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Abstract: In this paper we have studied thet2] cycloaddition of two olefins catalyzed by Ni(0) complexes
using a hybrid DFT/B3LYP computational approach with the pseudopotential LANL2DZ basis set. Two model
systems have been used to emulate the catalytic process: the ethyieked complex Ni(PH).C,H4 and the
bis(ethylene)-nickel complex Ni(PH)2(C;Ha)2, both reacting with an ethylene molecule. For both these
complexes we have investigated in detail the first steps of the catalytic process, corresponding to the formation
of nickelacyclopentane, which has been experimentally demonstrated to produce the cyclobutane product by
reductive elimination. We have found that the incoming ethylene molecule reacts with both complexes not at
the metal center but at one ligand ethylene. This attack afforéstd,5-biradical intermediate that can lead

to nickelacyclopentane and where the two unpaired electrons are mainly localized on the nickel atom and on
the terminal methylene. While for the attack of the ethylene molecule on N)§HH, no catalytic effect is
observed (the activation energy is almost identical to that found for the noncatalyzed process, i.e., about 40
kcal mol1), a catalytic effect, even if not very large, is found for the NigPCoH,)> complex (the barrier
decreases to 35.80 kcal mé). A diabatic analysis has pointed out that the factors which are responsible for
the catalytic effect of the Ni(Phh(C,H4)>, complex are the energy gap between the singlet ground state and
the first triplet state in the complex and the stability of the biradical intermediate.

1. Introduction Complexes of zerovalent nickel have been shown to catalyze
[2+2] cycloadditions of strained-ring olefins to give cyclobutane
derivativestd Quite recently it has been demonstrated that
[CpRuCl(cod)] (Cp= pentamethylcyclopentadienyl, coe
cyclooctadiene) is an excellent catalyst for the-2 cycload-

The [2+2] cycloadditions are an important class of reactions
since they represent an effective synthetic approach to the
formation of four-membered rings. Experimentally these cy-
cloadditions, and in particular the nonpolar ones, take place at ™~ i . ;
high temperatures (466700 °C) owing to the large activation dition of norbornene with various alkynés.

energies involved. However, when these reactions are catalyzed In add_it_ion to their synthetic importance,%fZ] ca_ltalyzed )
by transition metal complexes, they can proceed much faster Cycloadditions have also attracted much theoretical interest since

and under milder conditions. A vast amount of experimental transition metals apparently remove the symmetry constraints

work on cycloaddition reactions catalyzed by transition metals that make such reactions thermally forbidden in a concerted
has been carried out in the last two decadestypical example ~ @PProach according to the Woodwarboffmann symmetry

is the thermal isomerization of quadricyclane to norbornardiene. FU1€s® To explain this behavior two alternative mechanisms
This reaction is known to proceed slowlii/§ > 14 h at 140 have been proposed. In the first mechanism the two ne® C

°C if no catalyst is used) despite the extraordinary high strain PONds are formed simultaneously (concerted mechanism): in
energy (78.7 kcal mot) that can be released through the this case the function of the metal is to provide suitable d-orbitals

isomerization. However Rh(l), Pd(ll), Pt(Il), and Ni(0) com- Which can combine with the olefimr orbitals makjng Fhe
plexes catalyze this isomerization effectively even at low '€action symmetry allowed. The second mechanism is non-
temperature: for instance the use of 2 mol % ofeihloro- concerted and is schematically represented in Scheme 1. This

bis(norbornadiene)dirhodium accelerates this reaction by a factor™&chanism involves the formation of 1:1 and 1:2 metiéfin

of 101! Various transition metal compounds, notably of COmPlexes (steps a and b) followed by the formation (step c)
rhodium, are excellent catalysts for the isomerization of cubane ©f @ Metat-carbono-bonded intermediate (metallacyclopentane)
and its derivatives to the corresponding syn-tricyclooctadighes. that can lead (step d) to the cyclobutane product by reductive

elimination.
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Scheme 1 the DFT method based on the hybrid B3LYP functiénzdn
L L be used to study cycloaddition processes: in particular it has
(@ [+ M< —— |--M{ (1:1 Metal-olefin complex) been shown that B3LYP reliably describes both the concerted

L L and the biradical pathways for someH2] cycloadditions’,

Furthermore, in a very recent study on the NKG), com-
L plexes? we have demonstrated that the DFT approach, using
b | + H,_,M/L “""'H (1:2 Metal-olefin complex) several different functionals and either the all-electron DZVP
N | basi$ or the LANL2DZ pseudopotential basi$satisfactorily
L reproduces the results obtained with the CASPT2 method and
an extended basis set.
(© To further test the method we have investigated at the
unrestricted B3LYP level with the 6-31G* bakigB3LYP/6-
L 31G* level) the first step of the noncatalyzedq2] dimerization
+ M< - < /\ (Metallacyclopentane of ethylene, i.e., the formation of the intermediate tetramethylene
L M
N\L

as intermediate) biradical. We have considered in this study only teti
approach of two ethylenes since previous studies have shown
] ] ] . that it corresponds to the lowest-energy reaction path.
mechanism. For example, in the symmetry-forbidden dimer- Al the DFT computations reported here have been performed
ization of norbornadiene catalyzed by the [Ir(1,5-cyclooctadi- with the Gaussian 94 series of programs. In all cases the
ene)Cl] complex, a metallacyclopentane compound has beengeometries of the various critical points have been fully
isolated where two norbornadiene molecules form a metalla- optimized with the gradient method. The nature of each critical
cyclopentane by insertion of the Ir atom into the four-membered point has been characterized by computing the harmonic
ring of an incipient norbornadiene dimer molecéieFurther, vibrational frequencies.
a series of phosphinenickelacyclopentanes has been shown to Along the anti reaction path we have identified amti
undergof-carbon-carbon bond cleavage (the reverse of the (ansition state (TS), corresponding to the formation of a new
first step of the [2-2] cycloaddition reaction) and reductive ¢_c bond, and aranti biradical intermediate (M) whose
elimination (the required second step of the-P cycloaddition stryctures are schematically represented in Figure 1. In this
reaction)®® There is qlso evidence that these compounds figure we have reported the values of the most relevant
decompose by reversible carbecarbon bond cleavage to  geometrical parameters obtained either at the B3LYP/6-31G*
produce 1:2 metafolefin complexesP like those postulated in |avel in this work or at the CASSCF/6-31G* level in our

Scheme 1. _ previous work (values in parentheses) and also the values of
In this paper we present the results of a theoretical study, the energies relative to reactants represented by two noninter-
carried out at the density functional theory (DETvel, of the acting ethylene molecules (the energy values reported in

catalyzed [2-2] cycloaddition_ of two ethylel_”nes which,_ to our parentheses had been obtained by means of single-point
knowleqlge, has never been investigated with theorgtlcal meth- multireference MP2 computations on the CASSCF optimized
ods. Itis our goal to apply the DFT theory to shed light on the geometries; CASSCF-MP2 computations). The optimum val-
mechanistic details (energetics and kinetics) of this important ;a5 for the new forming €C bond in the transition state and
transition metal-catalyzed reaction. In particular we focus our i, the piradical intermediate are 1.796 and 1.612 A, respectively,
attention on the first steps of the reaction which lead to the gpq compare quite well with the CASSCF values (1.801 and
formation of the metallacyclopentane complex. The model 1 g40 A, respectively). Also the energetics determined with
system that we have considered is formed by a NYPH  the two computational approaches are in satisfactory agree-
fragment that_ can bond e|the_r one or two ethylene molecules ment: the B3LYP method provides an activation energy for
to form the Ni(PH);CzHa or Ni(PHs)2(CoHa), complexes that  the formation of the biradical intermediate of 40.34 kcal Tol

we assume to represent two possible active forms of the catalyst.q,q g fragmentation barrier of 1.35 kcal mbl These values
For both complexes we investigate the reaction with an ggree very well with the values computed at the CASSCF-MP2
additional ethylene molecule. To check the reliability of the |qye| (42.20 and 1.33 kcal mol, respectively) and also with

DFT computatiorlal approach used throughout the paper we alsog experimental estimate of the activation energy (43.8 kcal
reexamine at this computational level the noncatalyzeleR]2

cycloaddition of two ethylenes. These results are presented in_ (6) (2) Becke, A. DJ. Chem. Physl993 98, 1372, 5648. (b) Stephens,

the next section and compared with the results previously géj';De""n' F.J.; Chabalowsky, C. F.; Frisch, MJ.JPhys. Cheml994

. . 11623.
obtained for the same reaction at the CASSCF-MP?2 level. (7) (@) Li, Yi; Houk, K. N. J. Am. Chem. Sodl993 115, 7478. (b)
Goldstein, E.; Beno, B.; Houk, K. Nl. Am. Chem. S0d.996 118 6036.
2. Choice of the Method (c) Barone, V.; Arnaud, RJ. Chem. Phys1997 106, 8727.

) (8) Bernardi, F.; Bottoni, A.; Calcinari, M.; Rossi, |.; Robb, M. A.
In a previous papéme have demonstrated that the CASSCF- Phys. Chem1997, 101, 6310. _
MP2 computational approach for the noncatalyzed thermal __(9) Godbout, N.; Salahub, D. R.; Andzelm, J.; Wimmer(Ian. J. Chem.

Co ) . , 1992 70, 560.
dimerization of ethylene provides results which are in good “(10) Hay, P. J.: Wadt, W. RI. Chem. Phys1985 82, 270. Hay, P. J.:

agreement with the experiment. However, this method cannot wadt, W. R.J. Chem. Phys1985 82, 284. Hay, P. J.; Wadt, W. Rl.
be used to study the catalyzed reaction, since, even for the simpleChem. Phys1985 82, 299.

. . . A . (11) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.
model system studied here, it requires such a large active-orbital (12) Gaussian 94, Résion B.2 Frisch, M. J.; Trucks, G. W.: Schlegel,

space that makes computations too demanding to be usedy. B.: Gill, P. M. W.: Johnson, B. G.: Robb, M. A.; Cheeseman, J. R.:
effectively. Recently it has been reported in the literature that Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
Al-Laham, M. A,; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Peng,
(4) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
Molecules Oxford University Press: New York, 1989. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
(5) Bernardi, F.; Bottoni, A.; Celani, P.; Olivucci, M.; Robb, M. A; Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; J. A. Pople
Venturini, A. Chem. Phys. Lettl992 192 229. Gaussian, Inc.: Pittsburgh, PA, 1995.
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Figure 1. Schematic structures of themti biradical transition state

TS and theanti biradical tetramethylene intermediate M for the
noncatalyzed ethylene dimerization obtained at the B3LYP/6-31G*
level. The values obtained at the CASSCF/6-31G* level (geometries)
and CASSCF-MP2/6-31G* level (energies) are reported (ref 5) in
parentheses. Bond lengths are in angstroms and angles in degrees. Th
energy values (kcal mol) are reported in the two frames and are
relative to reactants (the reactant energy at the B3LYP/6-31G* level is
—157.15641 hartrees). The value reported in square brackets for TS
corresponds to the experimental activation energy taken from ref 13.

mol~1).13 Thus these computational evidences indicate that an
unrestricted B3LYP approach can be used with confidence to
study the model system of the catalyzed ethylene dimerization.
All the B3LYP computations for the catalyzed reaction have
been carried out with the LANL2DZ pseudopotential basis
which, as previously pointed out, is capable of providing a
reliable description of ethylene and bis(ethylenrickel com-
plexes?

3. Results and Discussion

In this section we discuss in detail the following steps of the
catalyzed reaction: (i) the formation of the ethylemeckel and
bis(ethyleney-nickel complexes (Ni(PkJ2C;H4 and Ni(PH)2-
(CzH4)2) which should correspond to the active forms of the
catalyst; (ii) the attack of a free ethylene to the active catalysts
resulting in the formation of biradical intermediates; and (iii)
the intramolecular coupling of the biradicals leading to the
formation of nickelacyclopentane. The geometries correspond-
ing to the various critical points located on the surface are
schematically represented in Figures® For each structure
we have reported the values of the most significant geometrical
parameters and the corresponding energy values.

(a) The Ethylene—Nickel and Bis(ethylene}-Nickel Com-
plexes. In the study of the first steps of the catalytic process
we have identified two complexes, both arising from the
interaction between the Ni(RM fragment with ethylene
molecules. The two complexes are denoted asadl M, and
are schematically represented in Figure 2., M a planar
tricoordinated complex with only one ethylene molecule bonded
to Ni while M3 is a tetracoordinated complex characterized by
a tetrahedral geometry that forms fromy Mfter coordination
of an additional ethylene molecule to the metal atom. A
comparison between the two structures shows that the addition
of one ethylene molecule on passing fromy Nb M; is
responsible for a lengthening of the-NC and NP bonds:
the two Ni-C bonds are 1.986 A in Mand become 2.068 and
2.107 A in M; while the Ni-P bonds change from 2.268 to
2.358 A. As a consequence of the lengthening of the ®li
bonds the &C bond in ethylene is shorter in Mhan in M,.

(13) Quick, L.; Knecht, D.; Back, Mint. J. Chem. Kinet1972 4, 61.

Bernardi et al.

Figure 2. Schematic structures of the ethylen@ckel and bis-
(ethyleney-nickel complexes M and M, obtained at the B3LYP/
LANL2DZ level. Bond lengths are in angstroms and angles in degrees.
The energy values (kcal md) are reported in the two frames and are
relative to the M complex (-343.05139 hartrees).

1.416

TS,

Figure 3. Schematic structures, obtained at the B3LYP/LANL2DZ
level, of theanti biradical transition state T.%nd of theanti biradical
intermediate M associated with the attack of an ethylene molecule on
the M complex. Bond lengths are in angstroms and angles in degrees.
The energy values (kcal md) are reported in the two frames and are
relative to the system formed by the,Momplex and a noninteracting
ethylene molecule<{421.62959 hartrees).

The energies reported in Figure 2 are relative to the M
complex. These values indicate that M more stable by 2.79
kcal moi~! than My and a noninteracting ethylene molecule.
Furthermore, the computations have shown that bothaitl
M., form without any barrier from the corresponding noninter-
acting fragments (Ni(PkJ, and ethylene in the former case and
M; and ethylene in the latter).

(b) Attack of a Free Ethylene on the Active Catalyst and
Formation of Nickelacyclopentane. In this section we discuss
the reaction path corresponding to the attack of an additional
ethylene molecule on the Mcomplex. The most remarkable
feature is that the ethylene molecule attacks the complex not at
the metal center but at one of the two ligand ethylenes and leads
to the formation of biradical species similar to those already
found for the noncatalyzed reaction. In analogy with the
noncatalyzed ethylene dimerization also in this case we have
limited our investigation to thanti attack of the approaching
ethylene molecule on one of the metal bonded ethylenes. Along
this reaction channel we have located ati transition state
(TS;) corresponding to the formation of a new—C bond
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Figure 4. Schematic structures of theynbiradical intermediate Wi
and of the nickelacyclopentane complex bbtained at the B3LYP/
LANL2DZ level (bond lengths are in angstroms and angles in degrees). Figure 5. Schematic structures, obtained at the B3LYP/LANL2DZ
The energy values (kcal md) are reported in the two frames and are level, of theanti biradical transition state T%ind of theanti biradical
relative to the system formed by the;ldomplex and a noninteracting  intermediate M associated with the attack of an ethylene molecule on
ethylene molecule<{421.62959 hartrees). the My complex. Bond lengths are in angstroms and angles in degrees.
The energy values (kcal md) are reported in the two frames and are
between the attacking ethylene and a ligand ethylene and anrelative to the system formed by the;Momplex and a noninteracting
anti intermediate (M). Both these species, schematically €thylene molecule<{343.04694 hartrees).
represented in Figure 3, are biradical in nature with one of the ) ) o
unpaired electrons mainly localized on the nickel atom and the t© form the new &-C bond in the cycle is very high in energy
other on the terminal methylene. The energy values reported With respect to the TStransition state.
in Figure 3 are relative to the system formed by theddmplex In analogy with theanti attack on M we have also considered
and a noninteracting ethylene molecule (asymptotic limit). Thus an anti attack of one ethylene molecule on the bmplex.
the energy of TSapproximately represents the activation energy We have found that also in this caseaanti transition state and
(35.80 kcal mot?) for the formation of the biradical species ananti intermediate exist (TSand Ms in Figure 5). TS and
Ms. This biradical species is 24.46 kcal mbhigher in energy Mg are 39.79 and 30.14 kcal mdlhigher in energy than M
than the asymptotic limit, and it is characterized by a fragmenta- respectively. The fragmentation barrier forgNé 9.65 kcal
tion barrier of 11.34 kcal mot. A further investigation of the mol~L.
reaction surface has shown that a rotation around the ne@ C The energy profiles associated with thati attack of an
bond leads from thanti intermediate to aynintermediate M ethylene molecule on both Mand M are shown in Figure 6.
(see Figure 4), which is 6.91 kcal mélhigher in energy than ~ The most interesting quantities which must be considered in
Ms. Also thesynintermediate is biradical in nature with the this diagram are the activation energies for the formation of
two unpaired electrons mainly localized on the nickel atom and the two biradical intermediatesnd M; which are associated
the terminal methylene. In this situation the two electrons easily with the anti attack of ethylene on the Mand M, complexes,
couple to form with a negligible barrier the nickelacyclopentane respectively. A comparison of these energies with the corre-
complex M (see Figure 4), which is 34.38 kcal méllower in sponding value found for noncatalyzed reaction (40.34 kcal
energy than M (3.01 kcal mot! under the asymptotic limit).  mol-1) indicates that, while a catalytic effect, even if not very
Additional computations have demonstrated that the ring closure|arge, exists in the case of the bis(ethyleneickel complex
to form the new Ni-C bond of nickelacyclopentane leads to M,, where the barrier is 35.80 kcal m@) this effect is lacking
the elimination of the ligand ethylene molecule not involved in in the case of thanti attack on M where the barrier remains
the reaction. almost identical to that found for the noncatalyzed reaction. The
We have also investigated the possibility that an intramo- small catalytic effect observed for the attack on ¢ééuld be a
lecular attack occurs in Mbetween the two ligand ethylenes consequence of the fact that our model is too simple to emulate
to form directly the nickelacyclopentane (path c in Scheme 1). satisfactorily the real system where, for example, each PH
However, despite extensive search, we have not located anyligand is a triphenilphosphine grodp¢ However, this study
transition state leading to the cycle formation. We have found seems to provide interesting information about the nature of
that the region of the potential surface corresponding to the the reaction path followed by the catalyzed reaction and the
motion of one ligand ethylene toward the second ligand ethylene factors responsible for the catalytic effect.
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Figure 6. Energy profile describing the attack of an ethylene molecule
on the M and My complexes; r.c. 1 and r.c. 2 indicate the two reaction
coordinates leading to the formation of thes Mnd M biradical
complexes, respectively.
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4. Diabatic Analysis UUNE > AH '\ﬂ' o
The mechanistic scheme suggested by the computational CL - Products (M3 )

results can be easily rationalized by means of a simple diabatic ~ Feactants (M + ethylene)

analysid* based upon spin recoupling in VB theory. In this Figure 7. Correlation diagrams for the noncatalyzed (a) and catalyzed
type of analysis, at any point along the reaction coordinate, the (b) ethylene dimerization.

total wave function can be represented to a good approximation
(see eq 1) as a linear combination of two configuratidns

and ®p which describe the electron coupling of reactants and
products, respectively.

This type of analysis has recently been applied to a variety of

reactivity problems, either at a qualitative or quantitative lé¥el.
Here we focus our attention upon the first step of the

noncatalyzed (ethylen¢ ethylene) and catalyzed (ethylette

¥ =ad + bd, 1) Mz) reac’Fions that connects the reactants toghe b[radigal

intermediate. The qualitative behavior of the two diabatics for

At the beginning of the reactiofg is much lower in energy ~ the two processes is shown in the two diagrams of Figure 7.
than®p and represents the dominant contributian b). On For the noncatalyzepl reaction (Figure 7a) the reactant diabatic
going from reactants to products the importancégfdecreases ~ corresponds to a situation where thez2plectrons on each
(its energy increases) and that @f increases (its energy _ethylene are smglet spln-coupled to form the Mk_)onds,_whlle
decreases). In the transition state region the two configurationsin the product diabatic the two ethylenes are in a triplet state
are almost degenerate and the corresponding contributions aréoupled to an overall singlet (eaahelectron of one ethylene
approximately equivalent. After the transition state region, on Molecule is coupled to a singlet with oneelectron of the other
the product-side along the reaction coordinate, becomes  €thylene molecule). For the catalyzed reaction the reactant
lower in energy thambg and consequently dominates>¢ a). diabatic describes a singlet coupling of the chelectro_ns in
Thus the variation of the relative importance ®k and ®p the free ethylene and of the two electrons involved in the
describes the change from the reactant electron coupling to thePonding between the ligand ethylene, which undergoes the
product electron coupling that occurs in most organic reactions réaction, and the metal atom gMomplex). In the product
when we break covalent bonds in reactants and form new bondsdiabatic the free ethylene and the; omplex are in a triplet
in the products. state and eaclr electron of the M complex is singlet spin-

This process can be conveniently represented in a diagramcoupled with oner electron of the free ethylene. A schematic
where we report the energy of the reacting system versus theépresentation of the reactant and product coupling schemes is
reaction coordinate and where the total energy profile is 9iven in Figure 7, diagrams a and b. .
decomposed into two component curves: one, denoted as In this type of diagram the position of the crossing, and
reactant diabaticdescribes the energy behavior of the reactant consequently the size of the barrier, is determined by three
configuration ®g (reactant spin coupling) along the reaction factors: (i) the energy difference between the product diabatic
coordinate; the other, denoted psoduct diabati¢ describes at the product geometry and the reactant diabatic at the reactant
the energy trend of the product configurati®s (product spin ~ geometry AH), (ii) the energy difference between the reactant
coupling). The reactant diabatic, on passing from reactants to@nd product diabatic at the reactant geomefti¢ on the left
products, is repulsive while the product diabatic is attractive. Side of the diagram), and (i) the energy difference between
The crossing between the two diabatics determines the positionthe reactant and product diabatic at the product geomatey (
of the transition state and the magnitude of the activation energy.on the right side of the diagram).

: AH can be computed on the basis of the quantomechanical
Begﬁg)réﬁ)lzfgﬁih <:A6i;, aihai‘bfuaﬁcf f\r/‘\f;r‘“éoiifla?i_lcie?’rg%ég)s ~ energy values of reactants and products and approximately

1988 89, 6365. (c) Bernardi, F.; Bottoni, Al. Phys. Chem1997, 101, corresponds to the reaction enthalpy: from the energy values
1912. discussed in the previous section it is evident that this term is
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larger for the noncatalyzed (38.99 kcal mylthan for the found for the noncatalyzed process and (ii) the endothermicity
catalyzed reaction (24.46 kcal mé). The evaluation ofAEg of the reaction M — Mg is 30.14 kcal moi® while that of the
and AEp is less obvious.AER represents the energy required reaction M — M3 is 24.46 kcal mot™.
for decoupling the two electron pairs associated withitiv®nds
in two free ethylene molecules (noncatalyzed reaction) or in a 5. Conclusions
free ethylene molecule and in a metal-bonded ethyleng (M
complex in the catalyzed reaction). In the former case this
quantity can be evaluated to a good approximation from the
energy needed for exciting both ethylenes from the singlet
ground state to the first triplet state. In the latter case we can
estimateAEg from the singlet-triplet energy gap in a free
ethylene molecule and the singtdtiplet energy gap in the M
complex. Since the triplet excitation energy is significantly
smaller for the M complex than in a free ethylené\Eg
decreases on going from the noncatalyzed to the catalyzed
process, i.e. AERM) > AER©).

In a similar way we can try to evaluate qualitatively the
variation of AEp on going from the noncatalyzedE5") to
the catalyzed processAER®). In the former caseAEp is
approximately given by the algebraic sum of the energy required
to break the new formed £-C, single bond (positive desta-
bilizing contribution) and the energy obtained from the coupling
of the two electron pairs associated with the two ethylene
moieties (negative stabilizing contribution associated with the

ocgggtﬂhslr:aigr;gg tt))/o(‘r;gi%; ;&;T:ngﬁ;rugfgg :gglgggg“br;gtﬁg methylene found in the noncatalyzed dimerization of ethylene.
coupling of two electrons/which are mainly localized on fhe However, while for.the. attack of thg ethylene.molgcule on Ni-
carbon and the metal atom. Since these two electrons are fait. 92C2Ha the activation energy is almost identical to that
away the stabilizing contribu'tion of this coupling is smaller than found_ for the noncatalyzed process _(about 40 kealofor
in the other ethylene moiety (€C; free ethylene) and the Ni(PH)2(CzHa)2 complex the barrier decreases (35.80 kcal
consequenthAER© is larger thanAEH™ mol™1). Th|s computational finding |nd|cates that a catalytic
While the effect of the change oiEl; on going from the effect exists only for th_e 1:2 ethylenaickel compl_ex an(_i not
noncatalyzed to the catalyzed reaction is that of increasing '[he]cor the 1:1 gthylene-mckel complex. A further_|nvest|gat|on
activation barrier for the formation of thanti biradical of the reaction surface has shown thr?\t a rotation aroun.d the
intermediate, that oAH and AEr is opposite and dominant: new formed 'C—C' bond leads from thanti biradical .|ntermed|-
the final ovérall effect of the simultaneous variation AH - aelo as_ynblradlcal |ntermed_|ate where the unpaired electrqns
AEg, and AEp is a catalytic effect (decrease of the activétion can easily cc_;uple toform a mckelacyclopentane comple_x W'.th'
ener,gyEa) associated with the nickel atom. This analysis also out any barrier. The above resul_ts p.rowae a further indication
provides useful suggestions for obtaining. a stronger catalytic that these processes, such as olefin dimerization, proceeql through
effect and thus a more effective catalyst. Since the two key a noncon_certed me_chamsm and enforp_e t_he hypothess,_based
; on experimental evidenéé that the equilibrium between bis-

;{’:‘Cézré retnggts;meafgtrrégee(ieccgteaals?cogﬁfgg garfigﬁﬁ; lex (olefin)—metal complexes and metallacyclopentanes is a key
R 9 vt P step in metal-catalyzed olefin cycloadditions.

characterized by a small singitetriplet energy gap and a higher . .
stability of the resulting biradical intermediate should be chosen. |, | Our computa}tlonal results (catalytic eﬁegt founq only for the
1:2 ethylene-nickel complex and comparison with the non-

In M2, in addition to the two Piligands, there is the additional catalyzed ethylene dimerization) have been rationalized b
ethylene ligand not involved in the reaction that can further y yiene . . A y
means of a diabatic analysis. This analysis has detected two

delocalize the metal unpaired electron. This augmented C"’“O‘B‘Cityfactors which are responsible for the decrease of the activation
of M, with respect to M of delocalizing the unpaired electron P

s the likely cause for both the reduced singigtplet energy zieltfrgreernrzoeuggtvcgé:]htieNsli(s bliégczrlg‘l?rzldcgggzxr;dt?ﬁe ?i?s?tr?r)i/ let
gap in M and the reduced endothermicity of the biradical state in the metal com |ex3\,an3 the stability of the resultin ]
formation process (however, we must point out that, if a more .=~ " comp abrity ol 9

T L biradical intermediate. Thus a small singlet/triplet energy gap
realistic ligand such as PMewhich is a betterr acceptor than ! X . ; ;

o . and a highly stable intermediate should be the basic requirements

PH, were used, the degree of delocalization would probabily for obtaining an effective catalyst. These requirements seem
increase also in ). An indirect confirmation of the previous to be asso%:iated with the r)(/asénce of li qands capable of
statement can be found in the following computational evi- effectively delocalizing the un paired electron gn the metgl atom
dence: (i) for M, where only the two Pglligands can behave y 9 P )

asst acceptors, the activation energy is almost identical to that JA980604R

In this paper we have investigated theH2] cycloaddition
of two olefins catalyzed by Ni(0) complexes using a DFT
computational approach based on the hybrid B3LYP functional
and the pseudopotential LANL2DZ basis set. Two model
systems have been considered: one is formed by an ethylene
nickel complex (Ni(PH).C,H4) and the other by a bis(eth-
ylene)-nickel complex (Ni(PH)2(C2H4)2). We have assumed
that these two species represent two possible active forms of
the catalyst and for both we have considered the reaction with
a free ethylene molecule. In particular we have investigated in
detail the first steps of the process corresponding to the
formation of nickelacyclopentane, which has been experimen-
tally demonstrated to produce the cyclobutane product by
reductive elimination. We have found that the incoming
ethylene molecule reacts with both complexes not at the metal
center but at one ligand ethylene. This attack leads tardin
1,5-biradical intermediate where the two unpaired electrons are
mainly localized on the nickel atom and on the terminal meth-
ylene. This intermediate is very similar to the biradical tetra-



