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Abstract

A set of phosphine complexes of the type W(CO)3(PX3),(CH,=CH,) (X =H, CHj, F, Cl, Br, and I) were investigated by density
functional theory method (BP86) to examine the effect of the substituent X on the orientation of C—C vector of the ethylene ligand
with respect to one of the metal-ligand bonds as well as the donation and the backdonation in the bonding ligands of phosphine and
ethylene. When X =CHj3, H, F, and Cl, the ethylene C-C vector prefers to be coplanar with metal-phosphine bonds, while for the
ethylene complexes containing PBr; and PI; ligands, the structural preference is coplanarity of the ethylene and the metal-carbonyl
bonds. The molecular orbital calculations and natural bond orbital analysis were used to examine the structural consequences
derived from these complexes. It can be concluded that the structural preferences in the complexes have a clear relation to electronic
effects of phosphine ligands. Our calculations for halide phosphine complexes, particularly for PBr; and Pl3, allow us to conclude

that in addition to electronic effects, steric factors can also affect the orientation of the ethylene ligand in complexes.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Alkene complexes have attracted much attention in
the past decade because they are considered as impor-
tant catalysis for a variety of reactions including olefin
polymerization [1], hydrogenation [2], and hydro-
formylation [3]. An accurate knowledge of the nature of
the alkene—metal bond is essential for understanding the
mechanisms of transition metals catalysts involving an
alkene-metal interaction [4].

The Dewar—Chatt—-Duncanson (DCD) gave a simple
description of the transition metal-alkene bonding
based on m-donation and metal backdonation [5]. The
alkene ligand has only one n* orbital with suitable
symmetry for interaction with metal d orbitals. Ligands
having only one low-lying empty orbital available for
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n-interaction with metal center are called single-face =-
accepting ligand, such as n'-alkenyle, n?-olefin, and n?-
silane, etc. [6]. A variety of computational studies using
different levels of theory have been reported for these
types of complexes [6-11].

In 1997, Butts et al. [12] reported the synthesis and
structure of W(CO);(PCy3),(n?-C,Hy) which agrees
with structure 1. An interesting structural feature in this
complex is the coplanar orientation of the ethylene and
phosphine ligands. Due to the presence of carbonyl li-
gand, which is a double-face strong m-acceptor ligand,
the preference for coplanarity can be explained by
maximum utilization of metal d orbitals for backbond-
ing interaction with both the ethylene and carbonyl
ligands [6]. Other similar complexes such as W(P(OEt)3)-
(P(OMe);3)(CO)3(n?>-CHR=CHR) [13] and W(PPh,CH>-
CH,PPh,)(CO);(n>-CHR=CHR) [14], where R is
COOCHj;, also indicate the same behavior. However,
the extent of the metal-ethylene backbonding interac-
tion can be affected by the substituents on the ethylene
ligand as well as the metal center [6,12].
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The different kinds of phosphines, PR3, can be suit-
able ligands for such the complexes. These ligands are
important because their electronic and steric properties
can be altered in wide range by varying R. The phos-
phines, in addition to o-donor property (via a hybrid
orbital containing a lone pair on phosphorus) are also
considered as double-face m-acceptors (via empty c*
orbitals of the P-R bonds) in which the nature of the R
group determines the relative donor/acceptor ability [15].
Recently, the theoretical studies have also been done on
complexes containing phosphine ligands [16-18].

The aforementioned points have prompted us to study
the rotational barrier of ethylene in phosphine complexes
W(CO)3(PX3)2(CH2:CH2) (X = H, CH3, F, Cl, BI‘, and
I) to examine the effect of different electronic and steric
properties resulted from phosphine ligands on the
W-ethylene and W-phosphine interactions using DFT
calculations. Following our effort in understanding the
W-ethylene and W-phosphine interactions, in this pa-
per, the molecular orbital (MO) calculations and NBO
analysis were used to provide a suitable explanation.

2. Computational method

Geometry optimizations of all the phosphine com-
plexes W(CO);(PX3),(CH,=CH,) (X=H, CH3, F, Cl,
Br, and 1) (see 2) were done at the BP86 level of pure
density function theory [19]. The effective core potentials
(ECPs) of Hay and Wadt with double-( valance basis
sets (LanL2DZ) [20] were used to describe W, P, Cl, Br,
and I. The 6-31g basis set was used for all other atoms
[21]. Polarization functions were also added for Cl
(¢4 =0.514), P (&3 =0.340), Br (&3=0.389), 1
(¢4 =0.266), F (¢4 =0.8) [22], and C (ethylene and
carbonyl) ({4 = 1). In all complexes, rotational barriers
of ethylene were investigated by calculating the energy
of various conformations corresponding to different
values of the ethylene-carbonyl dihedral angle 0 (see 3).
For each value of 0 investigated, the rest of the geometry
was relaxed. The harmonic vibrational frequencies of
the different stationary points of the PES were calcu-
lated at the same level of theory in order to estimate the
corresponding zero point vibrational energy (ZPE). All
calculations were performed using the GaussiaN 98
software package [23]. The natural bond orbital (NBO)

analysis was used to evaluate the atomic charge and the
bond hybridization [24]. NBO occupancies were used to
quantitatively evaluate the occupation number of a gi-
ven localized bonding/antibonding orbital, which gives
information regarding to the strengths of interactions
among different units within a molecule [24]. NBO
calculations were performed with the NBO code [25]
included in GAUSSIAN 98.

3. Results and discussion

To determine the rotational barrier of ethylene li-
gand, we optimized some various conformations of
W(CO);(PX3),(CH,=CH;) (X=H, CHj;, F, Cl, Br, and
1) (PX) (see 2) complexes by DFT calculations (BP86) in
the following orientations (see 3):

1. 0 =0° (A1PX)
2. 0 =45° (2PX)
3. 6 =90° (3PX)
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3.1 W(CO)g(PXg)Z(CHQZCHQ) (X:PI, CH3) as
models for W(CO);(PCy;),( CH,=CH,) complex

As listed in Table 1, the selected optimized geometries
of the model complex W(CO);(PHj3),(CH,=CH,)
(3PH) reproduced fairly well the geometries of the
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The optimized selected structural data (A) for W(CO);(PH3),(CH,=CH,) (3PH and 1PH) and W(CO);(P(CHj3)3),(CH,=CH,) (3PCH3 and
1PCH3) model complexes in comparison with corresponding experimental data of W(CO)3(PCy3)(n?-C2Hy4) complex

r(W-C(a)).y r(W-C(b)) r(W=P).y r(W-C),, (ethylene) r(C-C) (ethylene)
3PX
3PH (BP86) 2.032 2.007 2.464 2.381 1.416
3PH (B3PWOI1)* 2.008 1.985 2.491 2.365 -
3PCH3 (BP86) 2.026 2.001 2.510 2.368 1.420
Exp® 2.010 1.977 2.555 2.338 1.378
1PX
1PH (BP86) 2.037 1.991 2.457 2.444 1.398
1PCH3 (BP86) 2.030 1.974 2.504 2.460 1.397
aRef. [2].
®Ref. [8].

actual compound [12]. The calculated structural pa-
rameters at BP86 level are also relatively in well agree-
ment with corresponding ones at B3PWO91 level [6]. It is
also interesting to know that W(CO)3;(P(CHj3)3),-
CH,=CH;) (3PCH3) model complex is a better choice
for mimicking the experimental phosphine geometry
than 3PH (Table 1). However, it is found that calculated
bond distances in each model complex are systematically
different with respect to the corresponding experimental
complex (Table 1). Since this systematic error is very
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likely to be reproduced in any of the compounds in-
vestigated here, it is expected that these results still
elucidate relative trends in a reliable way.

The potential energy curves corresponding to the n>-
ethylene rotation of PCH3 and PH calculated at BP86
level are shown in Figs. 1(a) and (b). The relative ener-
gies of all conformations of PH at BP86 level are also
extensively in well agreement with the results obtained
from B3PWO1 level [6]. As discussed above, in these
types of complexes, a perpendicular orientation between
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Fig. 1. Potential energy surfaces for complexes: (a) PCH3, (b) PH, (c) PF, (d) PCI, (e) PBr, and (f) PI showing the change in relative energies without
zero-point energies (AE) and those with zero-point energies (AE + ZPE) with respect to 0 (°).
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the alken’s C—C vector and the OC-M-CO axis is pre-
ferred (0 = 90°). It is found that, for PH, the potential
energy curve reaches a maximum point when the C-C
vector of 1’-ethylene ligand is in a staggered orientation
with respect to the equatorial plane (0 = 45°), while for
PCH3, the maxima is coplanarity of the ethylene and
the metal-carbonyl bonds (6 = 0°).

Interestingly, one can clearly see that the W—C (eth-
ylene) and W-C (carbonyl) bond distances are slightly
shortened and simultaneously the C—C bond is slightly
lengthened from 3PH to 3PCH3 (Table 1). Since PMej
is a stronger electron donor than PHj [26], the W metal
with PMes has more electrons available for n-backdo-
nation to the m* orbitals of the ethylene and carbonyl
ligands, which strengthens the W-C interactions.
Therefore, one expects that 3PCH3 would be more
stable than 3PH. To confirm this, we compared energy
values Etor (3PCH3) + 2ETOT (PH3) with Etor (3PH) +
2ETOT(PM63), where ETor (3PCH3) and Etor (3PH) are
the total electronic energies of 3PCH3 and 3PH; and
Eror(PH3) and Etor(PMes) are the total electronic
energies of the isolated ligands of PH3; and PMe;. This
calculation shows that 3PCH3 is more stable than 3PH
by 14.2 kcal/mol.

3.2. Comparison of important MOs of three conforma-
tions Of W(C0)3(PH3)2(CH2:CH2)

All complexes considered here can be described as
pseudo-octahedral structures. The MO calculations for
three selected conformations of model complex PH
(1PH, 2PH and 3PH) indicate that the three highest
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occupied MOs correspond to the so-called “ty,” set or-
bitals (Fig. 2). Examination of other complexes almost
gives the similar results. For 1PH, the HOMO-2 repre-
sents the metal-ethylene d-n* m-bonding interaction.
The HOMO and HOMO-1, which are the d,. and d,,
orbitals, respectively, are nonbonding with respect to the
C=C =n* orbital of the ethylene ligand. In 3PH, the
metal-ethylene m-bonding interaction involves the d,,
orbital and lowers it to the HOMO-2. For this confor-
mation (3PH), both d,, and d,. orbitals also remain
nonbonding with respect to m* orbital of the ethylene
ligand. When 0 = 45° (2PH), both the d,. and d,. orbi-
tals are involved to some extent with C=C r* orbital,
which causes these orbitals become somewhat stable in
comparison with the d,. orbital of 1PH and the d,. or-
bital of 3PH. For all conformations, both the d,. and d,,
orbitals of the metal center also interact with the two
perpendicular ©* orbitals of carbonyl ligands, which are
cis to ethylene ligand.

As shown in Fig. 2, in 1PH, each unoccupied m-an-
tibonding orbital of the CO and ethylene ligands inter-
acts with d,. orbital, while in 3PH, the d,. orbital
interacts with ethylene n* orbital and to some extent
with PH; o* orbital. Since CO is a much stronger r-
acceptor than PHj ligand, thus, it is expected from 3PH
to provide a more suitable position for maximum
backbonding interaction between the metal center and
ethylene ligand. In other words, coplanarity of the eth-
ylene with phosphine ligands, due to stronger metal—
ethylene interaction, is more preferable than that of
with carbonyl ligands. In 2PH, because of an unsuitable
orientation of ethylene ligand with respect to

-0.20364

2PH 3PH

Fig. 2. Correlation diagram between the important MOs of conformations 1PH, 2PH and 3PH.
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W(CO);(PH3), fragment, there is a weaker interaction
between ethylene m* orbital and both the d.. and d,.
orbitals compared to other conformations. In addition,
in each three conformation of PH, the extent of the d,,
orbital energy is almost the same; indicating that inter-
action between the ethylene m bonding electrons and
electrons from d,, orbital has no effect on the destabi-
lization of conformation 2PH.

3.3. W(C0)3(PX3)2(CH2:CH2) (X:F, Cl, BV, andl)

W(CO)3(PX3)(CH,=CH;) (X=F, Cl, Br, and I)
complexes (see 2) were used to investigate the rotational
barrier of the ethylene. The corresponding potential
energy surfaces are shown in Fig. 1. For PF and PCl, the
minimum energy geometries occur when the ethylene
ligand is coplanar with phosphine ligands. The potential
energy surfaces for complexes PBr and PI show a con-
formation with minimum energy with the ethylene
group eclipsed to carbonyl ligands. This is an interesting
result, as it suggests that the type of phosphine ligand
plays a role in determining the ethylene-phosphine ar-
rangement. For conformations 3PX and 1PX of these
complexes, the important bond lengths are summarized
in Table 2.

Table 2

Examining structural changes from PH and PCH3 to
the halide phosphine complexes, it is evident that W-P
bond distances are shortened (see Tables 1 and 2), e.g.,
in conformations 3PH and 3PCH3 the W-P bond dis-
tances are about 2.464 and 2.510 A, which they drop to
about 2.374, 2.413, 2.431, and 2.453 A in 3PF, 3PCl,
3PBr, and 3PI. This behavior can probably be related to
n-accepting ability of halide phosphines.

3.4. Bonding nature of complexes

Natural bond orbital analysis was adopted here to
investigate the occupancy number of each NBO, which
is expected to be useful for discussing the bonding na-
ture. The occupancy numbers of several important
NBOs are listed in Table 3, where the abbreviation of -
NBO, n*-NBO, 5-NBO, and o*-NBO are adopted for
n-bonding C=C NBO, its antibonding counterpart, o-
bonding W-C (ethylene) NBO, and its antibonding
counterpart, respectively, hereafter. The occupancy
numbers of the n-NBO and n*-NBO are near 2.0 and
0.0, respectively, in free ethylene. In each conformation
1PX, the occupancy number of m-NBO is significantly
smaller but the occupancy number of ©*-NBO is sig-
nificantly larger than that of the free ethylene. These

The optimized selected structural data (A) for conformations 3PX and 1PX of halide phosphine complexes W(CO);3(PX3),(CH,=CH;) obtained

from BP86 calculations

r(W-C(a)) r(W-C(b)) r(W-P) r(W-C) (ethylene) r(C-C) (ethylene)
3PX
3PF 2.043 2.015 2.374 2412 1.409
3PCl1 2.047 2.012 2.413 2.437 1.401
3PBr 2.048 2.009 2.431 2.445 1.398
3PI 2.048 2.004 2.453 2.454 1.395
1PX
1PF 2.049 2.004 2.371 2.458 1.397
1PCl1 2.053 2.005 2.401 2.461 1.395
1PBr 2.054 2.005 2.415 2.460 1.394
1P1 2.054 2.003 2.436 2.459 1.393
Table 3
Occupancies of NBOs of all conformations 1PX and 3PX
PX Species n(C-C) m*(C-C) o(W-C) c*(W-C)
1PX 1PCH3 1.774 0.285 0.0 0.0
1PH 1.758 0.286 0.0 0.0
1PF 1.736 0.249 0.0 0.0
1PCl 1.732 0.234 0.0 0.0
1PBr 1.733 0.233 0.0 0.0
1PI 1.738 0.231 0.0 0.0
3PX 3PCH3 0.0 0.0 1.776 0.661
3PH 0.0 0.0 1.770 0.669
3PF 0.0 0.0 1.746 0.670
3PCl1 0.0 0.0 1.694 0.702
3PBr 1.724 0.261 0.0 0.0
3PI 1.735 0.249 0.0 0.0
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results are consistent with our understanding that the
ethylene coordinates with the metal center through o-
donation and m-backdonation interactions. The occu-
pancy numbers of the ©-NBO and n*-NBO in 1PCH3
and 1PH are much larger than those of corresponding
halide phosphine complexes (1PF, 1PCl, 1PBr, and
1PI). This tendency clearly indicates that in 1IPCH3 and
1PH, n-backdonations become stronger than those of
the halide phosphine analogs, while in both conforma-
tions, electron donations become weaker. This can be
rationalized on the basis of the stronger m-accepting
properties of the halide phosphine ligands, which effec-
tively “pull” electron density from the metal center,
which in turn allow for lower backdonations of metal
electron density to ethylene and, on the other hand,
more o-donations of ethylene ligand to metal center. In
addition, it is interesting to know that the occupancy
number of the metal-C (ethylene) NBO (oc-NBO) is
evaluated to be zero. This result suggests that though the
C=C bond in conformations 1PX becomes weaker than
that in free ethylene, the m-bonding character is still
maintained.

In 3PCl, 3PF, 3PH, and 3PCH3 the occupancy
number of m-NBO completely disappears, while the
occupancy number of the C-C o-NBO is near 2. In
addition, the occupancy number of o-NBO is 1.694,
1.746, 1.770, and 1.776 for 3PCl, 3PF, 3PH, and
3PCHa3, respectively, and 0.702, 0.670, 0.669, and 0.661
for their antibonding counterparts (c*-NBO). From
these occupancy numbers, it should be concluded that
these conformations are characterized to be a tree-
member metallacycle complex that involves the C-C
single bond and the W-C (ethylene) covalent bond.
These results are consistent with the notation that, for
the complexes PCl, PF, PH, and PCH3, the eclipsed
conformations have stronger metal-ethylene interaction
and, consequently, are more stable. The NBO calcula-
tions, on the other hand, for 3PBr and 3PI indicate that
the C=C double bond is maintained and the bond is
formed through o-donation and m-backdonation like
their corresponding conformations 1PX. It is interesting
to note that, however, the occupancy number of m*-
NBO in 3PBr and 3PI are larger than that of 1PBr and

1PI. The changes of C-C (ethylene) and W—C (ethylene)
bond distances, listed in Tables 1 and 2, also confirm the
above-discussed results. Examining the structural
changes from 1PX to 3PX, one can easily find that the
W-C (ethylene) bond distance is shortened, while the
C-C (ethylene) bond distance is lengthened. These
changes can be related to the increase of the amount of
backdonation from the metal center into the w*-orbital
of ethylene when going from 1PX to 3PX. These results
oppose the fact that in PBr and PI, the coplanar ori-
entation of the ethylene and carbonyl ligand is pre-
ferred. On the basis of these results, it seems that in
addition to electronic effects, the steric repulsive inter-
actions resulted from bulky halide phosphines, PX;
(X=Br and I), can also affect instabilities of confor-
mations 3PX.

3.5. Which factors are the origin of these structural
preferences in the complexes?

To understand this structural behavior, we consider
the energy of d,, orbital in 3PX as well as the energy
difference between the d,. orbital in 1PX and the d,,
orbital in 3PX (Al). Since the d,, orbital only partici-
pates in the m-backdonation with phosphine and cis-
carbonyl ligands with respect to ethylene, its energy
value can be a useful criterion on the extent of n-back-
donation interaction. For complexes 3PX, the energy of
d,, orbitals decrease in the order of 3PF>3PCl>
3PBr > 3PI > 3PH > 3PCH3, which clearly shows that
more n-acceptor PX3 ligands are able to stabilize the d,,
orbital in complexes 3PX because of better n-backdo-
nation overlap. The Al energy differences also show the
same trend (see Table 4). Therefore, it is expected that
the W—P m-backdonation interaction becomes stronger
in the order of P(Me); < PH; <« PI; < PBr; < PCl3 <
PF;.

For further argument and evaluation of the above
results, the natural population analysis was calculated
for all complexes. In conformations 3PX, electron pop-
ulation of phosphine decreases upon the coordination
with the W center and its positive charge becomes larger
in the following order: PI5 (0.221) < PBr; (0.238) < PCl;

Table 4
Orbital energies (a.u.) of d, and d,. in 3PX and those of d,. in 1PX as well as the energy difference between the d,. orbital in 1PX and the d,. orbital
in 3PX (41)
E(d,.) in 1PX E(d,.) in 3PX E(d,,) in 3PX el —e2
el e2 e3 a1
PCH3 —0.14613 —0.17403 -0.16678 0.02790
PH —0.17400 —-0.19116 —-0.19047 0.01716
PF -0.22303 —0.22344 —0.24701 0.00041
PCl —-0.22451 -0.22534 —0.23689 0.00083
PBr —0.22243 -0.22414 —0.23317 0.00171
PI -0.21938 —-0.22262 —-0.22808 0.00324
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(0.261) < PH3 (0.393) < PF3; (0.407) < P(Me); (0.452).
Other conformations, 2PX and 1PX, would also follow
similar trend. However, this tendency is not consistent
with above-mentioned m-accepting abilities of phosphine
ligands. These population changes are understood on the
basis of the fact that not only the n-backdonation but
also the o-donation contributes toward the coordination
of phosphine to the W metal. From the results of
calculations, it should be concluded that the o-donation
of halide phosphine ligands increase in the order of
PI; < PBr; < PCl; < PF3, while m-accepting ability of
halide phosphines decrease along the series PF3; > PCl; >
PBr; > PI;. The increasing order of above-mentioned
o-donation is understood in terms of the percent of
polarized electron toward the W center in the W-P
o-bond, which decreases in the following manner: PF;
(%37.61) > P(Me)s  (%32.56) >PCl;  (%30.50) > PH;
(%30.18) > PBr; (%30.08) > PI; (%29.33). This is in
accord with the recent calculation by Frenking and co-
workers [18] which showed donation of phosphine ligand
in Fe(CO)4PF; to be higher than donation in
FC(CO)4PH2

Comparing the potential energy surfaces of all com-
plexes with each other, one can easily find that the en-
ergy differences between conformations 3PX and 1PX
increase in the order of PI (-1.8 kcal/mol) < PBr (-0.5
kcal/mol) < PCl (0.7 kcal/mol) < PF (3.8 kcal/mol) < PH

Table 5

(4.3 kcal/mol) < PCH3 (6.7 kcal/mol). The results of
calculations imply that the strong electron donor and
the weak electron m-acceptor properties of a phosphine
ligand enhance interaction between the metal center and
ethylene ligand compared to those phosphine ligands
having weaker electron donor and stronger electron -
acceptor, e.g., in 3PMe3, W-C (ethylene) bond distance,
2.368 A, is smaller than that of other phosphine com-
plexes (2.381, 2.412, 2.437, 2.445, and 2.454 A in 3PH,
3PF, 3PCl, 3PBr, and 3PI, respectively), indicating
that the extent of interaction between the W metal and
the ethylene ligand decreases in the order of
3PCH3 > 3PH > 3PF >3PCl > 3PBr > 3PI. The same
trend is also supported from the results of NBO analysis
(see Table 3) and C-C (ethylene) bond distance (see
Tables 1 and 2).

As mentioned above, in the complexes containing
halide phosphines the energy difference between 3PX
and 1PX as well as W—ethylene interaction in 3PX de-
crease by increasing the size of the halogen atom (see
Fig. 1 and Table 3). This seems unexpected, due to the
fact that the m-accepting abilities of halide phosphines
increase by substitutes X up the group of VII. Some
tentative explanations are given below, though other
explanations are also possible. In the complex PF, on
one hand, the W—phosphine n-backdonation interaction
is expected to be the strongest, on the basis of the MO

P-W-P and C-W-C bond angles (°) of complexes PX and naked complexes PX as well as P-W-P(PX) - P-W-P(naked PX) (Ax), C-W-C(PX) - C-
W-C(naked PX) (Ap), Aa(3PX) — Ax (1PX) (AAx), and AB3PX) — AS(A1PX) (AAp) of corresponding complexes

P-W-P (2) C-W-C (p) P-W-P(PX)-P-W- C-W-C(PX)-C-W- Ao (3PX)-Ax AB 3PX)-Ap
P(naked PX) (Ax) C(naked PX) (Ap) (1PX) (AAx) (APX) (AAp)
PF
1PF 178.6 185.7 -3.5 8.7
3PF 185.2 177.1 3.1 0.1 6.6 =7.17
Naked PF 182.1 177.0 - -
PCl
1PCl1 179.5 186.0 3.1 6.0
3PCl1 186.4 177.6 9.7 -2.4 6.6 -8.4
Naked PCl 176.7 180.0 - -
PBr
1PBr 180.4 186.4 5.8 4.7
3PBr 186.2 178.4 11.6 -3.3 5.8 -8.0
Naked PBr 174.6 181.7 - -
PI
1PI 181.6 187.0 9.8 3.0
3PI 186.5 179.6 14.7 -4.4 4.9 -7.4
Naked PI 171.8 184.0 - -
PH
1PH 177.3 186.5 -0.1 6.0
3PH 186.6 176.9 9.2 -3.6 9.3 -9.6
Naked PH 177.4 180.5 - -
PCH3
1PCH3 181.5 186.3 9.8 2.7
3PCH3 190.9 177.0 19.2 -6.6 9.4 -9.3

Naked PCH3 171.7 183.6 -
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results and, on the other hand, the electron donation of
PF; ligand is highest at the same time. The former case
decreases the amount of electrons available for m-back-
donation to * orbital of ethylene while the latter case
increases it. These results indicate that the PF; ligand
provides the optimal balance between the W metal and
the ethylene interaction. Examining results obtained
from NBO analysis, it can be concluded that other ha-
lide phosphine ligands have much weaker c-donation
ability than PF; ligand (PF;>> PCl; > PBr; > Ply),
consequently, one expects that metal-ethylene m-back-
donation interaction becomes weaker when moving
down the column VII from X=F to I.

In addition, as listed in Table 5, P-W-P bending angle
(o) of the naked halide complexes, W(CO);(PX3); (see 4),
which are optimized at BP86 level, decreases and si-
multaneously C-W-C bending angle (/) increases when
going from X =F to I. Based on the results of calcula-
tions, it can be observed that structural changes between
the reactants, W(CO)3(PX3),, and their corresponding
conformations 3PX (Ax and Af) increase as one moves
down the VII column from X =F to I, while the cited
differences relative to those of analogs between reactant
and 1PX, AAx and AAf, do not have significant changes
(see Table 5). Therefore, one could expect, in halide
phosphine complexes, particularly in PBr and PI, part of
the energy difference between 3PX and 1PX as well as the
extent of W—-ethylene interaction in 3PX to originate
from the fact that conformations 3PX are destabilized by
the increased repulsion between larger halide phosphines
and carbonyl ligands because, in a conformation 3PX
with the bulky halide phosphines, the coordinating eth-
ylene leads to significant structural changes.

It is surprising that, despite the high observed struc-
tural change, 3PCH3 shows a strong W—ethylene inter-
action compared to 1PCH3, much higher than that of
3PF and 3PH. It seems that the very weak m-acceptor
and strong electron donor properties of P(Me); ligands
are able to compensate for high structural change in
3PCH3.

4. Conclusions

The preference for coplanarity of the ethylene and
one of the metal-ligand bonds in complexes
W(CO)3(PX3)2(CH2:CH2) (X = H, CH3, F, Cl, BI‘, and

I) have been investigated by density functional theory
calculations. The effects of substituent X of phosphine
ligands have been examined. The structural parameters
calculated for W(CO);(P(CH3)3)2(CH,=CH;) are in
good agreement with the experimental observation in
comparison with other complexes. For ethylene com-
plexes containing PCl;, PF3, PH3, and P(Me);, the C-C
vector of ethylene ligand prefer to be coplanar with P—
W-P axis, while structural preference of those contain-
ing PBr; and PI; ligands are coplanarity of the ethylene
and carbonyl ligands.

The results obtained from MO calculation and NBO
analysis indicate that the m-accepting properties of
phosphines increase in the order of P(Me);<
PH; <« PI5 < PBr; < PCl3 < PF3, while their electron
donation decrease in the order of PF;>>P(Me); >
PCl; > PH; > PBr; > PI;. These calculations also imply
that the amount of n-backdonation from W metal to n*-
orbital of ethylene ligand increases in the order of
3PCH3 > 3PH > 3PF >3PCl > 3PBr >3PI. The W-
ethylene n-backdonation interaction also increases from
1PX to 3PX.

Apparently, in halide phosphine complexes, partic-
ularly in complexes including PBr; and PI;, in addi-
tion to the electronic effects, the steric factors also
control the orientation of ethylene in complexes. Ex-
amining results of calculations, it is also suggested that
the very weak m-acceptor and strong electron donor
properties of P(Me); ligands enhance W-ethylene m-
backdonation interaction and consequently, compen-
sate for steric factors resulted from bulky groups of
P(Me); ligands.
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