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Density functional theory (DFT) calculations have been carried out on the [2+2] and [2+3] addition of ethylene
to CrdO bonds in CrO2Cl2. The [2+3] addition was found to be more favorable with an electronic reaction
enthalpy of-9.6 kcal/mol and an activation barrier of 15.8 kcal/mol. The corresponding values for the [2+2]
addition were 15.4 and 27.9 kcal/mol, respectively. It was concluded that epoxides formed in the reaction between
CrO2Cl2 and olefins are unlikely to originate from a [2+2] addition path to a CrdO bond as previously suggested.
The two addition reactions were analyzed by the intrinsic reaction coordinate method, and comparisons were
made to a previous study of [2+2] and [2+3] addition by ethylene to OsO4. Qualitative considerations were
used to rationalize why the addition of ethylene to metal-oxygen bonds in tetrahedral d0 oxo complexes seems
more prone to proceed by a [2+3] mechanism.

Introduction

Transition metal oxides and halides are applied extensively
as oxidants in processes where oxygen or halogen is inserted
into a C-H linkage or added to an olefin double bond.1-6

Oxidation carried out in this way is often relatively gentle and
remarkably specific compared to the direct application of
elemental oxygen or halogen. Many of the oxidation processes
have been subject to mechanistic studies.7-16

In the reaction with olefins, a number of systems including
molybdenum(VI) complexes,2 permanganate,3 ruthenium tet-
raoxide,4 and osmium tetraoxide5 produce as the primary
products diols.7,8 At least in the case of OsO4, two different
mechanistic hypotheses have been proposed, namely a [2+2]
cycloaddition pathway by Sharpless,15 Scheme 1, and a [2+3]
reaction path by Corey,16 Scheme 2. Both mechanisms lead to
the formation of a metallaoxethane intermediate,1c, from which
the diol is eliminated by hydrolysis.
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Very recently, several theoretical studies analyzed these two
mechanisms for the OsO4 + C2H4 reaction.17a,18,19 They all
concluded that the reaction pathway is unlikely to proceed
through a [2+2] transition structure involving a four-membered
metallacycle, TS(1af1b) of Scheme 1, due to the high barrier
(∼40 kcal/mol) associated with this path. By contrast, the [2+3]
mechanism which invokes a five-membered ester type transition
state, TS(1df1c) of Scheme 2, appears to be much more
feasible with a barrier of a few kilocalories per mole.
Diols seem not to be a product in the reaction of chromyl

chloride,1 CrO2Cl2, and olefins. Instead an often complex
mixture is produced,6 with epoxides andcis-chlorohydrin as the
main products. An early mechanism for olefin oxidation by
CrO2Cl2 involved the electrophilic attack of [CrO2Cl]+ on the
carbon-carbon double bond. However this mechanism failed9,10

to explain all stereochemical aspects and was replaced with a
mechanism based on [2+3] cis addition6,9,11,12as in the case of
the metal oxides discussed above. Alternatively, Sharpless et
al.6 have suggested that a [2+2] addition of the carbon-carbon
double bond to the metal-oxygen linkage might be at work as
the initial step for the oxidation of olefins by CrO2Cl2, Scheme
3, in analogy with the corresponding reaction involving OsO4,
Scheme 1. The four-membered metallacycle,2b of Scheme 3,
formed from the addition of olefin to CrO2Cl2 might in
subsequent steps rearrange to the observed products such as
epoxides.
Support for the importance of [2+2] addition in the oxidation

of olefins by CrO2Cl2 was later provided by Goddard et al.13 in
a pioneering theoretical study of alkene oxidation. These
authors suggested that oxidants such as OsO4 and MnO4- afford
diols in reactions with olefins because the five-membered
metallaoxethane intermediate,1cof Scheme 2, for these species
is more stable than the four-membered metallacycle1b of
Scheme 1. On the other hand, in the case of CrO2Cl2 the relative
energies of the two ring systems are reversed, with the four-
membered metallacycle2b of Scheme 3 being the most stable.
As a result, CrO2Cl2 affords epoxides and other products from
a rearrangement of2b, rather than diols. Unfortunately, due
to limitations in methodology and computational facilities at

the time, Goddard et al.13 were unable to fully optimize the
geometrical structures of the different species involved in
Scheme 3.
We shall in the present investigation study the [2+2] addition

of ethylene to a CrdO bond, eq 1, as well as the [2+3] addition,
eq 2, of ethylene to the two terminal oxygen atoms. Both
reaction paths will be traced by the intrinsic reaction coordinate
(IRC) method.

The objective here has been to test whether the unique product
distribution from the reaction between CrO2Cl2 and C2H4 could
be explained in terms of the preference for a [2+2] addition,
as suggested by Sharpless.6 Thus, the [2+2] addition might
still be viable for CrO2Cl2 although recent theoretical calcu-
lations17a,18,19showed that it is highly unfavorable for OsO4. In
fact, Rappe´13 and Goddard found in their early calculations that
the [2+2] addition of C2H4 to CrO2Cl2 was exothermic by-14
kcal/mol whereas the corresponding [2+3] cycloaddition was
endothermic by 10 kcal/mol.
A second aim of this study has been to analyze the factors

determining the relative feasibility of the [2+2] and [2+3]
additions of ethylene to CrO2Cl2, eqs 1 and 2, as well as OsO4,
eqs 3 and 4. Our analysis will be concerned with the activation

energies as well as the reaction enthalpies. The detailed IRC
studies should further detect possible differences in the mode
of attack by ethylene on OsO4 and CrO2Cl2 along the [2+2]
and [2+3] reaction paths.

Computational Details

The reported calculations were carried out by using the Amsterdam
Density Functional (ADF) package developed by Baerends et al.20 and
vectorized by Ravenek.21 The adopted numerical integration procedure
was due to te Velde et al.22 A set of auxiliary s, p, d, f, and g STO
functions, centered on all nuclei, were introduced in order to fit the
molecular density and Coulomb potential accurately in each SCF
cycle.23 An uncontracted triple-ú STO basis set was employed for the
ns, np, nd, (n + 1)s, and (n + 1)p valence orbitals of the transition
metal elements. For carbon (2s,2p), oxygen (2s,2p), chlorine (3s,3p),
and hydrogen (1s), use was made of a double-ú basis set augmented
by an extra polarization function.24 The fully occupied inner shells of
chlorine and chromium (1s2s2p), as well as carbon and oxygen (1s),
were assigned to the cores and treated by the frozen-core approxima-
tion.25 All the geometries and frequencies were calculated at the local
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Scheme 2

Scheme 3

CrO2Cl2 + C2H4 f TS1
q([2+2]) f Cr(OCl2)OC2H4 (1)

CrO2Cl2 + C2H4 f TS2
q([2+3]) f Cr(Cl2)O2C2H4 (2)

OsO4 + C2H4 f TS3
q([2+2]) f Os(O3)OC2H4 (3)

OsO4 + C2H4 f TS4
q([2+3]) f Os(O2)O2C2H4 (4)
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density approximation (LDA) level26with the parametrization of Vosko
et al.27 The relative energies were evaluated by including Becke’s
nonlocal exchange28 and Perdew’s nonlocal correlation corrections29

as perturbations based on the LDA density. This approach is denoted
NL-P, and its validity has been discussed elsewhere.30 The geometry
optimization procedure was based on an analytical gradient scheme
developed by Versluis and Ziegler,31a Fan and Ziegler,31b and
Schreckenbach31c et al. The harmonic vibrational frequencies were
computed from the force constants obtained by numerical differentiation
of the energy gradients.32 For the osmium system, relativistic correc-
tions to the total energy were taken into account by the quasi-relativistic
method (QR).33a,b The application of this scheme, in comparison to
other relativistic methods, has been discussed by Li et al.33 The
transition state structures were located by a series of constrained
geometry optimization in which the bonds formed and broken were
fixed at various lengths while the remaining internal coordinates were
optimized. The approximate stationary points located from such a
procedure were then fully optimized using the standard transition state
optimization procedure with an algorithm due to Banerjee et al.34 and
Baker35 in the ADF implementation due to Fan et al.36 All first-order
saddle points were shown to have a Hessian matrix with a single
negative eigenvalue. The reaction pathways were traced by the intrinsic
reaction coordinate (IRC) method due to Fukui37 based on a search
scheme by Gonza´lez and Schlegel38 and incorporated into the ADF
program by Deng and Ziegler.39

Results and Discussion

We shall now turn to a full discussion of the reaction path
for the [2+2] and [2+3] additions of ethylene the Cr-O bonds
in CrO2Cl2. The first sections, A-C, will be devoted to the
geometrical features of the stationary points and the structural
changes along the reaction paths. A complete discussion of
the energy profile for the processes will be given later in section
D whereas sections E and F provide an analysis of the calculated
results in terms of qualitative molecular orbital theory.
A. Geometries of the Reactants and Products.Figure 1

displays the optimized geometries for the CrO2Cl2 reactant,3,
as well as the [2+2], 4, and [2+3], 5, products from the
reactions in eqs 1 and 2. Frequency calculations confirmed that
the structures reported all represent energy-minimum points. All
structures were optimized without symmetry constraints.
The reactant CrO2Cl2, 3, is a d0 complex with a singlet ground

state. It was optimized to haveC2V symmetry in agreement
with experiment.17c The optimized distances ofR(Cr-Cl) )
2.104 Å andR(Cr-O) ) 1.571 Å are in good agreement with
the experimental17c estimates ofR(Cr-Cl) ) 2.126 (2) Å and
R(Cr-O) ) 1.581 (2) Å, respectively, whereas the optimized

angles of∠ClCrCl ) 112.0° and∠OCrCO) 108.7° are in
line with the experimental findings17c of ∠ClCrCl ) 113.3(3)°
and∠OCrCO) 108.5(4)°, respectively.
No symmetry was found for the [2+2] addition product,4,

in which the four-membered CrOCC ring bisects the ClCrO
angle. The coordination around chromium in4 is square
pyramidal with an axial CrdO bond that is 0.01 Å shorter than
the CrdO linkages of CrO2Cl2. The second Cr-O bond has
been stretched by 0.24 Å to 1.807 Å and the olefin C-C bond
elongated to 1.485 Å as electron density from the former Cr-O
double bond is donated into theπ* orbital of ethylene. To
ensure that this conformation represents a global minimum, we
also examined another enantiomer of the [2+2] product 4,
Figure 2, in which the four-membered ring bisects the ClCrCl
angle. This isomer,6, was computed to be a local minimum
with an energy 16.0 kcal mol-1 above that of4.
The ester complex5 has a d2 electronic configuration as the

metal center formally has been reduced by the [2+3] addition
of ethylene. The ground state was found to be a triplet whereas
the corresponding singlet with a similar optimized geometry
was 20.5 kcal/mol higher in energy. The ester,5, possesses a
singleC2 axis and a puckered Cr-O-C-C-O five-membered
ring with a dihedral∠C-O-O-C angle of 42°. The puckering
reduces the steric interaction between hydrogens and oxygens
on adjacent carbons by allowing for a staggered conformation
of the C-H and C-O bonds,5. The addition of olefin increases
the two Cr-O distances by 0.19 Å whereas the C-C olefin
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Figure 1. Optimized geometries of the reactant CrO2Cl2 (3), the four-
member product (4) from the [2+2] cycloaddition of C2H4 to the CrdO
bond of CrO2Cl2 in the ClCrO plane, and the five-member product (5)
from the [2+3] cycloaddition of C2H4 to the two terminal oxygens of
CrO2Cl2. Distances are in angstroms and angles in degrees.
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bond is stretched by 0.17 Å, again as a result of donation from
the former Cr-O double bond into theπ* orbital of ethylene.
B. Transition State Structures. Figure 3 depicts the

transition state (TS) structures for the [2+2] path of eq 1,TS1,
and the [2+3] path of eq 2,TS2. The optimized TS’s for the
osmium system,17aTS3 andTS4, are displayed in Figure 4 for
comparison. Calculations of the energy Hessians revealed a
single negative eigenvalue for each of these TS’s
As illustrated in Figures 3 and 4, the geometries of the five-

center TS’s are quite similar for both chromium,TS2, and
osmium,TS4. The atoms in the five-center framework are
coplanar, with the O-C-C-O torsion angles being less than
10°. The osmium system,TS4, represents an earlier transition
state with a long C-O distance of 2.045 Å compared to the
chromium transition state,TS2, in which the C-O distance is
reduced to 1.796 Å. By comparison, the C-O distances in the
final products are 1.431 Å (Os) and 1.421 Å (Cr).
The optimized four-center TS’s show slightly different

geometries for the two metals. Thus, the M-O-C-C torsion
angle is 25° for chromium,TS1, and 8° for osmium,TS3. We

note further that the C-C distances are stretched more in the
chromium systems,TS1 andTS2, than in the osmium systems,
TS3 andTS4, as in the case of the products.
The energy profiles for the [2+2] and [2+3] addition

reactions along the IRC are shown at the bottom of Figures 5
and 6, respectively. The corresponding energy profiles for the
osmium systems have been reported previously.17a It follows
from Figure 5 that the [2+2] addition of ethylene to CrO2Cl2 is
endothermic by 15.5 kcal/mol with an activation barrier of 27.9
kcal/mol.
The IRC energy profile, Figure 6, for the [2+3] cycloaddition

of ethylene to CrO2Cl2 reveals that the process is exothermic
by -9.6 kcal/mol and has an activation barrier of 15.8 kcal/
mol. The [2+3] cycloaddition involves a formal reduction of
the metal center from a d0 to a d2 configuration. The d2

configuration gives rise to a triplet state in the case of chromium
with the result that the reaction energy profile in Figure 6
displays a crossover from a d0 singlet surface on the reactant
side to a d2 triplet surface on the product side. We shall discuss
this in more detail later.
C. Intrinsic Reaction Paths for the Chromium System.

The IRC method affords a steepest descent path in mass-
weighted Cartesian coordinates from the TS toward reactants
and products. We have already discussed the energy profile
along this path given in Figures 5 and 6. We shall in the
following discuss changes in the internal coordinates along the
IRC path for the chromium systems. A similar discussion has
been presented elsewhere17a for the osmium systems
Figure 5 (top) displays changes in internal coordinates along

the IRC for the [2+2] cycloaddition, eq 1. The corresponding
plot for the [2+3] cycloaddition of eq 2 is given in Figure 6.
The IRC parameters represent in absolute terms the length of
the path from the TS. A negative value characterizes the
reactant path whereas the position on the product path is given
by a positive value ofs.
The IRC in Figure 5 was constructed from a total of 170

steps. It shows that the reaction proceeds in three stages. First,
from the reactants (s) -15) to the vicinity (s) -2) of TS1,
ethylene initially attacks the CrdO linkage in a nucleophilic

Figure 2. Optimized structure of the four-member product (6) from
the [2+2] cycloaddition of C2H4 to the CrdO bond of CrO2Cl2 in the
OCrO plane. Distances are in angstroms and angles in degrees.

Figure 3. Optimized geometries of the transition states for the [2+2]
(TS1) and [2+3] (TS2) cycloaddition reactions between CrO2Cl2 and
C2H4. Bond lengths are in angstroms and bond angles in degrees.

Figure 4. Optimized geometries of the transition states for the [2+2]
(TS3) and [2+3] (TS4) cycloaddition reactions between OsO4 and C2H4.
Bond lengths are in angstroms and bond angles in degrees.
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fashion. One of the carbon atoms moves gradually closer to
the metal center and the empty chromium-based d orbitals. A
linear decrease in the distance depicted bye of Figure 5 (top)
facilitates the donation of electron density from the olefinic bond
to the metal center. At this stage, neitherR(CdC) (g) nor
R(CrdO) (b and d) has started to elongate. Also, the C-O
distance (f) is still too long for an effective interaction. Up to
this point in the path, the C-Cr bond formation is clearly ahead
of the C-O bond making, as seen from comparinge and f.
Thus, theR(C-Cr) distance has shortened nearly 1.0 Å, whereas
the length of the C-O interaction has decreased by less than
0.5 Å.
The second stage occurs in the TS region, where the most

remarkable change taking place is the acceleration of the C-O
bond making (the slope forf becomes more negative than before
and, in absolute terms, larger than fore). Simultaneously, two
bond-breaking processes begin: on one hand, the olefin starts
losing its double bond character (g); on the other hand, the
CrdO bond (b) is weakened as the oxygen atom starts a
nucleophilic attack on the other olefinic carbon (f). The bond
breaking is compensated for by the formation of the C-O
linkage (f) and the completion of the C-Cr bond (e).
Few structural changes occur in the last stage,s) 2-15, of

the reaction. Here, bothe andg remain constant. Asf slowly
converges to the product C-O distance,b increases at the same
rate. We note finally that the∠OCrCl anglebc increases

throughout the reaction from 109 to 145° in order for the final
product to attain its square pyramidal conformation with one
oxygen in an axial position,4.
Let us turn now our attention to the pathway leading to a

five-member intermediate. For the [2+3] cycloaddition, the
reaction path of lowest energy (Figure 6) involves a crossover
from the singlet surface to the triplet surface once the TS has
been past. The IRC was traced on the singlet PES in the first
place since the TS is situated here. The singlet energies were
calculated at each IRC point from the TS toward the product
until a crossing point was found ats) 1.0 where the singlet-
triplet energy splitting is less than 0.1 kcal mol-1. From this
point, the true IRC was approximately represented by the
steepest descent path on the triplet PES down to the triplet
product in the mass-weighted Cartesian coordinate system. A
total of 80 steps were computed.
As illustrated, tracing the IRC path on the lowest energy

surface for the reaction in eq 2 reveals thatTS2 connects on
the product side to the local minimum5, which is 11.4 kcal
mol-1 more stable than the corresponding product on the singlet
PES. The reactant and the transition state,TS2, both have an
electronic singlet ground state in accordance with the formal
d0 configuration on the metal center.
Conceptually, such a crossing would be made possible by

spin-orbit coupling. Spin-orbit interactions are the main cause
for the breakdown of the selection rule that forbids intersystem

Figure 5. Changes in internal coordinates and energy for the
chromium-catalyzed [2+2] cycloaddition reaction along the IRC path.
The length of the IRC is given bys (amu1/2‚bohr). The transition state
is ats) 0.0, the cycloaddition product is ats≈ 15, and the reactants
CrO2Cl2 + C2H4 are ats≈ -15. Energies are relative to CrO2Cl2 +
C2H4.

Figure 6. Changes in internal coordinates and energy for the
chromium-catalyzed [2+3] cycloaddition reaction along the IRC path.
The length of the IRC is given bys (amu1/2‚bohr). The transition state
is at s ) 0.0, the cycloaddition product is ats≈ 8, and the reactants
CrO2Cl2 + C2H4 are ats ≈ -6. Energies are relative to CrO2Cl2 +
C2H4.
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crossing. The greater the spin-orbit coupling is, the greater
the probability that the spin change occurs at or near the
crossover point of the two different energy surfaces. Spin-
orbit coupling increases with the principal quantum number; it
is relatively small for light main group elements, resulting in a
high level of adiabaticity in organic systems, but it is much
greater for TM complexes. Therefore, it is expected that
reactions involving organometallic species are highly adiabatic.41

The natural reaction coordinate for the [2+3] cycloaddition
is theR(C-O) distance (e or f) which shrinks linearly withs
from 2.44 Å ats) -6.0 to 1.42 Å at the flat end region of the
energy profile. The first half of the reaction path up to the
transition stateTS2 is marked by very small changes in the other
coordinates except for an increase in the ClCrCl anglead. After
the transition stateTS2 has been reached, the proper formation
of the five-member ring begins. Thus, a closure of the OCrO
bond angle (bc) takes place simultaneously with the elongation
of the CrdO linkages (b/c) and the C-C bond (g). The C-O
bond making more than compensates for the Cr-O and C-C
bond stretching as the energy decreases. Interestingly, the
crossing point occurs just immediately after the highest point
in energy (s) 1.0), but none of the structural parameters turn
out to exhibit any abrupt change after the crossover from the
singlet to the triplet potential energy surface.
The last stage (s> 2.3) of the reaction path is characterized

by the loss of the planarity of the five-membered ring. As seen
from Figure 6, theegf torsion angle changes from 0 to 42°.
Such a distortion serves to relieve angle strain. It also reduces
the steric interaction between C-H bonds on adjacent carbon
centers (hgi dihedral angle). A similar reduction is achieved
for the steric interaction between the two C-O bonds (egf).
Notice, however, that the gain in stability froms) 2.2 tos)
8.0 (5) is only 3 kcal/mol.
D. Comparison of Reactivity Patterns for CrO2Cl2 and

OsO4. The calculated reaction enthalpies and activation ener-
gies for the [2+2] and [2+3] cycloaddition of ethylene to OsO4
and CrO2Cl2 are summarized in Figure 7. All energies are
relative to the separate reactants.
It is clear from Figure 7 that the [2+3] addition is preferred

over the [2+2] process for both metal systems. Thermody-
namically, the [2+3] reaction is favored by 24.3 kcal/mol for
OsO4 compared to 25.0 kcal/mol in the case of CrO2Cl2.
Kinetically, the [2+3] addition is characterized by barriers of
1.8 and 15.8 kcal/mol for OsO4 and CrO2Cl2, respectively,
whereas much higher activation energies of 39.7 and 27.9 kcal/
mol, respectively, are found for the [2+2] addition.
We shall now turn to a qualitative analysis of the trends

summarized in Figure 7, starting with the [2+3] addition. A
previous discussion has been given by Jørgensen and Hoff-
mann42 based on the extended Hu¨ckel method.
E. Analysis of the [2+3] Addition Reaction. The orbital

levels for the CrO2Cl2 reactant have been established by
photoelectron spectroscopy43a and theoretical calculations.43b

Similar experimental43c and theoretical43d investigations have
been carried out on OsO4.
The [2+3] addition of ethylene to two oxygens on OsO4 or

CrO2Cl2 involves primarily three occupied,7a-c, and two

unoccupied,7d,e, orbitals. The electron pairs in the two oxygen-

based orbitals,7a,b, are stabilized throughout the reaction by
in-phase contributions from the ethyleneπ, 7c, and π*, 7e,
orbitals, respectively, to form the two C-O bonding orbitals
8aand8b. However, the third electron pair originally residing

in the ethyleneπ orbital, 7c, will initially be destabilized as it
occupies the out-of-phase combination,8c, betweenπ, 7c, and
the oxygen-based lone pair7a. The destabilization could
potentially lead to a substantial activation barrier and an
endothermic reaction enthalpy. Fortunately, the LUMO,7d,
on either CrO2Cl2 or OsO4 has a (bonding) overlap,8d, with π

(40) Rondan, N. G.; Houk, K. N.J. Am. Chem. Soc. 1985, 107, 2099.
(41) Poli, R.Chem. ReV. 1996, 96, 2135.
(42) Jørgensen, K. A.; Hoffmann, R.J. Am. Chem. Soc.1986, 108, 1867.
(43) (a) Lee, T. H.; Rabalias, J. W.Chem. Phys. Lett.1975, 34, 135. (b)

Ziegler, T. Ph.D. Thesis, University of Calgary, 1978. (c) Foster, S.;
Felps, D.; Cusachs, I. C. McGlynn, S. P.J. Am. Chem. Soc.1973, 95,
5521. (d) Rauk, A.; Ziegler, T.; Ellis, D. E.Theor. Chim. Acta1974,
34, 49.

Figure 7. Schematic representation of the energetics involved in the
[2+2] and [2+3] cycloaddition reactions for the CrO2Cl2 (above) and
OsO4 (below) systems. Energies are in kcal mol-1.
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in 8c, which initially will help reduce the barrier and eventually
facilitate a transfer of the electron pair from the rising anti-
bonding orbital8c to the metal-centered LUMO,7d. Thus the
LUMO 7d has a crucial role in initially stabilizing the electron
pair of 8c and ultimately will completely accept it.
We have previously considered the one-electron reduction

process

in which the d0 metal center changes to a d1 configuration. We
were able to show30athat the calculated heat of reaction followed
the trend in the energy of the MO4-nCln LUMO, 7d, shown in
Figure 8. Thus, within a triad, the process becomes less
exothermic from top to bottom as the LUMO rises in energy
due to the usual increase in the antibonding ligand-metal
interaction. Also, within a transition series, the reaction
becomes more exothermic from left to right as the LUMO drops
in energy with increasing electronegativity of the metal center
(and the surrounding ligands).
We expect the heat of reaction for the [2+3] cycloaddition

of ethylene to terminal oxygens on MO4-nCln

to follow the same trend due to its status as a two-electron
reduction process. Thus, the addition of C2H4 to WO2Cl2 should
be less favorable than that to CrO2Cl2 or ReClO3.
The magnitude of the barrier for the [2+3] addition reaction

is inversely proportional to the size of the overlap,8d, between
the ethyleneπ orbital, 7c, and the LUMO,7d. The overlap
will further increase with the oxygen contribution to7d.
Chromium is less electronegative than osmium with a smaller
oxygen composition in7d. As a consequence, the [2+3]
activation barrier is larger for CrO2Cl2 than for OsO4, Figure
8. We expect the barrier to decerease substantially from left to
right in a transition series and to a lesser extent from top to
bottom in a triad.
F. Analysis of the [2+2] Addition Reaction. The [2+2]

addition of ethylene to the metal-oxygen bond in OsO4 or
CrO2Cl2 involves primarily two occupied,7c and9a, and two
unoccupied,7d,e, orbitals. One electron pair residing in the
oxygen-based orbital9a is stabilized byπ of ethylene to form
the C-O bonding orbital9b. At the same time the second

electron pair inπ of ethylene,7c, is destabilized,9c, in the
out-of-phase interaction with the oxygen-based orbital9a.
In the corresponding [2+3] addition reaction, the energy rise

of π was effectively prevented by a stabilization “from above”
by the empty LUMO orbital,7d, due to a large,8d, π-type
overlap between 7c and7d. The overlap,9d, betweenπ and
7d is much less favorable in the [2+2] approach, where7d now
acts as aπ*-rather thanπ-type orbital. For this reason the energy
of the electron pair in9c is allowed to rise, resulting in a
substantial barrier. Eventually the much higher lyingπ* orbital,
7e, of ethylene will mix into the olefin orbital and polarize it
toward the d lobe of7d. This polarization eventually gives
rise to the Os-C bonding orbital9e. Thus, the formation of
the Os-C bond requires the admixture of two vacant orbitals
on different fragments,7d and7e.
In the [2+3] addition, the large (50%) contribution from

oxygen to the LUMO of OsO4 was instrumental in a substantial
overlap withπ, 8d, and a low barrier. In the [2+2] addition,
the equal mix of oxygen reduces the overlap betweenπ and
7d, 9d, and increases the barrier. For CrO2Cl2, where the d
contribution in7d is predominant, the overlap9d is better and
the barrier lower, Figure 8. However, for both systems the
[2+3] approach is favored over the [2+2] addition because the
stabilizing overlap betweenπ and the metal-based LUMO,7d,
is larger in the former process,8d, compared to the latter,9d.

Concluding Remarks

We have shown from DFT calculations that the [2+3]
addition of ethylene to metal-oxygen bonds in CrO2Cl2 and
OsO4 are favored over the [2+2] addition to a MdO linkage
both kinetically and thermodynamically. The calculated dif-
ferences are much larger than the error margin of 5 kcal/mol
associated with the DFT scheme applied here. It is concluded
that epoxides formed in the reaction between CrO2Cl2 and
olefins are unlikely to originate from a [2+2] addition path to
a CrdO bond. We expect to explore alternative pathways for
the formation of epoxides in a later investigation. A qualitative
analysis of the [2+3] addition to metal-oxygen bonds in
tetrahedral d0 MOnCl4-n complexes (n ) 2-4) leads to the
prediction that the exothermicity should increase from bottom
to top in a triad and from left to right in a transition series. It
was further shown that the [2+3] addition process has a relative
low barrier due to a goodπ-type overlap between the ethylene
π orbital and the LUMO on the metal complex. The barrier
will be especially low for d0 oxo complexes with a covalent
(rather than a polar) bond, as in the case of OsO4. The
qualitative analysis of the [2+2] addition to a MdO linkage
underlined that this process has a high barrier due to a poor

Figure 8. Energies of highest occupied and lowest unoccupied orbitals
in the tetrahedral d0 metal complexes with the formulas MO4-nCln [M
) V, Nb, Ta (n ) 3); M ) Cr, Mo, W (n ) 2); M ) Mn, Tc, Re (n
) 1); M ) Fe, Ru, Os (n ) 4).

MO4-nCln + H f MO3-nCln(OH) ∆H5 (5)

MO4-nCln + C2H4 f MO2-nClnO2C2H4 ∆H6 (6)

C2H4 Addition to Cr-O Bonds in Chromyl Chloride Inorganic Chemistry, Vol. 37, No. 6, 19981313



overlap between the ethyleneπ orbital and the LUMO on the
metal complex since the LUMO acts as aπ* orbital in the [2+2]
approach with a nodal plane through the MdO bond.
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