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The bonding in η4 complexes of butadiene (C4H6) and o-xylylene (C8H8) with zerovalent
ruthenium is examined using density functional theory. The ruthenium-butadiene bond
is shown to be stabilized principally by charge transfer from the metal to the ligand, as a
result of which the central C-C bond is contracted relative to that in the free ligand. Back-
bonding is further enhanced by a rotation of the substituents at the terminal carbon atoms,
resulting in a stabilization of the ligand LUMO and also enhanced overlap of metal and
ligand-based orbitals. The major features of the bonding in butadiene complexes are extended
to the o-xylylene ligand, which contains two fused butadiene fragments and, hence, two
distinct η4 coordination sites. The exo isomer of Ru(PH3)3(o-xylylene) is found to be more
stable than its endo counterpart, principally due to an aromatization of the six-membered
ring when coordination occurs at the exo site. In addition, the stabilizing influence of the
rotation of the terminal carbon atoms is less pronounced in the endo isomer, due to the
steric constraints of the six-membered ring.

Introduction

Complexes of 1,3-butadiene with a wide variety of
transition metals are known.1 The most extensively
studied group is that containing the iron tricarbonyl
fragment, Fe(CO)3, which is often used as a protecting
group for dienes in organic synthesis because the
complexes are stable under a wide variety of reaction
conditions.2 Complexes of ruthenium are also well
documented,3,4 and examples are known where the
diene coordinates in a η4 fashion in both the cisoid
(Figure 1, I) and, less commonly, transoid (Figure 1, II)
conformations.5,6 Both conformations have been identi-
fied for complexes of RuII, but only the cisoid conforma-
tion is known for zerovalent ruthenium or, indeed, any
other zerovalent metal.
The highly reactive unsaturated molecule quino-

dimethane (o-xylylene) (III) has been stabilized by

transition metal centers in a variety of bonding modes.7
The o-xylylene molecule may be regarded as containing
two distinct butadiene sites, and transition metals are
known to coordinate in a η4 fashion at either the endo
(IV) or exo (V) sites. In some cases, both sites may be
coordinated simultaneously (VI), with the metal atoms
in either syn8 or anti7,9 configurations with respect to
the plane of the o-xylylene. Coordination of an o-
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Figure 1. Coordination modes of butadiene and o-
xylylene.
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xylylene ligand (VII) in a transoid fashion is, however,
unknown. Although a variety of different endo- and exo-
coordinated complexes have been structurally charac-
terized, the first isomeric pair of o-xylylene complexes,
endo- and exo-Ru(PMe2Ph)3(o-xylylene), was reported
only recently.7,10,11 The co-existence of both isomers
raises questions about the electronic factors which
determine the relative stability of the two.
In recent years, density functional theory (DFT) has

been used successfully to provide information about the
structures and energetics of a variety of organometallic
compounds and transformations.12 In this paper, we
use DFT to determine the relative stabilities of the endo
and exo isomers of Ru(PH3)3(o-xylylene). In addition,
we examine the features of the bonding which give rise
to the distinct nonplanarity of the six-membered ring
in the endo isomer. To a first approximation, o-xylylene
may be regarded as two fused butadiene fragments.
Accordingly, we first analyze in detail the structure and
bonding in a model ruthenium-butadiene complex,
Ru(PH3)3(C4H6), and then extend the basic conclusions
to the two isomers of Ru(PH3)3(o-xylylene). Aspects of
the bonding in butadiene complexes have been described
previously using both extended Hückel13 and ab initio
SCF molecular orbital theory.14 As in simple olefin
complexes, both donation of charge from the ligand to
the metal and also metal-to-ligand back-bonding con-
tribute to the overall stability of the complex. Through
a detailed analysis of the interaction between the metal
fragment (Ru(PH3)3) and the ligand (butadiene or o-
xylylene), it is possible for the first time to quantify the
relative importance of the two bonding mechanisms.

Computational Details

All calculations described in this paper are based on
approximate density functional theory and were performed
using the Amsterdam Density Functional (ADF) program
version 2.0.1 developed by Baerends and co-workers.15 The
valence orbitals of the main group elements were expanded
in double-ú Slater-type basis sets, augmented with a single
p-type polarization function for hydrogen and a single d
function for carbon and phosphorus. The orbitals of ruthenium

were represented by a triple-ú basis.16 An auxiliary set of s,
p, d, f, and g Slater functions was used to fit the molecular
electron density.17 Electrons in orbitals up to and including
1s (C), 2p (P), and 4p (Ru) were considered as cores and treated
using the frozen core approximation. Geometries of all species
were optimized using the local exchange-correlation potential
of Vosko, Wilk, and Nusair.18 Interaction energies were
calculated at the optimized geometries using the local density
approximation with the gradient corrections of Becke19 and
Perdew.20 Interaction energies were decomposed according to
the generalized transition state approximation.21 Geometries
were optimized within Cs symmetry in all cases, using the
gradient algorithm of Versluis and Ziegler.22

Results and Discussion

Electronic andMolecular Structure of Ru(PH3)3-
(C4H6). The optimized geometry of Ru(PH3)3(C4H6) is
shown in Figure 2, along with that of the free ligand,
C4H6. In the optimization procedure, the symmetry-
unique phosphine group was placed over the open face
of the butadiene ligand, in accord with the experimen-
tally determined structures of the majority of known
ML3(butadiene) complexes.23 The reasons for the pref-
erence for this conformation over the alternative Cs
structure, where the unique phosphine lies over the
central C1-C1 bond, have been explored elsewhere13b
and will not be discussed here. The optimized structure
conforms to the square pyramidal geometry typical of
ML3(butadiene) complexes, with the two CdC double
bonds occupying equatorial positions. The axial Ru-P
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Figure 2. Optimized bond lengths (Å) of cis-butadiene,
C4H6, and Ru(PH3)3(C4H6).

3110 Organometallics, Vol. 15, No. 14, 1996 McGrady et al.

+ +

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 3
0,

 2
00

9
Pu

bl
is

he
d 

on
 J

ul
y 

9,
 1

99
6 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

96
00

75
5



bond, Ru-P1, is marginally shorter than its equatorial
counterparts, consistent with the absence of a ligand
in the trans position. In terms of the following discus-
sion of o-xylylene complexes, the most significant fea-
tures of the structure relate to the coordination-induced
distortions in the butadiene ligand.
First, the central C1-C1 bond contracts significantly

upon coordination, while the C1-C2 bonds lengthen.
Second, the hydrogen atoms at the terminal carbons (C2)
undergo a disrotatory motion, the dihedral angles
defined by C1-C1-C2-Ha and C1-C1-C2-Hs being 45
and 190°, respectively (compared to values of 0 and 180°,
respectively, for a strictly coplanar ligand). As a result,
the anti hydrogens (Ha) lie approximately 0.7 Å above
the C4 plane while the hydrogens in the syn position
(Hs) are displaced 0.15 Å below it. Smaller distortions
occur at the inner carbon atoms (C1), also displacing the
protons slightly below the plane defined by the carbon
framework. Both the contraction of the central C1-C1
bond and the disrotatory motion of the methylene pro-
tons are highly characteristic of coordinated butadienes.
A qualitative molecular orbital diagram summarizing

the major interactions between the frontier orbitals of
C4H6 and Ru(PH3)3 fragments is shown in Figure 3. The
HOMO of C4H6, 5a′′, is bonding with respect to C1-C2
but antibonding with respect to the central C1-C1 axis.
In contrast, the LUMO, 7a′, is antibonding with respect
to C1-C2 but bonding with respect to C1-C1. The
remaining two orbitals of the butadiene π system, 6a′
and 6a′′, are either too low (6a′) or too high (6a′′) in
energy to contribute significantly to the Ru-butadiene
bonding and will not be considered further. The frontier
orbital domain of the neutral Ru(PH3)3 fragment con-
sists of three approximately degenerate filled orbitals
(8, 9a′, 6a′′), which are essentially Ru-P nonbonding,
and two singly occupied Ru-P σ antibonding orbitals
(10a′, 7a′′) at higher energy.
Within the a′′ representation, the major bonding

interaction is between the HOMO of C4H6 (5a′′) and the

7a′′ orbital of Ru(PH3)3, resulting in a destabilization
of the metal-based orbital. In a′ symmetry, the 10a′
orbital of Ru(PH3)3 is stabilized by a bonding interaction
with the LUMO of C4H6, 7a′. Thus the first consequence
of the interaction of a Ru(PH3)3 fragment with butadiene
is a transfer of a single electron from the metal-based
7a′′ orbital to 10a′, resulting in a Ru(PH3)3 valence
configuration of (a′)20(a′′)12. From this reference point,
the synergic nature of the Ru-butadiene bonding
becomes clear. Interactions within a′′ symmetry result
in depopulation of the C4H6 HOMO and, therefore,
constitute a transfer of charge from ligand to metal. In
contrast, the interaction of the a′ orbitals results in a
population of the ligand LUMO and hence a transfer of
charge in the opposite direction. The qualitative nature
of this bonding scheme has been described else-
where,13,23 but with the aid of the generalized transition
state method, we are now in a position to quantify the
relative importance of metal-to-ligand and ligand-to-
metal charge transfer in stabilizing the Ru-butadiene
bond.
Within the generalized transition state approxima-

tion,21 the formation of the metal-ligand bond is
conceptually broken down into three distinct steps.
First, the two fragments are distorted from their equi-
librium geometries and electronic configurations to
those characteristic of the fragment in the complex
itself. The preparation energy, ∆Eprep, associated with
this process is dominated by the energy required to
distort the butadiene ligand to the geometry it adopts
when coordinated, but also includes a smaller term
associated with the formation of the (a′)20(a′′)12 valence
state of the Ru(PH3)3 fragment from the (a′)19(a′′)13
ground state. In the second step, the two fragments are
brought up to their equilibrium bonding geometry while
maintaining the electron density distribution charac-
teristic of the isolated fragments. The energy associated
with this step, ∆Esteric, contains terms due to electro-
static forces between the fragments and also the de-
stabilizing two-center-four-electron repulsive interac-
tions associated with the overlap of fully occupied
orbitals. Finally, the occupied and virtual orbitals of
the two fragments are allowed to interact, permitting
the electron density to relax to the electronic ground
state. The orbital interaction term, ∆Eoi, associated
with this final step may be further decomposed into
separate terms for each irreducible representation of the
group. This final point is most significant, because, as
noted above, metal-to-ligand and ligand-to-metal con-
tributions to the overall bond strength are contained
primarily within the a′ and a′′ representations, respec-
tively. The fragment approach therefore allows us to
assess the energetic contribution of both forward- and
back-bonding mechanisms to the overall stability of the
complex. Similar procedures have been utilized to
analyze the bonding in complexes of other potentially
π back-bonding ligands such as C2H4,21b CO and N2.21c
The various components of the Ru(PH3)3 - C4H6

bonding energy are summarized in Table 1, along with
the total energy, ∆Etot, defined as

The decomposition of the ∆Eoi term clearly illustrates
that metal-to-ligand back-bonding is the dominant
bonding force, the energy associated with interactions

Figure 3. Molecular orbital diagram summarizing the
interaction of a Ru(PH3)3 fragment with cis-butadiene.

∆Etot ) ∆Eprep + ∆Esteric + ∆Eoi
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in the a′ representation being more than twice as large
as the term in a′′. The dominance of back-bonding is
confirmed by the total fragment populations, also sum-
marized in Table 1. The process of bond formation
results in a transfer of 1.26 electrons from the metal
[initially (a′)20(a′′)12] to the ligand [(a′)12(a′′)10], consisting
of a net transfer of 0.30 electrons from ligand to metal
(in a′′), and a back-donation of 1.56 electrons in the
opposite direction (in a′).
Having established a quantitative description of the

metal-ligand bonding, we can now examine the origin
of the distortions of the coordinated butadiene fragment
described above. The contraction of the central C1-C1
bond has been noted in a wide variety of metal-
butadiene complexes22,23 and traced to the partial
population of the LUMO of C4H6, 7a′, in the coordinated
ligand (see Figure 3).13a This orbital is antibonding with
respect to C1-C2, but bonding with respect to C1-C1.
Consequently, the calculated C1-C1 overlap population
increases from 0.608 in free C4H6 to 0.818 in the
coordinated ligand. In the limit of strong back-bonding,
this central bond attains considerable double bond
character, as illustrated by the canonical forms shown
in Figure 4. The extent to which the bonding in any
individual complex resembles either the 1-4-η-diene or
enediyl forms clearly depends on the ability of the metal
to give up electron density, stronger back-bonding
causing a shift toward the enediyl form.
The disrotatory motion of the methylene protons has

also been noted previously and interpreted in terms of
the orientation of the C4H6 orbitals shown in Figure 3.23
Disrotatory motion of the methylene protons directs the
C2 pπ orbitals inward toward the Ru center, thereby
increasing the overlap of metal and ligand-based orbit-
als. In addition to the enhanced overlap described
above, the 7a′ orbital of butadiene is also stabilized

through in-phase overlap of the C2 pπ orbitals, thereby
increasing its electron-accepting ability. Similar distor-
tions have been noted in a variety of coordinated
hydrocarbon ligands and interpreted in an analogous
fashion.26 In order to determine the energetic signifi-
cance of this disrotatory motion, we have reoptimized
the structure of Ru(PH3)3(C4H6) with all protons con-
strained to lie in the plane of the carbon backbone, thus
preventing the distortion. The partially optimized
structure has Ru-C bond lengths approximately 0.15
Å longer than those shown in Figure 2, indicating that
the metal-ligand interaction is substantially reduced.
The components of the total energy for the partially
optimized structure, along with the population analysis,
are compared to those of its fully optimized counterpart
in Table 1. Clearly, the disrotatory motion of the
protons dominates the preparation energy, some 30 kcal
mol-1 being associated with the distortion, primarily due
to the disruption of the ligand π system. This endo-
thermic term is, however, more than compensated for
by a much enhanced orbital interaction term when the
protons are allowed to move out of the plane of the
carbon framework. Furthermore, the difference in
orbital interaction terms arises primarily from within
the a′ representation, indicating that metal-to-ligand
back-bonding is most strongly influenced by the rotation
of the protons. Consistent with this hypothesis, the
population analysis indicates that the major difference
between the fully and partially optimized systems is a
much reduced transfer of charge from metal to ligand
in the latter. From a summation of the various com-
ponents of the bonding energy, the net result of the
disrotatory motion is a stabilization of the complex by
12.5 kcal mol-1, approximately 20% of the total bond
energy.
Linkage Isomerism in Ru(PH3)3(o-xylylene):

Comparison of the Bonding at exo and endo Sites.
Selected structural parameters from the optimized
structures of both endo and exo isomers of Ru(PH3)3(o-
xylylene) are presented in Table 2, along with that of
the free ligand, C8H8. Parameters obtained from the
X-ray structures of the endo and exo isomers of Ru-
(PMe2Ph)3(o-xylylene) are shown for comparison. The
calculated metal-ligand bond lengths, Ru-C and Ru-
P, are shorter than their experimentally determined
counterparts, by between 0.02 and 0.10 Å. This behav-
ior is typical of structures optimized using the local
density approximation.27 In contrast, the C-C bond
lengths within the ligand framework are reproduced
with remarkable accuracy, calculated values being
within 0.025 Å of experiment in all cases. In accord
with experimental findings, the carbon framework of the
exo coordinated ligand is essentially planar, in marked
contrast to the endo isomer, where the C8 moiety is bent
about the C2-C2 axis. However, close inspection of the
coordinated C4 units reveals that the nature of the
structural distortion is in fact very similar in both cases.
Just as in the butadiene system, the groups attached
to the outer carbon centers undergo a disrotatory motion
in order to attain maximum overlap with the metal
center. In the endo isomer, this motion results in the
displacement of the C2-C3 bond above the plane defined
by the coordinated butadiene moiety and, hence, the

(26) Elian, M.; Chen, M. M. L.; Mingos, D. M. P.; Hoffmann, R. Inorg.
Chem. 1976, 15, 1148-1155.

(27) Fan, L.; Ziegler, T. J. Chem. Phys., 1991, 95, 7401-7408.

Table 1. Components of the Total Energy and
Mulliken Population Analyses for Full and

Partially Optimized Structures of Ru(PH3)3(C4H6)

Energy/kcal mol-1

full optimization partial optimization

∆Eprep 38.06 8.70
∆Est 103.19 88.47
∆Eoi
a′ -147.15 -109.97
a′′ -69.71 -49.82
corra 4.88 4.51

∆Etot -70.73 -58.11

Fragment Populations

Ru(PH3)3 C4H6 Ru(PH3)3 C4H6

a′ 18.44 13.56 18.78 13.22
a′′ 12.30 9.70 12.20 9.70
tot. 30.74 23.26 31.08 22.92
a Correction term accounting for the incomplete fit provided by

the auxiliary functions.

Figure 4. 1-4-η-Diene and enediyl canonical forms of
Ru(PH3)3(C4H6).
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marked nonplanarity of the C8 fragment, as illustrated
in Figure 5. In the exo isomer, the rotation involves only
protons, just as in an isolated butadiene, and hence the
carbon framework remains planar.
The components of the metal-ligand bond energy for

the exo and endo isomers are summarized in Table 3,
along with population analyses for the two isomers.
From the total energies it is evident that the exo isomer
is more stable than its endo counterpart by approxi-
mately 15 kcal mol-1. The preference for exo coordina-
tion can be traced to the enhanced double-bond char-
acter of the central C-C bond in the coordinated ligand,
illustrated in Figure 6. In the exo isomer, the central
C-C bond is part of the six-membered ring, and
consequently coordination of the metal fragment leads
to an aromatization of the cyclic ring system. In
contrast, coordination at the endo site results in no
enhanced aromatization, and the two π systems are
effectively isolated from each other by the approximately
sp3-hybridized C2 centers. Overlap populations confirm

the aromatic character of the six-membered ring in the
exo isomer, all six C-C bonds within the ring lying in
the range 0.722-0.786, compared to a calculated value
of 0.747 for benzene. Furthermore, the aromatization
of the six-membered ring stabilizes the enediyl canonical
form relative to the 1-4-η-diene alternative in the exo
isomer. As a result, the bonds to the outer carbons (Ru-
C4) are appreciably shorter than those to the inner
carbons (Ru-C3) in the exo isomer, a situation typical
of the enediyl coordination mode.13f,g In the endo
isomer, the situation is reversed, and Ru-C1 is shorter
than Ru-C2, a situation which is more typical of 1-4-
η-diene coordination.23-25 Similarly, in the exo isomer
of Fe(CO)3(o-xylylene), the bonds from the iron atom to
the outer carbon atoms are shorter than those to the
inner carbons, in contrast to the trend in other Fe(CO)3-
(1-4-η-diene) complexes.28
In addition to the electronic factors outlined above,

there are also purely steric effects that disfavor the endo
isomer. The optimized structures of the endo and exo
isomers indicate that the displacement of the anti
substituents above the plane of the carbon framework
is substantially greater in the latter. The dihedral angle
C3-C3-C4-Ha in the exo isomer is 55°, compared to a
value of only 35° for the corresponding angle in the endo
complex, C1-C1-C2-C3. The reason for this difference
can be traced to the connectivity of the terminal carbon
atoms involved in the disrotatory motion. In the exo
isomer, the two terminal carbon atoms (C4) are free to

(28) Batsanov, A. S.; Zol’nikova, G. P.; Struchkov, Yu. T.; Kritskaya,
I. I. Koord. Khim. 1987, 13, 1551-1553; Chem. Abs. 1988, 108, 29808d.

Table 2. Optimized Bond Lengths (Å) of
exo-Ru(PH3)3(o-xylylene),

endo-Ru(PH3)3(o-xylylene), and Free o-Xylylene

Figure 5. Consequences of the disrotatory motion at the
terminal carbons in exo- and endo- Ru(PH3)3(o-xylylene).

Table 3. Components of the Total Energy and
Mulliken Population Analyses for

exo-Ru(PH3)3(o-xylylene) and
endo-Ru(PH3)3(o-xylylene)

Energy/kcal mol-1

endo exo

∆Eprep 27.60 37.86
∆Est 108.15 97.92
∆Eoi
a′ -147.18 -158.92
a′′ -64.43 -67.28
corra 7.26 6.36

∆Etot -68.60 -84.06

Fragment Populations

Ru(PH3)3 C8H8 Ru(PH3)3 C8H8

a′ 18.40 23.60 18.30 23.70
a′′ 12.29 17.71 12.36 17.64
tot. 30.69 41.31 30.66 41.34
a Correction term accounting for the incomplete fit provided by

the auxiliary functions.

Figure 6. Canonical forms and overlap populations of exo-
and endo-Ru(PH3)3(o-xylylene).
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rotate without disturbing any other bonds in the mol-
ecule, just as they are in a simple butadiene complex
(see Figure 5). In contrast, the two rotating termini (C2)
in the endo isomer are linked via the C3-C3 single bond;
consequently the disrotatory motion can only be ac-
complished at the expense of increased strain elsewhere
in the molecule. In this case, the C2-C3 bond is longer
than in the free ligand, and there is also a substantial
distortion of the C1-C2-C3 angle away from 120°. As
noted above, the principal effect of the disrotatory
motion is to enhance the metal-to-ligand back-bonding,
and the population analyses summarized in Table 3
confirm that this feature of the bonding is indeed
more prominent in the exo isomer than in its endo
analogue.

Conclusions

In this paper we have shown that the metal-ligand
bonding in butadiene complexes is dominated by back-
bonding from metal to ligand, which accounts for
approximately 70% of the total interaction energy.
Approximately 20% of this total arises because of a
displacement of the methylene protons out of the C4
plane, thereby increasing the overlap of metal- and
ligand-based orbitals and also stabilizing the ligand

LUMO. The donation of electron density into the ligand
LUMO generates partial double-bond character at the
central C-C bond, causing a distinct contraction of this
bond relative to the free ligand. The principles de-
scribed for the bonding in simple butadiene complexes
can be extrapolated to account for the different stabili-
ties of the endo and exo isomers of Ru(PH3)3(o-xylylene).
The increase in central C-C bond order upon coordina-
tion results in an aromatization of the six-membered
ring in the exo isomer only. The stabilization of the
enediyl canonical form of the exo isomer as a result of
this aromatization is reflected in the Ru-C bond lengths
of the two systems. In the endo isomer, the bonds to
the central carbon atoms are shorter than those to the
outer atoms, whereas the opposite trend applies in the
exo form, as it does in structurally characterized enediyl
systems. The relative stability of the endo isomer is
further reduced by the restricted rotation of the outer
carbon atoms caused by the constraints of the six-
membered ring. As noted for the simple butadiene
complex, this disrotatory motion can account for up to
20% of the total bond energy and, hence, the restriction
may be a significant factor in reducing the stability of
the endo isomer.

OM9600755
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