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Density functional calculations at the BP86/TZ2P level are reported for the pseudo-octahedral heteroa-
rene complexes M(1!-ECsHs)s and for the sandwich complexes M(n%-ECsHs), (M = Cr, Mo, W; E=N, P,
As, Sb, Bi). The complexes M(CO)s and M(1®-CsHg), have been calculated for comparison. The nature
of the metal-ligand interactions was analyzed with the EDA (energy decomposition analysis) method.
The calculated bond dissociation energies (BDE) of M(n'-ECsHs)s have the order for E=P>
As >N >Sb > Bi and for M = Cr < Mo <W. All hexaheteroarenes bind more weakly than CO in M(CO)s.
Except for pyridine, which is the weakest 1°-bonded ligand, the trend in the BDE of the M(n°-ECsHs),
complexes is opposite to the trend of the M(1'-ECsHs)s complexes NCsHs < PCsHs < AsCsHs < ShCsHs
<BiCsHs. The opposite trend is explained with the different binding modes in M(nG—EC5H5)2 and
M(n'-ECsHs)s. The bonding in the former complexes mainly takes place through the 7 electrons of the
ligand which are delocalized over the ring atoms while the bonding in the latter takes place through
the lone-pair electrons of the heteroatoms E. The Lewis basicity of the group-15 heterobenzenes ECsHs
becomes weaker for the heavier elements E. The occupied & orbitals of the heterobenzene ring become
gradually more polarized toward the five carbon atoms in the heavier arenes ECsHs which induces stron-
ger metal-carbon bonds in M(1n%-ECsHs), and weaker metal-E bonds. The EDA calculations show that the
nature of the M-ECsHs bonding in M(1!-ECsHs)s is similar to the M—CO bonding in M(CO)s. Both types of
bonds have a slightly more covalent than electrostatic character. The m orbital interactions in the chro-
mium and molybdenum complexes of CO and heterobenzene are more important than the ¢ interactions.
This holds true also for the tungsten complexes of CO and the lighter heteroarenes while the o- and m-
bonding in the heavier W(n'-ECsHs)s species have similar strength. The EDA results also show that the
nature of the bonding in the sandwich complexes M(1®-ECsHs), is very similar to the bonding in the bis-
benzene complexes M(15-CgHg),. The orbital interactions contribute for all metals and all arene ligands
about 60% of the attractive interactions while the electrostatic attraction contributes about 40%. The larg-
est contribution to the orbital term comes always from the § orbitals. The calculations predict that the
relative stability of the sandwich complexes M(1®-ECsHs), over the octahedral species M(1!-ECsHs)s
increases when E becomes heavier and it increases from W to Mo to Cr when E=N, P, As.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Elschenbroich [5-13] with the focus on the preparation of neutral
compounds. The results show that the phosphinine ligand prefers

Heteroarenes of the group 15 elements ECsHs (E = N-Bi) [1-4]
are ambient ligands which can either bind n' via the c-lone
electron pair of atom E or n® through the six n electrons of the
aromatic ring. The coordination chemistry of this class of ligands
has systematically been investigated in experimental studies of
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the n®-binding mode in complexes with early metals of the first
transition metal row while in complexes of late transition metals
n! coordination via the lone pair is favored [5-7]. The group-6
metals chromium and molybdenum which are in the middle of
the transition metals rows are particularly interesting because they
exhibit a diverse binding mode with heteroarene ligands. Both
coordination modes are experimentally observed for group-6 met-
als chromium [8-11] and molybdenum [12-14]. So far, for tung-
sten only m'-complexes with phosphinine and arsenine are
experimentally verified [12,15]. The arsenine complexes of the
group-6 elements are particularly interesting, because they exem-
plify the dichotomy of the bonding behaviour of the heteroarenes.
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Chromium binds to arsenine in the n®-mode exclusively, molybde-
num exhibits both options ' and 1®, while for tungsten only the
N! coordination is observed [8,14].

Previously, we reported on the n'-bonding properties of ECsHs
in Lewis acid-base complexes with H3B-L and H,B*-L and com-
pared them with CO [16]. For ECsHs not only the expected o-dona-
tion in H,B*-L was found, but the calculations also suggested a
significant amount of out-of-plane 7, -donation for all heteroare-
nes which was more than three times as strong as for CO which
is a very weak m-donor [17].

In this paper, we expand our studies to transition metal com-
plexes of ECsHs and compare their bonding properties with CO in
n'-complexes while the n®-complexes are compared with ben-
zene as ligand. The group-6 transition metals are ideal candidates
for this study as they are known to bind with both binding modes
towards the heteroarenes. Firstly, we will discuss the n'- and then
the n%-bonding mode separately. This will be followed by a discus-
sion of the reason for the preference of one mode over the other
depending on the metal and/or the heteroatom in ECsHs.

2. Methods

The geometries and bond dissociation energies have been calcu-
lated at the non-local DFT level of theory using the exchange func-
tional of Becke [18] and the correlation functional of Perdew [19]
(BP86). Scalar relativistic effects have been considered using the
zero-order regular approximation (ZORA) [20]. Uncontracted Sla-
ter-type orbitals (STOs) were used as basis functions for the SCF
calculations [21]. The basis sets for all atoms have triple-zeta qual-
ity augmented with two sets of polarization functions, i.e. two p
functions on hydrogen, two d functions on the main-group ele-
ments and two f functions on the metals. An auxiliary set of s, p,
d, f and g STOs was used to fit the molecular densities and to rep-
resent the Coulomb and exchange potentials accurately in each SCF
cycle [22]. This level of theory is denoted BP86/TZ2P. The latter cal-
culations were carried out with the program package ADF 2003.01
[23]. All structures which are reported here are energy minima on
the BP86/TZ2P potential energy surface by calculations of the Hes-
sian matrices which have no imaginary frequencies.

The nature of the metal-ligand bonding has been investigated
through the energy partitioning analysis (EDA) of the program
package ADF based on the EDA method of Morokuma [24] and
the extended transition state (ETS) partitioning scheme of Ziegler
[25]. In the EDA method the bond dissociation energy D, between
the interacting fragments is partitioned into several contributions
which can be identified as physically meaningful entities. In the
present case the fragments are the naked transition metal M in
the electronic reference singlet state with the proper valence con-
figuration (m': (M)s°(n—1)[dy di, dy]° [dade_2]% N
(ms®(n — 1)[ dpdpy_y2dy]® [dy, dy,]%) and the ligand cages. The lat-
ter are (ECsHs)g for the n'-bonded complexes and (ECsHs), for
the n®-bonded species. We also calculated the hexacarbonyls
M(CO)s where the ligand cage is the set of the six CO ligands
(CO)e. In the EDA, D, is first separated into two major components
AEpep and AEjn:

—De = AEpep + AEjy. (1)

AEpep is the energy which is necessary to promote the frag-
ments from their equilibrium geometry to the geometry which
they have in the complex and from the electronic ground state to
the reference state. In the present case, the former applies only
for the ligand cage while the latter applies only for the metal
atoms. AE;, is the instantaneous interaction energy between the
fragments in the molecule. Note that it is AEj, and not D, which
should be used to identify the nature of the chemical bond. The
interaction energy AE;,; can be divided into three components:

AEint = AEelstat + AEpauli + AEorb- (2)

AEestar gives the electrostatic interaction energy between the
fragments which are calculated with a frozen electron density dis-
tribution in the geometry of the complex. It can be considered as
an estimate of the electrostatic contribution to the bonding interac-
tions. The second term AEp,y; in Eq. (1) gives the repulsive four-
electron interactions between occupied orbitals. AEp,; is calcu-
lated by enforcing the Kohn-Sham determinant of the molecule
which results from superimposing the fragments to be orthonor-
mal through antisymmetrization and renormalisation. The stabiliz-
ing orbital interaction term AE,, is calculated in the final step of
the analysis when the Kohn-Sham orbitals relax to their final form.
The orbital term AE,, can be considered as an estimate of the
covalent contributions to the attractive interactions. Thus, the ratio
AEestat/ AEorp indicates the electrostatic/covalent character of the
bond. The latter term can be partitioned further into contributions
by the orbitals which belong to different irreducible representa-
tions of the interacting system. This makes it possible to calculate
e.g. the contributions of and bonding to a covalent multiple bond.
More details about the method can be found in Ref. [23b]. Reviews
of EDA results for metal-ligand bonds have been reported in refer-
ence [26].

3. Geometries and dissociation energies
3.1. M(n'-ECsHs)s complexes

The optimized structures of the M(nl—EC;,HS)G (M = Cr, Mo, W;
E =N, P, As, Sb, Bi) complexes have a pseudo-octahedral geometry
with Tp-symmetry. Due to technical restrictions in the ADF package
the T, symmetry group cannot be applied. In the actual geometry
optimization we used D, symmetry for the calculation of the het-
eroarene complexes. Inspection of the finally optimized geometries
showed that they have T, symmetry. The most important bond
lengths and bond angles of M(n'-ECsHs)s are shown in Table 1

Table 1
Calculated bond lengths [A] and bond angles [°] of M(1'-ECsHs)s with E = N, P, As, Sb,
Bi at Dy, symmetry® at the BP86/TZ2P level. Experimental values in italics.

N P As Sb Bi
Cr
Cr-E 2.081 2276 2.406 2.594 2.717
2.265(10)°
E-C2 1.376 1.747 1.867 2.063 2.159
C2-C3 1.386 1.392 1.388 1.388 1.384
C2-C4 1.400 1.399 1.402 1.404 1.406
C2-E-C2 113.9 101.0 98.6 94.1 91.7
De 79.4 135.1 85.4 75.0 15.5
Mo
Mo-E 2.170 2.410 2,518 2.692 2.793
2.381 (8)°
E-C2 1.380 1.745 1.866 2.061 2.156
C2-C3 1.386 1.392 1.388 1.388 1.384
C2-C4 1.401 1.399 1.402 1.404 1.406
C2-E-C2 114.2 101.2 98.7 94.2 91.9
De 130.4 191.0 143.6 128.7 72.3
W
W-E 2.153 2.408 2.512 2.690 2.787
2.378(10)°
E-C2 1.384 1.745 1.865 2.060 2.155
C2-C3 1.384 1.392 1.388 1.388 1.384
C2-C4 1.402 1.399 1.402 1.404 1.406
C2-E-C2 114.0 101.4 99.0 94.5 92.2
De 177.3 241.1 188.0 169.5 107.1

2 ADF is not able to use T, symmetry; however, complexes are practically T, even
though D, symmetry had to be applied.

b Ref. [8].

¢ Ref. [12].
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Table 2

Calculated bond lengths [A] of M(CO)s at the BP86/TZ2P level and experimental
values. Theoretically predicted bond dissociation energies D, for loss of 6 CO in kcal/
mol.

Cr Mo W
R(Cr-C)  R(C-0) R(Mo-C)  R(C-0) R(W-C)  R(C-0)
R(calc.)  1.905 1.152 2.062 1.152 2.060 1.153
R(exp.) 1.914(3)* 1.140(2)* 2.063(3)> 1.145(2)> 2.058(3)> 1.148(3)°
D. (calc.) 216.9 261.9 319.9
3 Ref. [32].
b Ref. [33].

which gives also the experimental M-P distances of the phosphi-
nine complexes. The theoretical data at BP86/TZ2P and experimen-
tal values are in a good agreement. A very good agreement
between theory and experiment is also found for the bond lengths
of the hexacarbonyls M(CO)gs parent compounds which are given in
Table 2.

Table 1 shows that the M-E bond lengths exhibit for all three
metals the expected trend for E with N < P < As < Sb < Bi. The tung-
sten complexes have slightly shorter M-E bonds than the molyb-
denum species while the chromium complexes have clearly the
shortest M-E bonds. The bond shortening of the third TM row com-
pounds is due to relativistic effects, which is a well-known phe-
nomenon in transition metal chemistry [27]. The bond
dissociation energy (BDE) for all heteroarenes is smaller than for
the corresponding carbonyls (Table 2). Phospinine is by far the
strongest bonded N ligand among the heteroarenes for all three
metals. Pyridine binds weaker than arsinine which results in an
overall order of PCsHs > AsCsHs > NCsHs > SbCsHs > BiCsHs. The
very weak M-BiCsHs bond is consistent with the very long M-Bi
bond distances. The BDE increases for the heavier metal
Cr < Mo < W for M(CO)s and also for the M(ECsHs)s complexes.

3.2. M(n%-ECsHs), complexes

The geometry optimizations of the M(m°-ECsHs), complexes
with different conformations of the heteroarene ligands gave the
syn conformation shown in Fig. 1 which has C,,-symmetry as the
energetically lowest lying energy minima. The other conformations
are <3 kcal/mol higher in energy than the C,, (syn) form and shall
not be discussed here. The most important bond lengths and angles
of the M(n®-ECsHs), complexes which include the benzene com-
plexes where E = CH are shown in Table 3.

Fig. 1. Schematic representation of the calculated syn conformation of
M(n°-EC5Hs),.

Table 3
Calculated bond lengths [A] and bond angles [°] of M(1®-ECsHs), with E = N, P, As, Sb,
Bi at C,,-symmetry at the BP86/TZ2P level. Experimental values in italics.

CH N P As Sb Bi

Cr
M-X 1.626 1.613° 1.631 1.607 1.590 1.569 1.558
M-E 2.159 2.150° 2.159 2.435 2.548 2.749 2.859
E-E 3.252 3.185 3.243 3.319 3.444 3.495
E-C2 1.420 1.423° 1.370 1.779 1.908 2117 2.224
C2-C3 1.420 1.423 1.414 1.410 1.406 1.403
C3-C4 1.420 1.417 1416 1417 1.417 1417
E-M-FE' 97.7 95.1 83.5 81.3 77.6 75.4
C2-E-C2 120.0 117.2 97.8 93.6 86.4 82.5
C3'-C3-C2-E 0.0 -0.2 2.0 5.5 111 14.9
De 67.4 56.4 84.2 85.6 91.4 94.2
Mo
M-X 1.798 1.806 1.770 1.748 1.710 1.692
M-E 2.293 2.297 2.551 2.654 2.831 2.934
E-E 3.596 3.544 3.583 3.620 3.555 3.515
C2-C3 1.424 1.374 1.784 1914 2.132 2.250
C3-C4 1.424 1.425 1418 1415 1.413 1.409
C3-C5 1.424 1.420 1.420 1.421 1.422 1.423
E-M-E 103.3 101.0 89.2 86.0 77.8 73.6
C2-E-C2 120.0 117.1 98.0 93.8 86.3 82.0
C3'-C3-C2-E 0.0 -0.1 2.5 6.0 125 17.0
De 101.0 89.0 122.8 125.6 134.0 138.8
w
M-X 1.798 1.803 1.764 1.739 1.702 1.687
M-E 2.293 2.299 2.555 2.664 2.847 2.951
E-F 3.596 3.540 3.579 3.609 3.520 3.485
C2-C3 1.424 1.376 1.786 1.918 2.141 2.262
C3-C4 1.424 1.427 1.421 1.418 1.416 1.412
C3-C5 1.424 1.422 1.422 1.422 1.423 1.425
E-M-F 103.3 100.7 88.9 85.3 76.4 72.4
C2-E-C2 120.0 1171 97.8 93.4 85.3 80.9
C3'-C3-C2-E 0.0 -0.1 3.1 7.3 14.4 18.8
De 138.9 124.7 160.9 163.8 173.7 179.9

@ Ref. [34].

The distance between the metal and the center point X is a sig-
nificant parameter which is defined as the middle point of the rect-
angle with the corners C2, C2’, C3 and C3’ (Fig. 1). Table 3 shows
that the trend of the M-X distance in the heteroarene complexes
has the order N > P > As > Sb > Bi, i.e. the pyridine complexes have
the longest M-X distance while the bismabenzene complexes have
the shortest M-X distance. The M-E distances exhibit the expected
trend for E: N < P < As < Sb < Bi. Note that the heavier heteroarenes
are no longer planar. This becomes obvious from the calculated
dihedral angle C3'—C3-C2-E which show a significant deviation
from the value of 0° for a planar ring, particularly for E = Sb, Bi
(Table 3).

The calculated bond dissociation energies follow the same trend
as the M-X distances. This means that pyridine is the weakest 1°®
bonded ligand while bismabenzene is the strongest bonded ligand.
The trend in the BDE of the n® bonded heteroarene ligands which
are heavier than pyridine is opposite to the trend which is found
for the binding in the m'-mode. This is a very important result
which will be further discussed below. The results in Table 3 show
that benzene binds 10-15 kcal/mol stronger than pyridine in the
group-6 transition metal complexes.

4. Bonding analysis
4.1. M(n'-ECsHs)s. complexes

The nature of the donor-acceptor bond in the heteroarene com-
plexes complexes was investigated with the energy decomposition
analysis (EDA). The EDA results for the M(n'-ECsHs)s complexes
and for M(CO)s which was calculated for comparison are shown
in Tables 4-6. The calculations have been performed for the inter-
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Table 4
EDA [kcal/mol] results for Cr(CO)s and Cr(1'-ECsHs)s with E =N, P, As, Sb, Bi; EDA in D,;-symmetrie with fragmentation in [Cr] + [Lg] at the BP86/TZ2P level.
Term co N P As Sb Bi
AEint —415.6 —-317.4 —-327.4 —266.9 —242.1 —183.5
AEpauii 376.9 318.0 310.9 232.2 200.5 160.8
AEeigeal® ~303.3 2637 2674 ~209.9 ~192.9 ~1535
(38.3%) (41.5%) (41.9%) (42.0%) (43.6%) (44.6%)
AEq? —489.1 —371.8 —370.9 —289.3 —249.7 —190.8
(61.7%) (58.5%) (58.1%) (58.0%) (56.4%) (55.4%)
agb (o) —-123.5 —39.6 -72.9 -58.4 -53.9 —-334
(25.2%) (10.7%) (19.7%) (20.2%) (21.6%) (17.5%)
big () +71) -115.1 —~106.1 -94.8 —-72.0 —60.3 —483
(23.5%) (28.6%) (25.6%) (24.9%) (24.2%) (25.3%)
bng(TLH +7,) -115.1 —106.2 —-94.8 -72.0 —60.3 —48.3
(23.5%) (28.6%) (25.6%) (24.9%) (24.2%) (25.3%)
bag® (7 + 1) ~115.1 ~106.2 —94.8 ~72.0 ~60.3 _483
(23.5%) (28.6%) (25.6%) (24.9%) (24.2%) (25.3%)
a,’ 0.0 -0.2 -0.1 -0.1 0.0 0.0
(0.0%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
b1” (0) 6.8 —44 45 —-49 —49 —41
(1.4%) (1.2%) (1.2%) (1.7%) (2.0%) (2.2%)
ba® (0) 6.8 —45 —45 —49 —49 —42
(1.4%) (1.2%) (1.2%) (1.7%) (2.0%) (2.2%)
b3 (@) -6.8 —45 45 -49 -49 —42
(1.4%) (1.2%) (1.2%) (1.7%) (2.0%) (2.2%)
o -143.8 —53.0 —86.4 -73.2 —68.7 —459
(29.4%) (14.3%) (23.3%) (25.3%) (27.5%) (24.1%)
T —345.3 —318.6 —284.5 -216.1 —181.0 —144.8
(70.6%) (85.7%) (76.7%) (74.7%) (72.5%) (75.9%)
AEpep [Cr]° 156.8 156.8 156.8 156.8 156.8 156.8
AEprep [Le]d 41.9 81.2 354 24.7 10.4 11.2
AEprep 198.7 238.0 192.3 181.6 167.2 168.0
De 216.9 794 135.1 85.4 75.0 15.5
¢ The values in parentheses give the percentage contribution to the total attractive interaction.
P The values in parentheses give the percentage contribution to the total orbital interactions.
¢ Excitation energy of chromium from the ground state 3d>4s’ to the references state 3([dydydy.]° [d2d,2_,2]°)4s°).
d

Geometrical distortion of the ligands.

actions between the naked transition metal M in the electronic ref-
erence state with the proper valence configuration (n)s°(n — 1)-
[dydyd,,]® [dd,>_,2]° and the ligand cage (ECsHs)s and (CO)s in
the frozen geometry of the complex. The same procedure has pre-
viously been used in our theoretical studies of M(CO)g (M = Cr, Mo,
W) [28] and Cr(n®-CgHs), [29].

The EDA data in Tables 4-6 suggest that the M-ECsHs bonds
have a slightly higher electrostatic and less covalent character than
the M-CO bonds. This is revealed by comparing the percentage
contributions of AEesac With the AE,,. However, the differences
between the two classes of compounds are not very big.

The orbital contribution AE,, was further analyzed in terms of
o- and m-orbital interactions. Tables 4-6 give first the contribu-
tions which come from orbitals that belong to different irreducible
representations of the D, point group (dag, b1g, bag, b3g, Gy, b1y, b2y,
bsy). The latter are then summarized as o- and m-orbital contribu-
tions. There are significant differences in the relative strength of o-
and m-orbital interactions between the chromium compound and
the heavier homologues. Table 4 shows that, in the chromium
complexes, the m-orbital interactions are much stronger than the
G-interactions which are for all compounds only <30% of the total
orbital interactions. This holds for the hexacarbonyl and for the
heteroarene complexes where the AE,, term has always smaller
percentage contributions from the oc-orbitals compared with
Cr(CO)s. The percentage contributions from the c-orbitals to the
AEyp term become significantly larger in the molybdenum and
tungsten complexes. Tables 5 and 6 show that the ¢ bonding be-
comes nearly as important as t bonding in the heavier heteroarene
complexes M(1'-ECsHs)s where E = P, As, Sb, Bi while the contribu-
tion of o bonding in the pyridine complexes remains small. It holds
for all metals that the pyridine ligand has the smallest percentage
contribution to the orbital interactions.

The dissociation energies D. which were discussed above are
the sum of the interaction energy AE;,; and the preparation energy
AE,ep. The data in Tables 4-6 give notice of the importance of the
preparation energy which is particularly large for the pyridine
complexes. The calculated results show that the intrinsic interac-
tion energy between the metal and the pyridine cage (NCsHs)s is
only slightly less weaker than the bonding of the phosphinine li-
gands (PCsHs)e, but the former has significantly larger preparation
energies. However, the very low BDE of the bismabenzene ligands
(BiCsHs)s comes from the intrinsically weak metal-ligand
interactions.

The trend in the strength of the attractive terms AEestae and
AE,, which decrease in M(n'-ECsHs)g in the order N> P> As >
Sb > Bi [30] rationalizes the overall weakening of the metal-ligand
bonds for the heavier heteroarenes. It can be explained with the
weaker Lewis donor strength of the electron lone-pairs of heavier
elements. Nitrogen as an element of the first octal row plays a par-
ticular role. The results in Tables 4-6 show that the very low BDE of
the pyridine complexes comes from the large preparation energy,
but not from intrinsically weak bonds.

4.2. M(n5-ECsHs),, complexes

The EDA calculations for the M(n%-ECsHs), complexes were
performed with C,,-symmetry. The interacting fragments are
the metal atom M with the electron configuration (n)s®(n—
1)[d2d,_,2dy]® [dx, dy.]° and the ligands (n°®-ECsHs),. The results
are shown in Tables 7-9.

The trend of the total interactions AE;,; of the nﬁ—bonded het-
eroarene complexes M(N®-ECsHs), shows for E the order
N < P < As < Sb < Bi (Tables 7-9). This is different to the trend which
is calculated for the n1—bonded complexes M(n1—EC5H5)5 where
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Table 5
EDA [kcal/mol] results for Mo(CO)s and Mo(n'-ECsHs)s with E =N, P, As, Sb, Bi; EDA in D,-symmetry with fragmentation in [Mo] + [Lg] at the BPS6/TZ2P level.
Term co N P As Sb Bi
AEine —404.5 —313.5 —331.6 —277.6 —256.9 —-197.8
AEp,uii 398.7 392.2 352.9 284.0 256.0 219.1
AEeisead® 3323 -319.3 -305.8 -248.8 -233.9 -193.7
(41.4%) (45.3%) (44.7%) (44.3%) (45.6%) (46.6%)
AEqp? —470.8 —386.4 —378.8 —-312.8 -279.0 —223.2
(58.6%) (54.7%) (55.3%) (55.7%) (54.4%) (53.5%)
agb (o) —153.8 —-90.6 —-135.3 -117.0 -117.3 —86.6
(32.7%) (23.5%) (35.7%) (37.4%) (42.0%) (38.8%)
by () + 1) 97.2 -91.5 —-75.0 —-58.9 —48.0 —40.4
(20.6%) (23.7%) (19.8%) (18.8%) (17.2%) (18.1%)
byg® () + 71) 97.2 -915 ~75.0 -589 —48.0 —404
(20.6%) (23.7%) (19.8%) (18.8%) (17.2%) (18.1%)
b3 (7 + 71) 97.2 -915 ~75.0 -589 ~48.0 —404
(20.6%) (23.7%) (19.8%) (18.8%) (17.2%) (18.1%)
a,’ 0.0 03 -0.1 -0.1 -0.1 0.0
(0.0%) (0.1%) (0.0%) (0.0%) (0.0%) (0.0%)
b1s° (o) -838 -7.0 -6.1 -6.3 -59 —5.1
(1.8%) (1.8%) (1.6%) (2.0%) (2.1%) (2.3%)
bau® (o) -8.8 -7.0 —6.2 -6.3 -5.9 5.1
(1.8%) (1.8%) (1.6%) (2.0%) (2.1%) (2.3%)
b3 (o) -838 -7.0 -6.2 -6.3 -59 5.1
(1.8%) (1.8%) (1.6%) (2.0%) (2.1%) (2.3%)
o -179.3 -111.7 —-153.7 -135.9 —135.0 —102.0
(38.1%) (28.9%) (40.6%) (43.4%) (48.4%) (45.7%)
T 291.6 —274.4 —224.9 -176.8 —144.0 -121.2
(61.9%) (71.0%) (59.4%) (56.5%) (51.6%) (54.3%)
AEprep [Mo]© 117.2 117.2 117.2 117.2 117.2 117.2
AEprep [Le]d 254 65.9 234 16.9 11.0 8.3
AEprep 142.6 183.1 140.5 134.0 128.2 125.5
De. 261.9 1304 191.0 143.6 128.7 72.3

¢ The values in parentheses give the percentage contribution to the total attractive interaction.

" The values in parentheses give the percentage contribution to the total orbital interactions.

¢ Excitation energy of molybdenum from the ground state 4d°5s' to the reference state 4([dydydy.]° [d2d,2_12]%)55°).
4 Geometrical distortion of the ligands.

Table 6
EDA [kcal/mol] results for W(CO)s and W(n'-ECsHs)s with E =N, P, As, Sb, Bi; EDA in D,,-symmetrie with fragmentation in [W] + [Lg] at the BP86/TZ2P level.
Term co N P As Sb Bi
AEin; —475.6 —378.1 —395.1 —335.8 —-311.3 —246.3
AEpauii 4403 464.0 393.0 322.1 287.6 251.7
AEeista® -397.0 3914 —366.8 -302.0 -282.1 —236.6
(43.3%) (46.5%) (46.5%) (45.9%) (47.1%) (47.5%)
AEgm,? ~518.9 —450.7 4213 ~355.9 ~316.9 —261.5
(56.7%) (53.5%) (53.5%) (54.1%) (52.9%) (52.5%)
agb (o) —174.6 —-112.0 —158.1 —141.0 —141.4 —-110.2
(33.7%) (24.8%) (37.5%) (39.6%) (44.6%) (42.2%)
big® () + 1) -103.9 ~103.1 ~79.0 —62.7 ~50.1 ~43.0
(20.0%) (22.9%) (18.8%) (17.6%) (15.8%) (16.5%)
bng (my +71) —103.9 —103.2 -79.1 —62.8 —-50.2 —43.1
(20.0%) (22.9%) (18.8%) (17.7%) (15.9%) (16.5%)
b3gb () +7L) —103.9 —103.2 -79.1 —62.8 —-50.2 —43.1
(20.0%) (22.9%) (18.8%) (17.7%) (15.9%) (16.5%)
a,” 0.0 0.4 -0.1 -0.1 -0.1 -0.1
(0.0%) (0.1%) (0.0%) (0.0%) (0.0%) (0.0%)
b1 () -10.9 -96 -86 -8.8 -82 -73
(2.1%) (2.1%) (2.0%) (2.5%) (2.6%) (2.8%)
b () -10.9 -96 -86 -8.8 -83 -73
(2.1%) (2.1%) (2.0%) (2.5%) (2.6%) (2.8%)
bs” (0) -10.9 -9.7 -8.6 -8.8 -83 -73
(2.1%) (2.1%) (2.0%) (2.5%) (2.6%) (2.8%)
T —-207.2 —140.9 —183.9 -167.4 —166.2 —132.2
(39.9%) (31.2%) (43.6%) (47.0%) (52.4%) (50.5%)
n -311.7 —309.5 -237.2 -188.4 —150.6 -129.3
(60.1%) (68.7%) (56.3%) (52.9%) (47.5%) (49.4%)
AEpep [Mo]* 130.0 130.0 130.0 130.0 130.0 130.0
AEprep [Ls]® 25.7 70.8 24.0 17.9 11.8 9.2
AEprep 155.7 200.8 153.9 147.8 141.8 139.2
D 319.9 177.3 241.1 188.0 169.5 107.1

¢ The values in parentheses give the percentage contribution to the total attractive interaction.

b The values in parentheses give the percentage contribution to the total orbital interactions.

¢ Excitation energy of tungsten from the ground state 5d*6s” to the reference state 5([dyydydy.]® [d2d,2_,2]°)6s°).
4 Geometrical distortion of the ligands.



1096 S. Erhardt, G. Frenking/Journal of Organometallic Chemistry 694 (2009) 1091-1100

Table 7
EDA [kcal/mol] results for Cr(syn-n®-ECsHs), with E = CH, N, P, As, Sb, Bi; EDA in Cy,-
symmetry with fragmentation in [Cr] + [L,] at the BP86/TZ2P level.

Table 9
EDA [kcal/mol] results for W(syn-n®—ECsHs), with E=CH, N, P, As, Sb, Bi; EDA in
Cyy—symmetrie with fragmentation in [W] + [L,] at the BP86/TZ2P level.

Term CH N P As Sb Bi Term CH N P As Sb Bi
AEin: —255.3 —245.7 —278.8 —284.2 -299.3 —309.6 AEine —299.6 —287.3 -3254 -332.6 —356.1 -374.0
AEpayii 385.7 375.5 388.1 388.5 389.6 391.0 AEpaui 395.2 3743 432.6 449.7 494.2 515.5
AEeistat® -257.8 -239.1 —266.8 —272.7 —279.5 -2824 AEeistat® -257.8 -2289 -297.5 -316.1 —354.5 -372.1
(40.2%) (38.5%) (40.0%) (40.5%) (40.6%) (40.3%) (37.1%) (34.6%) (39.2%) (40.4%) (41.7%) (41.8%)
AEyp? —383.2 —382.1 —400.1 —400.0 —409.4 —418.3 AEqp? —437.0 —432.8 —460.6 —466.3 —495.8 -517.4
(59.8%) (61.5%) (60.0%) (59.5%) (59.4%) (59.7%) (62.9%) (65.4%) (60.8%) (59.6%) (58.3%) (58.2%)
a;° —185.0 -183.3 -202.7 —209.9 —223.2 -2329 a® -182.0 —-180.5 -197.7 -204.3 —2235 -237.0
(48.3%) (48.0%) (50.7%) (52.5%) (54.5%) (55.7%) (41.7%) (41.7%) (42.9%) (43.8%) (45.1%) (45.8%)
a,” -30.1 -314 -26.3 -252 -243 -238 a” —65.2 -62.2 -59.2 -59.7 -62.5 —64.3
(7.9%) (8.2%) (6.6%) (6.3%) (5.9%) (5.7%) (14.9%) (14.4%) (12.8%) (12.8%) (12.6%) (12.4%)
b," -138.4 -136.4 -142.7 —140.0 —140.2 -141.5 bR -125.2 -128.2 -134.9 -136.1 -142.5 -147.9
(36.1%) (35.7%) (35.7%) (35.0%) (34.2%) (33.8%) (28.6%) (29.6%) (29.3%) (29.2%) (28.7%) (28.6%)
b,° -29.8 -31.0 -28.4 -24.9 -21.7 -20.0 b,° —64.7 -61.8 —68.8 —66.2 -67.3 —68.2
(7.8%) (8.1%) (7.1%) (6.2%) (5.3%) (4.8%) (14.8%) (14.3%) (14.9%) (14.2%) (13.6%) (13.2%)
a —46.5 —46.7 —60.0 —69.9 —83.1 -91.4 g -59.9 -52.3 —-62.7 —68.2 —81.1 —89.1
(12.1%) (12.3%) (15.0%) (17.5%) (20.3%) (21.9%) (13.0%) (12.1%) (13.6%) (14.6%) (16.3%) (17.2%)
T -59.9 -62.4 -54.6 -50.1 —46.0 —43.8 n -129.8 -124.0 -128.0 -125.9 -129.8 -1325
(15.6%) (16.4%) (13.6%) (12.5%) (11.2%) (10.5%) (29.7%) (28.7%) (27.8%) (27.0%) (26.2%) (25.6%)
5 -276.9 —272.7 —285.5 —280.0 —280.3 -283.0 5 -250.3 -256.5 -269.9 -272.3 —285.0 —295.7
(72.3%) (71.4%) (71.4%) (70.0%) (68.5%) (67.7%) (57.3%) (59.3%) (58.6%) (58.4%) (57.5%) (57.2%)
INESES 188.0 189.2 194.6 198.6 207.9 2154 B 166.7 162.7 164.5 168.8 182.4 194.1
De. 67.4 56.4 84.2 85.6 914 94.2 De 138.9 124.7 160.9 163.8 173.7 179.9

2 The values in parentheses give the percentage contribution to the total
attractive interaction.

b The values in parentheses give the percentage contribution to the total orbital
interactions.

Table 8
EDA [kcal/mol] results for Mo(syn-n%-ECsHs), with E = CH, N, P, As, Sb, Bi; EDA in
Co-symmetrie with fragmentation in [Mo] + [L,] at the BP86/TZ2P level.

Term CH N P As Sb Bi
AEin; -230.3 —220.1 -255.4 -261.7 —280.8 -296.1
AEpayii 814.7 765.6 752.0 751.7 757.8 764.8
AEestar —510.6 —482.6 —485.1 —490.2 —496.1 —500.6
(48.9%) (49.0%) (48.1%) (48.4%) (47.8%) (47.2%)
AEo? —534.4 —503.2 -522.4 -523.1 —542.4 -560.3
(51.1%) (51.0%) (51.9%) (51.6%) (52.2%) (52.8%)
o -315.76 ~ —287.45 -297.15  -300.25 -313.13 —325.32
(59.1%) (57.1%) (56.9%) (57.4%) (57.7%) (58.1%)
a,” —46.2 —-45.8 —44.1 —44.3 —46.5 -47.8
(8.6%) (9.1%) (8.4%) (8.5%) (8.6%) (8.5%)
b:® -126.6 -124.3 -130.0 -129.7 -1334 -137.7
(23.7%) (24.7%) (24.9%) (24.8%) (24.6%) (24.6%)
R —45.9 —45.6 -51.2 —48.8 -49.4 -49.4
(8.6%) (9.1%) (9.8%) (9.3%) (9.1%) (8.8%)
g -189.2 -163.1 -167.2 -170.5 -179.8 —187.6
(35.4%) (32.4%) (32.0%) (32.6%) (33.1%) (33.5%)
T -92.0 -91.4 -95.3 -93.1 -95.9 -97.2
(17.2%) (18.2%) (18.2%) (17.8%) (17.7%) (17.3%)
) —253.2 —248.6 —259.9 —259.5 —266.7 —275.5
(47.4%) (49.4%) (49.7%) (49.6%) (49.2%) (49.2%)
AEprep 129.2 131.1 132.7 136.0 146.8 157.3
D. 101.0 89.0 122.8 125.6 134.0 138.8

2 The values in parentheses give the percentage contribution to the total
attractive interaction.

b The values in parentheses give the percentage contribution to the total orbital
interactions.

the bond strength increases from N to P but then it strongly de-
creases with the trend P > As > Sb > Bi (Tables 4-6). The breakdown
of the total interaction energies into the repulsive Pauli term
AEp.ui and the attractive electrostatic interactions AEesea: and
orbital term AE,, shows that the metal-ligand bonding in M(1®-
ECsHs), has a slightly larger electrostatic than covalent character.
The percentage contributions of AEy, and AEejsear to AEjy in the
n®-bonded heteroarene complexes M(1°-ECsHs), are very similar
to the values which are calculated for the n!-bonded species

2 The values in parentheses give the percentage contribution to the total
attractive interaction.

b The values in parentheses give the percentage contribution to the total orbital
interactions.

M(n'-ECsHs)e. Both classes of compounds show for the total inter-
action energy of the metal-ligand bonding of the three metals the
trend Mo < Cr<W.

The increase in the strength of the attractive terms AEestac and
AEyy, in the sandwich complexes M(1!-ECsHs)s in the order
N <P < As < Sb < Bi offers an explanation for the difference to the
octahedral complexes M(1®-ECsHs), which show the opposite or-
der. The bonding in the former complexes mainly takes place
through the 7 electrons of the ligand which are delocalized over
the ring atoms while the bonding in the latter takes place through
the lone-pair electrons of the heteroatoms E. The occupied 7 orbi-
tals become gradually more polarized toward the five carbon
atoms in the heavier arenes ECsHs which means that the metal-
carbon bonds in M(nG—ECSHS)z become stronger while the metal-
E bond becomes weaker. Since the former bonds are intrinsically
stronger than the latter the polarization yields overall stronger me-
tal-ligand bonding in the heavier sandwich complexes M(n°®-
ECsHs),.

The C;, symmetry group does not allow for a straightforward
analysis of the orbital interactions in terms of G, 7 or § symmetry.
A previous EDA analysis of chromium bisbenzene Cr(nG—CGHG)z
showed that the 3-orbital interactions are dominating AE. by
more than 70% [29]. Hence, it is desirable to estimate the orbital
contributions having o, m or 8 symmetry also for the heteroarene
complexes M(N®-ECsHs),. This was done in the following way.
The four irreducible representations in C,,-symmetry are a;, d,
by and b,. In a; there are contributions from o (s, d2), 5 (d2_y2)
and 7 (p,); a, comprises 7 (d,;) contributions; b has contributions
from ¢ (d,y) and 7 (p;); b includes = (d,,) and o (p,) contributions.
The o, ® and 6 contributions in the syn-heteroarene group-6 sand-
wich complexes may now become estimated with the following
assumptions: first, the § interactions in a; and b; have the same
magnitude. Second, the strength of the ¢ interactions of the metal
p. orbital with the ligands is negligible. Third, the 7 interactions in
a; and by which come from the interactions of the p, and p, metal
orbital also contribute little to the overall orbital interaction.
Therefore, the ¢ interactions can be approximated as a; — by, the
T interactions are approximately the sum of a, and b, and finally
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Table 10
Calculated reaction energies [kcal/mol] for reaction 3 at the BP86/TZ2P level. The ZPE
contributions and the thermal and entropy corrections were calculated at BP86/TZVP.

M E
N P As Sb Bi

Cr AE 23.0 50.9 -0.2 —-16.4 —78.7
AE?PE 20.0 47.4 -12 —-16.9 —78.1
AH?98 18.6 452 -36 —20.7 -82.9
AG*® -31.5 0.3 —46.5 —60.7 —119.1

Mo AE 414 68.2 18.0 -5.3 —66.5
AEPE 36.8 55.8 16.1 —6.6 —68.2
AH?*8 36.4 53.5 12.7 -10.4 -71.2
AG?S -14.0 9.4 —-28.0 —42.3 —~108.3

W AE 52.6 80.2 24.2 —42 -72.8
AE?E 47.7 65.0 20.9 -5.8 —73.4
AH?%® 475 62.9 17.6 -10.7 —-78.4
AG?® 3.7 18.0 —26.5 —493 —114.6

the § interactions are twice as strong as the b; interactions. We
checked the validity of the above approximations using Cr(n°®-
CsHg)> which can be analyzed with C,,-and Dg,-symmetry. The re-
sults are given in Table S1 of Supporting Information. They show
that the Dg, calculations give values of —46.5 kcal/mol for the
o contribution, —59.1 kcal/mol for the = contribution and
-274.5 kcal/mol for the § contribution. The latter values are very
close to the &, m and & contributions which are estimated from
the C,, calculations (Table 7).

1097

The breakdown of the orbital term AE,, into ¢, ® and § contri-
butions shows that § bonding is the most important orbital term in
all heteroarene complexes M(nG—CGHG)z as it was previously found
in chromium bisbenzene [29]. The ¢ and 7 contributions to AE,,
are significantly smaller. The EDA results for the molybdenum
complexes Mo(Nn%-CgHg), give somewhat larger ¢ contributions
(Table 8) which are probably the result of a technical problem.
The calculation of the bare Mo metal did not yield pure atomic
orbitals but a hybrid of the 5s and 4d,. AOs which yield larger &
and smaller & bonding. The EDA results suggest that the heteroa-
rene complexes M(1®-C¢Hg), are 6 bonded molecules like chro-
mium bisbenzene [29].

5. Stability of n!- versus n°-bonded complexes

A central question which is of uttermost interest for synthetic
chemistry concerns the trend of the relative stabilities of the n'-
and m®-bonded complexes M(N'-ECsHs)s and M(n®-ECsHs), for
the metals M and the elements E. In order to address this question
we calculated the reaction energies of the interconversion process
3:

M(nl-ECSHs)G — M(nG-EC5H5)2 + 4ECsHs. (3)

Table 10 shows the calculated reaction energies for reaction (3).
Positive values indicate that the reaction is endothermic which
means that the M(1!-ECsHs)s complex is more stable than the
M(n5-ECsHs), species. The calculated data give the electronic ener-
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Fig. 2. Trend of the differences in the bond dissociation energies AD,, the interaction energies AAE;,: and the preparation energies AAE,, between the sandwich complexes
M(n°-ECsHs), and the octahedral complexes M(n'-ECsHs)s. Negative values indicate that M(n-ECsHs), is more stable than M(n!-ECsHs)s. (a) Chromium complexes. (b)
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gies E, the zero-point energy corrected values EZ*E, the room-tem-
perature adjusted enthalpies AH?°® and finally the free reaction
energies AG?®%. It becomes obvious that the entropy is a very
important factor for the driving force of reaction (3). The calcula-
tions suggest that the formation of the sandwich complexes
M(n®-ECsHs), with E=N, P, As may become favourable only be-
cause of entropy.

The data in Table 10 indicate the following trends for the rela-
tive stabilities of M(1!-ECsHs)s and M(m5-ECsHs),. For the hetero-
atoms E the stability of the '-bonded species over the n®-bonded
complexes decreases for all three metals in the order
PCsHs > NCsHs > AsCsHs > SbCsHs > BiCsHs. The heaviest hetero-
arenes AsCsHs, SbCsHs and BiCsHs are predicted to preferentially
bind as sandwich complexes with the group-6 metals. For the met-
als M the stability of the M(n1—EC5H5)5 complexes over the sand-
wich form M(n®-ECsHs), increases with Cr < Mo <W when E=N,
P, As. The trend from Mo to W reverses for E = Sb, Bi (Table 10).
Note that the same trends are predicted by the four sets of energy
and enthalpy values given in Table 10.

In order to rationalize the calculated trends for reaction (3) we
analyzed the energy components of the EDA calculations in more
detail. Fig. 2a—c show the plots of the difference between the cal-
culated dissociation energies —AD. of M(N'-ECsHs)s and M(m°-
ECsHs), for the three metals. Note that the —AD, values are similar
to the reaction energies E of reaction (3) (Table 10). Since the con-
tributions of temperature, entropy and ZPE do not change the trend

for the different metals and different heteroarenes it is justified to
consider only the —AD.. Fig. 2a-c show that the curves for the dif-
ferences of the intrinsic interactions energies AAE;,, continuously
decrease from N to Bi while the curve for the —AD, values exhibits
a maximum at E = P. It becomes obvious that the increase of —AD,
from N to P comes from the difference between the preparation
energies AAE,.,. The higher propensity for n'-bonding of the
phosphinine ligand compared with pyridine is thus not an intrinsic
effect of the metal-ligand interactions but it comes from the prep-
aration energies of the ligand fragments. As noted before, the
M(n'-NCsHs)s complexes have particularly large AEpep values (Ta-
bles 4-6). The data suggest that the M-E interactions exhibit a sys-
tematic trend toward preference for M(n®-ECsHs), when E
becomes heavier N < P < As < Sb < Bi.

Figs. 3a-c give the trend of the energy components of the EDA.
It becomes obvious that the sequence of the AAE;,,; values is deter-
mined by the attractive components AAEestae and AAEq which
both favour M(n®-ECsHs), over M(n!-ECsHs)s when E becomes
heavier. The differences of the Pauli repulsion between the metal
atom and the ligands AAEp.y; show the opposite trend which is
compensated by the effect of the attractive forces.

In order to compare the theoretically predicted intrinsic stabil-
ities of the M(N®ECsHs), and M(n!-ECsHs)s complexes with
experimental observations we summarize in Table 11 the results
of synthetic efforts which have been reported so far. Note that
the entries in Table 11 give only results for unsubstituted heteroa-
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Table 11
Overview of the experimentally observed 1'- and n®-bonded homoleptic heteroarene
complexes of the group-6 elements.

M E

N P As Sb Bi
Cr n°[9] n'[8] n® [11] - -
Mo = n'[12] n' [14]n° [14] = =
w - n' [12] n' [14] - -

rene complexes. Numerous studies have been carried out for
substituted analogues which are not considered in our work since
they exhibit ligand-specific effect on the relative stability.

The experimentally observed [8,14] change in the binding mode
of the arsenine complexes from chromium (1n®) to molybdenum
(n' and n°) to tungsten (') agrees with the trend of the calcu-
lated energies (Table 10). The theoretical values for the free energy
differences AG>®® let one expect that the sandwich complexes
M(n®-AsCsHs), should always be more stable than the M(n'-
ECsHs)s complexes. We think that the difference between theory
and experiment comes partly from the effect of intermolecular
forces and partly from the intrinsic error in the method. The calcu-
lations further suggest that the preference for the m'-binding
mode over N°® should be much stronger for phosphinine than for
arsenine. This is in agreement with experimental observations. Un-
til today, only M(n'-PCsHs)s complexes of the group-6 metals
could become isolated [8,12,31]. The only homoleptic group-6
complex with pyridine as ligand which has been synthesized so
far is Cr(n'-NCsHs)s [9]. This confers with the calculated AG* va-
lue which is given in Table 10. In summary, the theoretically ob-
tained energies given here accurately predict the trend of the
relative stability of the M(m°-ECsHs), and M(n!-ECsHs)s com-
plexes which should be helpful for future experimental work.

6. Summary and conclusion

In this work, we analyzed the nature of the donor-acceptor
bond of two possible binding modes of group 6 transition metals
with heteroarenes ECsHs (E =N, P, As, Sb, Bi). The n'-complexes
M(n'-ECsHs)s have been compared to the M(CO)s (M =Cr, Mo,
W) complexes and the m°-complexes M(1°-ECsHs), were com-
pared with the bisbenzenes M(CgHg)o.

The calculated bond dissociation energies of the pseudo-octahe-
dral M(nl—ECSHs)G complexes have the order for E=PCsHs>
ASC5H5 > NCSHS > SbC5H5 > B1C5H5 and for M=Cr<Mo<W. All
hexaheteroarenes bind weaker than CO in M(CO)s. Except for pyr-
idine, which is the weakest n°-bonded ligand, the trend in the BDE
of the sandwich M(n%-ECsHs), complexes is opposite to the
trend of the M(nl—ECSHS)G complexes NCsHs < PCsHs < AsCsHs <
SbCsHs < BiCsHs. The opposite trend is explained with the different
binding modes in M(1®-ECsHs), and M(M'-ECsHs)s. The bonding in
the former complexes mainly takes place through the m electrons
of the ligand which are delocalized over the ring atoms while the
bonding in the latter takes place through the lone-pair electrons
of the heteroatoms E. The Lewis basicity of the group-15 hetero-
benzenes ECsHs becomes weaker for the heavier elements E. The
occupied 7 orbitals of the heterobenzene ring become gradually
more polarized toward the five carbon atoms in the heavier arenes
ECsHs which means that the metal-carbon bonds in M(1%-ECsHs),
become stronger while the metal—E bond becomes weaker. Since
the former bonds are intrinsically stronger than the latter the
polarization yields overall stronger metal-ligand bonding in the
heavier sandwich complexes M(1°-ECsHs)s.

The EDA calculations show that the nature of the M-ECsHs
bonding in M(n'-ECsHs)g is similar to the M-CO bonding in
M(CO)s. Both types of bonds have a slightly more covalent than

electrostatic character. The  orbital interactions in the chromium
and molybdenum complexes of CO and heterobenzene are more
important than the o interactions. This holds true also for the
tungsten complexes of CO and the lighter heteroarenes while the
o- and m-bonding in the heavier W(n'-ECsHs)s species have sim-
ilar strength. The EDA results also show that the nature of the
bonding in the sandwich complexes M(n°-ECsHs), is very similar
to the bonding in the bisbenzene complexes M(n°-CgHg),. The
orbital interactions contribute for all metals and all arene ligands
about 60% of the attractive interactions while the electrostatic
attraction contributes about 40%. The largest contribution to the
orbital term comes always from the § orbitals.

The calculations predict that the relative stability of the sand-
wich complexes M(1®-ECsHs), over the octahedral species M(n -
ECsHs)g increases when E becomes heavier and it increases from
W to Mo to Cr when E =N, P, As.
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