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We have studied the [2+2] cycloaddition of ethylene to Mo(E)OCl2 for E ) S, Se, O, NH,
PH, SiH2, and CH2 based on gradient-corrected density functional theory. The reactant Mo-
(E)OCl2 has for E ) NH, PH, SiH2, and CH2 a preferred conformation with all atoms of the
E ligand in the plane bisecting the Cl-Mo-Cl angle. The [2+2] cycloaddition takes place
with ethylene approaching Mo(E)OCl2 perpendicular to the plane bisecting the Cl-Mo-Cl
angle. The reaction enthalpy follows the order (in kcal/mol) SiH2 (-24.1) < CH2 (-15.6) <
PH (-7.4) < NH (-0.9) < S (5.9) < Se (6.2) < O (12.0) < Cl (13.0). The ligands with the less
electronegative heteroatom give rise to the more exothermic reaction, as they have lone pairs
of sufficiently high energy to donate charge to π* of the incoming olefin and form a strong
C-E bond. The activation energy for the addition follows the order (in kcal/mol) SiH2 (2.3)
< CH2 (4.7) < PH (5.0) < S(16.6) < Se (16.6) < Cl (19.0) < NH (21.1) < O (25.8). Again,
ligands with the less electronegative heteroatoms afford the lowest barrier for the addition
since they have lone pairs that at an early stage of the reaction can interact, stabilizing
with π* of the incoming ethylene. The investigation affords a rationale for why [2+2] addition
of olefin to MdE bonds is observed experimentally to be facile for E ) SiH2 and CH2 but not
for E ) O.

1. Introduction
The [2π+2π] cycloaddition of olefin to a metal-carbene

double bond is well established as a viable reaction
mechanism in olefin metathesis thanks to the pioneer-
ing work of Chauvin1 and Schrock.2 Theoretical calcu-
lations3-7 have confirmed that the formally forbidden
[2π+2π] addition is surprisingly facile with a modest
activation barrier.

The facile cycloaddition of ethylene to metal-carbene
bonds led Sharpless8a and others to postulate that
[2π+2π] addition of olefin to other multiple-ligand bonds9

might be feasible as well. In particular, Sharpless has

suggested that the epoxidation and hydroxylation of
olefins by the d0 metal oxides CrCl2O2 and OsO4,
respectively, involve the initial formation of a four-
centered metallaoxetane intermediate from a [2π+2π]
cycloaddition of olefin to a metal-oxygen bond. The
[2π+2π] cycloaddition of ethylene to metal-sulfur bonds8b,c

in d0 complexes has also been implied. The suggestion
by Sharpless was further supported by early theoretical
calculations.10

However, there is growing evidence from more recent
theoretical calculations11,12 as well as experimental work
by Corey et al.13 to indicate that [2π+2π] cycloaddition
of ethylene to metal-oxygen bonds in d0 complexes is
an unfavorable reaction.

We shall in the present investigation compare the
[2π+2π] cycloaddition of ethylene to the metal-carbene
bond in MoCl2(O)CH2,

with the corrsponding process involving other multiple

(1) Hérisson, J.-L.; Chauvin, Y. Makromol. Chem. 1970, 141, 161.
(2) (a) Feldman, J.; Davis, W. M.; Schrock, R. R. Organometallics

1989, 8, 2266. (b) Schrock, R. R.; DePue, R. T.; Feldman, J.; Yap, K.
B.; Yang, D. C.; Davis, W. M.; Park, L.; DiMare, M.; Schofield, M.;
Anhaus, J.; Walborsky, E.; Evitt, E.; Kruger, C.; Betz, P. Organome-
tallics 1990, 9, 2262. (c) Feldman, J.; Davis, W. M.; Thomas, J. K.;
Schrock, R. R. Organometallics 1990, 9, 2535. (d) Schrock, R. R. Acc.
Chem. Res. 1990, 23, 158. (e) Schrock, R. R.; Murdzek, J. S.; Bazan,
G. C.; Robbins, J.; DiMare, M.; O’Regan, M. J. Am. Chem. Soc. 1990,
112, 3875. (f) Schrock, R. R.; DePue, R. T.; Feldman, J.; Schaverien,
C. J.; Devan, J. C.; Liu, A. H. J. Am. Chem. Soc. 1988, 110, 1423.

(3) Eisenstein, O.; Hoffmann, R.; Rossi, A. R. J. Am. Chem. Soc.
1981, 103, 5582.

(4) (a) Rappe, A. K.; Upton, T. H. Organometallics 1984, 3, 1440.
(b) Upton, T. H.; Rappe, A. K. J. Am. Chem. Soc. 1985, 107, 1206.

(5) Cundari, T. R.; Gordon, M. S. Organometallics 1992, 11, 55.
(6) (a) Folga, E.; Ziegler, T. Organometallics 1993, 12, 325. (b) Woo,

T. K.; Folga, E.; Ziegler, T. Organometallics 1993, 12, 1289. (c) Folga,
E.; Woo, T. K.; Ziegler, T. In Theoretical Aspects of Homogeneous
Catalysis; van Leeuwen, P. W. N. M., Ed.; Kluwer Academic Publish-
ers: Dordrecht, 1995; p 115.

(7) Wu, Y.; Peng, Z. J. Am. Chem. Soc. 1997, 119, 8043.
(8) (a) Sharpless, K. B.; Teranishi, A. Y.; Bäckvall, J.-E. J. Am.

Chem. Soc. 1977, 99, 9, 3120. (b) Kawaguchi, H.; Yamada, K.; Lang,
J.; Tatsumi, K. J. Am. Chem. Soc. 1997, 119, 10346. (c) Goodman, J.
T.; Inomata, S.; Rauchfuss, T. B. J. Am. Chem. Soc. 1996, 118, 11674.

(9) Jørgensen, K. A.; Schiøtt, B. Chem. Rev. 1990, 90, 1483.

(10) (a) Rappé, A. K.; Goddard, W. A. J. Am. Chem. Soc. 1980, 102,
5114; (b) 1982, 104, 3287.

(11) (a) Dapprich, S.; Ujaque, G.; Maseras, F.; Lledós, A.; Musaev,
D. G.; Morokuma, K. J. Am. Chem. Soc. 1996, 118, 11660. (b) Pidun,
U.; Boehme, C.; Frenking, G. Angew. Chem., Intl. Ed. Engl. 1996, 35,
2817. (c) DelMonte, A. J.; Haller, J.; Houk, K. N.; Sharpless, K. B.;
Singleton, D. A.; Thomas, A. A. J. Am. Chem. Soc. 1997, 119, 9907.

(12) (a) Torrent, M.; Deng, L.; Duran, M.; Solà, M.; Ziegler, T.
Organometallics 1997, 16, 13. (b) Torrent, M.; Deng, L.; Ziegler, T.
Inorg. Chem. 1998, 37, 1307. (c) Torrent, M.; Deng, L.; Duran, M.; Solà,
M.; Ziegler, T. Inorg. Chem., submitted.
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metal-ligand bonds, MdE, in MoCl2(O)E,

with the help of quantum mechanical calculations based
on density functional theory (DFT).14 This comparison
should help to reveal the factors that determine whether
the [2π+2π] cycloaddition of ethylene to a MdE bond in
d0 complexes is facile. Representative ligands will
include the chalcogenides E ) O, S, and Se as well as E
) SiH2, NH, and PH. The reaction between the Mo-Cl
bond in MoCl2O2 and ethylene was also considered in
this study for comparison, although it is more correctly
viewed as an insertion process rather than a cycload-
dition.

2. Computational Details

All calculations were carried out using the Amsterdam
Density Functional (ADF) package developed by Baerends15

et al. and vectorized by Ravenek.16 The numerical integration
procedure applied for the calculations is that of te Velde and
Baerends.17 An uncontracted triple-ú STO basis set was used
for describing the 4s, 4p, 4d, 5s, and 5p orbitals of molybde-
num. The oxygen (2s, 2p), nitrogen (2s, 2p), carbon (2s, 2p),
sulfur (3s, 3p), phosphorus (3s, 3p), silicon (3s,3p), selenium
(3d, 4s, 4p), chlorine (3s, 3p), and hydrogen (1s) atoms were
also described by triple-ú basis sets augmented with two extra
polarization functions.18,19 Electrons in the lower shells were
treated within the frozen core approximation. A set of auxi-
allary s, p, d, f, and g functions, centered in all nuclei, was
introduced in order to fit the molecular density and Coulomb
potential in each SCF cycle.20 All geometries and frequencies
were evaluated at the local density approximation (LDA)
level21,22 augmented by Becke’s nonlocal exhange23 and Per-
dew’s nonlocal correlation corrections.24 Relativistic corrections

were taken into account by a quasi-relativistic method25 (QR).
The geometry optimization procedure was based on an ana-
lytical gradient scheme developed by Versluis26 and Ziegler.
The harmonic vibrational frequencies were computed from the
force constants obtained by numerical differentiation of the
energy gradients.27 The application of this scheme, in com-
parison to other relativistic methods, has been discussed by
Li25b et al. Transition-state stuctures were optimized according
to the scheme by Banerjee28 et al. and Baker29 in the ADF
implementation due to Fan30 et al. All first-order saddle points
were shown to have a Hessian matrix with a single negative
eigenvalue.

The reactants Mo(E)OCl2 are d0 complexes with singlet
ground states. The coordination about the metal is distorted
tetrahedral in each case. All structures were optimized without
symmetry constraints and were found to have Cs symmetry,
except for the oxo complex, which had C2v symmetry. The bond
energies, BE(Mo-E), are not zero-point corrected, but this will
not affect the observed trend. The zero-point correction might
change the calculated bond energies by a few kcal/mol. The
products Mo(E)OCl2-C2H4 were optimized with no symmetry
constraints; the only complex containing symmetry was for E
) CH2 which was Cs. The transition-state structures were
obtained by a series of constrained geometry optimizations in
which the Mo-C and E-C bonds were fixed and all other
coordinates were optimized. The approximate stationary point
from this procedure was then fully optimized as described
above. No symmetry was found for any of the transition-state
structures located in this study.

3. Results and Discussion

We shall in the following discuss the [2π+2π] cycload-
dition of ethylene to MoCl2(O)E (eq 2) for the chalco-
genides E ) O, S, and Se as well as E ) SiH2, NH, and
PH. We begin the discussion with an analysis of the
bonding and frontier orbitals in the reactant MoCl2(O)E.

A. Mo(E)OCl2. The optimized structures for MoCl2-
(O)E are given in Table 1. The chalcogenide series E )
O, S, Se have a single stable conformation of Cs (E ) S,
Se) or C2v (E ) O) point-group symmetry, 1. Two
conformations were optimized for the polyatomic ligands
E ) CH2 and SiH2. The first of Cs symmetry has XH2
(X ) C, Si), 2a, in the plane bisecting the Cl-Mo-Cl
angle, whereas the second has XH2 in a perpendicular
plane, 2b. We find for CH2 and SiH2 that the in-plane

(14) (a) Ziegler, T. Chem. Rev. 1991, 91, 651. (b) Ziegler, T. Can. J.
Chem. 1995, 73, 743. (c) Parr, R. G.; Yang, W. Density Functional
Theory of Atoms and Molecules; Oxford University Press: New York,
1989.

(15) Baerends, E. J.; Ellis, D. E.; Ros. P. Chem. Phys. 1973, 2, 41.
(16) Ravenek, W. In Algorithms and Applications on Vector and

Parallel Computers; te Riele, H. J. J., Dekker, T. J., van de Vorst, H.
A., Eds.; Elsevier: Amsterdam, 1987.

(17) Boerrigter, P. M.; te Velde, G.; Baerends, E. J. Int. J. Quantum
Chem. 1987, 33, 87.

(18) Snijders, G. J.; Baerends, E. J.; Vernooijs, P. At. Nucl. Data
Tables 1982, 26, 483.

(19) Vernooijs, P.; Snijders, G. J.; Baerends, E. J. Slater Type Basis
Functions for the Whole Periodic System; Internal Report; Free
Univeristy of Amsterdam: Amsterdam, 1981.

(20) Krijn, J.; Baerends, El. J. Fit Functions in the HFS Methods;
Internal Report; Free University of Amsterdam: Amsterdam, 1981.

(21) Gunnarson, O.; Lundquist, I. Phys. Rev. 1974, 10, 1319.
(22) Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200.
(23) Becke, A. D. Phys. Rev. A 1988, 38, 2398.
(24) (a) Perdew, J. P. Phys. Rev. Lett. 1985, 55, 1655. (b) Perdew, J.

P. Phys. Rev. B 1986, 33, 8822. (c) Perdew, J. P.; Wang, Y. Phys. Rev.
B 1986, 33, 8800.

(25) (a) Ziegler, T.; Tschinke, V.; Baerends, E. J.; Snijders, J. G.;
Ravenek, W. J. Phys. Chem. 1989, 93, 3050. (b) Schreckenback, G.;
Ziegler, T.; Li, J. Int. J. Quantum Chem. 1995, 56, 477.

(26) Versluis, L.; Ziegler, T. J. Chem. Phys. 1988, 88, 322. Fan, L.;
Ziegler, T. J. Chem. Phys. 1991, 95, 7401. Schreckenback, G.; Li, J.;
Ziegler, T. Int. J. Quantum Chem. 1995, 56, 477.

(27) Fan, L.; Versluis, L.; Ziegler, T.; Baerends, E. J.; Ravenek, W.
Int. J. Quantum Chem. Symp. 1988, 22, 173.

(28) Banerjee, A.; Adams, N.; Simons, J.; Shepard, R. J. Phys. Chem.
1985, 89, 52.

(29) Baker, J. J. Conput. Chem. 1986, 7, 385.
(30) Fan, L.; Ziegler, T. J. Chem. Phys. 1990, 92, 46.

Table 1. Geometry Parameters and Bond Energies for the Reactantb MoCl2(O)E
ligand E

geometrical parametersa,f CH2 SiH2 NH PH O S Se Cle

Mo-E 1.89 2.35 1.77 2.27 1.71 2.14 2.27 2.27
∠Cl-Mo-Oc 115 117 110 113 109 109 109 109
∆H(Mo-E)d 104.8 57.8 115.0 72.7 153.5 106.7 93.6 81.2

a Distances in angstroms (Å) and angles in degrees. b Geometry corresponds to most stable conformation 2a for E ) CH2, SiH2, 3a for
E ) NH, and 3b for E ) PH. c The angle Cl-Mo-O is the bisecting angle for the [2+2] addition of ethylene. d Bond formation enthalpies
in kcal/mol with respect to MoOCl2 and E in their ground states. Zero-point energy corrections and temperature contributions are not
included. e For chlorine the calculations refer to MoCl2O2 and the bond energy is with respect to Cl and MoO2Cl in their ground states.
f In the specification of the parameters, E refers to C, Si, N, and P in the case of CH2, SiH2, NH, and PH, respectively.

5902 Organometallics, Vol. 17, No. 26, 1998 Monteyne and Ziegler

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
 D

ec
em

be
r 

3,
 1

99
8 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

98
03

90
m



conformation 2a is favored over 2b by 25.9 and 26.6
kcal/mol, respectively. Further, the out-of-plane confor-
mation 2b was found from frequency calculations to
represent a transition state for the rotation of XH2
around the Mo-X bond. The high barrier of rotation is
in line with previous theoretical5,6a,7 and experimental2

studies on related d0 alkylidene complexes of the type
R(R′)CdMo(OR′′)2. For E ) NH and PH, we find again
in-plane, 3a and 3b, as well as out-of-plane conforma-
tions, 3c, with the latter representing a transition state
for the rotation interconnecting the in-plane conforma-
tions 3a and 3b. For NH the cis-conformation, 3a, with
a Mo-N-H angle of 137° is favored over 3b (Mo-N-H
) 137°) by 7.0 kcal/mol, whereas the trans-conforma-
tion, 3b, with a Mo-P-H angle of 82.1° is favored over
3a (Mo-P-H ) 96°) for PH by 2.1 kcal/mol.

The conformational preference for the ligands E )
CH2, SiH2, NH, and PH in MoCl2(O)E as well as the
reactivity and strength of the ModE bond can be
understood by analyzing the frontier orbitals of E and
MoCl2(O) as well as their interactions in the combined
MoCl2(O)E complex. The MoCl2(O) fragment with a d2

electron count has a triplet ground state, and its highest
occupied and lowest unoccupied frontier orbitals are
displayed in Figure 1. The d-based orbitals of Figure 1

rise in energy with increasing antibonding ligand
interaction, where the oxygen σ and π ligands generally
are more destabilizing than the corresponding chlorine
components. The related orbital energies for the frontier
orbitals of the E ligands are shown in Figure 2.

The frontier orbitals for XH2 are σXH2, 4a, and πXH2,
4b. They are both of lower energy than the d-based
orbitals on MoCl2(O), Figures 1 and 2. In the case of
CH2 the ground state is a triplet with the electronic
configuration (σXH2)1(πXH2)1, whereas SiH2 has a singlet
ground state with the configuration (σXH2)2. In both the
in-plane, 2a, and out-of-plane configuration, 2b, of
MoCl2(O)E a σ-bond is readily established between σXH2
and 1a′ of MoCl2(O). For the in-plane conformation, 2a,
there is further a strong π-interaction between πXH2 and
1a′′. The corresponding π-interaction in the out-of-plane
conformation, 2b, involves πXH2 and 2a′. It is less
favorable than in 2a, as 2a′ is of higher energy than
1a′′, Figure 1. The in-plane conformation is as a
consequence favored for E ) CH2 and SiH2. Our
explanation is based on the canonical fragment orbitals.
A related rationale based on qualitative orbitals has
been provided by Cundari5 and Gordon. It should be
noted that the energy gap between 1a′′ and 2a′ of Figure
1, and thus the rotation barrier, can be readily changed
by substituting either oxygen or chlorine with other
auxiliary ligands.2,5,7 The ∆H(Mo-XH2) bond formation
enthalpies are given in Table 1 as ∆H(Mo-CH2) )
-104.8 kcal/mol and ∆H(Mo-SiH2) ) -57.8 kcal/mol,
respectively. The Mo-CH2 bond is stronger because σXH2
and πXH2 form better overlaps with the MoCl2(O) frag-
ment orbitals in the case of CH2.

Figure 1. Frontier molecular orbitals for the MoCl2(O)
fragment in the geometry of the reactant MoCl2(O)E.
Orbital energies are given in electronvolts.

Figure 2. Frontier molecular orbital energies of the σ- and
π-components for the ligands E ) CH2, NH, O, SiH2, PH,
S, Cl, and Se. Orbital energies are given in electronvolts.
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The two ligands NH and PH would in a linear con-
formation with Mo-X-H ) 180° have one σ-interaction
betweeen 1a′ and σXH, 5a, as well as two π-interactions
involving the two πXH orbitals, 5b, and respectively 1a′′
and 2a′. However the two ligands are seen to reduce
the Mo-X-H angle by adopting an in-plane cis-confor-
mation, 3a, with Mo-X-H )137° in the case of NH and
a corresponding trans-conformation, 3b, for PH with
Mo-X-H ) 82°. The bending is for both ligands caused
by the weaker π-interactions involving πXH and 2a′ on
the MoCl2(O) fragment, Figure 2. In the case of PH the
ligand rotates to Mo-P-H ) 82° so that πXH instead
can be used in a σ-interaction with 1a′, 6a. This inter-
action is stronger than the one involving σXH since πXH
is closer in energy to 1a′ than σXH, Figures 1 and 2. The
acute Mo-P-H angle seems further to indicate a pos-
sible interaction between the P-H bond and the empty
2a′ orbital. The π-interaction involving πXH and 2a′ is
somewhat stronger for NH with the shorter Mo-X bond
and the more compact πXH orbital. The π-bond is as a
consequence not completely destroyed by the bend to
Mo-X-H )137°. This bend in addition allows for inter-
actions between πXH and 1a′, 6a, as well as between σXH
and 2a′, 6b. The ∆H(Mo-XH) bond formation enthalpies
are given in Table 1 as ∆H(Mo-NH) ) -115.0 kcal/mol
and ∆H(Mo-PH) ) -72.7 kcal/mol, respectively. These
bond strengths are quite comparable to the strengths
of the corresponding Mo-CH2 and Mo-SiH2 bonds. The
bending of the XH ligand observed here due to a weak
π-interaction has also been found in H2XdXH2

31 and
MdXH25,32 for higher carbon homologues (X ) Sb, Pb).

The Mo-E bond in the chalcogenides complexes
MoCl2(O)E (E ) O, S, Se) is again characterized by one
σ- and two π-bonds, with the π-bond involving 2a′ being
the weakest. We shall show later that the difference in
strength in the two π-bonds strongly influences the way

in which ethylene adds to the Mo-E chalcogenide
linkage. The ∆H(Mo-E) bond formation enthalpies are
given in Table 1 as ∆H(Mo-O) ) -153.5 kcal/mol,
∆H(Mo-S) ) -106.7 kcal/mol, and ∆H(Mo-Se) ) -93.6
kcal/mol, respectively. The trend is set by a decrease in
the π-overlaps as well as the electronegativity of the
chalcogenides through E ) O, S, Se, as discussed in
more detail by Gonzalez-Blanco et al.33 We include as
well for comparison the enthalphy of formation of one
Mo-Cl bond in MoCl2O2 from MoClO2 and Cl as
∆H(Mo-Cl) ) -81.2 kcal/mol, Table 1.

B. Cycloaddition Products. The [2+2] cycloaddi-
tion of ethylene to the ModE bond in Mo(E)OCl2 can
take place along two paths bisecting either the Cl-
Mo-O angle, 7a, or the Cl-Mo-Cl angle, 7b. Our
calculations show that the product 7a from the approach
bisecting the Cl-Mo-O angle is the more stable for all
E. The Mo(E)OCl2 complexes studied here are repre-
sentative of the more general class M(E)(X)L2 where X
is a second multiply bonded ligand and L is a singly
bonded ligand (halide, alkyl, or alkoxide). Studies6a,7,12a,b

to date have shown that the products analogous to 7a
with the incoming ethylene bisecting the L-M-X angle
are the more stable.

The [2+2] cycloaddition products, 7a, have a square
pyramidal coordination around the molybdenum atom
with the remaining ModO bond in the apical position.
Geometrical parameters for the optimized products are
given in Table 2, and structures of 7a are displayed in
Figure 3 for E ) CH2 and NH. The Mo-C-C-E ring is
seen to be puckered with a ring twist defined by the
dihedral angle Mo-C-C-E. Puckering of the ring
alleviates the steric repulsion between the two CH2
units of the incoming ethylene by twisting them from
an eclipsed conformation toward a staggered conforma-
tion. The ring twist for E ) CH2, SiH2, PH, S, and Se
amounts to between 35° (E ) SiH2) and 20° (E ) S).

(31) (a) Jacobsen, H.; Ziegler, T. J. Am. Chem. Soc. 1994, 116, 3667-
3679. (b) Malrieu, J.-P.; Tranquier, G. J. Am. Chem. Soc. 1989, 111,
5916.

(32) (a) Jacobsen, H.; Ziegler, T. Inorg. Chem. 1996, 35, 773. (b)
Jacobsen, H.; Ziegler, T. Comments Inorg. Chem. 1995, 5, 301. (c)
Márquez, A.; Fernández Sanz, J. J. Am. Chem. Soc. 1992, 114, 2903.

(33) Gonzalez-Blanco, O.; Branchadell, V.; Monteyne, K.; Ziegler,
T. Inorg. Chem. 1998, 37, 1744.

Table 2. Geometrical Parameters and Bond Energies for the Productb Mo(E)OCl2-C2H4

ligand E

geometrical parametersa,c CH2 SiH2 NH PH O S Se Cle

Mo-E 2.21 2.58 1.98 2.57 1.93 2.42 2.55 3.13
Mo-C 2.21 2.22 2.23 2.21 2.21 2.22 2.21 2.15
E-C 1.52 1.89 1.45 1.89 1.45 1.85 2.00 1.86
C-C 1.52 1.53 1.52 1.51 1.51 1.51 1.50 1.50
∠E-Mo-C 60 60 63 64 65 65 66 59
∠Mo-C-C-E -29 -35 -2.6 -25 0.3 -20 -24 -40
Mo-O 1.70 1.70 1.71 1.70 1.70 1.70 1.70 1.72

∆H(Mo-E)d -15.6 -24.1 -0.9 -7.4 12.0 5.9 6.2 13.0
a Distances in angstroms (Å) and angles in degrees. b Geometry corresponds to most stable conformation 7a. c In the specification of

the parameters, E refers to C, Si, N, and P in the case of CH2, SiH2, NH, and PH, respectively. d Bond formation enthalpies in kcal/mol
for the [2+2] addition with respect to Mo(E)OCl2 and C2H4 in their ground states. Zero-point energy corrections and temperature
contributions are not included. e For chlorine the bond energy is with respect to MoO2Cl2 and C2H4 in their ground states.
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The two most electronegative ligands E ) O and NH
are seen to maintain a planar ring structure with twist

angles of 0.3° and 2.6°, respectively, Table 2. The
puckering of the ring is done at the expense of reducing
the metal-E π-interaction in the plane perpendicular
to that ring. For E ) O, NH with the best π-overlaps
the reduction in the Mo-E π-interaction is too costly.

The formation of the metallacycle, 7a, from the [2+2]
addition involves essentially the occupied π and unoc-
cupied π* orbitals on ethylene as well as the occupied
lone pair orbital nE on E and the antibonding Mo-E
LUMO π*LUMO. These orbitals are shown schematically
in Figure 4. The outcome of the interactions between
these orbitals is the two occupied orbitals 1a′, 2a′ as well
as the two virtual orbitals 3a′, 4a′, Figure 4. Here 1a′
and 2a′ represent the E-C and Mo-E bonds, respec-
tively, whereas 3a′ and 4a′ are the corresponding
antibonding combinations. In the formation of the
metallacycle, 7a, charge is donated from the nE lone pair
orbital on the MoCl2(O)E fragment to the π* orbital of
ethylene as well as from the π orbital on ethylene to
the π*LUMO orbital of MoCl2(O)E, Table 3.

Figure 3. Optimized geometries of the cycloaddition product 7a for the ligands E ) CH2 and NH. Bond lengths are in
angstroms (Å), and bond angles are in degrees.

Figure 4. Orbital interaction diagram for the formation
of the metallacycle product. The Mo-C and E-C bond
formation involves the frontier molecular orbitals nE and
π*LUMO of the reactant MoCl2(O)E and the π and π* of the
incoming ethylene.

Table 3. Changea,b in Occupation Numbersc for
Frontier Fragment Orbitals in the Product

Mo(E)OCl2-C2H4

ligand E

orbital CH2 SiH2 NH PH O S Se

π* 0.96 1.02 0.88 0.93 0.76 0.87 0.90
π -0.85 -0.75 -0.91 -0.80 -0.95 -0.85 -0.79
π*LUMO 0.27 0.86 0.49 0.73 0.57 0.76 0.86
nE -0.90 -0.89 -0.61 -1.00 -0.45 -0.46 -0.51

a The orbitals π* on ethylene and π*LUMO on the MoCl2O(E)
complex are empty in the free fragments. The entries for these
orbitals indicate the amount of electron occupation gained in the
combined Mo(E)OCl2-C2H4 complex. b The orbitals π on ethylene
and nE on the MoCl2O(E) complex are occupied in the free frag-
ments. The entries indicate the amount of electron occupation lost
in the combined Mo(E)OCl2-C2H4 complex. c The gains (positive)
and losses (negative) might not add up due to the involvement of
other orbitals.
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The feasibility of the cycloaddition varies considerable
with the ligand E. Thus, the addition is increasingly
exothermic for E ) PH, CH2, and SiH2 and increasingly
endothermic for E ) S, Se, O, whereas NH gives rise to
a thermoneutral process, Figure 5 and Table 2. The
trends in the calculated reaction enthalpies, ∆H of
Figure 5, follow to some extent the energy of the nE
orbital of MoCl2(O)E, Figure 6, which again correlates
with the energy of the π orbitals of the E ligand, Figure
2, and the electronegativity of the central atom on E.

The ligands E ) PH, CH2, and SiH2 have π orbitals,
Figure 2, and nE orbitals, Figure 6, of increasingly high
energy as the electronegativity of the central atom on
E decreases. The generally high energy of nE facilitates
the required donation of charge to π*, Table 3, and gives
rise to an exothermic reaction, where the exothermicity
increases with the energy of nE. On the other hand, E
) Se, S, and O have π orbitals, Figure 2, and nE orbitals,
Figure 6, of relatively low energy because of their high
electronegativity, especially in the case of oxygen. The
general endothermicity of the addition to the ModE
bond for E ) Se, S, and O can be rationalized from the
fact that the required donation of charge in the [2+2]
addition from nE to π*, Figure 4, is less favorable for
this class of electronegative ligands, Table 3. This is
especially the case for E ) O, where the addition process
is calculated to be exothermic by 12 kcal/mol. Thus, it
is apparent that a feasible addition of ethylene to a Md
E bond requires an nE orbital of relatively high energy.

The isomer 7b does not represent a minimum on the
potential energy surface for E ) CH2, SiH2, NH, and
PH. This is in line with the fact that the out-of-plane
conformations, 2b and 3c, are transition states for the
reactant MoCl2(O)E. For the chalcogens, conformation
7b was found to be 6-8 kcal/mol higher in energy than
the corresponding isomer 7a. The two conformations are
shown for E ) O in Figure 7. In conformation 7b the
two M-O bonds are in the same plane, which results
in the occupied oxygen π orbitals competing for the same
empty d orbitals for stabilizing interactions. In confor-
mation 7a the two Mo-O bonds are in perpendicular
planes, which allows for different empty d orbitals to
supply the stabilizing interactions with the occupied
oxygen π orbitals. As a result, the Mo-O bonds in 7a
are shorter than in 7b, and the former conformation is
more stable.

We include as well for comparison the [2+2] addition
of ethylene to the Mo-Cl bond in MoCl2O2. This reaction
is better represented as an insertion of ethylene into
the Mo-Cl bond, as this bond is completely broken in
the product, Table 2. The reaction is endothermic with
an enthalpy of 13.0 kcal/mol.

C. Cycloaddition Transition States and Activa-
tion Energies. It follows from Figure 5 that the energy

Figure 5. Activation barriers ∆E* and reaction enthalpies
∆H for the [2+2] addition of ethylene to the ModE bond
in the series of reactants MoCl2(O)E for E ) CH2, NH, O,
SiH2, PH, S, Cl, and Se.

Figure 6. Frontier molecular orbital energies for the
reactants MoCl2(O)E and ethylene. Metallacycle formation
involves the nE and π*LUMO of the reactant MoCl2(O)E and
the π and π* of the ethylene. Orbital energies are given in
electronvolts.

Figure 7. Optimized geometries for the metallacycle products arising from ethylene addition to MoCl2(O)E for E ) O via
the Cl-Mo-O angle 7a and the Cl-Mo-Cl angle 7b. Bond lengths are in angstroms (Å), and bond angles are in degrees.
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of activation, ∆E*, for the cycloaddition of ethylene to
the MdE bond of MoCl2(O)E follows roughly the same
trend as the heat of reaction, ∆H, with respect to the
electronegativity of the ligand E. Thus for E ) SiH2,
CH2, and PH we find modest barriers of 2.3, 4.7, and
5.0 kcal/mol, respectively, Table 4. On the other hand
for E ) S, Se, NH, and O the calculated barriers of 16.6,
16.6, 21.1, and 25.8 kcal/mol, respectively, are much
higher.

For E ) SiH2, CH2, and PH where the cycloaddition
addition is exothermic with a low barrier, we find as
expected early transition states with Mo-C distances
of 3.11, 3.09, and 2.90 Å, respectively, Table 4. For E )
S, Se, NH, and O where the cycloaddition addition is
endothermic (E ) S, Se, O) or thermoneutral (E ) NH)
with high barriers, we find as expected more productlike
transition states with Mo-C distances of 2.18, 2.19,
2.25, and 2.20 Å, respectively.

As the reaction system approaches the transition
state, the occupied π orbital of ethylene and the nE
orbital of MoCl2(O)E will interact to form in-phase and
out-of-phase combinations. The latter, 8a, will destabilze
the reaction system and contribute substantially to the
barrier. The repulsive reaction in 8a can be reduced by
an admixture of the π* orbital of ethylene through
interactions with nE, 8b. The extent of the admixture
as well as the reduction in the potential barrier caused
by 8a will decrease with an energy gap between π* and
nE according to general considerations based on pertur-
bation theory. Thus, it is understandable that the
cycloaddition for E ) SiH2, CH2, and PH will have a
modest energy barrier as the nE orbital is high in energy
and the π* to nE energy gap relatively small, Figure 6.
On the other hand, the lower energy of nE in MoCl2-
(O)E for E ) S, Se, O, and NH will result in higher
barriers for the addition, Table 4 and Figure 6.

4. Concluding Remarks

The [2+2] cycloaddition of olefin to a MdE multiple
bond is a contested area in organometallic chemistry.
Addition of olefin to metal-carbene bonds has been

firmly established by experimental and theoretical
studies as a [2+2] cycloaddition. However, it has never
been possible conclusively to demonstrate the occurrence
of a similar olefin addition to MdO or MdS bonds,
although reaction steps of this type have been invoked
frequently. We have carried out a systematic study of
the [2+2] cycloaddition of ethylene to the MdE bond in
MoCl2(O)E for E ) S, Se, O, NH, PH, SiH2, and CH2.
Our objective has been to identify the key factors of
importance for the reaction enthalpy and activation
barrier of the addition reaction as well as the way in
which these factors are influenced by the nature of E.

Our systematic investigation has shown that the
feasibility of the [2+2] addition depends on the electro-
negativity of the heteroatom on the ligand E. The
ligands with the less electronegative heteroatom give
rise to exothermic reactions, (in kcal/mol) SiH2 (-24.1)
< CH2 (-15.6) < PH (-7.4), as they have lone pairs of
sufficiently high energy to donate charge to π* of the
incoming olefin and form a strong C-E bond. On the
other hand, the addition is endothermic for the more
electronegative ligands, S (5.9) < Se (6.2) < O (12.0) <
Cl (13.0), as their lone pairs are of too low energy to
effectively donate charge to π* of the incoming olefin.
The activation energy for the addition follows the order
(in kcal/mol) SiH2 (2.3) < CH2 (4.7) < PH (5.0) < S(16.6)
< Se (16.6) < Cl (19.0) < NH (21.1) < O (25.8). Again,
ligands with the less electronegative heteroatoms afford
the lowest barrier for the addition since they have lone
pairs which at an early stage of the reaction can interact
with the stabilizing π* of the incoming ethylene.

This is the first theoretical investigation of the [2+2]
cycloaddition of ethylene to the MdE bond in which the
influence of the ligand E has been considered in a
systematic way. Our study affords a rationale for why
[2+2] cycloaddition of olefin to metal-carbene bonds is
facile whereas the corresponding addition to an MdO
bond is much less favorable. We conclude on the basis
of our analysis that the [2+2] cycloaddition of ethylene
to the MdO bond of d0 metal complexes is unlikely to
be operative in all but a few cases, if at all.
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Table 4. Geometrical Parameters and Bond Energies for Transition States:b Mo(E)OCl2-C2H4
e

ligand E

geometrical parametersa,c CH2 SiH2 NH PH O S Se Cle

Mo-E 1.91(5) 2.36(0) 1.87(0) 2.28(9) 1.91(0) 2.28(8) 2.43(7) 2.58(8)
Mo-C 3.09(0) 3.11(2) 2.25(1) 2.90(7) 2.20(0) 2.18(6) 2.19(6) 2.48(2)
E-C 3.20(2) 3.41(9) 1.84(3) 3.26(5) 1.57(7) 2.02(0) 2.14(2) 2.41(8)
C-C 1.34(5) 1.34(6) 1.46(2) 1.34(9) 1.50(0) 1.48(8) 1.48(6) 1.40(4)
∠E-Mo-C 99.(8) 99.(0) 83.(5) 99.(4) 70.(0) 80.(0) 78.(7) 72.(0)
∠Mo-C-C-E 9.(9) 11.(7) 4.(7) 19.(0) 3.(7) -25.(4) -23.(4) 5.(3)
Mo-O 1.71(7) 1.70(2) 1.71(4) 1.70(4) 1.71(0) 1.70(4) 1.70(4) 1.71(6)

∆Hd,e 4.7 2.3 21.1 5.0 25.8 16.6 16.6 19.0
a Distances in angstroms (Å) and angles in degrees. b Geometry corresponds to ethylene addition along path 7a. c In the specification

of the parameters, E refers to C, Si, N, and P in the case of CH2, SiH2, NH, and PH, respectively. d Enthalpy of activation in kcal/mol for
the formation of the metallacycle, with respect to Mo(E)OCl2 and C2H4 in their ground states. Zero-point energy corrections and temperature
contributions are not included. e For chlorine the enthalpy is with respect to MoO2Cl2 and C2H4 in their ground states.
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