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Abstract 

Halide ligand effects have been studied for the olefin insertion reaction into second row transition metal-hydrogen bonds. The 
specific effect of the halide is identified by comparing the insertion reaction for MH, and MHX, where X is a chlorine or a 
fluorine atom. In this comparison the exchange and promotion effects are effectively cancelled. There is a dramatic lowering effect 
of 20 kcal/mol on the olefin insertion barrier for the metals to the right in the Periodic Table when halide ligands are present. In 
contrast, exchanging hydride and halide ligands for the metals to the left has almost no effect on the reaction. The large effect to 
the right is explained by a larger contribution of the so-state of the metal when there are halide ligands. The barrier-determining 
effect is the repulsion between the olefin and the non-bonding electrons of the metal, and the so state is less repulsive than the 
s’-state. When a halide is bound to the metal the metal becomes more cationic to the right, and the ground states of the naked 
metal cations to the right are so-states. When hydrides are the only ligands the metal becomes more neutral, and the ground states 
of the naked neutral atoms to the right are in most cases s’-states. 
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1. Introduction 

Olefin insertion into metal-hydrogen and metal-al- 
kyl bonds are essential steps in many important cat- 
alytic reactions. Probably the most important of these 
is the Ziegler-Natta process for polymerization of 
olefins [1,2], where olefin is inserted into a metal-alkyl 
bond. An example of where olefin insertion into a 
metal-hydrogen bond may occur is the hydrogenation 
of alkenes by the Wilkinson catalyst, where this is the 
rate-limiting step [3]. Theoretical, mainly ab in&, 
studies of these types of reaction have recently been 
reviewed by Koga and Morokuma [4]. These studies 
have focussed on the complexes found to be of main 
experimental interest. During the past year a different, 
more systematic, approach to study basic catalytic reac- 
tions has been initiated. In the first step of this ap- 
proach the reactions, as simplified as possible, without 
additional ligands, are studied for an entire row of the 
Periodic Table. This has been done for the second 
transition metal row for both olefin insertion into a 
metal-hydrogen [5] and that into a metal-alkyl [6] 
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bond; the goal is to identify the main properties of the 
metal itself on the reactions. The next natural step in 
this systematic approach is to investigate the effects on 
the reactions by adding hydrogen ligands as the sim- 
plest possible covalent ligands. The results of these 
studies, which were also presented in refs. 5 and 6, 
allow identification of the importance of, for example, 
exchange and rehybridization effects. 

The present paper presents the results from the 
third step of this approach, which is concerned with 
the effects of exchanging hydride ligands with more 
electronegative ligands like chloride and fluoride lig- 
ands. One reason for the interest in this type of ligands 
is that most catalysts used in practice for these reac- 
tions contain strongly electronegative ligands. By com- 
paring the results for hydride and halide ligands the 
specific effects of ligands that are more electronegative 
and also have electron donating capability can be iso- 
lated and identified. Other effects, such as exchange 
and promotion effects, should effectively be cancelled 
in this type of comparison. 

A few main conclusions have been drawn in the 
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previous study of the ligand-free olefin insertion reac- 
tions [5,6]. The most important of these conclusions is 
that electron repulsion effects between non-bonding 
metal electrons, in particular the Ss-electrons, and the 
olefin is a dominating factor in the reaction and is 
responsible for the main differences between the met- 
als. This effect is most clearly seen for the case of the 
ligand-free insertion for rhodium, for which a very low 
barrier is found. The reason for this is that the low-lying 
4d9-state (the so-state) of rhodium has no repulsive 
Ss-electrons and can still form the d-bond required at 
the transition state. The preference for binding with an 
so state at the transition state also explains why the 
barriers for ligand-free palladium and ruthenium are 
very much higher than those for rhodium. A further 
notable finding in this context is that for the metals to 
the left empty 4d-orbitals can hybridize with the 5s- 
orbitals to reduce markedly the repulsion towards the 
olefin leading to low barriers for these metals. This 
also has the effect that the barrier height between 
niobium and molybdenum increases significantly both 
with and without additional hydride ligands. The rea- 
son for this is that for molybdenum the 4d- and the 
Ss-orbitals have the same occupation and any mixing 
between these orbitals will therefore not change the 
total energy and can consequently not reduce the re- 
pulsion towards the olefin. The addition of the hydride 
ligands leads to a general lowering of the barrier 
heights. The origin of this decrease is that the elec- 
tronegative hydrides remove some of the repulsive 
electrons from the metal. This effect is of particular 
interest for the present study where more strongly 
electronegative ligands are added. From the previous 
results one might expect a general decrease in the 
barrier heights when halide ligands are present. An- 
other way of reducing the repulsion between the metal 
and the olefin, and thereby reducing the barrier, is 
simply to ionize the metal. Recent calculations for 
cationic zirconium and titanium complexes without ad- 
ditional ligands did, indeed, give very low barriers 
[7-lo]. It is in this context noteworthy that some of the 
most efficient homogeneous catalysts recently found 
experimentally are cationic species [ 11,121. 

It is of interest to compare the results of the previ- 
ous study of the olefin insertion into a metal-hydrogen 
bond [5] with the results for the insertion into the 
metal-alkyl bond [6]. When hydride ligands are added 
the barriers for insertion into the metal-alkyl bonds 
are between 10 and 20 kcal/mol for most neutral 
metal complexes, which is in the expected range for 
heterogeneous catalysts [13]. The barriers for the cor- 
responding olefin insertion into a metal-hydride bond 
are generally about 20 kcal/mol lower. The origin of 
this difference is the directional character of the 

metal-alkyl bond, which means that a tilting of the 
methyl group is required in the transition state. This 
effect causes an increase in the barrier compared to 
that in the metal-hydrogen case. It is reasonable to 
expect that the more ionic the bonding, the less costly 
the tilting of the methyl group. In line with this expec- 
tation Brookhart et al. [14] recently observed experi- 
mentally a difference in barrier heights of only 10.3 
kcal/mol between insertion into M-H and M-R bonds 
for a cationic rhodium complex in which the bonding 
should be quite ionic. 

A few further results of the previous studies are also 
worth mentioning. For example, as hydride ligands are 
added to the metal, there is a reduction in the varia- 
tion of the barrier heights going across the Periodic 
Table. The explanation of this effect is that since the 
main origin of the differences between the metals is 
the varying degree of repulsion between non-bonding 
metal electrons and olefin electrons, the removal of 
some of these metal electrons by the electronegative 
ligands will also remove part of the difference between 
the metals. It is furthermore relevant to note the 
absence of some expected relations. For example, there 
is no correlation between the metal-hydrogen bond 
strength and the ease of olefin insertion into this bond. 
Neither is there any relationship between the exother- 
micity of the insertion reaction and the barrier height, 
nor between the olefin r-bond strength and the barrier 
height. 

Since most of the present paper is concerned with a 
comparison of olefin insertion into the M-H bonds of 
MH, and MHCl, the electronic structure aspects of 
these triatomic systems are of great importance in the 
present context. The binding in these two systems for 
second row transition metals have been discussed and 
compared recently [15,16]. The main conclusion is that 
the M-H bonding in these two systems is very similar 
for the metals to the left but show significant differ- 
ence for those to the right, where the bonding is more 
covalent. Covalent bonds are preferentially formed by 
use of the sl-state of the metal. When a halide is 
present, as in MHCl, the metal tends to be more 
cationic than it is in MH,. The ground states of the 
metal cations to the right are so-states, and must there- 
fore be promoted to form the covalent M-H bonds. 
The metal in MH, is more neutral and the ground 
state of most metals to the right is the s’-state. The 
consequence of this difference between the neutral 
atoms and the cations to the right is that the M-H 
bonds will be weaker for MHCl than they are for MH,. 
The bonding in MHCl will also to a large extent 
involve the non-repulsive so-state of the metal, which 
has direct consequences for the olefin insertion reac- 
tion, as will be seen below. 
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2. Results and discussion 

Our calculations on effects of halide ligands on the 
olefin insertion reaction were, for simplicity, per- 
formed for insertion into metal-hydrogen bonds only. 
The results are expected to have some bearing also on 
insertion into metal-alkyl bonds, since in previous 
studies [5,6] it was found that the results are to a large 
extent parallel for insertions into these two types of 
bonds. The simplest possible systems containing both 
metal-hydrogen bonds and halide ligands are the MI-IX 
systems, where X is either fluorine or chlorine. Most of 
the results presented here are therefore for olefin 

insertion into the M-H bonds of these triatomic com- 
plexes. The results are directly compared with those 
for the corresponding insertion into the M-H bonds of 
the MH, systems [51 in order to isolate the effects 
specific to the halide ligands. It should be emphasized 
that the barrier heights discussed below are given with 
respect to the isolated metal complexes and free ethy- 
lene. Experimentally, the reaction is normally viewed 
as a migratory insertion reaction starting from the 
olefin addition complexes. However, it was shown pre- 
viously 1561 that the analysis of the trends in the 
barrier heights is much simpler starting from the free 
metal complexes. 

TABLE 1. Geometries and energies for the olefin addition reaction: MHCI + C,H, + AE + MHClCaH,. The energies are calculated relative to 
ground state MHCI systems and ethylene. H, is the hydrogen atom directly bonded to the metal atom. AE(H) is the corresponding result for 

MHz 

M State M-C M-Cl M-H, c-c L(CI-M-H,) AE A E(H) 

Y 
Zr 
Nb 
MO 
Tc 
RU 
Rh 
Pd 

2p 

‘A 
2A 
3A> 
4K, 

3K, 

2A 
‘A 

2.54 2.58 2.03 1.42 123.1 - 25.8 -25.1 
2.19 2.48 1.90 1.50 125.2 - 52.6 -53.3 
2.18 2.42 1.82 1.45 127.1 - 38.0 - 43.3 
2.17 2.40 1.73 1.43 124.3 -21.6 - 18.3 
2.30 2.46 1.66 1.39 112.2 -11.7 - 13.4 
2.41 2.41 1.59 1.36 100.4 -21.1 - 18.4 
2.45 2.39 1.52 1.36 94.8 - 30.1 _a 

2.42 2.36 1.48 1.36 89.0 - 29.4 _a 

a H, becomes molecularly bound. 

TABLE 2. Transition state geometries and barrier heights for the olefin insertion reaction: MHCI + C,H, + AE + MClC,H,. The energies are 
calculated relative to ground state MHCI systems and ethylene. C, is the carbon atom closest to the metal atom and H, is the hydrogen atom in 
the M-H bond which is inserted by the olefin. AI?(H) is the corresponding result for MH, 

M 

Y 
Zr 
Nb 
MO 
Tc 
Ru 
Rh 
Pd 

State 

2A 
‘A 
2A 
‘A 
4K, 

3A,, 

‘A 
‘A 

M-C, M-C, M-H, C2-HI cl-c2 AE AECH) 

2.55 2.85 2.05 1.80 1.39 -7.7 - 6.9 
2.29 2.42 1.88 1.60 1.47 -3.5 -3.1 
2.25 2.39 1.81 1.57 1.45 -5.8 - 10.7 
2.22 2.36 1.75 1.60 1.44 + 4.7 + 4.3 
2.20 2.39 1.72 1.65 1.42 + 10.4 + 2.4 
2.21 2.42 1.64 1.64 1.41 - 22.9 - 2.4 
2.19 2.40 1.59 1.57 1.41 - 23.5 - 0.9 
2.17 2.40 1.57 1.62 1.40 - 24.1 - 1.4 

TABLE 3. Populations at the transition state of the olefin insertion reaction: MHCI + C,H, + AE -+ MCIC,H,. C, is the carbon atom closest to 
the metal atom, H, is the hydrogen atom in the M-H bond which is inserted by the olefin 

Metal(M) M(q) 4d 5s 5P C,(o) C,(s) H,(q) Cl(q) 

W2A> + 0.40 1.16 0.78 0.54 - 0.22 - 0.42 - 0.09 - 0.40 
Z&A) + 0.54 2.65 0.35 0.37 - 0.30 - 0.45 + 0.01 - 0.42 
IW2A) + 0.41 3.57 0.59 0.36 - 0.33 - 0.41 + 0.03 - 0.38 
Mot3A) + 0.36 4.79 0.47 0.33 -0.31 - 0.37 + 0.05 - 0.39 
Tc(4A”) + 0.35 5.86 0.45 0.29 - 0.29 - 0.34 + 0.04 -0.48 
Ruf3A”I +0.31 6.93 0.42 0.28 - 0.30 - 0.29 + 0.08 - 0.50 
Rh(‘A’) + 0.20 8.05 0.36 0.34 -0.31 - 0.26 +0.13 -0.51 
Pdt’A’) +0.22 9.05 0.40 0.26 - 0.32 - 0.23 +0.12 - 0.54 
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The discussion starts with the results for chloride 
ligands. The optimized geometries and energies of the 
r-complexes between MHCl and C2H, are shown in 
Table 1. The corresponding results for the transition 
states of the olefin insertion are presented in Table 2, 

with populations in Table 3. The corresponding results 
for the MHF systems are given in Table 4-6. The 
results for the r-complexes between MC1 and C,H, 
are given in Table 7. A typical rr-complex is shown for 
RhHCl(C,H,) in Fig. 1 and for a typical transition 

TABLE 4. Geometries and energies for the olefin addition reaction: MHF + C,H, + AE + MHFCrH,. The energies are calculated relative to 
ground state MHF systems and ethylene. H, is the hydrogen atom directly bonded to the metal atom 

M State M-C M-F M-H, c-c L(F-M-H,) AE 

d Ru a 
Rh ZA 2.45 1.96 1.54 1.36 96.2 -31.2 
Pd ‘A 2.40 1.96 1.50 1.36 92.4 - 32.4 

a Rhodium geometry used. 

TABLE 5. Transition state geometries and barrier heights for the olefin insertion reaction: MHF + CrH, + AE + MFC,H,. The energies are 
calculated relative to ground state MHF systems and ethylene. C1 is the carbon atom closest to the metal atom and HI is the hydrogen atom in 
the M-H bond which is inserted by the olefin 

M 

Y 
Zr 
Nb 
MO 
Tc 
Ru 
Rh 
Pd 

State M-C, M-C2 M-HI Cz-HI Cl-C, AE 

2A 2.57 2.86 2.07 1.79 1.40 -6.7 
‘A 2.30 2.40 1.89 1.56 1.48 -2.1 
2A 2.25 2.38 1.81 1.57 1.45 -6.5 
3A 2.22 2.36 1.76 1.59 1.45 + 1.1 
4K, 2.21 2.41 1.72 1.67 1.42 + 10.7 
3A,, 2.22 2.42 1.65 1.63 1.41 - 17.1 
2A 2.18 2.37 1.62 1.56 1.42 -27.1 
‘A 2.16 2.40 1.58 1.64 1.40 - 27.3 

TABLE 6. Populations at the transition state of the olefin insertion reaction: MHF + C2H4 + AE -+ MFC,Hs. Ct is the carbon atom closest to 
the metal atom, HI is the hydrogen atom in the M-H bond which is inserted by the olefin 

Metal(M) M(q) 4d 5s 5P C t(9) C,(s) H ha) F(q) 

Yf2A) + 0.56 1.02 0.76 0.52 - 0.22 - 0.42 -0.10 - 0.53 
Zr( ‘A) + 0.70 2.53 0.34 0.32 - 0.30 -0.47 +0.01 - 0.54 
W2A) + 0.56 3.41 0.61 0.34 - 0.32 - 0.42 + 0.03 -0.51 
Mo( 3A) + 0.53 4.61 0.49 0.30 -0.32 - 0.38 + 0.03 -0.51 
Tcf4A”) + 0.50 5.74 0.43 0.26 -0.29 - 0.34 + 0.01 - 0.56 
Ruf3A”) + 0.46 6.84 0.38 0.27 - 0.30 - 0.33 + 0.07 - 0.58 
Rh(‘A’) + 0.36 7.96 0.35 0.27 - 0.32 -0.27 +0.11 - 0.59 
Pd(?4’) + 0.35 8.97 0.36 0.25 - 0.31 - 0.24 +0.10 - 0.62 

TABLE 7. Geometries and energies for the olefin addition reaction: MC1 + C2H, + AE + MClC,H,. The energies are calculated relative to 
ground state metal chlorides and ethylene. A,??(H) is the corresponding result for MH 

M State 

Y ‘A’ 
Zr 2A 
Nb 3K, 

MO 4K, 

Tc % 
Ru 4R, 
Rh 3A2 

Pd 2A, 

M-C M-Cl c-c AE AE(H) 

2.27 2.60 1.56 - 15.6 - 15.1 
2.20 2.52 1.52 - 42.3 -43.3 
2.18 2.49 1.48 - 36.0 - 30.9 
2.20 2.51 1.44 - 11.7 - 10.6 
2.27 2.48 1.40 -31.1 -33.1 
2.45 2.48 1.36 -33.6 -21.4 
2.53 2.46 1.35 - 26.0 - 27.5 
2.56 2.43 1.35 - 22.6 - 17.8 
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Fig. 1. The rr-complex between RhHCl and ethylene. 

state for ZrHCl(C,H,) in Fig. 2. The energetic data 
given in the Tables are also displayed in Figs. 3 and 4. 
Before the results are discussed in detail below, it is 
useful to consider the exothermicity of the olefin inser- 
tion into a metal-hydrogen bond. This exothermicity is 
to a large extent insensitive to the particular additional 
ligands in the complex, but depends mostly on the 
carbon-carbon u-bond formed and r-bond broken. 
There is also a contribution from the difference in the 
metal-hydrogen bond broken and metal-carbon bond 
formed, which leads to some slight variation in the 
exothermicities between the metals. In the previous 
study [5] the calculated exothermicities were found to 
decrease more or less monotonically from yttrium at 30 
kcal/mol to palladium at 25 kcal/mol. 

Of the results obtained in the present study there 
are a few which are especially remarkable, These con- 
cern the halide ligand effect on the olefin insertion 
barrier for the complexes to the right in the periodic 
table. For the MH, systems the barrier height for 
olefin insertion compared to free MH, and C,H, is 
for ruthenium -2.4 kcal/mol, for rhodium -0.9 
kcal/mol and for palladium -1.4 kcal/mol. When a 

Fig. 2. The transition state structure for the olefin insertion into the 
Zr-H bond of ZrHCl. 

AE 
MHX + C,H,+AE- 

i 1 

xv---tj * 
1 [_j 

Y zl- F;b M;o ic Ii ;h pb 

Fig. 3. Transition state energies for the olefin insertion reaction with 
MHCl, MHR and MH,. The energies are calculated relative to an 
asymptote with a free ethylene. 

MHX + C,H,+AE-XHM---jiY 

cH2 

-10 - 

-20 - 

30 - 

-40 - 

-50 - 

Fig. 4. P-complex energies for the addition reaction between ethy- 
lene and MHCI, MHF and MH,. The energies are calculated rela- 
tive to an asymptote with a free ethylene. 
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hydride is replaced by a chloride the barrier heights 
are decreased by the significant amount of 20 kcal/mol 
for all three of these metals. These results are particu- 
larly striking in view of the quite small effects of only a 
few kcal/mol found for the complexes to the left 
caused by the same ligand exchange. The strong stabi- 
lization of the transition states for the complexes to the 
right by replacing a hydride with a halide can be 
understood in the following way. First, one of the main 
conclusions previously drawn in earlier studies of the 
olefin insertion reaction [5,6] was that repulsive effects 
between non-bonding metal electrons and the olefin 
electrons are of key importance for the size of the 
barrier. This repulsion is particularly large for the 
metal 4s,4p electrons. The best example of this effect is 
the low insertion barrier found for RhH relative to 
those for RuH and PdH [5]. At the transition state, 
where the formation of a single d-bond is required, 
rhodium can use its low-lying so-state. In contrast, the 
so-state of palladium cannot form a d-bond, and for 
ruthenium this state is much higher in energy. When 
there is a halide ligand in the complex the metal will 
resemble a metal cation, whereas with only hydride 
ligands the metal will be more neutral [15,161. This has 
direct consequences on the spectrum for the metal 
atoms, in particular for those to the right in the Peri- 
odic Table. Most of the metal cations to the right have 
so ground states whereas most of the neutral atoms 
have s’ ground states. This means that the metal-halides 
to the right will have easy access to so-states and will, 
just as in the case of the neutral rhodium atom, form 
stable transition state complexes. In contrast, without 
halides present as for MH,, there will in general be 
higher excitation energies to so-states and the barriers 
for olefin insertion will be higher. This change in the 
atomic spectrum is the most important effect when 
halide ligands are added. There is also another quite 
important effect and that is the direct charge-induced 
dipole effect, which is enhanced for the metals to the 
right when halide ligands are present. With halide 
ligands present the metal will generally be more posi- 
tive than when they are absent. It was shown in a 
previous paper [lo] that even non-transition metal 
cations tend to have low barriers for olefin insertion, 
which must to a large extent be due to attractive 
electrostatic effects. However, it should in this context 
be remembered that this electrostatic effect is much 
smaller when counterions are present than it is for 
isolated cations. 

The second most interesting finding from the pre- 
sent calculations is that the halide ligand effects are 
much smaller for metals to the left than for those to 
the right in the Periodic Table. This does not require 
different explanations than those used above for the 

effects found to the right. First, the differences in the 
metal spectra between cations and neutral atoms noted 
above for the atoms to the right do not appear for the 
atoms to the left. Neither the cations nor the neutral 
metal atoms to the left have so ground states. Also, the 
requirement for so ground states for the metal atoms is 
not as strong for the atoms to the left since the 
repulsive metal electrons can be hybridized away by 
using a mixing with empty d-orbitals. The importance 
of this hybridization effect was best demonstrated in 
the previous studies [5,61 by the sudden large increase 
in barrier height going from niobium, which has empty 
d-orbitals, to molybdenum, which does not have empty 
d-orbitals in its ground state. Another difference be- 
tween the atoms to the left and those to the right 
occurs for the charge induced dipole effect. Since the 
ionization energies for the atoms to the left are smaller 
than they are to the right, already the metal-hydrogen 
bond is quite ionic for the atoms to the left. The 
ionicity will therefore not increase much when the 
hydride is exchanged with a halide for these atoms. 
These similarities and differences between metals to 
the right and to the left were discussed in detail 
recently in a comparison of the bonding in the MHCl 
and MH, systems [15]. The larger degree of ionicity in 
the bonding to the left leads to very similar M-H 
bonds for MHCI and MH,. On the other hand, for the 
atoms to the right where covalency is more important, 
the M-H bonds are much weaker in the MHCl systems 
than they are in the MH, systems. 

The data in Tables 1 and 2 show that there are 
qualitative differences between the potential surfaces 
for the metals to the left and, to the right for the 
present systems. For the metals to the right the r-bind- 
ing energies are in the range 20-30 kcal/mol and the 
transition states in the range 23-24 kcal/mol. Since 
the exothermicity of the olefin insertion into a metal- 
hydrogen bond should be in the range 25-30 kcal/mol 
irrespective of the particular ligands in the complex [5], 
the potential surfaces for the metals to the right are 
extremely flat all the way from the r-complexes to the 
insertion products. In contrast, the potential surfaces 
for the metals to the left are much more irregular. In 
particular, the rr-complexes (except for yttrium) are 
very strongly bound. The largest binding energy is 
obtained for zirconium with 52.6 kcal/mol. In spite of 
these large binding energies for the 7r-complexes, the 
energies at the transition states are higher than they 
are to the right. One reason for these differences 
between the metals to the left and those to the right is 
that the r-complexes to the left form metallacycles 
with the olefin. This requires two free covalencies in 
addition to those needed for the hydride and the 
halide. Since yttrium has only three covalencies in 
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total, the metallacyclic bonding cannot be formed and 
the r-complex binding energy is therefore much smaller 
than it is for zirconium and niobium. For the metals 
towards the middle of the row the exchange loss when 
the metallacycle is formed is an important factor, and 
the T-complex binding energy is therefore only 22 
kcal/mol for molybdenum. The r-complexes for the 
metals to the right have predominantly electrostatic 
bonding, which can be seen from the resulting C-C 
bond distances. For the complexes of ruthenium, 
rhodium and palladium the C-C bond distance is 1.36 
A, which is close to the C-C bond distance of 1.33 A in 
free ethylene. In contrast, the C-c bond distance for 
the zirconium T-complex0 is 1.50 A, not far from the 
value for ethane of 1.54 A, which is typical for a single 
bond. An additional covalent ligand changes the poten- 
tial surface markedly for zirconium. The results from 
the previous study on olefin insertion into ZrH, gave a 
r-complex binding energy of only 18.6 kcal/mol and a 
barrier height of - 15.9 kcal/mol [51. It is therefore 
clear that the present large +complex binding ener- 
gies, leading to the irregular forms of the potential 
surfaces for zirconium and niobium, are not typical for 
saturated realistic metal complexes to the left, but can 
only be related to very unsaturated systems. However, 
the energies for both the insertion products and the 
transition states are expected to change much less with 
the addition of more ligands. 

The binding energy of the r-complex for ruthenium 
is 8-9 kcal/mol smaller than it is for rhodium and 
palladium. The origin of this difference is not a differ- 
ent type of binding for ruthenium. Instead, the binding 
energy difference is a result of a different ground state 
for RuHCl. Both RhHCl and PdHCl have bent low 
spin ground states while RuHCl has a linear high-spin 
quintet ground state. In order to bind the olefin a 
promotion to the triplet is needed for the ruthenium 
system and this costs 7.4 kcal/mol [16]. It is notewor- 
thy that this promotion energy is higher for RuHF by 
5.3 kcal/mol than it is for RuHCl. In line with this, the 
rr-complex binding energy is 8.8 kcal/mol smaller for 
RuHF than for RuHCl. The origin of the small differ- 
ence between these numbers is that the geometry opti- 
mization partly failed for the RuHF system and the 
rhodium geometry had to be used. Partial failure of 
SCF geometry optimizations for weakly bound r-corn- 
plexes to the right has in several cases previously been 
observed [5]. 

The ruthenium and technetium systems are some- 
what special cases in the present comparison between 
olefin insertion for the MHX and the MH, systems. 
The MHX system for ruthenium is the only one in 
which the ground state structure is different from that 
for MHz 1161, and TcH, is the only linear high-spin 

dihydride [15]. This means that the ground state of the 
a-complex has a lower spin than the ground state of 
the inserted complex for RuHX, TcHX and TcH,. The 
insertion process will therefore to some extent occur 
on an excited state surface, either for the reactant or 
for the product. In the present study the same spin 
state has been assumed as the one studied previously 
[5,6]. This is the triplet spin for ruthenium, which is 
undoubtedly the lowest surface in the transition state 
region, and it is the quartet state for technetium. When 
the quartet state is used for technetium, the promotion 
energy for the product from the ground state sextet to 
the lowest quartet state will to some extent contribute 
to the barrier height for the insertion reaction. Since 
the ground state of RuHX is high-spin and that for 
RuH, low-spin, the promotion energy between these 
states is probably larger for TcHX than it is for TcH,. 
This has the effect that the barrier heights are some- 
what higher, by about 8 kcal/mol, for the TcHX than 
they are for the TcH, systems. The same argument 
would have held also for the ruthenium systems but in 
this case the cationic metal effect for the MHX sys- 
tems, discussed in detail above, is much more impor- 
tant and leads to substantially lower barriers for RuHX 
than for RuH,. In connection with this discussion of 
spin states it can be added that spin-orbit coupling 
effects are so strong for transition metal complexes 
that spin-crossings normally occur with very high prob- 
ability 1171. This means that the best way to think about 
these systems is to consider them as always occurring 
on the potential surface with lowest energy at that 
point. As an example, the oxidative addition reaction 
between the nickel atom and water, which was recently 
studied in a combined experimental and theoretical 
effort 1181, proceeds through two subsequent crossings 
between surfaces of different spin. 

It is of interest to compare the halide ligand effect 
for the a-complexes and for the transition states for 
the systems to the right. As already discussed above, 
exchanging a hydride with a halide has a dramatic 
lowering effect at the transition states for these atoms 
of about 20 kcal/mol. This was mainly attributed to 
the cationic nature of the metal when the halide is 
present, leading to important contributions of the so- 
state, which has a very low repulsion towards the 
olefin. The direct charge-induced dipole effect from a 
more positive metal was judged to have a smaller 
influence. One reason for this conclusion was that if 
this effect were dominant it would be expected to be 
similar for the binding of the r-complex. Unfortu- 
nately, a direct measure of the halide stabilization 
effect cannot be obtained, since the corresponding 
r-complexes for the MH, systems of rhodium and 
palladium adopt a different type of geometry, with an 
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n2-coordinated hydrogen molecule. Based on the re- 
sults for the r-complex binding energy for ruthenium, 
including a consideration of the promotion effect, and 
of results for the smaller metal-hydrides, an estimated 
stabilization of less than 10 kcal/mol of the hydride- 
halide exchange can be estimated (see also arguments 
in next paragraph). This binding energy increase in- 
cludes both the direct charge effect and the reduction 
of repulsion from the #-state of the metal. It can thus 
be concluded that the total halide effect is much larger 
at the transition state. On the basis of these results, the 
direct reduction of the repulsion towards the olefin is 
considered to be the most important effect at the 
transition state, in line with the conclusions previously 
drawn [5,6]. 

When the effect of halides on the rr-complexes is 
considered, it is interesting to compare the r-binding 
energies for MH taken from ref. 5 with the correspond- 
ing binding energies for MC1 given in Table 7. Support 
for the above assignment of a rather small halide effect 
for the rr-complexes of the MHCl systems is found, 
since the binding energies between MC1 and C,H, are 
not particularly large even for the metals to the right. 
They are, except for ruthenium, very close to those for 
MH. In fact, on the basis of the binding energies of 
Table 6 alone, exchanging a hydride with a halide 
would not be expected to have any effect at all for the 
r-complexes. However, it should be noted that for the 
systems to the right the binding has a somewhat 
changed character. As seen from the C-C bond dis- 
tances for othese systems, with values in the range 
1.35-1.36 A close to that in ethylene, the bonding is 
predominantly electrostatic. For the binding between 
MH and ethylene there are large covalent contribu- 
tions in terms of donation and back-donation,Jeading 
to somewhat longer C-C bonds of about 1.40 A. 

An interesting geometric effect in the transition 
states of the olefin insertion has already been noted [51. 
The transition states for the systems to the right from 
technetium to palladium all have C, symmetry, with 
the halide in the MCC-plane. For the systems to the 
left the halide moves out of the MCC-plane and the 
systems no longer have any symmetry; see Fig. 1. The 
origin of this difference has been assigned to sd-hy- 
bridization to the left and sp-polarization to the right 
[5]. The importance of sd-hybridization to the left was 
best seen in the previous study from the large differ- 
ence in barrier heights between the niobium and 
molybdenum systems. Niobium has empty d-orbitals 
and can therefore mix empty and occupied orbitals to 
reduce the repulsion at the transition state. For molyb- 
denum all non-bonding d-orbitals are singly occupied 
and high-spin coupled, and these orbitals can therefore 
not be used in any effective way for hybridization. The 

energetic effect of moving the halide out of the plane is 
quite significant. For example, for ZrHCl the transition 
state is lowered by 7.7 kcal/mol when the halide moves 
out of the plane. It should be added that the geometry 
change for the halide is accompanied by other signifi- 
cant changes, such as a,” increase of the C-C bond 
length from 1.41 to 1.47 A. A contributing factor in this 
energy gain could be that the halide finds a more 
favourable position for interacting with the empty d- 
orbitals of the metal when it is out of the MCC-plane. 
However, this effect cannot predominate since exactly 
the same preference is found when the halide is ex- 
changed with a hydride. In connection with the discus- 
sion of the geometries of these catalytic systems it can 
be added that the qualitative geometrical structure of 
the catalysts for the Ziegler-Natta reaction has been 
discussed intensively recently in connection with the 
stereospecificity in syndiotactic polymerizations [7-91. 
This discussion is often based on a model in which the 
stereospecificity is determined by the planar or non- 
planar nature of the starting catalyst. The results of the 
present study indicate that the qualitative nature of the 
geometry is often quite different for the reactant and 
the transition state, and this could also have effects 
that can influence the stereospecificity. 

For comparison, calculations were also performed 
for the reaction between MHF and C,H,, with the 
results shown in Tables 4-6. These results provided no 
surprises but were extremely useful as a test of the 
corresponding chlorine results, as discussed further 
below. The most notable difference between the fluo- 
rine and chlorine results has already been mentioned, 
namely the binding energy of the ?r-complexes for 
ruthenium. This is a special case, since the RuHX 
system has to be promoted and RuHF has a slightly 
higher promotion energy than RuHCl. There are also 
slight differences in the energies of the transition states 
to the right between the fluorine and the chlorine 
systems. The best way to rationalize differences be- 
tween fluoride and chloride ligands is normally to 
consider them as point charges [19]. In this picture the 
differences appear because the bond distances for fluo- 
ride ligands are much shorter than for chloride ligands. 
A discussion of this point is not pursued further here 
since the differences between the systems are too small. 

Halide ligand effects have recently been studied also 
for the oxidative addition of C-H and H-H bonds [19] 
and there are interesting parallels between the results 
of that study and of this one. For both the olefin 
insertion and the oxidative addition reaction the effects 
for the systems to the left are very small when hydrides 
are exchanged with halides. For both these reactions 
there are also large effects of hydride-halide exchange 
for the systems to the right. However, for the oxidative 
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addition reaction the barrier heights are much higher 
for the halide than for the hydride case, in contrast to 
the olefin insertion reaction where the opposite ap- 
plies. However, the explanation of these different ef- 
fects is the same. When halides are present as ligands 
the metal will be more cationic for the metals to the 
right. This leads to a dominant contribution of the 
metal so-state. For the olefin insertion reaction this is a 
big advantage since the important repulsion of the 
olefin will be reduced and the barriers will therefore be 
low for the metals to the right. In contrast, for the 
oxidative addition reaction this will be a disadvantage 
since the so-state needs to be promoted to form the 
bonds in the product of the reaction. The promotion 
energy to the si-state will therefore enter more or less 
directly for the barrier heights, which will then be 
higher for the halide than for the hydride case. 

Theoretical aspects of the olefin insertion reaction, 
also called hydride migration to a coordinated olefin, 
have recently been reviewed by Koga and Morokuma 
[4]. References to earlier ab initio work on this reac- 
tion can be found in this review and in refs. 5 and 6. Of 
the work discussed in Ref. 4 there is one study by Koga 
et al. [20] which is more directly concerned with the 
subject dealt with in the present paper, that is with 
halide ligand effects. Ethylene insertion for H,RhCl 
(C,H,XPH,), and a corresponding complex in which 
the chloride has been exchanged with a hydride, 
H,RhH(C,H,XPH,),, was compared, and it was found 
that chlorine makes the ethylene insertion more en- 
dothermic. This reaction is considered to be an inter- 
nal rearrangement reaction and the reaction energy is 
therefore counted relative to the rr-complex. It should 
be recalled that the present energies are always ex- 
pressed relative to an asymptote with a free ethylene. 
Since no energies were given in ref. 20 with respect to 
this asymptote, the results in the present tables and 
those of ref. 20 are not directly comparable. The ener- 
gies for the inserted products in the present work 
should be about 25 kcal/mol [5] for the atoms to the 
right. The r-complexes of MHz for the atoms to the 
right should have energies of about. 20 kcal/mol and 
those of MHCl about 30 kcal/mol for rhodium and 
palladium. This means that the rearrangement reaction 
is indeed more endothermic for MHCl than for MH,, 
in line with the results found by Koga et aZ., However, 
it should be noted that this finding does not alter the 
fact that the presence of halide ligands dramatically 
lowers the barrier for the olefin insertion even counted 
from the rr-complex for the atoms to the right. There- 
fore, the present results do not support the conclusion 
drawn by Koga et aZ., that chloride ligands play a key 
role in making olefin insertion rate-determining in the 
hydrogenation of alkenes. On the contrary, if halide 

ligands were exchanged with hydride ligands the inser- 
tion process should be made more difficult, at least for 
the present systems. Another comment can also be 
made in this context. The n-complex binding energies 
are likely to be quite sensitive to the presence of other 
ligands, particularly if they are sterically demanding. 
The transition state energies and the product energies 
should be much less sensitive. The present model re- 
sults for the insertion barrier and reaction energies are 
therefore much more reliable if they are counted from 
the asymptote with a free ethylene than if they are 
counted from the r-complex. 

An important aspect of the present approach could 
be of some general interest. During the course of the 
study it became increasingly evident that a comparison 
with previous results is not only interesting but is also 
necessary in order to obtain correct results. This is 
exemplified by the calculations on the transition states 
for the olefin insertion for the metals to the left. All 
the geometry optimizations for the transition states 
converged to structures with the halide in or close to 
the MCC-plane. As noted above it is quite important 
energetically that the halide is out of the MCC-plane 
for the systems to the left. The energy differences at 
the MCPF level between the planar and the optimal 
structure are 5-10 kcal/mol. When the resulting bar- 
rier heights for the planar structures to the left were 
compared with those obtained in the previous study for 
the MH, systems it was immediately clear that there 
was something wrong. This was mainly based on the 
results from the previous study in which the MHCl and 
MH, systems were compared and the bonding was 
found to be extremely similar for the metals to the left 
1161. Therefore, a situation where the transition states 
for olefin insertion was qualitatively different for these 
systems, both in terms of geometry and energy, is 
unreasonable. This led to an investigation of non-planar 
geometries for the MHCl olefin insertion transition 
states which eventually led to the results presented 
here. It should be added that the large preference for 
the out of plane geometries to the left is mainly a 
correlation effect. With the small basis sets used in the 
geometry optimization, the planar geometry is actually 
slightly preferred for both zirconium and niobium. 
Therefore, any information available from the com- 
puted Hessian at this level will not help to resolve this 
problem. With the larger basis sets used in the final 
energy evaluation, the non-planar geometry for zirco- 
nium is preferred by only 0.6 kcal/mol at the SCF 
level, and is increased to 7.7 kcal/mol at the MCPF 
level. These examples are only a few of a large number 
found so far in which a crosswise comparison of results 
has been shown to be absolutely necessary before the 
results can be relied upon. 
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3. Conclusions 

Halide ligands can sometimes have very large effects 
on insertion reactions. These effects only occur for 
metals to the right in the Periodic Table. When an 
olefin is inserted into a metal-hydrogen or metal-alkyl 
bond the barrier height is quite sensitive to direct 
repulsive effects between non-bonding metal electrons 
and the olefin electrons. It was noted in the previous 
studies that if a metal to the right can utilize the 
so-state to form the required single d-bond at the 
transition state, the barrier for the insertion is very low 
[5,61. The best example of this was provided by the 
insertion into RhH where the low-lying d9-state of 
rhodium can form the d-bond at the transition state 
with a resulting very low barrier. When a halide is 
present as a ligand the metal will be more cationic. The 
ground states of the cations to the right have so ground 
states, and thus there will be larger contributions from 
this state when halide ligands are present. In contrast, 
when there are only hydride ligands the metal will be 
more neutral. Since the ground states of the neutral 
atoms to the right in most cases are s’-states, the 
promotion energy to the so-state will be higher in these 
cases and the barrier for the olefin insertion higher. 
Quantitatively this means that when a hydride in MH, 
is exchanged with a halide the barrier for olefin inser- 
tion is lowered by as much as 20 kcal/mol. 

The second most interesting result of the present 
study is that the effect of exchanging a hydride with a 
halide ligand for the complexes of metals to the left is 
remarkably small. In fact, for modelling purposes, the 
use of a simple hydride ligand in place of a halide 
ligand for these complexes provides a very good model. 
This finding is not unique for the present systems but is 
true for most systems studied so far. It is therefore not 
correct to describe halides as generally more electron- 
withdrawing than hydrides, since this depends very 
much on whether the systems are to the left or to the 
right. A major difference between the systems to the 
left and to the right is that for those to the left ionic 
effects dominate, while for those to the right there are 
much stronger covalent components in the bonding. 
The origin of this difference is, of course, that the 
ionization energies are higher to the right than to the 
left. 

In a recent study on the oxidative additions of C-H 
and H-H bonds it was found that for metals to the 
right halide ligands have a destabilizing effect. For 
those to the left, hydrides and halides are again re- 
markably similar for this reaction. The origin of the 
destabilization to the right is that the cationic so-state 
forms weaker bonds than the neutral s’-state. This 
leads to lower exothermicities for the oxidative addi- 

tion reaction when hydrides are exchanged with halides. 
The smaller exothermicities in turn, lead to higher 
barriers for the halide case. These differences between 
complexes with halide and hydride ligands are quite 
similar to the differences for the reactions between the 
naked neutral and cationic metals themselves [21]. 

This work is part of a systematic study of trends for 
second row transition metal complexes. An aspect of 
this type of study that has not been emphasized much 
before is that the reliability of the results is made much 
higher by a comparison between different systems fol- 
lowing different trends. In fact, a significant portion of 
the observations for the present systems was initially 
wrong, but the errors were identified and corrected 
after detailed comparisons with other similar systems. 
It may even be argued that this is the most important 
aspect of this type of study on such relatively compli- 
cated transition metal complexes, where the possibility 
of selecting a state of wrong spin or spatial symmetry 
or to converge to a non-optimal geometry is quite high. 
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Appendix A. Computational details 

In the calculations reported in the present paper on 
the olefin insertion for the MHCl and MHF systems 
reasonably large basis sets were used in a generalized 
contraction scheme. All valence electrons, except the 
fluorine 2s and chlorine 3s electrons, were correlated 
using size consistent methods. 

For the metals the Huzinaga primitive basis [22] was 
extended by adding one diffuse d-function, two p-func- 
tions in the 5p region and three f-functions, yielding a 
(17s 13p, 9d, 3f) primitive basis. The core orbitals were 
totally contracted [23] except for the 4s and 4p orbitals 
which have to be described by at least two functions 
each to properly reproduce the relativistic effects. The 
5s and 5p orbitals were described by a double zeta 
contraction and the 4d by a triple zeta contraction. The 
f functions were contracted to one function giving a [7s, 
6p, 4d, IfI contracted basis. For carbon and fluorine 
the primitive (9s, 5~) basis of Huzinaga [24] was used, 
contracted according to the generalized contraction 
scheme to [3s, 2~1. One even-tempered p-function with 

exponent 0.0795 was added for fluorine. One d func- 
tion with exponent 0.63 was added for carbon and one 
with exponent 1.0 was added for fluorine. For chlorine 
a similarly contracted basis was used based on the 
primitive (12s, 9p) basis of Huzinaga [241, and including 
an even-tempered diffuse p-function with exponent 
0.044. One d-function with exponent 0.54 was added 
[25]. For hydrogen the primitive (5s) basis from Ref. 26 
was used, augmented with one p function with expo- 
nent 0.8 and contracted to [3s, lp]. These basis sets are 
used in the energy calculations for all systems. 

In the geometry optimizations, performed at the 
SCF level using the GAMESS set of programs [27], 
somewhat smaller basis sets were used. For the metals 
a relativistic ECP according to Hay and Wadt [28] was 
used. The frozen 4s and 4p orbitals are described by a 
single zeta contraction and the valence 5s and 5p 
orbitals are described by a double zeta basis and the 4d 
orbital by a triple zeta basis, including one diffuse 
function. The rest of the atoms are described by stan- 
dard double zeta basis sets, with the chlorine core 
replaced by an ECP 1291. For more details of the 
accuracy of the present type of geometry optimization, 
see ref. 30. 

The correlated calculations were in all cases per- 
formed using the Modified Coupled Pair Functional 
(MCPF) method [31], which is a size-consistent, single 
reference state method. The zero-th order wave-func- 
tion is in these cases determined at the SCF level. The 
metal valence electrons (4d and 5s) and all valence 
electrons except the fluorine 2s and chlorine 3s elec- 
trons were correlated. Because of rotation between 
valence and core orbitals a localization of the core 
orbitals has to be performed and this was done using a 
localization procedure in which (r*> of the core or- 
bitals is minimized. Relativistic effects were accounted 
for using first order perturbation theory including the 
mass-velocity and Darwin terms [32]. 

All the present calculations were performed on an 
FX-80 Alliant and on an IBM Rise 6000 computer and 
the final energy evaluations were performed using the 
sroc~~o~ki set of programs [33]. 


