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Abstract

Electronic structures of Ir(N(SiH,),)PH,),H,, Cp,ZrMe,, Cp,ZrH,, and
Cp,ZrCl, complexes and stereoselectivity of CO addition to each of them are
studied by the nonparametrized Fenske-Hall method. A new measure of the
interaction between reactants, designated AE, is defined and used to calculate
energy profiles of the carbonylation reactions. Stereoselectivity seems to be con-
trolled by the composition and localization of the frontier orbitals. The experimen-
tal observations are explained successfully: the first two complexes undergo lateral
attack, the third one undergoes central attack, and the fourth one is unreactive. The
unreactivity of the chloro complex is attributed to the repulsion between the lone
pairs of the Cl and CO ligands. The nature of the frontier orbitals, and consequently
the preferred approach of an incoming ligand, depends markedly on the LZrL
angle: the LUMO is localized laterally when the angle is acute and centrally when it
is obtuse. Experiments are proposed that may test the correlation between the
facility of ligand-addition reactions and the localization of the frontier orbitals.

I. Introduction

Transition-metal hydride complexes are involved in various catalytic processes as
reactive intermediates [1]. Research into synthesis and reactivity of these complexes
represents a flourishing branch of contemporary organometallic and inorganic
chemistry [2]. Studies of hydrogen activation [3] were stimulated by the recent
discovery of transition-metal complexes containing n*-H, ligands [4-15]. Since
hydrogen atoms bonded to early transition metals have hydridic character and act
as nucleophiles toward unsaturated ligands such as CO [16,17] and olefins [18],
complexes of early transition metals hold promise as potential homogeneous cata-
lysts for the conversion of synthetic gas into various products.

0022-328X /87 /$03.50 © 1987 Elsevier Sequoia S.A.
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Scheme 1

Two intriguing carbonylation reactions are shown in Scheme 1. They are sterco-
selective and, moreover, opposite from each other: the CO ligand adds laterally to
the {Ir]JH, complex [19], but centrally to the [Zr]H, complex [16,20]. {The brackets
contain the metal and ligands that are not involved in the reaction. The Zs compiex
actually contains permethylated ligands Cp* {16.20]. but Cp rings are drawn for
clarity.) Various other two-electron donors behave analogously: PMe, [19] and other
ligands [21] add laterally to the [Ir]H, complex; PF; [20]. Cp,W{CO} [22]. and RNC
[23] add centrally to the {Zr]H, complex. Although additions of all of these ligands
may not be kinetically controlled, the reactions shown in Scheme 1 scem to be
rather general. This study is concerned mainly with hydride complexes. but interest-
ing differences in reactivity and stereoselectivitv of homologous alkyl and halide
complexes are examined as well.

The electronic structures of the metal complexes are elucidated by the nonparam-
etrized Fenske—Hall method for molecular orbital calculations. The stereoselectivity
of carbonylation reactions is attributed to the frontier orbitals in the [M]L,
complexes; the orbital composition and localization, in turn, depend on the geomet-
ric structure of the complexes. The question of central versus lateral attack of



397

nucleophiles to complexes Cp,ZrL,, wherein L are ligands other than H, has
recently been treated in several mechanistic [24-27] and quantum-chemical [28,29]
studies. The complexes wherein L is H have been studied less in this regard [30,31].

II. Bonding in the iridium complexes

In order to facilitate the analysis of bonding and of chemical reactions, each
complex molecule is constructed from the chemically meaningful fragments, which,
in turn, are built from subfragments and ultimately from atoms. Since the tridentate
amidodiphosphine ligand is unaffected by the reactions, the Ir(N(SiH;),)(PH;),
fragment is kept invariant and the structural changes confined to the unidentate
ligands, H and CO. The same appraoch is taken in the study of zirconium
complexes, to be discussed below.
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IIA. The [Ir]H, complex. In the optimal structure of this compound the IrH,
and PNP planes are perpendicular to each other; the opt1ma1 HIrH angle ¢ in C,,
symmetry is 90°. The two H ligands are 2.33 A apart and virtually not bonded to
each other. As Fig. 1 shows, two principal interactions between the [Ir] and H,
fragments are o donation of 4; symmetry, oa; — 2a,, and 7 back-donation of B,
symmetry, 6¢*b, < 1b, and o*b, < 2b,. The composition of the most important
molecular orbitals is presented in Table 1. The partial antibonding character of the
HOMO, A", stems from two factors: the slight four-electron, repulsive interaction
between the fragment orbitals 1a; and oa,; and admixture into the HOMO of a
lower-lying orbital of @, symmetry in the metal fragment, which is not included in
Fig. 1.

The contributions to the Ir-H bonding from the o and « interactions can be
inferred from Tables 1 and 2. The 7 bonding, of B, symmetry, provides a greater
mixing of the fragment orbitals, a lower energy of the bonding molecular orbital,
and greater overlap populations. The difference between the dihydride complex
[Ir]H, and the dihydrogen complex W(CO);(P-i-Pr;),(n’-H,), in which the n*-H,
ligand acts essentially as a pure o donor [32], can be explained by the arguments of
Saillard and Hoffmann [33].

IIB. The frontier orbitals and distortion of the [Ir]H, complex. Both of the
frontier orbitals lie in the HIrH (or xz) plane, as depicted in 8 and 9. The HOMO is
antibonding with respect to the Ir-N interaction, whereas the LUMO is antibond-
ing with respect to the Ir-H interactions. We examined two motions of the H
ligands in the xz plane: change in the bond angle, #, in which the local G,
symmetry is preserved; and pivoting by angle w, in which the symmetry is reduced
to C,. The angles are defined in 7. These distortions do not alter qualitatively the
spatial characteristics of the frontier orbitals, shown in 8 and 9. The HOMO lies



398

|
| *
| A,
I i
I
|
o}
| 20,
leco(® T
{ LUMO
i * 0
! B,
ey
> : HOMO
& 10T, ! ANOH
- co®l® ‘
?pj ’Zb2 b ;u)u
Z [T ¢ ‘,
=10 0 IO 11)2-&-"” PY
; [RERY
0 Q@ Luy=="- C
. VD >
: ) i ®
; ' ) ®
D) S
(- /3\4“
z I
S5 . ;
j N 5
— B
B,
//;j H
N-—1Ir
R4
P H

Fig. 1. Molecular-orbital diagram for [If(N(SiH;),(PH3),]H, wherein the HIrH angle is 90°. The
numbers indicate populations of the fragment orbitals in electron units; the dashed lines represent minor
contributions of the fragment orbitals to the molecular orbitals.

along the x and z axes, with a large lobe protruding between the H ligands, in the
central (x) direction; the LUMO lies between the x and - axes. with its lobes
protruding beside the H ligands. in the lateral directions, A small but significant

Py ,PH
KD K
P H 6/ H

HOMO LUMO
3 )

preference exists for a distortion toward square-pyramidal structure, as expected for
a pentacoordinate, low-spin d* complex [34,35). Since pivoting removes any symme-
try, an attempt to follow the evolution of molecular orbitals and 1o attribute
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Table 1

Energies and compositions of the important molecular orbitals in Ir(N(SiH);)(PH;),H, wherein the
HIrH bond angle is 90 °

MO € (eV) Ir H Other

Af 0.19 54% d., 28% 1s

B}, LUMO —2.57 50% d., 44% 1s

AP°r, HOMO —-6.39 36% d,z 4% 1s N, 48% p,
Byo" -7.93 4% 1s N, 89% p,
A4t —13.48 5% d,2 2 44% 1s P, 19% p,
B —15.89 36% d,, 38% 1s Si, 10% p.,
Table 2

Overlaps and overlap populations involving four orbitals of the Ir-containing fragment and two orbitals
of the dihydride fragment in Ir(N(SiH3),)(PH3),H, wherein the HIrH bond angle is 90 °

Overlap Overlap population, in e
oa, o*b, oa, o*b,
2a, 0.241 0.267
la, 0.124 -0.017
2b, —0.213 0.318
15, -0.167 0.085

structural preference to particular interaction is unwarranted. The optimal structure
corresponds to w=20°. As Fig. 2 shows, the re-orientation of the HOMO and
LUMO upon pivoting of the H ligand is relatively small. The activation energy for

HOMO LUMO

HOMO w=20°

Fig. 2. Contour plots of the HOMO and LUMO in Ir(N(SiH,);)(PH;),H,. The pivot angle, w, defined
in 7, is 0 and 20°; the HIrH bond angle, 6, is 90°.
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the interconversion of the two equivalent C, isomers. as shown in 10. is approxi-
mately 6 kcal mol '

P
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Although the "H NMR spectrum of the [IrJH, complex is compatible with the
rigid C,, structure [19], a possibility of facile interchange between the two C,
structures is worth considering. Complexes [It(N(SiMe,CH,PR,),)Mel and
[Ir(N(SiMe,CH, PPh,),)]Me(CH,CMe;), homologs of [Ir]H.. are distorted toward
square-pyramidal configuration in the solid state [36--38]. Since {Ir]Me(CH,CMe,)
and [Ir]Me, in solution proved indistinguishable by the nuclear Overhauser effect
[38], the structure of the latter molecule. too, probably is distorted by pivoting
[39*]. These experimental studies seem to corroborate the notion that the {Ir}H,
complex adopts the structure with | local symmetry.

IIL. Carbonylation of [Ir]H,

We examined thoroughly the reaction with CO and, by less comprehensive series
of calculations, confirmed the reaction with PH; to be similar to carbonylation in all
important respects. The stereoselectivity seems to be governed by the localization of
the frontier orbitals in [Ir]H,, shown in 8 and 9. The central attack of CO is
unfavorable on two counts. First, as shown in 11, it leads to a repulsive, four-elec-
tron interaction between the filled HOMO’s of the two reactants. Second, the
LUMO has no d,:_,: character. and no lobe in the x direction, for any plausible

H

PH P
N7@ +  (OC=0 = N%CO
P H P H

1

bond angle . The activation energy for the central attack is about 35 kcal mol~ a
feature of a completely forbidden reaction.

The lateral attack, however, is very favorable. The interaction between CO and
the [Ir]H, complex is gauged by 4 E, a new quantity whose definition is given for
the first time in section VII. It is sufficient to note here that the negative and

* Reference numbers with asterisks indicate notes in the list of references.
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Fig. 3. Energy profile for the lateral attack of CO to Ir(N(SiH ), PH),H, when the initial structure of
the Ir complex is characterized by the local symmetry C;. The angle w represents pivoting motion.

positive values of AE correspond to stabilizing (attractive) and destabilizing (repul-
stve) interactions, respectively. Since the Fenske—-Hall method (and any single-con-
figuration SCF method or its approximation) is not completely satisfactory for
calculation of the energetics of bond formation and dissociation, only initial stages
of carbonylation reactions are examined. This procedure proved successful in
applications of the extended Hiickel method to similar problems [28]. In one
mechanism, the [Ir]H, complex starts with C,, structure. The CO ligand approaches
the Ir atom from a direction frans to one of the H ligands and the three ligands
involved in the reaction, CO and two H atoms, pivot gradually. In the other
mechanism, portrayed in Fig. 3, the [Ir]H, complex starts with the C; structure and
the pivot angle w is 20°. The CO ligand approaches along the z axis and the H
ligands pivot further. Both of these pathways lead to mer-cis-[Ir]H,(CO) complex,
designated 2. Both of them require minimal activation energies: less than 2 kcal
mol ™! for the former and about 1 kcal mol™! for the latter. Because of their
similarity, the energy profile is shown only for the latter mechanism.

Our findings that the central attack is forbidden and the lateral attack allowed
explain why [Ir]H, reacts easily with CO (and other two-electron donors) to yield 2
as the sole product [19]. The calculations show, however, that stereoselectivity of the
reactions does not prove that the structure of [Ir]H, is rigid. A fluxional complex,
too, would react stereoselectively.

IV. Bonding in the zirconium complexes

The electronic structure of bent metallocene complexes Cp,ML, has been a
subject of various quantum-chemical, structural, and spectroscopic studies [40-57].
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The picture of bonding in Cp,ZrL, complexes that emerges from our calculation
agrees with the previous findings, so elaboration on this theme would be repetitive.
Since we, as well as Lauher and Hoffmann [40], construct a molecule from the
Cp,Zr and L, fragments, their incisive study may be consulted for the general
features of the electronic structure. (Note that the two studies use different coordi-
nate systems; ours, shown in 12, is consistent with that shows in 7. Angles § and «

also are defined as in 7.)
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Molecular orbital diagrams for Cp,ZrH, and Cp,ZrCl. are given in Figs. 4 and
5. respectively. Since the static electronic structures of the H and Me complexes are
similar, Fig. 4 shows the qualitative features of the Me complex as well. In the H
and Me compounds the two highest filled orbitals correspond to the Zr-L bonds.
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Fig. 4. Molecular-orbital diagram for Cp,ZrH, wherein the HZrH angle is 85°. For explanations, see

legend to Fig. 1.
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Fig. 5. Molecular-orbital diagram for Cp,ZrCl,. The orbitals of the Cl, fragment are composed of the
atomic p orbitals. For explanations, see legend to Fig. 1.

whereas in the Cl compound there are four lone pairs above the Zr—Cl bonds. The
effect of these additional filled orbitals on the reactivity of the Cl complex is
discussed in section V.

That the composition of the A; orbital, the LUMO in the Zr'V complexes,
depends on the LML angle 8 has been noted [40,44-47], but the implications of this
dependence, shown in Table 3, for the chemical reactivity do not seem to have been
fully recognized. As the bond angle opens, a phenomenon likely in view of the steric
bulk of the C;Mes ligands, the d,. character and lateral localization decrease,

Table 3

The compositions of the frontier molecular orbitals in Cp,ZrH, for different values of the HZrH bond
angle

Angle, HOMO LUMO
*) Zr H, other Zr H
70 8% dxz_yz 78% 1s 91% d,2+2% dxz_yz
80 8% dxz_yz 78% 1s 91% d,2+2% dxz_yz
90 8% d,2.,2+4% d,2 84% 1s 8% d,2+13% d,2. 2
100 5% d,2,2+9% d,2 84% 1s 66% d,2+22% d,2 2
110 4% d,2 2 +15% d 2 82% 1s 52% d,2+33% d,2 2
120 5% d,, 95% Cp 39% d,» +49% d,2. 2 4% 1s
130 14% d,, 7% 1s +79% Cp 26% d,2+57% d,z_ 2 4% 1s
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whereas the d > = character and the central localization increase; two limiting cases

are shown in 13.

L
Co_y/
=¥

L

13

V. Carbonylation of the Cp,ZrL, complexes

VA. Effects of ligands L on reactivity. The three complexes are remarkable for
they behave in three different ways toward CO. The Me complex undergoes lateral
attack rapidly [25]; the H compound also reacts rapidly. but the attack is central
[16.20]; and the ClI complex is unreactive {30]. Our findings on the carbonylation of
the Me compound agree with the results of another recent quantum-chemical study
of the same reaction [28.29]. Reactions of the other compounds have not been
studied so before.

The energy profiles for both the central and lateral approaches of C'O to the H,
Me, and Cl complexes are given in Fig. 6. Since the outer LML angle in the
Cp, MH, complexes of Nb and Ta is 126° [58], and that in the Cp,ZrH, moiety of
[Cp, ZrtH(p-H)}, is 130° {59}, the bond angles are varied gradually until the outer
angle of 130° is reached in the product, Cp,ZrL,(CO). The AFE criterion again
proved useful. The calculated activation energies, A E,, may not be accurate in the
absolute sense, but they do permit reliable qualitative comparison of the reactions in
which the same ligand, CO, adds to homologous metal complexes, but in different
directions.

Our calculations show that Cp,ZrMe, prefers lateral over central attack by about
4 kcal mol ™'; the value reported before is 5 kcal mol ™" [28]. The central attack on
Cp,ZrH, proceeds virtually without a barrier (AE, < 2 kcal mol '), whereas the
lateral attack would have to surmount one of 8 kcal mol™' The contrast between
the H and Me compounds, in concord with experimental facts. cannot be anti-
cipated from the electronic structures of the static compounds themselves, but
becomes evident in the treatment of their reactions with the aid of the new AF
criterion.

A close examination of the orbital interactions between the [Zr]L , complexes and
CO and of the contour plots for the most important interactions reveals a difference
between the methyl and hydride complexes in their carbonylation reactions. As
would be expected, the crucial interactions are those involving the highest-lying
filled and the lowest-lying vacant molecular orbitals of the reactants. In all the
cases, the AE barrier calculated from this small number of select interactions
(especially from the HOMO-LUMO stabilization and the HOMO-HOMO desta-
bilization) was approximately the same as the barrier calculated by inclusion of all
the filled molecular orbitals in the reactants. This “localization™ of the effects of
interest on a relatively small number of orbitals permits a qualitative interpretation
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Fig. 6. Energy profiles for the lateral (solid line) and central (dashed line) attacks of CO on: (A)
Cp,ZrMe,; (B) Cp,ZrH,; and (C) Cp,ZrCl,. In each case, the « scale pertains to the lateral and the &
scale, to the central attack.

of the calculated difference between the regioselectivities of the H and Me com-
pounds.

The HOMO, a lone pair, in the entering CO ligand creates a new bond by its
interaction with the LUMO of the [Zr]L, compound, but also feels repulsion from
the filled molecular orbitals in this compound. Different repulsive interactions are
evident when H and Me are present as ligand L. On the one hand, the Zr—H bond is
shorter (1.78 A) and causes greater accumulation of electron density (the total
overlap population between the Zr and H atoms is 0.33 ) than the Zr-Me bond
(2.36 A and 0.28 e, respectively). On the other hand, the filled C~H orbitals in the
methyl ligand provide a considerable steric barrier to the CO attack. The central
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attack on the H compound seems to he favored by rhe dispositon of the LUMO,
i.e.. it is frontier-controlled: the lateral attack, in the absence of pivoting, would
bring about prohibitive repulsion between the lone pair of CO and the relatively
high electron density in the Zr-H bonds. The central attack on the Me compound,
although not unfavorable s far as the HOMO- LUMO juteraction is concerned, is
prohibited by steric repuisions mvolving the C-H bonds of both Me lizands: the
tateral attack s much less liadered by the repulsions imvolving oniv one Me ligand.

In the carhonylation of Cp.ZrCl, a barrer cannot he aveided and therefore the
complex 1s unreactive. The caleulated A/, values for the central and laterad attacks
are 12 and 11 kcal mot ', respectively. Although these values ure not large on the
absolute scale and actual barriers of this magmiude msght permit @ reacton, the Af
criterion should be used comparatively rather than absolutely, os stated above

.

These values are even higher than those corresponding 10 the unfavorabic pathwavs
of addition to the Me and H complexes. The barrier scoms 1o o i the
repulsive interactions, shown in 14, invelving the highest filled moelec (d.xf or mmis n

Cp,Z1C1, and the lone pair on the C atom. These interacions, W@ilamouny 1o sieng
repulsion, are accentuated hy the presence of the buiky Cp rings. Uhe = donation
from the w-type lone pairs on the Cl ligands 1o the Zy atom appears 1o be rather

Q :
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weak (the 1a, orbital of the Cp,Zr fragment is little delocalized on the Cl atoms)
and apparently 15 not the main cause for the uarcacuvity of Cp, ZrCl. 301,

VB, Bonding in the carbony! adducts. The new Zr -CO bond in Cp, ZrL,(CO)
complexes is formed mainfy by the relatively weak o donation from the HOMO of
the CO ligand into the LUMO of the Cp.Zrl. 7«“>mp§e\' arbials separared by a
large energy gap. Hence the easy decarbonylation of Cp% ZrH.{CO3 [ 6.20] and casy
insertion of CO within Cp,ZrMe. [25]. Since the oxidation state of the Zr atom |
both Cp,Zrl., and Cp,Zrl (COY is formally IV and us configuration formally @'
7 back-donation from Zr 1o CO is not expected. L\E(Emugh the actual {caleulated)
oxtdation state and electron configuration i cach of the compounds are close w il
and d7, respectively, the = teraction is indeed absen:. The partial occupaney of
the d orbitals arises from the partal covatency of the Zr L bonds and not from the
presence of a lone pair that could be back-donated i ihe conventional sense. The
C-O stretching frequency i Cps ZrH L (C0) 15 nevertheless lower than that in the
free CO. Our calenlations reveal hyperconjugative interactions bepween the 7 *
orbitals of CO and the filed orhitals corresponding ro the Zr-H boods, thus
confirming the original hypothests of Brintzinger and others 3031 The primary
interaction. shown i 18, occurs in thc x:o plane and nvolves mainly the molecular
orbital BY (see Fig. 4) and u 7% orbital of the £ ligand. The secondary
interaction, in the xv planz, has B, symunetry and involves o molecular orbital of
Cp.ZrH; (not shown in Fig, 43 that s localized on the Up, Zv fragment and has no
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contribution from the H ligands. Consequently, the #* orbitals of CO acquire
population of 0.20 e and the C-O stretching frequency is lowered appreciably.
Back-donation is also evident, although less pronounced, in Cp,ZrMe,(CO), an
elusive compound about whose electronic structure there are no experimental data.
Since hyperconjugation is manifest in both H and Me complexes, it probably is not
an important determinant of their opposite carbonylation reactions.

VI. Theoretical and experimental findings

The ideas developed in this study of carbonylation reactions can also be applied
to hydrogenation reactions, although H, is not strictly analogous to CO and to
other common two-electron donors. In a study of H, activation, a lateral attack of
H, on Cp,ZrRL complexes was proposed [60,61], but the observed elimination
products can be accounted for by virtually the same mechanism involving central
attack of H, on the Zr atom. The hydrogenation of the complexes containing Cl as
L is slower than that of the complexes containing H as L [61], a fact consistent with
our view that lone pairs on the ligand retard the addition reaction.

Since the localization of the LUMO in the Cp,ZrL, complexes depend markedly
on the LZrL angle, as shown in 13, the availability of this orbital in the central and
lateral directions can, in principle, be controlled experimentally by fixing the bond
angle. This can perhaps be achieved in chelates and in metallacycles of different
sizes, shown schematically in 16. A four-membered ring of the former type [62] and
four-membered and six-membered rings of the latter type [63] have recently been

Cp\ CP\

s YAl
Cp/Zr Cp/

SLOW REACTION FAST REACTION

16
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reported. The obtuse and acute angle would cause, respectively, central and lateral
orientation of the LUMO. Since, in an ideal case, only lateral attack would be
allowed sterically, the reactivity should be as indicated in 16. The chief difficulty in
these studies would be to prepare cyclic compounds that cannot undergo central
attack and that allow the character of the LUMO to be separated f{rom other
influential factors. In particular, these compounds would need to have markedly
different bond angles, but similar hgating groups and similar number of lone pairs
on the ligands.

In another conceivable study, the effect of lone pairs, which we recognized in the
Zr compounds, could be sought in the Ir compounds as well. The halide complex
[IrjX, should be less reactive than [Ir]H, with respect to additton of a ligand such as
CO. The steric effect of the halide lone pairs, however, should be less pronounced in
the Ir complex, which is hexacoordinate. than in the Zr complex. which can be
viewed as octacoordinate.

VII. Particulars of the calculations

VIIA. The electronic structure. An approximation to the Hartree—Fock-
Roothaan technique, the Fenske-Hall method, has been described elsewhere {64].
This iterative SCF method is devoid of empirical or adjustable parameters. so that
results of a calculation (eigenvalues, eigenvectors, and the derived guantities) are
determined fully by the molecular geometry and basis functions. In the computation
of the Fock matrix elements, the small but significant effects of the intramolecular
electrostatic interactions are taken into account. Consequently, the energies of the
fragment orbitals reflect the influences of the molecular environment on the
fragments “ready for bonding™. This realistic aspect of our calculations 18 exem-
plified in Fig. 4 and 5, which show that the Cp,Zr fragment has shghtly different
bonding properties, mainly the orbital energies, when it interacts with H and with
(1 ligands. These features of the method add to its usefulness for the construction of
reaction profiles and for the study of large molecules of low symmetry,

The structure of the Ir-containing fragment [37}: the Ir-H bond distances [36]:
the structure of the Cp-Zr fragment [65]: and the Zr--H [39]. Zr-Me [66], Zr-Cl
[67], and Zr—-CO [68] bond distances were taken from the actual compounds. The
usual basis functions were used for the metal [69], nonmetal {701, and H [71] atoms.
Occupations of the fragment orbitals and atomic charges were caleulated by the
Mulliken population analysis.

In view of the size and complexity of the molecules studied. only partial
optimization of their geometric structures was feasible. Those bond angles and
distances that are immediatelyv affected by the carbonylation reactions were allowed
to relax. The angles w and # in the starting [M]L, complexes were optimized by
minimization of the summed energy of the filled molecular orbitals {72]. The angle ¢
or w and the M~-CO distance in the reactions were varied as shown in Fig. 3 and 6.
The A £ criterion was used only for following the reactions. not for optinnzation of
the geometric structures.

VIIB. Definition and meuning of AE. In order to elucidate bonding in the
complex molecules and to compare various modes of the carbonvlation reactions,
we carried out transformations of the basis sets. After an iterative calculation on a
large fragment. a molecule, or a reaction system would converge with the basis set of
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atoms or of smaller fragments, the molecular orbitals would be transformed into the
basis set of larger fragments or of reactants (the metal complex and CO). Without
affecting the numerical results of the calculations, these transformations facilitate
their interpretation.

The quantity AE is defined for the first time below. Let a system consist of
fragments A and B, so that the orbitals of the system are expressed in terms of
fragment orbitals, ¢; and ¢;. Atoms in A and B are designated a and b, respec-
tively. Then,

8,if ¢, o, EA @
($;19;) = : 4
/ S;;if €A, ¢,€B
Fock matrix in the block form
B
B
BA BB
EM E}

The original expressions [64] for the matrix elements in the transformed basis
become:

E-’,-"A=>\’,-‘+Z(— = ) ¥
b Rab

o (6)
ESP =5, (X4 20) = (ot 1 =497 19 )

where A, represents the ith eigenvalue of fragment A and the second term in eq. 5
represents Madelung interactions involving an electron in ¢* and all the other
atoms b in fragment B. Define AFE for a case of two fragments:

oce oce 0CcC
AE= Y N~ |LEM+ Y EM (8)
k=1 i=1 Jj=1

(An analogous expression can be written for a case of many fragments; the second
term then becomes a double summation, ¥, Y% F**.) From eq. 5,

AE=(§>\,(— (EA?+()ZA?+NHZ( Qb)+N,,Z( Q”) (9)
k=1 i=1 j=1 b Rab a R

where N, and N, represent the numbers of valence electrons in the fragments A and
B, respectively.

The difference between the orbital energies of the proximate and separate
reactants A and B, which AE evidently is, reflects the electronic interactions, both
attractive and repulsive, between the reactants. The orbital energies, A,, of the
“supermolecule” A...B include, of course, the off-diagonal matrix elements, de-
fined in eq. 7. If the distance R, is long, A and B do not interact and conditions in

FM=X  FP=0 AE=0 (10)

eq. 10 obtain. If the molecules interact, F}’?B #0 and AE # 0. In particular, AE >0



410

and AE <0 correspond. respectively, to net repulsion and net attraction between
the fragments.

Since the Fenske-Hall method does not include internuclear repulsions (a
limitation common to most of the nonrigorous molecular orbital methods). the AE
does not necessarily reach a minimum as the AB distance decreases. This is why the
AFE criterion should be used only for the initial stages of a reaction. The new
criterion is nevertheless more reliable than the one based on simple minimization of
the summed orbital energies, YA, Whereas the quantity A F reflects the relative
(de)stabilization of A...B in comparison with A + B. the sum A, would be an
ill-justified approximation to an absolute total energy of the reactants. One of the
advantages of the Fenske-Hall method is that A" and A" are not “frozen™: the
interactuons in A...B alter them. This realistic aspect of the present calculations
enhances their usefulness in the A £ method. but would detract from their veliability
if the XA, method were to be used.
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