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Theoretical Study of the Insertion Reactions of Zr" into HF, HCI, H ,0, H,S, NHs, PHj3,
CH4, and SiH4

1. Introduction

During the past decade, the insertion reactions of all sorts o
atoms, ions, and free radicals into elementary molecules, which
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The insertion reactions of transition metal cation doublei(?) into HF, HCI, HO, H,S, NHs, PHs, CHy,

and SiH, have been studied by means of ab initio molecular orbital calculations incorporating electron
correlation with the MgllerPlesset perturbation theory up to the second and the fourth orders and the hybrid
density functional method, B3LYP. Three regions of the potential surface have been investigated; an ion
molecule complex, followed by a three-center, four-electron transition state, and then an insertion product. It
is found that all insertion reactions are exothermic and all transition states are below the energy surfaces of
the reactants. For the iermolecule complexes, the binding energies of the same-row hydrides increase from
right to left, with the exception of CiHand SiH, whose binding energies decline considerably; while to the
same-group hydrides the ieimolecule complexes in the up row are more bound than those in the down
row. The stability of the insertion product-+Zr*—RH,_; decreases from right to left across the row and

falls from up to down across the column. The reaction barrier follows the same trend; i.e., the more exothermic
the insertion reaction is, the lower is the reaction barrier. All these observed trends could be understood by
a combined effect of the electrostatic interaction and the covalent interaction.

low spin. (3) High-spin systems with eithes or ( — 1)d,
fbeing singly occupied are unreactive. Reactions of the other
M* + RH, systems are expected to parallel those forHH

include prototypical RH bonds (R= C, Si, N, P, O, and S), bond activation, only the metal ion may not react diabatically.

especially the €H bond, have attracted much attention bot
experimentally and theoretically3®

h Reactions may undergo, according to adiabatic potential energy
surfaces, mixing diabatic potential energy surfaces for states of

Extensive experimental studies have been performed onthe same spin but of different electron configurations.
reactions involving transition metal cations with hydrocarbons  Experimentally, the molecular complexes and the insertion
and some other molecules such asdrid NH;, particularly by products of some metal atoms @ Li, Na, Mg, Al, Sc, Ti, V,
Armentrout and co-workers using a guided ion beam mass Nb, Ta, and Cu) with RKtype molecules including (HF, HCI,
spectrometry:8 It was believed that the reaction proceeds via H;O, H;S, NHs, and CH) have been reportéd!® Theoretically,

(a) an ior-molecule complex, M—RH,, then (b) a three-center,  Siegbahn and co-workéfs26 have systematically investigated
four-electron transition state, ‘HM*+-*RH,-1; and (c) an the insertion reactions between the entire sequence of the

insertion product, HM™—RH_1. second-row neutral transition metal atoms and methane, am-
monia, and water using methods including the electron correla-
|\/|+—RHn — H---|v|+---RHn_l — H_M+_RHn—1 (1) tion of all valence electrons. They have examined the lone-pair

(a) (b) (c) effects from the ligands. On one hand, the-&dH; molecular

complex was found to be unbounded, and-KiH; and Zr

Reaction 1 is widely recognized as oxidative addition of,M  H20 were found to be bounded by 23.1 and 8.2 kcal/ mol,
as M" is formally oxidated by two units. Formation of the respectively’23 This trend has been rationalized as Jths
molecular complexes of M-NHs; (M = Co, Ni, Cu) was no lone pair, and the lone pair in Nks more diffuse than that
evidenced experimentally, and the insertion complexGé™— in H2O. On the other hand, the stability of the inserted product
NH, was also detected. follows the trend that HZr—OH (BE = 66.3 kcal/mol)>

Based on the representative system of M- Hj, three H—Zr—NH, (49.6) > H—Zr—CHjs (16.5)?123 This has been
categories of the reactivity of Mappear to exist.The deciding attributed to the fact that #0 has two lone pairs, N¢has only
factors are the electron configuration and the spin state of the one lone pair, and Cihas no lone pair. The activation barriers
metal cation. (1) Ifns and (0 — 1)d, orbitals are empty, the  found are that H-Zr---CH; (24.6 kcal/mol)> H---Zr---OH
systems react efficiently. (2) If eithes or (8 — 1)d, is singly (5.9) > H---Zr---NH; (—1.0), where the shape of the lone pair,
occupied, the systems can react efficiently as long as they haverather than the number of the lone pair, plays a crucial%ofé.
The reaction between Zrcation and CH has also been
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reduced from 24.6 to 16.2 kcal/mol. The final insertion product reported are reaction enthalpy change3 l4 at theMP4(SDTQ)
is, however, destabilized by 4.3 kcal/mol. Although the transition or B3LYP level with 6-31G**(Lanl2dz-f). Unscaled zero-point
state and the insertion product were found to be in the low spin energies obtained with MP2/6-31G**(Lanl2dz) were used to
state, the molecular complex was located in the high spin state.correct the MP4/6-31G**(Lanl2dif) energies; while those
All energetics were referred to the ground state df @F, c?sh). from B3LYP/6-31G**(Lanl2dz) were used for the B3LYP/6-
The spin conservation principle was not applied. Recently, some31G**(Lanl2dzt+f) energy corrections. Detailed energetic in-
theoretical studies have appeared on the insertion reactions oformation can be found in the Supporting Information, where a
the first-row transition metal cations into water, ammonia, and table summarizing the calculated relative energies of(&tF,
methane’—32 b*F, &D, &F, &G) is also presented. Spin projection technique
A similar class of reactions, which have also been extensively has be applied to all the energies reported here, although there
studied by ab initio molecular theory, are the insertion reactions is discussion on the validity of using the projected DFT

of the radicals CH, NH, SiH, and PH with HF, HCl 8, H,S, method$1-53
NH3, and PH, due to their importance in combustion and in For calculation of the binding energy of an iemolecule
planetary atmospheric chemis#dy 38 complex, the basis set superposition error (BSSE) may be

Generally, it is very difficult to experimentally detect the important. We calculated the BSSE corrections with the full
molecular complexes, the insertion products, or the transition counterpoise procedupé.
states, as they may all be short-lifetime species. Theory is
therefore a potentially useful partner in an experiment in AE(BSSE,A-D) =
revealing the mechanism of a transition metal cation insertion E(A)a — E(A)a—p T E(D)p = E(D)a—p (2)
into an RH, molecule. R with R=C, N, O, F and Si, P, S,
Cl provides an ideal set of molecules for examining the periodic \yhereE(A)s_p andE(A) represent the energy of A calculated
trends of the ligand effects on the insertion reaction. Systematic ysing its geometry within the complex and the basis functions
study with this whole set is, however, rare. Some of us have of A + D in the former and those of A alone in the latter. The
recently reported the Tiinsertion into R-H bonds in this set  BSSE results are summarized in the Supporting Information.

of hydrides?® Results of the Zr insertion reactions are presented All calculations were done with the Gaussian 98 progfam.
in this paper, aiming to establish some general rules on the basis

of Armentrout’s spin conservation concepts. 3. Results and Discussion
_ 3.1. lon—Molecule Precursor Complex Zrt—RH,. The
2. Computational Method optimized geometries of the ietmolecule precursor complexes

Stationary points (minima and transition states) were located (na orna, n = 1—8) are depicted in Figures 1 and 2. The trends
at the unrestricted Hartred-ock (UHF) self-consistent field  of the binding energies at PMP4 and PB3LYP levels shown in
level. The UHF geometries for all reactants, molecular com- Figure 3 can be described in the following way. First, the
plexes, transition states, and insertion products were then usedinding energy of the same-row hydride increases from right
as the starting points for the full geometry optimizations to left, with the exception of Cldor SiH,, whose binding energy
performed at the unrestricted second-order MgiRlesset declines considerably. Second, to the same-group hydrides the
perturbation (UMP2) level or the hybrid gradient-corrected  ion—molecule complexes in the up row are more bound than
exchange functional proposed by Becke, combined with the those in the down row, with the exception of CEnd SiH,
gradient-corrected correlation functional of Lee, Yang, and Parr where the reverse trend is observed.

(UB3LYP method®43). Vibrational frequency calculations have Two kinds of interactions contribute to the stabilization of
been carried out at the MP2 or B3LYP level to characterize the the ion—molecular complexes. One is the electrostatic interaction
stationary points obtained with the corresponding method. between the transition metal cation*Zand the dipole (or
Single-point calculations were performed at the level of the induced dipole) moment of RH The other is the orbital
unrestricted fourth-order MglletPlesset perturbatidf with interaction between the lone pairs of R&hd the empty orbitals
single, double, triple, and quadruple substitutions (UMP4- of Zr*. The subtle balance between the electrostatic effect and
(SDTQ) or MP4, for short) at the optimized MP2 geometries. the covalent effect determines the relative stability of the
In the case of Zr + H,0, the insertion reaction paths were molecular complexes Zr-RH, of varying R.

explored at the UB3LYP level by determining the intrinsic From an electrostatic point of view, the leading terms of the

reaction coordinate (IRC'p.46 binding energy can be written as
In this work, a relativistic effective core potential (RECP)
was employed to replace the 1s to 3d core electrons of BE = uq cos@)/r2+aq2/2r4 (3)

zirconium, while the electrons arising from the outer 4s4p4d5s5p
shells were treated explicithf.The Gaussian-type orbital (GTO) Hereu ando are the dipole moment and the polarizability of
basis set for the RECP of Zr includes 5s, 6p, and 3d primitive RH,, respectivelyg is the elementary charge on the ianis
functions contracted to [3s3p2d]. This basis set is referred to the distance between the ion and RHnd 6 is the angle
as Lanl2dz in the Gaussian suite of prografh$he standard betweerr andu. Thus, when a cation is near a dipolar molecule,
6-31G** basis sets for F, Cl, O, S, N, P, C, Si, and H atoms the maximum attraction will occur when the dipole points away
were used? These 6-31G**(Lanl2dz) basis sets were used for from the ion @ = 0 or 180). And a higher permanent dipole
doing geometric optimizations and calculations of the vibrational momentu or a larger polarizability. or a shorter interaction
frequencies. To improve the accuracy of the energetic results,distancer will lead to a larger stabilization of Zr-RHy,.
single point calculations at the MP2, MP4, and B3LYP levels  Table 1 summarizes the calculatedand o at the B3LYP
have been performed with ZrLanl2dz basis set being level. The corresponding experimental values are included in
augmented with an f polarization function, denoted as 6-31G**- parentheses for comparison. It is well-known that the dipole
(Lanl2dzt+f).50 moment and the polarizability are hard to calculate. It is
The potential energy surfaces explored here are for the low therefore not surprising to see thats overestimated and is
multiplicity of the doublet, Zr(a?D). The energetics data underestimated by theory. It is generally true that the dipole
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Figure 1. Optimized geometries (bond lengths, A; bond angles, deg) for therfaiecule precursor complexas(ornd, n = 1—4), the transition
states iib or nb'), and the insertion productsd or nc') of Zr+ with HF, HO, NHz, and CH molecules. The parameters were optimized at MP2/
6-31G**(Lanl2dz) and B3LYP/6-31G**(Lanl2dz) levels from up to down.

moment of the second-row Rlis smaller than that of the first-  tion is comparable to the electrostatic contribution. Even though

row RH,; while the polarizability of the second-row RHs there is no lone pair on CHlthere exists a large covalent
larger than that of the first-row RH which is however contribution. Mulliken population analysis shows that upon
compensated by an increase of the ZRH, distancer from forming the molecular complex Zr-CH4, CH, is positively

up row to down row. On the basis of eq 3 it is clear that the charged by~0.21 au, with Zr being reduced. Thus, there
electrostatic stabilization is less in the second-row hydride-ion should be a considerable amount of charge transfer from the
complex Zr—RH, than that in the corresponding first-row bonding orbitals of &H in CH,4 to the empty orbital of ZF.
hydride-ion complex. As R crossing the row from right (F or All the Zr*—R bond distances optimized at the MP2 level
Cl) to left (C or Si), the electrostatic stabilization from theton  are longer than those obtained at the B3LYP level. As compared
dipole interaction gradually decreases, and there is only ion- to that in the free ligand Rkithere is only slight elongation of
induced dipole interaction in Zr-CH, or Zrt—SiH,. The the corresponding RH bond upon forming a Zr-RH,
observed increase of the stability of'ZrRH, from right (F or complex. It is interesting to see that the"ZR—H angle in an
Cl) to left (N or P) should be correlated with the increased ion- ion—molecule complex of the first-row hydride is generally
induced dipole interaction from an electrostatic point of view. bigger than that of the second-row hydride of the same group.
On the basis of eq 3, the electrostatic contribution to the total This would be a way to reduce the electrostatic repulsion
binding energy of the molecular complex*ZrRH, could be between the positive charge on*Zand the positive charge on
estimated (e.g. 23.3, 35.4, 32.8, and 9.5 kcal/mol for, RH H in a hydride or it would increase the electrostatic interaction
HF, HO, NHs, and CH). Suppose that all the other contribu- between Zt and the negatively charged H in the Pét SiH,
tions from charge transfer and exchange energy cost, etc., couldnolecule. Although a linear structure will maximize the ion
be denoted as the covalent contribution, based on the PB3LYP/dipole interaction, both Zr—FH (1a) and Zr"—CIH (5a) are
6-31G**(Lanl2dztf) results, in this series would be 5.4, 9.2, found to adopt a bent structure. This should be attributed to the
27.3, and 7.5 kcal/mol as R varies from F to C. It is seen that electron donation from a lone pair orbital of the halogen hydride
the covalent contribution is less important than the electrostatic to the empty d orbital of Zr. On the other hand, the geometric
contribution in the molecular complexes of’ZrHF and Zf— structure of Zt—RH, (R = O or S) provides an example in
H,0, while for Zr*—NHs3; and Zr-—CH, the covalent contribu- which the electrostatic interaction outweighs the covalent
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Figure 2. Optimized geometries (bond lengths, A; bond angles, deg) for therfaiecule precursor complexeas(ornd, n = 5—8), the transition
states b or nb'), and the insertion productsid or nc') of Zr* with HCI, H,S, PH, and SiH molecules. The parameters were optimized at
MP2/6-31G**(Lanl2dz) and B3LYP/6-31G**(Lanl2dz) levels from up to down.
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Figure 3. Relative stability of ior-molecular complex Zr—RH,,
calculated at the PMP4 and PB3LYP levels. BE(ZRH,) =Eq(Zr")
+ E[g[,(RHn) — Em(Zr+—RHn).

interaction. Instead of adopting a nonpland symmetry,
binding along the direction of one lone pair of Rtd maximize
the covalent bonding, Zrbinds to RH in the direction of the
dipole moment of Ri forming a planar Zr—RH, complex
with C,, symmetry. Z¥ —NHjs (3a) and Zr*—PH; (7a) both have
Cs symmetry due to a Jahn-Teller effect."2rCH,4 or Zrt—
SiH4 has isomerdaand4d or 8aand8a. Molecular complexes

4a and8awere found to have a slightly tilteg coordination
mode withCs symmetry, while4ad and8a arez? coordinated
with C,, symmetry. The Zf—C bond distances ida and4a

are 2.635 and 2.477 A at the MP2 level or 2.505 and 2.381 A
at the B3LYP level. It is interesting to see that'Z1Si bond is
shorter than the Zr-C bond in4a and 8a. This has to be
attributed to the fact that SiHs more polarizable than Ct$o
that the covalent effect is more dominant in"2SiH, than it

is in Zrt—CHa.

3.2. Insertion Products H-Zr *—RH_;. As it is shown in
Figure 4, to the same-row hydrides, the stability of the insertion
products decreases from right to left; while to the same-group
hydrides, the stability falls from up to down. This might be
correlated with the facts that the number of lone pairs decreases
along the row from right to left and the electronegativity of the
center R atom falls gradually from up to down. The reaction
enthalpies of Zr with the first-row hydrides from HF to CH
are—96.8,—93.8,—74.0, and—34.2 kcal/mol at the PMP4 level
and—91.2,—88.9,—75.5, and—37.9 kcal/mol at the PB3LYP
level, while those with the second-row hydrides from HCI to
SiH, are—70.6,—62.3,—44.4, and—25.0 kcal/mol at the PMP4
level and—73.6, —65.9, —48.9, and—31.0 kcal/mol at the
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TABLE 1: Geometric Parameters (H—R Bond Lengths, A; DHRH Bond Angles, deg), Dipole Moment g, D), Polarizability (a,

A3), and Mulliken Charges for the Free Ligands RH, at the B3LYP Level
species HR OHRH u o Q(R) Q(H)
HF 0.925 (0.917) 1.83(1.91) 0.52 —-0.36 0.36
H.0 0.965 (0.958) 103.7 (104.5) 2.04 (1.85) 0.96 (1.48) —-0.60 0.30
NH3 1.018 (1.015) 105.8 (106.8) 1.84 (1.47) 1.53 (2.21) -0.72 0.24
CH, 1.092 (1.091) 109.5 (109.5) 0.0 (0.0) 2.25 (2.56) —-0.48 0.12
HCl 1.286 (1.274) 1.43 (1.08) 1.70 (2.63) -0.19 0.19
H.S 1.348 (1.334) 92.7 (92.3) 1.40 (1.10) 3.04 (3.78) -0.16 0.08
PHs 1.424 (1.421) 93.5(93.5) 0.96 4.35 0.01 —0.00
SiH, 1.485 (1.477) 109.5 (109.5) 0.0 (0.0) 4.40 (5.44) 0.32 —-0.08

a Experimental values are included in parentheses for comparison
Physics 66th ed.; Weast, R. C., Ed.; CRC Press: Boca Raton, FL, 1
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Figure 4. Relative energies for the insertion product Br* —RHp_1.
AH(H_Zr+_RHn71) = Etm_(H_ZrJr_Ranl) — Etot_(Zr+) — Etot_(RHn)
at PMP4 and PB3LYP levels. Negative values indicate that insertion
reactions are exothermic.

PB3LYP level. All the insertion reactions of the transition metal
cation Zr" into these eight kinds of hydrides are exothermic.

To form an insertion product of HZr*—RH,_1, it is
necessary to break an-HRH,—; bond and to make an+Hzr*
bond as well as a Zr-RH,—; bond. This process could be best
understood by the BoraHarber cycle.

AH .
7Zr + HRH,, ——————— HZr-RH,,
BE(H-RH,.1) -BE(HZr'-RH,.))
Z&' + H+ RH,— » 7rH + RH,,

BE(Zr'-H)

Assuming that the HZr* bond energy and the exchange
energy loss upon bonding are similar in alFAr"—RH,-,
the relative stability of H-Zr*—RH,—; could be rationalized
by the energy difference between ar-RH,—; and a Zr—
RH,-1 bond; i.e.,ABE = BE(Zr*—RH,-1) — BE(H—RH,-1).
Table 2 lists the B3LYP bond energies of+4RH, The

. All experimental values are cite@RGniiandbook of Chemistry and
985.
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Figure 5. Barrier heights for Zt insertions into R-H bonds in RH
(R=F,ClO0O,S,N, P, C, and Si) calculated at PMP4 and PB3LYP
levels.Ea = Eot(H***Zr*++*RHn-1) — Eiot(Zr"—RHy).

H,O and Zr + NH;3 systems, formations of ++ ZrO" and
H, + ZrNH™ are predicted to be exothermic by91.7 and
—52.0 kcal/mol at the MP4 level, respectively.

The Zr*—H bond distance in HZr*—RH,-1 is nearly equal
to the value of H-Zr* ion (1.79 A at the MP2 level or 1.80 A
at the B3LYP level). The HZr*—R angle is around 100
H—O—Zr" angle in 2c is around 180The linear H-O—Zr*
structure maximizes the-©Zr dativesr bond. Both planaBc
and7cand out-of-planaBc and7c insertion products are found
to exist in Zr* + NH3 and Zr" + PH; systems.

3.3. Transition State H--Zr *---RH—;. The transition state
(TS, nb or nb') connects an iormolecule complex to the
corresponding insertion product. It corresponds to the migration
of one H atom from the center atom R in Rt the transition
metal cation Zr. All TS’ are true transition states with the
exception of8b’, which possesses two imaginary frequencies.
Figure 5 shows that the barrier heights, with respect to the
molecular complexes Zr-RH,, for the same-group hydrides
fall from up to down. The values obtained by the B3LYP
method parallel to those of MP4.

calculated values agree well with the available experimental data  The R—H bond dissociation energies in the first-row hydrides
shown in parentheses. Table 2 also summarizes the B3LYP bondare all higher than those in the second-rowRFhis should

energies of the Zr-RH,—; bond andABEs. As is clear from
Table 2, the Zf—F bond is 20 kcal/mol stronger than the-H
bond; while the Zr—SiH; bond is 36.2 weaker than+5iHs.
Therefore among these series, the insertion producZ fi—F

lead to cleavage of one-RH bond in the first-row hydrides
being more difficult. As a matter of fact, there is a partial
breaking of the R-H bond and a partial formation of ZrR
and Zr-—H bonds in the TS; the observed periodic trend of the

(10 is the most stable species of all, while the insertion product barrier heights can be correlated wABE. That is, the barrier

H—Zr*—SiH; (8¢) is the least stable. As a matter of fact, the
periodic change oABE nicely explains the observed trend that
the stability of the insertion products decreases from right to

left across the row and falls from up to down across the column.

The insertion products HZr"—RH,-1 might decompose into
H—Zr* or Zr'—RH,-; fragments. Our calculations show the

heights increase from right (HF) to left (NHwith a drop at
CH,. For the second-row hydrides of HCI to Sithowever,
the trend is not so obvious. It is worthy to notice that all TS are
below the reactants Zr+ RH, in the overall energy surface.
All TSs haveCs symmetry. The Zf—R bond distance is
generally shorter than that in the corresponding-iorolecule

decomposition is endothermic and therefore unfavorable in complex; e.g., the Zr-O bond length is 2.256 A ir2a but
energy. Further dehydrogenation of an insertion product to make1.939A in 2b at the MP2 level. The activated-R4 bond is

H, plus Zr*—RH,, is found to be feasible. In fact, for Zr+

much elongated as compared to that in the free hydride. For
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TABLE 2: Bond Energies BE(H—RH,-;) and BE(Zr*—RH,_;) and Bond Energy Difference ABE = BE(Zr "—RH,-1) —
BE(H—RH,-;) at B3LYP?

F O N C Cl S P Si

BE(H—RH,_1) 132.8(136.2) 119.8(119) 112.0(108) 113.5(105.0) 103.1(103.1) 92.9(90.5)  86.0  95.4(92.0)
BE(Zr'—RHq-1)  153.2 136.6 113.4 78.8 109.9 90.6 68.1  59.2
ABE 20.4 16.8 1.4 —-34.7 6.8 2.3 -17.9 —36.2

a Experimental values are included in parentheses for comparison. All experimental values are cite@RGniandbook of Chemistry and
Physics 66" ed.; Weast, R. C., Ed.; CRC Press: Boca Raton, FL, 1985.
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Figure 6. Changes of total energy (a) and bond distances (b) along the insertion reaction path ih thédZD system.
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Figure 7. Energy profile for Zr insertion into H-RH,_; via ion—molecule complex M—RH,, transition state H-M*---RH,_; to insertion
product H-M*—RH,1.

TABLE 3: Relative Energies (kcal/mol) for the Insertion Reaction Zr* + RH, — lon—Molecule Complex Zr*—RH, —
Transition State H+-+Zr *+-*RH,_; — Insertion Product H—Zr *—RH,_; at PMP2, (PMP4), and [PB3LYP], whereAE; =
Etot_(Zl’*') + E(O[.(RHn) - EtoL(Zr*'—RHn); AE2 B Etol.(H"‘Zr+"‘RHn71) - E[ot.(zr+_RHn); AE3 — E[ot.(H_Zr_F_Ranl) -
Ewt(Zr *—RH,); AE; = AE; — AE; and AEs = AE; — AE;

F (e} N C Cl S P Si
AE; 28.0 44.0 51.8 12.9 16.2 21.0 33.9 24.6
(28.2) (44.2) (51.6) (13.3) (16.6) (21.9) (33.9) (25.8)
[28.7] [44.6] [60.1] [17.0] [23.8] [29.7] [34.3] [28.4]
AE, 16.4 15.2 23.1 3.5 9.3 2.9 14.2 55
(14.9) (14.3) (22.1) (3.9) (8.7) 2.7 (12.6) (5.3)
[9.3] [13.8] [30.7] [4.8] [11.7] [2.5] [5.1] [3.3]
AE; —65.1 —47.7 —22.0 -21.2 —52.1 —39.4 -8.8 -55
(—68.6) (-49.6) (-22.4) (-20.9) (-54.0) (-40.4) (-10.5) -5.2)
[—62.5] [-44.3] [~15.4] [-20.9] [~49.8] [-36.2] [~14.6] [-2.6]
AE4 11.6 28.8 28.7 9.4 6.9 18.1 19.7 19.1
(13.3) (29.9) (29.5) (9.4) (7.9) (19.2) (21.3) (20.5)
[19.4] [30.6] [29.4] [11.2] [12.1] [27.2] [29.2] [25.1]
AEs 93.1 91.7 73.8 34.1 68.3 60.4 42.7 30.1
(96.8) (93.8) (74.0) (34.2) (70.6) (62.3) (44.4) (31.0)
[91.2] [88.9] [75.5] [37.9] [73.6] [65.9] [49.2] [31.0]
example, the @H bond distance in kD is 0.961 Abut 1.214 decrease in the Zr—H and Zr"—O bond distances. The-H
A'in 3b at the MP2 level. bond is hardly perturbed, and the molecular complex-2,0

Representative IRC calculation on*Z# H,O system has is only slightly activated in this region. As the reaction
been performed at the UB3LYP level. The total energy change coordinate passes from poirt0.8 to point 0 (TS), the total
along the IRC path is shown in Figure 6a. The variations of energy increases sharply and reaches its maximum. In this
Zr—0, O—H, and Zr-H bond distances along the IRC path region, the Zt—H distance decreases dramatically. As the
are shown in Figure 6b. From pointl.5 to—0.8, there is only Zrt—H bond starts forming, the ©H bond begins decompos-

a slight increase of the total energy, accompanied by a smalling. The region from point O to poirt1.5 could be denoted as
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the H insertion region, where the Z+H bond is formed. We
believe that all M insertion into RH hydrides to make
H—M*—RH,-1 should bear certain resemblance with th&-Zr
H.O system shown here.
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