[p2p2](u-H), 3. This
is a four-center transition state for addition of td two centers,
Zr and N, where the H—H?2 bond is broken and at the same
time the terminal Z—H?2 and the N—H?* bonds are formed.
The bond distance changes in theNy core region froml to
3 are as expected for an addition reactiort-Z42 and Z—N?2
bond lengths do not change significantly, while!ZN?
increased by 0.13 A and ZrN! decreased by 0.03 A due to
the increased coordination of Zand N. The N'—N? bond
distance would also be expected to become larger, but the actual
change is found to be insignificant. B) the H atom in the
N1—H! bond becomes positively charged (5¥.33 e) while
HZ2 in the Z~—H?2 bond becomes negatively charged, and the
charges are also drawn from the external ligands to tHe Zr
center.

The barrier height for the oxidative addition ob kb 1 at
TSA 2is calculated to be 21.6 kcal/mol. The activation barrier
changed very little between the fully optimized calculation and
the Zr—P constrained optimization (21.5 kcal/mol). The actual
barrier will probably be lower when zero-point energy differ-
ences are taken into account betweent H, and 3. The
tunneling abilities of the hydrogen atom should also be taken
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into account in this context. The result of all these corrections is very likely to be low, and (iii) the flexibility of the
could be an effective barrier that is smaller than the calculated arrangements of the individual Ntnd PH ligands about each

value.
The product of the reaction, compl@&xis calculated to be

Zr allows multiple minima.
Another equilibrium structure¢ was found, which had a

13.5 and 4.9 kcal/mol exothermic relative to reactants, in the bridging Zf—H?-Zr? arrangement with longer ZH bond

unrestricted and the ZP constrained geometries, respectively.
The higher energy (lower stability) of the latter comes from
the tendency of the two Z+P bonds to lengthen considerably
in the unconstrained geometry to make room for the neWw-Zr

lengths (2.046, 2.225 A) than the terminalZH2 bond, 1.95
A, of structures3 and5. The ZP—H2—Zr! bridging structure
can be identified with the species observed experimentally in
solution. In the unconstrained geometries, 7 is less stable than

H?2 bond. The latter bond is broken because of its eclipsed 5 by 2.5 kcal/mol and thaB by 0.4 kcal/mol. The energy barrier

alignment with the N—H! bond and the higher coordination
number &6) on ZE. This repulsion, in turn, pushes the weakly

bound phosphine groups on the same Zr atom to large,

essentially dissociated ZP distances. The almost free motion

between5 and 7 is expected to be very small and was not
calculated. For a simplified model compl&CILZr(u-172-NoH)-
(u-H)ZrCl,, we found this barrier to be less than 1 kcal/mol.

In the Zr—P constrained optimizations, however, the two

of the phosphine groups is inconsistent with the constrained structures5 and7, essentially merge to the very similar bridging

geometric structure of the real, strongly bound macrocyclic
[P2N2] ligand, which will restrict the freedom of motion of the

geometry. As seen in Figure 1, a large decrease occurs in the
Zr2—H2 distance in5 from 3.430 (unconstrained) to 2.254 A

(substituted) phosphine groups. Therefore, the 4.9 kcal/mol (Zr—P constrained) and converges to a structure that resembles

stability of the constraine® geometry is probably the more
realistic value. It should be noted that the calculated-Zr
distances in TSA2, are very similar to those ifi, so that the
calculated barrier height will not be raised by constraining the
Zr—P distances in TSA, relative tb+ H,. In accord with its
mode of formation3 has the N—H! and Z£—HZ2 bonds aligned
almost parallel and protruding from the same “face” of thgNgr
core.

C. Transformation of Diazenidohydride Complex 3.The
diazenidohydride comple, which has the NH and Zr-H
bonds oriented parallel or on the same face of thiéZcore,

7. Now structures and5 are nearly degenerate; the latter lies
only 0.4 kcal/mol higher than the former. Therefore, in the more
realistic Zr—P constrained optimizations, structufeand7 can
be considered to be a single diazenidohydride structure, the
H-bridged [pn2]Zr(u-n?-NNH)Zr[p2nz](u-H) structure?, which
agrees with the experimental finding. Structbres an artifact
of our unconstrained model system; one of the phosphine ligands
dissociated from Zr to make space for the terminat-Zit? bond.

If we compare the H-bridged directly to the H-terminaB,
we see the expected contraction of théZ£r? distance due to
the bridging ZtE—H2—Zr2 bond which will act to hold the Zr

can rearrange into other conformation isomers. We have foundmetal atoms about 0.30 A closer Ththan in3. The stronger

structure5 in Figure 1, with the N-H and Zr-H bonds
antiparallel or on the opposite faces. 3nwithout constraint,
Zrl, which has the ZrH2 bond and is very crowded, loses one
phosphine from the first coordination shell to the second
coordination shell. With the 2P bond constraint, of course
the phosphine is forced to stay in the first coordination shell.

Zr—Zr interaction would be expected to weaken and lengthen
the Zr—-N¥N? bonds, but the shorter ZZr distance should also

act to squeeze these-ZN distances to smaller values. The two
opposing effects seem to cancel and there are no consistent
trends in these ZrN bond lengths in going fror3 to 7.

D. Migration of H from Zr to N and Cleavage of the N—N

In_terestingly, the interaction energy of this phosphine is weak Bond. From the H-bridged [2]Zr(u-n2-NNH)Zr[p2ns](u-H)
either way, and does not have much effect on the overall structure7 (or 5), we have found that the reaction splits into

energetics seen in Figure B:is 15.6 and 12.6 kcal/mol lower
than reactants + Hy in the Zr—P unconstrained and constrained
geometries, respectively. In other words, ge- 5 transforma-
tion is 2.1 and 7.7 kcal/mol exothermic at the—& uncon-
strained and constraint geometries, respectively.

The search for a transition state for tBe> 5 transformation
is complicated. Besides the relative directions of-z2 and
N1—H?* bonds,3 and5 differ by ~90° in the relative orientations
of the [pn,] ligands on different Zr atoms3 is N'—H/Zrl—
H2 parallel and [pn;] eclipsed, and5 is N—HY/Zrl—H?2
antiparallel and [pn,] staggered. Recall that the eclipsedri
comes from structur#, which was found to be the most stable
conformation theoretically and experimentally. Structbizith
the eclipsed [gn,] conformation ') is less stable the&itself,
so both geometrical differences betwéamnd5 are real. Despite

two distinct branches of hydride migration, both leading to the
formation of the second NH bond and the loss of the Zr
H—Zr (or Zr—H) bond. One branch, which we call paih starts
from 5 and proceeds through the? ihigration transition state,
TSCS8, to reach a hydrazono (NHN) intermediated. This is
then followed by the N-N bond fission via TSD. The overall
pathway for pathA is5 — TSC8 — 9 — TSD 10 — 11—
TSE 12— 13. The final structurel3 has a completely severed
N1—N2 bond (2.80 A) where an M, group and a bare A\atom

are bridging the two Zr atoms in a symmetric geometry. The
second branch, paf, involves migration of the bridging (Z+
H2—2Zr?) hydrogen atom ir¥ to the nitrogen atom Nthat did
not carry a hydrogen atom and proceeds through a hydrado
(NH—NH) intermediate through the following rout&.— TSF
14— 15— TSG 16 — 17. The N'—N2 bond preserved (1.50

our several careful attempts, we could not find the TS separatingA) in 7 is broken (2.67 A) in the final structur&7, giving a

3 and5. For example, the attempt involving the stepwise twisting
of the ZA—H? bond leads to a “transition state” with the very
small negative eigenvalue, which lies only 9 kcal/mol higher
than structure3. This can be taken as the upper limit of the
barrier separating and5. All attempts to search for the “real”

planar Zp(NH), arrangement. The sequence of equilibrium
structures and transition states, as well as their connectivity from
7 (or 5) to 13 and from7 to 17, was obtained as described in
Section 2.

PathA is characterized by a high initial barrier of about 60

transition state by optimizing all geometrical parameters failed kcal/mol at TSC8 and a very exothermic+{65.5 kcal/mol)

and led to different minimum structure,5, 3, ands', of which

terminal point [pna]Zr(u-NHz)(«-N)Zr[p2ng], 13. In 9 the NH,

the last two are not presented in Figure 1. Therefore we haveunit is already fully formed and the %+N! bond has been

concluded that (i) the potential energy surface for 3he- 5
transformation is most likely to be flat, (ii) the associated barrier

broken. The Z—N?* bond remains, but at the expense of ejecting
a proximate phosphine group out t04.8 A. In the ZrP
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constrained optimized structure farhowever, the Z—N?* bond
is broken, leaving a protruding Ntgroup attached only to the
bridging N¢ atom. In the next step along this reaction path, the
N?—N? bond cleavage takes place at T3D, leading to the
intermediatell. In 11, N2 is located at the bridging position
between two Zr atoms, while the newly formedHy fragment
moved completely to one of the Zr atoms?2ZAs a result the
Zr'—N2 pond (1.90 A) becomes shorter by 0.14 A than the-zr
N2 bond (2.04 A). Later, the 8, group migrates from Zrin
structurell, via TSE12 to the bridging position between two
Zr atoms, leading to the formation of the'-NzZr! bond in13.

Basch et al.

reaction of one molecule of Hvith dinitrogen complex [gn.]-
Zr(u-n?-N2)Zr[p2ng], 1.

4. Conclusions

Above we have presented the theoretically derived mechanism
of the reaction of binuclear zirconium dinitrogen complexp
Zr(u-12-N2)Zr[p2ny] (1, where pny = (PHs)2(NH), is a model
of the experimentally studied,R, = PhP(CHSiMe;NSiMe,-
CH,),PPh) with a hydrogen molecule. It has been shown that
this reaction proceeds via (i) the activation ofH o-bond via
a “metathesis-like” transition state where simultaneoustytr

Thus, the sequence of TS and equilibrium structures that takeszng N—H bonds are formed and the-HH and one of the NN

5to 13is a roundabout reaction path involving a sequence of
four equilibrium and three transition state structures. The least
motion, direct formation ol3from 5 via a TSC-like structure,
does not happen. The energy of TSC is already sufficiently high
so as to effectively block this path. To go directly%8 would

also require the incipient breaking of the molecularNlbond

sw-bonds are broken, to produce diazenidohydride complex
[P2n2]Zr(u-n2-NNH)Zr(H)[p2n2], and (ii) migration of the Zr-
bonded hydride ligand to a position bridging the two Zr atoms
to form diazenide-u-hydride complex?, [p2nz]Zr(u-7?-NNH)-
Zr[p2no](u-H). The entire reaction is calculated to be exothermic
by 13-15 kcal/mol. The rate-determining step of this reaction

to give an even higher saddle point energy. The actual sequencegs found to be the activation of the+H bond, which occurs

of equilibrium and transition state structures of patapparently
allows this bond breaking energy to be absorbed by other

with a 21-kcal/mol barrier.
The diazenide-u-hydride complex [pn]Zr(u-17>-NNH)Zr-

processes so that this reaction path is a cascade of energeticallyp,n,)(4-H), 7, with only one N-H bond, which experimentally

more stable structure® (— 11 — 13) and decreasing barrier
heights (TSD, TSE) from TSD td3. The conclusions from
this path are that the direct migration of the bridging hydrogen
atom to a bridging NH has a high reaction barrier, which will
be even higher if the N-N2 bond is also broken in the process,
even if the rupture eventually leads to a more stable structure.

PathB which leads fron¥ to 17 has only two transition states
(TSF14and TSGL6) and one intermediate equilibrium structure
15. As with pathA, this reaction path involves the migration
of H? from Zr* to N? to form the metastabl#5 structure, where
the N'—N2 bond length is essentially unchanged~at.50 A.
The bridging nitrogen atoms itb are effectively four-coordinate
with the N=N bond still in place. The final step to reach the
very stablel? structure is to stretch the-\N bond from 1.502
A'in 15through 1.964 A (in TS@6) to the completely broken
2.667 A in17. In this latter step the bent A4, core and the
N—H bonds aligned almost perpendicular to the-N axis,
which were preserved i5 — 16, are dramatically changed,
and the Zy(NH), core is now completely planar with neBg,
symmetry. Another dramatic geometry change worthy of
mention is the rotation of the incipient?NH2 bond in TSF14
from being antiparallel to the existing!NH! bond (across
N—N) to the parallel conformation ii5. This spontaneous
rearrangement is apparently caused by tRetdm internal to
the ZrN, bond being squeezed out by steric effects to the more
stable external NH position, even though this gives eclipsed
N—H bonds inl15. As a paradigm, this barrierless rearrangement
means that addga H atom to a bridging N atom could come
from a backside attack under the proper conditions. Finally, as
in channelA, the large (45.6 kcal/mol) initial barrier for channel
B precludes this reaction path from reactively addinH atom
to the bare N atom to forrh5, despite the large exothermicity
(—=51.1 kcal/mol) forl7 relative to7.

The most important feature of the first step in both paihs
andB is the very large (5659 kcal/mol) barrier height, even
though the end products are-6@5 kcal/mol more stable than
reactantsl + H; or 50-51 kcal/mol more stable thaand7.
These high barriers prevent the reaction from proceeding to form
products with the second N\H bond, either on the same
bridging nitrogen atom with the first NH bond or on the
second, “bare” bridging nitrogen. Thus, the dinitrogen complex
[P2n2]Zr(u-n?>-NNH)Zr[p2n] (u-H), 7, is the only product of the

was observed in solution, is not the lowest energy structure in
the potential surface. ComplexesigZr(u-NNH2)Zr[pang] (13,

with a bridging NB) and [pn.]Zr(«-NHNH)Zr[p2ny] (17, with

two N—H units) are calculated to be more stable than the
diazenide-u-hydride complex7 by about 50 kcal/mol. How-
ever, these complexes cannot be generated froni ttheH,
reaction at ambient laboratory conditions because there exist
very high (nearly 60 kcal/mol) barriers separating them from
7

We have not examined alternative reaction paths involving
low-lying triplet excited states. Considering the fact that the
intermediates in this reaction are nearly coordinatively saturated,
it is not very likely that the triplet states play an important role.

In the present study we adopted model ligandsnfp=
(PHg)2(NHy)2, in place of the real ligands jR,] = PhP(CH-
SiMe;NSiMe,CH,),PPh used in the experiment. In structures
3,5,9, 11, 12, and13we found that one of the ZPH; bonds
is almost dissociate and a phosphine ligand Bids to escape
from the first coordination shell to reduce the strain from
overcrowding at the metal center. This would not easily take
place with the real chelating ligands. To mimic this situation
with our model [pny], we also used the 2P constrained
calculations, in which the 2P distance in the jm;] model
system was constrained at 2.80 A. Of course, this-Rr
constrained calculation is oversimplified. It is highly desirable
to reexamine the present results by using the real ligagidb]P
The straightforward MO calculation for the real system is
beyond the capacity of present computers. However, the
ONIOM method® may be adopted, in which the most important
part (reactive region) of the real system is handled with a high
level of theory (in the present example, B3LYP), while the less
important parts are handled with lower levels (such as semiem-
pirical MO or molecular mechanics (MM)). Such a study is in
progress and will be reported in the futdfe.
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