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The concerted and the stepwise mechanisms of the -PAdtier reactions of butadiene with silaethylene and
disilene were studied by ab initio MO methods. For the reaction of butadiene and silaethylene, an asymmetric
concerted process that is almost stepwise and two stepwise processes were located. For the first step of the
stepwise process, the-Si bond formation is more favorable than the-C bond formation. The activation
energy barrier of the concerted transition state is only 0.89 kcal/mol lower than that of the first-step transition
state of the & Si bond formation for the stepwise process by the CASPT2 calculation level. For the reaction
of butadiene and disilene, the activation energy barrier of the concerted-type transition state constrained with
Cs symmetry is about 9 kcal/mol higher than that of the stepwise transition state by the CASSCF method.
The energy barrier of the first step of the stepwise reaction disappears at the CASPT2/6&(tlp)
calculation level including the nondynamical correlation energy, although the reaction of the butadiene with
disilene occurs through the stepwise-like process.

1. Introduction thioformaldehyde was calculat®dy the semiempirical AM1
The mechanisms of the Diels\lder reactions have been the and RM3 mEt.h.OdS' We also calcula&bqhe co.ncerted and
. . . ; stepwise transition states between butadiene with formaldehyde
subject of the most heated and interesting controversies. The .

. X . ~and thioformaldehyde by CASSCF and CAS-MP2 methods. For
reactions of butadiene and ethylene have been extenswelyboth reactions, the energy barriers of the concerted transition
investigated using experimentat and theoretic&l 8 methods. ’ gy ) "

states were lower than those of the stepwise transition states.

Namely, the reaction mechanisms of the+@] cycloaddition . ! o
have been controversial. Two competing alternative pathways ?tlgt]gl:)%rtb\:z:negs:ggi:r?(;r:/(\?irthhfolgr;rrr]]tal(lggﬁe dceoigcs?xﬁgrt:gr:ﬁ:togf
have been debated: (i) a concerted mechanism in which the . ; Y

the parent Diels Alder reaction of butadiene and ethylene, the

transition state is formed in one step either simultaneously or energy barrier height of the concerted reaction of butadiene with
ntially; (ii wise mechanism, involving forming either . .
sequentially; (i) a stepwise mechanism, involving fo g eithe thioformaldehyde is about 20 kcal/mol lower than that of

a diradical or a zwitterion as an intermediate step. However, it . . .
is not straightforward to ascertain which mechanism is favored butadiene with formaldehyde and ethylene. The energy differ-

in different situations, since the balanced description of closed ;anct(;s betwteer: th? bcotn((:j(_arted a?r? fthe stlﬁp\;]wze trar(;stlﬁprf] states
shell and diradical species is very difficult by conventional cl); he(;eac anls 0 Ea |§netv;| ngfke Iy elatr;] {rO] ci[rrfn-
guantum mechanical methods. Accordingly, reliable results can dldenyde are larger by about 7-an calimot than that for

be obtained only by multireference correlation methods. Houk th_e parent DleIsA_Ider reaction, respc_ecnvc_aly. Fo_r the he_tero-
and co-workerscalculated the transition states of the concerted D|els—AIdc_3r reaction of butadiene with dienophile as singlet
and stepwise paths for the Dielglder reaction between oxygen, _L_'WO and_ _co-worke?% reported that the concerted_
butadiene and ethylene by MCSCF/3-21G and density functional cycloaddition transition state was the second-order ?add'? points
methods. We also studi€tthe concerted and stepwise mech- and that_ the reaction occurred through the stepwise diradical
anisms between butadiene and ethylene by CASSCF and CAS_mechanlsms by the CASSCF and MCQDPTZ methods. Houk
MP2 methods with 6-31G(d,p) and 6-3%G(d,p) basis sets. and co-worker%3 calc_:l_JIated the reaction paths_ of the concerted
Recently, Lischka and co-workéPsshowed that the energy ar_1d stt_apW|se transitions for the cyclic reactlor!s c_)f butadiene
barrier of the transition states of the concerted process for theWith nitroso bY. the B3LYP method. They m_dlcated the
Diels—Alder reaction of butadiene and ethylene is 6.5 kcal/ CONcerted transition state was 3.5 kcal/mol lower in energy than
mol lower than that of the stepwise process by the CASSCF the stepwise transition state leading to diradical !qtermedlate.
and MRAQCC methods. Furthermore, the competition between N€ concerted-type transition state of+{2] additions of

the concerted and stepwise mechanisms was studied for heteroPUtadiene with formaldimine and diazene were calcuféteg
Diels—Alder reactions. Barone and Arnddccalculated the € HF/3-21G method. The obtained activation energy for the
concerted transition states and the diradical intermediates'®action of butadiene with formaldimine is almost similar to
between butadiene with formaldehyde and thioformaldehyde by that of butadiene with ethylene, and the difference is about 2
the B3LYP density functional method. They did not calculate Kcal/mol. For the reaction of butadiene with diazene, the
the transition states and the energy barriers for the stepwisedctivation energi is significantly smaller by slightly more than

pathways. The concerted transition state between butadiene and0 kcal/mol €is HNNH-endo type) than that of butadiene with
ethylene. The transition structure is quite unsymmetrical.

* Corresponding author. Fax: 81-58-230-1893. E-mail: sakai@ Recently, wé® calculated the concerted and the stepwise
apchem.gifu-u.ac.jp. transition states of the {42] reactions of butadiene with diazene,
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and the activation energy of the stepwise transition state wasfor the localization procedure. Boys localizattérwas then
lower in energy than that of the concerted state. Thus, for the applied to give a localized orbital with a highly atomic nature.
reaction of butadiene with the dienophile including atoms with Using the localized MOs as a basis, a full Cl with determinants
large electronegativity, the stepwise process is probably morelevel was used to generate electronic structures and to evaluate
favorable than the concerted one. the relative weight of configurations in the atomic orbital-like
On the other hand, the DielAlder reactions of dienophile ~ wave functions. The total energy calculated by the CI procedure
including atoms with small electronegativity were also studied. corresponds well to that obtained by the CASSCF calculation.
For the Diels-Alder reactions of diene and dienophile including These calculation procedures are repeated along the IRC
silicon atoms, the reactions of butadiene with the Si(100) surface pathway, which we call a CiLC-IRC for the procedure. In the
were studied experimentaff28 and theoretically?—3! Teplya- notation of the valence bond-like model, the electronic structures
kov et al?2” showed the evidence for the formation of a Diels ~ of a bond on the basis of the CiLC calculation were presented
Alder adduct of butadiene on the Si(100)<2L surface at room roughly as one singlet coupling term and two polarization terms.
temperature by IR spectroscopy. The reaction of 1,3-cyclohexa- The representation with the three terms (one singlet coupling
diene on the Si(100)-% 1 surface was also obser¢édy a and two polarization terms) for a bond has been succés&fuP
scanning tunneling microscopy. The Dielalder reaction of in explaining the bond formation and bond extinction along a
cyclohexadiene on the model of the Si(100)2 surface was ~ chemical reaction path.
calculated® by the B3LYP/6-31G* level. They predicted a small

energy barrier of 0.3 kcal/mol at the transition state constrained Ome) MO0

with Cs symmetry. Choi and Gordéhalso calculated the [42] ®) B3

reaction of 1,3-cyclohexadiene on the silicon (001) surface by B)-(3) %_@Q)

the SIMOMM calculation method. They obtained the third-order

saddle point with barriers of 4.1 and 0.0 kcal/mol at the MP2 Singlet Coupling  Polarization A Polarization B

and MCQDPT?2 levels. Recently, Minary and Tuckerfian
calculated the reaction pathway off2] adduct formation of
butadiene on the Si(100)-2 1 surface by a molecular dynamic
method with density functional theory, and pointed out a
nonconcerted mechanism involving a well-defined reaction
intermediate. However, the reaction mechanisms of tHe2]4

Singlet Coupling and Polarization terms for bond 1-2.

To study the aromaticity for a transition state, the IDA (index
of deviation from aromaticity} was calculated as proposed in
the previous paper. The IDA was defined as the degree of
equality of electronic structures for each of the bonds and by

cycltoadd|t|_or|1 on tg_e stlkl:codn bsutrfacet have contynueftl to tt?e the narrowness of the gap between the weight of the singlet
controversial regarding the debate on two competing aterna IVecoupling and polarization terms for each bond. Therefore, the

pthways of the concerted and stepwise transitions. The mec:h'smaller IDA values mean larger aromaticity. The IDA showed
anisms of the concerted and the stepwise transitions for the

. . : - an excellent correlatidA with the stabilization energy for rin
Diels—Alder reaction of dienophile molecules (not surface) 9y 9

. . i . . -~/ compounds.
including Si atoms are important for the understanding of criteria The calculations of the CILC-IRC analysis were performed

for distinguishing between the concerted and the stepwiseWith the GAMESS program packa§ethe CASPT2 energies

mechanisms. . with the MOLCAS program packagéand the others with the
In the present paper, we report the potential energy surfacessayssiANO3 program packadé respectively.
for the concerted and the stepwise reactions of the2]4 '

cycloadditions of butadiene with silaethylene and disilene by 3 Results and Discussion
the CASSCF and CASPT2 calculation levels. To characterize

the electronic behavior for these reactions, the reaction pathways 3-1- Reaction of Butadiene and SilaethyleneThe geom-
are also analyzed by a CiLC-IRC method. etries of the stationary points for the concerted and the stepwise

pathways of the DielsAlder reaction between butadiene and
silaethylene are shown in Figure 1. The relative energies for
their structures from the reactants of butadiene and silaethylene
All equilibrium and transition state geometries of the reactions are also listed in Table 1. The values in the parenthesis of the
treated here were determined with analytically calculated energytable include the zero-point energy correction at the CASSCF/
gradients at the complete active space self-consistent field6-31G(d) level.
(CASSCF) metho# with the split-valence plus polarization For the concerted reaction path (reaction (1)) of butadiene
6-31G(d) seB*3* For the CASSCF calculation, six orbitals and silaethylene, the transition state is an asymmetric structure
relating to the reactions were included in the active spaces tofrom the bond distances of;€Sig and G—Cs. But it is not a
generate all configurations. Frequency calculations were carriedstepwise reaction, because an intermediate species cannot be
out at the CASSCF level in order to determine the nature of |ocated on the reaction pathway and the transition state leads
the stationary point and evaluate the zero-point energy correc-to the product of cyclic adducts along the IRC pathway by the
tions. The CASPT2 single-point calculatihwere performed CASSCEF level. The first process is the-& bond formation
with the 6-31G(d) and the 6-3%tG(d,p) basis set&37using and leads to the product without an intermediate compound.
the CASSCF-optimized structures. The intrinsic reaction coor- The most interesting point at the transition state structure is the
dinate (IRC¥®3°was followed from the transition state toward dihedral angle of 21.0 degrees ¥fC4C1SisCs), and not zero

2. Computational Methods

both reactants and products. degrees. This means that the &d G atoms probably avoid
To interpret the mechanisms of reactions, a configuration approaching each other.
interaction (Cl)/localized molecular orbital (LMO)/CASSCF For the stepwise reaction, there are two reaction paths. One

calculation along the IRC pathway (CiLC-IRC) was carried out (reaction (2)) is the SiC bond formation in the first step, and
with the 6-31G(d) basis set. The details of the CiLC-IRC can the other (reaction (3)) is the €C bond formation. The
be found in previous papet$#%4! Briefly, the CASSCF transition state (TS(CSiSi)-1) of the Si-C bond formation in
calculation was carried out to obtain a starting set of orbitals the first step of reaction (2) is 9.9 kcal/mol lower in energy
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Figure 1. Stationary-point geometries (in angstroms and degrees) for the-Bikdsr reactions of butadiene with silaethylene at the CASSCF/

6-31G(d) level.

TABLE 1: Relative Energies (kcal/mol) for the Reactions of Butadiene with Silaethylene and/or Disilene

CAS/6-31G(d)

CASPT2/6-31G(d) CASPT2/6312G(d,p)

Butadienet Silaethylene Reactions

reactants 0.0 0.0 0.0
TS(CSi) 14.96 (16.20) 3.41 (4.66) 0.85 (2.09)
TS(CSiSi)-1 14.30 (15.55) 3.66 (4.91) 1.74 (2.99)
inter(CSi-Si) 5.24 (6.47) —2.28 (-1.05) —4.42 (-3.19)
TS(CSiSi)-2 6.88 (8.13) —0.56 (0.68) —3.06 (—1.81)
TS(CSi-C)-1 23.10 (25.17) 12.19 (14.26) 10.82 (12.89)
inter(CSi—C) 6.62 (10.30) —4.87 1.19) —5.33 (~1.65)
TS(CSHC)-2 9.59 (13.23) —2.10 (1.54) —2.92(0.72)
product —53.86 (-46.87) —68.64 (-61.64) —68.89 (-61.90)
Butadienet Disilene Reactions
reactants 0.0 0.0 0.0
TS(SiSi) 18.45 (19.43) 1.83(2.81) —0.50 (0.48)
TS(SiSi)-1 9.44 (10.74) —2.97 1.67) —4.61 (—3.31)
inter(SiSi) 0.48 (2.23) —11.06 (-9.31) —13.92 (-12.17)
TS(SiSi)-2 2.07 (3.87) —9.41 (~7.62) —12.67 (-10.87)
productCs) —53.28 (-48.16) —68.29 (-63.17) —71.86 (-66.74)
productCy) —50.83 (-45.79) —64.54 (-59.50) —67.85 (-62.82)

than that (TS(CStC)-1) of the C-C bond formation of reaction

o-bond is increasing only a little at this point. The small weight

(3). In a comparison of the structures of the concerted transition of the G—Cs at this region is composed of only that of the
state (TS(CSi)) and the first-step transition state (TS{C)- singlet coupling term and no polarization terms (not shown
1), the difference of the new SCC bond is only 0.044 A length.  here). This indicates the diradical-like state fof—Cs bond.
The other remarkable difference between both transition state The second process, which is the formation of the-Cs -
structures is only the dihedral angle ¢fC4C1SisCs). and the G—Cs o-bonds, occurs at the region around.5 bohr

To study the electronic state of each bond for the concerted amu’2 of the IRC pathway. The variations of the electronic states
and the stepwise reactions of butadiene and silaethylene, theof the bonds in the region from3 to —6 bohr am&2 on the
variations of the weight of the electronic states of the bonds IRC pathway are very small. Accordingly, it is considered that
along the reaction pathways by CiLC analysis are shown in the concerted transition state of butadiene and silaethylene is
Figures 2-7. From the results of the CiLC analysis for the not the only asymmetric one. Simply considered, if two new
concerted reaction as shown in Figure 2, the reaction occursbond formations occur only for the different order of the bond
through the stepwise-like process from the viewpoint of formations on the reaction pathways, the diradical anglg-of
electronic variation of each bond. The first process is the bond (C4C1SisCs) at the concerted transition state will be zero degrees.
breaking of G—C; and S§—Cs, and is the bond formation of  But the dihedral angle is 21.0 degrees. This probably indicates
C,—Sig near the transition state. Some part of the-Cs 7-bond the repulsion effects between the &d G atoms. In fact, the
is formed near the transition state. The weight of the-GCs n-electrons of the €-C, bond at the concerted transition state
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pathway of the second step of the stepwise reaction (2) between

polarize a little to the gatom, and ther-electrons of the €- butadiene and silaethylene.

Sis bond polarize a lot to the £atom. If the repulsion of £

and G atoms becomes a lot by the electronic effects as first step of the stepwise reaction is similar to that of the first

substitution groups, the reaction might occur through the process of the concerted reaction as can be seen from a

stepwise process. comparison of Figures 3 and 4; Figure 3 shows the variation of
The variations of the weight of the bonds along the reaction the weight of the bonds for the first process (from 3.548.5

pathway of the first step of the stepwise reaction (2) are shown bohr amd?) of the concerted reaction. The variations of the

in Figure 4. The first step is the bond breaking of the-Sig electronic states of the bonds for the second step of reaction

and G—C,4 and the G—Sig bond formation from Figure 4. Then  (2) are shown in Figure 5. From Figure 5, it can be seen that

the G—C, w-bond becomes weak, and the weight approaches the variations of the electronic states of the bonds do not occur

that of the G—Cj3 z-bond. The variation of the bonds for the around the region of the second-step transition state. This means
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pathway of the first step of the stepwise reaction (3) between butadieneFigure 7. Weight of some bonds by CiLC analysis along the IRC

and silaethylene. pathway of the second step of the stepwise reaction (3) between
butadiene and silaethylene.

the activation energy barrier of the second-step transition state ) o )
comes from the steric effect, not the variation of the electronic the reaction. The variations of the electronic states of the bonds

state. This is similar to the second-step transition state of the 8long the concerted reaction pathway of butadiene and disilene

stepwise reaction between butadiene and ethylene as shown i?y CiLC analysis are shown in Figure 9. From this figure, the
the previous papéd crossing of the bond breaking and the bond formation occurs

) . . after the transition state (at the product side), although the

flt:t? ' thte flrs_t-step tr?nsmgn st';]ate Oz_that_{% bond fo_rmaglont 99 crossing for the concerted reaction of butadiene with ethylene

ck> I/e slehpvnset;]eactlhor; (f)’ ?. ac |\2/a I‘I?r? enfergyt|hs atou ~*~ occurd?® at the transition state. The crossing at the product side

caimathigher than fhat of reac lon (2). Therefore, ne SIEPWISE iy jicates the rearrangement of the electronic structure of disilene
process of reaction (3) does not occur for the reaction between

; . - : after the transition state. The stable structure of the isolated
butadiene and sialethylene. The variations of the electronic stateSyisilene has &1 symmetry, and the eigenvector of one negative
of the bonds for the first step are shown in Figure 6. The '

o £ th iaht of the bonds | hiv simil h eigenvalue of the force constant matrix of the concerted
variation of the weight of the bonds Is roughly similar to that . qition state corresponds to the mode of the inversion of the

of the first step of reaction (2). From the variations of the SiH, part. The energy difference between tBa, and Dan
electronic states of the bonds at the second step as shown iy ey structures of isolated disilene is 2.87 kcal/mol at the
Figure 7, the energy barrier of the transition state of the second CASPT2/6-31%+G(d,p) level. The difference between the
step results_ fro_m the steric eff_ects the same as that_of reactionloCations of the transition state and the crossing point at the
(2). The activation energy barrier of the second step is 2.4 keall ¢t side indicates the decreasing of the stabilization energy
mol above the intermediate diradical compound (INter(€Si 54 3romaticity at the transition state. In fact, the aromaticity of
C)), and itis 1.0 kcal/mol higher than that of reaction (2). The ¢ ransition state of TS(SiSi) is much less than that of the
energy of 1.0 kcal/mol probably comes from the difference of ., certed transition state of butadiene with ethylene. The value
the distances between tha-€Sis and the G—Cs bonds. of IDA (index of deviation from aromaticity) of TS(SiSi) is
3.2. Reaction of Butadiene and DisileneThe stationary 1.18, and th&g of the transition state of butadiene with ethylene
point geometries of the reactions of butadiene with disilene are is 0.27; the value of IDA at the crossing point of the bonds for
shown in Figure 8. The transition state (TS(SiSi)) of the the reaction of butadiene with disilene is 0.52. Although the

concerted reaction was obtained with the restriction d@@sa

activation energy barrier of the concerted transition state is

symmetry. The transition state has two negative eigenvalueshigher by 9.0 kcal/mol than that of the first-step transition state

for the force constant matrix. One-439 cnt?) corresponds to
the reaction path of the -€Si bond formation, and the other
(—149 cn1!) corresponds to the inversion of the Sipart. The

of the stepwise reaction by the CASSCF calculations, the energy
barrier (without the zero-point energy correction) of the
concerted transition state disappears by the CASPT2 calcula-

new Si-C bond of the transition state (TS(SiSi)) is about 0.50 tions. For the products, two structures withandC, symmetries
Alonger in length than that of the first-step transition state (TS- are located. Both structures are a real minimal point without
(SiSi)-1) of the stepwise reaction, and it is also about 0.48 A negative eigenvalues for the force constant matrix. Although
longer than that of the concerted transition state (TS(CSi)) the stable structure of cyclohexene has only one v@th
between butadiene and silaethylene. Namely, the concertedsymmetry (noCs symmetry), theCs structure of the product is
transition state, TS(SiSi), is located on a very early stage for about 3.9 kcal/mol more stable than the&, structure.
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Figure 10. Weight of some bonds by CiLC analysis along the IRC
pathway of the first step of the stepwise reaction between butadiene

and disilene.

For the stepwise reaction, the-Gi bond of the first-step
transition state, TS(SiSi)-1, is only 0.03 A longer than that of ¢ ¢oefficients of the CASSCF calculation, the bond-exchange
TS(CSi=Si)-1. The intermediate compound, Inter(SiSi), is about process occurs with ionic character as polarization of the C

14 kcal/mol more stable in energy than the reactants. The . . .
second-step transition state, TS(SiSi)-2, has the energy barrierc4 and the $j—Sis bonds. The decreasing of the weight of the

of 1.3 kcal/mol above the intermediate compound. The variations Cl,_c,:z b.ond corresponds to the increasing of the-Cs bond.

of the weight of the electronic states of the bonds of the first 1S indicates the resonance between the bonds e0zand
step and the second step for the stepwise reactions are show¢2~Cs For the second step as shown in Figure 11, the variations
in Figures 10 and 11, respectively. For the first step, the weight of the electronic state of the bonds cannot be seen near the
of the electronic states of the bonds of the-C, and the Si— transition state (TS(SiSi)-2). Therefore, the energy barrier of
Sis is decreasing along the IRC pathway and that of the bond the transition state of the second step comes from the steric
C,—Sis is increasing, and these cross at the transition state effects the same as the reactions of butadiene with ethylene and
region. Although the intermediate is a diradical state from the silaethylene.
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