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THEORETICAL STUDY OF ELECTROPHILIC ADDITION: O0(3P) + CoHg

M. Dupuis, J. J. Wendoloski, T. Takada, and W. A. Lester, Jr.

National Resource for Computation in Chemistry
"Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Abstract: Ab Initio Hartree-Fock (HF) and Multiconfiguration

Hartree-Fock (MCHF) calculations have been carried out to
characterize the reactants, transition state, and products
of the electrophilic addition of O(3P) to the 7 bond of
ethylene. The results show that the diradical product
CHoCH0 s stable with respect to the reactants. The
transition §tate has Cg symmetry, not C,, with the oxygen

atom localized on one of the two double-bond C atoms.
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I. Introduction

The reaction of triplet oxygen atoms with olefins has long been
assumed to proceed through an electrophilic addition of the oxygen to
the = bond to form a diradical intermediate of triplet spin.1 Because
of recent experiment52-3:4 challenging the dominance of the addition
mechanism, there is a need for an accurate characterization of the
addition reaction mechanism by i) establishing the nature of the
diradical, and its stability with respect to redissociation into
0 + CpHg; and ii) determining the activation energy and the
structure of the transition state of the addition reaction.

Sevgral studies of the diradical, all using the spin unrestricted
Hartree-Fock (UHF) formalism, have been reborted previously. Strausz et
a14,5 using a double zeta quality basis set and partially optimized
structures, reported an unrealistic high barrier to C-C rotation in
CHp-CHp-0. Bader et a1.6 using an exténded basis set including
polarization functions, and partially optimized structures found a high
barrier to C-C rotation of 5 kcal/mol, and failed to find a diradical
structure stable to redissociation. Yamaguchi et al.7 used a double
zeta quality basis set, and fully optimized the structure of the diradi-
cal. The calculated barrier to internal rotation about the C-C bond
was found to be small, less than 1.0 kca1/ho1, thus substantiating the
non-stereospecifity of the addition reaction; Their computed structure
corresponds to a local minimum on the energy surface, although it is ~6
kcal/mol above the reactants energy. The enthalpy of diradical forma-
tion reported by Pudzianowski et al.8 using the MINDOQ/3 methodd is

unrealistically too 1arge.10
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Two characterizations of the addition reaction path have been
reported. Bader et al.b® showed that the reaction path of triplet spin
corresponds to an asymmetric approach of the reactants to form the
diradical. However, they invoked an 1ntersystem crossing at an eﬁergy
36 kcal/mol above the reactants»enefgy to reach the reaction products.
This result is in contradiction with the experimentally determined acti-
vation energy (~1 kcal/mol). Pudzianowski et a1.8 suggested a symme-
tric transition state leading to an unsymmetrical diradicaT'product from
MINDO/3 calculations. However, in a more recent study using the MNDO
method, they obtained an asymmetric transition state.ll

Here we report ab initio HartéeeeFock (HF) and multiconfiguration
Hartree-Fock (MCHF) calculations of the structure of the transition
state and of the diradical. The computational method used throughout
this study is briefly described in section II1. The structure of the
diradical calculated with a double zeta quality plus polarization basis
set and spin restricted HF wavefunctions is described in section III.
The structure of the transition state of the electrophilic addition,
calculated with a double zeta quality basis set and a MCHF wavefunction,
‘'is presented in section 1V. Because the experimental activation energy
for the reaction is ~1 kcal/mole, we did not attempt to calculate it
accurately. Instead we focused our effort on defining a wavefunction

which describes the addition mechanism in a qualitatively reliable way.



II. Computational Method

A11Athe strucfures reported in the present study correspond to fully
optimized geometries obtained with the gradient method using spin-
restricted Hartree-Fock (HF) and multiconfiguration (MCHF) wavefunctions.
We used Pople's ST0-3G,12 Poples' double zeta quality 3-21G13 and
Dunning's double zeta plus polarization (DZP) basis sets.14 The latter
consisted of his (9s,5p)/(3s,2p) basis set augmented with polarization
functions (agC = 0.75, og0 = 0.85, apH = 1.0). The calculations
were carried out with the HONDO program,15 which includes a Newton-
Raphson orbital optimization procedure for MCHF ca1cu’lations,16 and the

GUCA-CI program developed by Brooksl’ for configuration interaction (CI)

calculations.

III.- Open Ring Oxirane Diradical CHoCHo0

The structure and electronic states of the diradical CHoCH20 have
been extensively discussed by Yaméguchi et al.7 For completeness we
reproduce in Fig. 1 the structures and the label$ described in Ref. 7.
The labels oo, or, no, and wn déscribe the orientation of the unpairéd
electrons on the terminal carbon and on the oiygen: the first character
(o or m) refers to the C unpaired electron, the second character (o or n)
refers to the 0 unpaired electron; o means the unpaired electron orbital
is in the CCO symmetry plane, = means it is out-of-plane.

The energies of the oxygen atom and ethylene molecule are given in
Table 1. The energies of the singlet and triplet manifolds are given in

Table II, along with the relative energies with respect to the reactants
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Table 1. HF energies? of oxygen atom and ethylene CpHs.

$T0-36° 3-216 DZP
CoHy iAl) -77.073955 ~77.600990 -78.050702
o 3p) -73.804150 -74.391782 © -74.798857
0(3am)© -73.804150 -74.392511 -74.800589

aEnergies in atomic units.

bSee text for basis sets. Geometries are optimized for the various
basis sets.

CCS symmetry only.



Table II. HF total and relative energies? of CHpCH20 radical electronic states.

ST0-36P 3-216 DZP
0+c2H4° -150.878105 ( 0.0) -151.993501  (0.0) -152.851293 (0.0)
CH,,CH,0 3p% o -150.896204 (-11.4) -151.979038  (+8.6) -152.853860 (-4.4)
3p 5o -150.894448 (-10.3) -151.976048 (+10.5) -152.855634 (-2.7)
30t mm -150.893593 (-9.7) -151.979216  (+8.5) -152.858350 (-4.4)
3t a0 -150.893370 (-9.6) -151.976841 (+10.0) -152.856746 (-3.4)
Ly -150.893595 (-9.7) -151.975920 (+10.6) -152.855744 (-2.8)
1pt o0 -150.890405 (-7.7) -151.971750 (+13.2) -152.851495 (-0.1)
Lpton -150.892771 (-9.2) -151.977976  (+9.3) -152.856833 (-3.5)
) .
A"no -150.890830 (-8.0) -151.974270 (+11.6)  -152.853878 (-1.6)

aEnergies in atomic units; relative energies in kcal/mol in parentheses.
bSee text for basis sets. Geometries are optimized for the various basis sets.

CThe energies of 0(3A") in C; symmetry are used (see Table I).
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"Nemer” -78.050702
W ~H
RICC) . 1.325
R{CH) 1.076
<(HCC) 121.6
H . |
M, i“c’l_czf ?____" | R | oo " on 1xt6a
u, 2 -152.858386  -152.855634  -152.855744  -152.851495
R(C;C2)C 1499 1.504 - 1.506 1.509
R(CZ0) ) 1.399 1.403 : 1.396 1.407
R(C1Hy) , 1.075 1.07 1.075 1.074
R(CoH2) .07  1.086 © 1.087. . 1.086
<(€4C;0) 113.5 110.6 114.1 110.9
<A CiCh) | 119.2 119.6 119.0 119.7
<(HCaCy) 4 1.5 109.5 111.2 109.7
8(HyC4C0) | 78.3 81.5 7.9 . 719.8
8(C1C2Hp,C1C20) 120.3 12001 1206 120.1

alH1C1Hy.C1C2) 20.0 14.6 20.7 1.2
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Table I11. (continued)

0
H
l\c. _c/..- 3A.1"'
Wl Z\h Hy ~152.858350
2
3
d
R(C,C2) ‘ 1.498
R(CZ0) ' 1.390
R(CyH1) ' 1.072
R(CqH2) 1.073
R(CoH3) 1.089
<(C1C20) 113.3
<(H1C1Ca) 120.0
<(HaC1C2) : 120.0
<(C1C2H3) 11.4
8(CyC2H3,C1C20) 120.8

3A"na

-152.856746

1;503
1.390
1.072
1.072
1.088
108.6
121.8
118.5
109.9
120.3

1

A'sw

-152.856833

1.502
1.395
1.072
1.074
1,088
113.2
120.0
120.0
111.3
120.6

lA'wc

- =152.853878

1.502
1.401
1.072
1.073
1.088
109.1
121.6
118.7
110.1
120.3

3Bond lengths in angstrom, angles in degrees, energies in atomic units.

bsee text for basfs set description.

CThe (C,C,0) plane is the plane of symmetry.

out-of-plane angle defined by the angle of C;C, with the H,CyH; plane.

é is the dihedral anale between the {(C;C,0) and
(H;C1C2) planes. © is the dihedral angle between the {C,C,0) and (C;CoH2) planes.

a fs the

dThe C1C§0 plane is the plane of symmetry. o is the dihedral angle between the (C;C20) and

{C,C,H3) planes.
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for the different energy ordering. Furthermore they obtained a smaller
CCO angle in the 1A'(o0o) state. Our results do not support their
finding. Overall, for the triplet and singlet manifolds the oxygen o
unpaired electron interacts more with the terminal methylene radical
center than the = electron, resulting in a smaller CCO angle (~109.5°)
in the oo and no states and a larger CCO angle (~113°) in the ox and =n
states. The out-of-plane bending angles of the methylene radical
center in the oo and or states is found to be between 14.5° and 20.7°,
slightly larger than the values of Yamaguchi et a1.’

The diradical strucfures show some striking similarities to the
ethyl radical structure.l9 The CH bonds of the methylene radical cen-
ter are ethylenic ( ~1.074 R), i.e., shorter than the CH bond on the
central carbon (~1.087 A). There is an hyperconjugative interaction of
the carbon unpaired é]ectron with the CH bonds of the central carbon,
which are consistently longer in the wno and wn states than in the
corresponding oo and on states. The out-of-plane bending angles for the
oo and or states are between 14° and 21° and much larger than those in
the ethyl radical (6°) indicating a strong interaction of the two
localized unpaired electrons.

These differences,are confirmed by the vibrational analysis per-
formed on the 3A"(on) state (HF wavefunction and DZP basis set) and
shown in Table IV. The lowest frequency vibrationé] mode (316 cm-1)
corresponds to the internal rotation of the CHp-radical center about

the C-C bond. It is in qualitative agreement with the small energy




Table IV. Vibrational analysis of 3A"(om) CHpCHp0 diradical.

mode v(cm-l) mode v(cm-l)

1. CH,-C rotation 316 9. CH bend, twist, rock 1491
2. CCO bend 443 10. CH bend, twist, rock 1572
3. CHy - pyramidal bend 707 11. CH bend, twist rock 1608
4, -CH- bend 810 12. 'CHZ" symmetric stretch 3215
5. C-C-0 symmetric stretch 1083 13. -CH,- asymmetric stretch 3261
6. C-C-0 asymmetric stretch 1163 14, EHZ' symmetric stretch 3325
7. CH bend, twist, rock 1'193 15. éHz- asymmetric stretch 3435
8. CH bend, twist, rock 1396

-Ol-
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difference between the 3A"(or) and 3A'(nn) states. The pyramidal

bending mode of the cHz radical group has a frequency of 707 cm'l,

larger than the frequency of this mode in the ethyl radicall? (540

em-1). Thisvfinding is in accord with the larger bending angle

(20.0°) in the CHyCHp0 compared to ethyl (6°). The low frequenc&

(443 cm~1l) of the CCO bending mode indicates a flat bending potential,
and low barrier to ring closure. The CH bonds on the radical center

are ethylenic, shorter than the CH bonds on the central carbon, a charac-
teristic reflected in the stretching frequencies (3325, 3425 cm-1

for CHp and 3215, 3251 cm~1 for -CHp-).

IV. The 0(3A") + CoHa(1A;) Transition State

Cvetanovicl attributed the attractive interaction energy in the
oxygen atom plus olefin addition reaction to a partial charge transfer
from tﬁe olefin to the attacking oxygen atom, the initia1 electrostatic
repulsion being responsible for the existence of a reaction energy
barrier. Bader et al.6 described the reaction process as a spin
uncoup1ing»mechanism including i) an initial uncoupling of the olefin
n-bonding electron density, ii) a recoupling of the central carbon elec-
tron density to the oxygen density, and iii) a localization of the un-
paired electron. Thus they argue that the decrease in carbon-carbon =
binding occurs simultaneously with an increase in the carbon-oxygen

binding.
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A schematic orbital representation of the addition reaction is .
shown in Fig. 2. During the course of the reaction the system maintains
the C-C-0 plane as a plane of symmetry. The original C=C = bond and its
antibonding counterpart r* have a' symmetry. The unpaired electrons on
the oxygen atom are in orbitals of a' and a" symmetry. The a" electron
on the oxygen atom plays a passive role during the reaction. At the
beginning of the reaction a three-active-electron wavefunction can be
written pgalpcy + pc2)(a8-Ba)/vV2, where pb is the in-plane oxygen

orbital, pcy and pgy are the out-of-plane orbitals of C; and Cj.
As the reaction proceéds the n electrons uncouple, the hydrogens on the
central carbon C> are pushed back and C, acquires an approximate sp3
hybridization. The “unpaired" electron on Cy recouples with the
oxygen p electron to form a ¢ bond. At the end of the reaction the
wavefunction can be written pcialspco3 + pg)(as-8a/v2), where
spc2> represents the hybrid orbital of Cp. This qualitative
wavefunction deséription shows the crucial role of the pn orbitals on
the carbon>atom and the in-plane p orbital of the oxygen atom unpaired
electron. Within this set of orbitals the electrons can be described by
ihe following coupling scheme: (pc1-pc2) coupled singlet for the
reactants and  (spc23-pg) coupled singlet for the diradical.

The multiconfigdration wavefunction, obtained by disturbing the
three active electrons in all possible ways among the three active a'
orbfta]s, contains the electron recoupling configurations which play a .
key role in the transition state description. For the 3p" state of

interest, the MCHF wavefunction includes 9 configuration state functions.

i e e T S,
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The total energies, relative energies, and geometries (see Fig. 3)
of the reactants, transition state, and products of the addition
reaction are given in Tables V and VI for the ST0-3G and 3-21G basis
sets. From Table V one sees that the electron correlation correction
from the MCHF wavefunction results in a less stable diradical for both
the STO-3G and the 3-21G basis sets. The HF results shown in Table II
give an energy difference between the diradical and the reactants
0(3A") + CoHa(1A7) of -11.4 kcal/mol with the ST0-3G basis, an
+8.6 kcal/mol with the 3-21G basis. The corresponding MCHF energies
are -1.7 kcal/mol with the ST0-3G basis and +10.5 kcal/mole for the
3-21G basis. These small energy differences imply a "loose" transition
state which is found ~16 kcal/mol above the reactants for both bésis
sets; The energy barrier is small, and it is likely that a better basis
set and a more extended treatment of electronic correlation effects
would bring this value very close to the experimental activation energy
(~1 kcal/mol). The transition state geometries reported in Table V for
the two sets are similar, with an\e1ongated C-0 internuclear distance.
The angle of approach of the oxygen atom is ~107° with respect to the
C-C bond for both basis sets. At the transition state the hydrogen
atoms attached to the terminal carbon are ~8° out of the ethylene
plane, and the hydrogen atoms on C> are ~28° out of the plane.

The out-ofhp1a;e angle of the methylene group in the diradical is

sensitive to the basis set (27.4° for the ST0-3G basis, and 12.8° for
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Table V. MCHF total? and relative energiesb

of reactants, transition

state and products of the 0(3P) + C2H4(1A1) reaction.

ST0-36G 3-216
o(3a") + C2H4(1A1) -150.920970  (0.0) -152.023549  (0.0)
CH,=CHy=m==~ 0(3A“.) -150.895829  (+15.8) -151.997108 (+16.6)
CH,,CH,0 3a")  -150.923606  (+1.7) -152.006776 (+10.5)

AEnergies in atomic units.

brelative energies in parentheses in kcal/mol,.



Table VI. MCHF geometries® of reactants, transition state, and products of the 0(3P) + C,H,(!A )
: _ . My

reaction.
‘STU:3§eACtants3-216 Trafsition Stgte . Product-
R(Czo) o L 1.913 1.873 1.510 1.533
{(CICZO) ¢ 107.8 107.4 112.7 111.9
R(CICZ) ©1.381 1.336 1.395 1.399 1.513 1.482
R(CyHy) 1.081 1.074 11.081 1.072 1.083 1.071
R(CZHZ) 1.081 1.074 1.084 1.074 1.093 1.081
<(CZC1H1) ‘121.9 121.8 121.0 121.0 118.1 120.1
<(C1C2H2) 121.9 121.8 .118.6 118.7 111.3 113.0
6(H1C1C20)b 90.0 | 90.0 84,2 85,2 73.9 82.8
e(CICZHZ'CICZO) 90.0 90.0 106.7 106.7 119.4 118.0
a 0.0 0.0 9.5 7.9 27.4 12,8
B 0.0 27.7 27.8 51.5 47.6

0.0

3Bond lengths in angstroms, angles in degrees.

See Fig. 3 for definition.

bThe (€,C,0) plane is the plane of symmetry. & is the dihedral angle between the (C1C20) and
(HyC1Cy) planes. © 1s the dihedral angle between the (C;C,0) plane and the (C,C,H,) planes.
See Fig. 3 for definition of « and B angles.

-Sl-
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the 3-21G basis). The bending angle for the hydrogens on C; is about
48° in the diradical. A vibrational analysis of the ST0-3G transition
state structure yielded only one negative eigenvalue (887 em-1)
corresponding to an attack of the oxygen atom on the = bond as the
hydrogen atoms on the central carbon are pushed backwards.The next
lowest eigenvalue is positive (290 em-1) corresponding to a CCO
bending motion, clearly showing that the path of attack corresponds to
a valley on the potential energy surface.

The natural orbitals (NO) (Fig. 4) of the MCHF wavefunction and
their occupation numbers (Table VII) reveal some interestihg features.
For the reactants, the NO's are the = bonding orbital (occupation =
1.90), the oxygen unpaired electron orbfta1 (occupation = 1.00), and the
n* anti-bonding orbital (occupation = 0.10). The NO's of the transition
‘state show the buildup of the unpaired electron on the methylene
carbon. In the first transition state NO (occupation = 1.83) the eleé-
tron population is shifted toward Cp and the oxygen atom. The termi-
na1 carbon has acquired a radical character in the second NO (occupation
1.00). For the products, the first NO corresponds to a CO bonding orbi-
tal (occupation = 1.96), while the second NO is the orbital of the
unpaired electron on the methylene carbon. The change in character of
the NO's reflects the crucial role of the configuration mixing in the

description of the addition reaction.



Table VII.
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Occupation numbers and selected populations of the active

MCHF natural orbitals? for the reaction 0(3P) + C2H4.
® ¢ )
Reactants occupation 1.90 - 1.00 ~ 0.10
population C, 0.95 0.00 0.05
C2 0.95 0.00 0.05
0 0.00 1.00 0.00
Transition occupation 1.87 1.00 0.13
state
' popul ation C1 0.40 0.54 0.03
Cy 0.76 0.00 0.06
0 0.66 0.44 0.03
Products occupation 1.96 1.00 0.04
popul ation C1 0.04 0.92 0.00
C, 0.85 0.00 0.02
0 1.21 0.05 0.01

aSee Fig. 4 for orbital descriptions.
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Conclusions

Through the use of a MCHF wavefunction we have shown that the
transition state for the electrophilic addition of 0(3P) to ethylene
is asymmétrit. We feel that improvements in basis set and electron
correlation description are unlikely to change the qualitative conclu-
sions reached in this work regarding the nature and structure of the
transition state. Foremost, there is the finding that during the addi-
tion process the electrons involved in bond breaking and bond formation
undergo a spin uncoupling mechanism comparable to a quasi excitation
from a nl configuration to a 3x-n* configuration, followed by a spin
recoupling with the attacking electron. As first shown by Bader
et a1.,5 the‘asymmetric approach is found to correspond to the most
favorable nuclear arrangement for minimizing electron repulsion.

The asymmetry of the transition state is in accord with the
observed pronounced orienting effect in the addition in which the oxygen
atom attacks the less substituted carbon atom of the olefin double
bond. Several effects compete in this process. A On the one hand, the
alkyl substituents donate electron density to the substituted carbon
which the oxygen atom might be expected to preferentially attack.

Steric hindrance, however, makes an attack on the substituted carbon
more difficult, and favors the attack on the less substituted carbon.
Another factor which plays a role 15 the radical stabilization effect.
Tertiary radicals are more stable than secondary radicals, and secondary
radicals more stable than primary radicals. In accord with this result,

the radical center created during the course of the reaction is
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stabilized by substituents. Thus, we conclude that steric effects and
radical stabilization are responsible for the attack of the oxyagen atom

on the less substituted carbon.
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Table Captions

Table 1. HF energies? of oxygen atom and ethylene CoHs
a. Energies in atomic units.

b. See text for basis sets. Geometries are optimized for
the various basis sets.

Table II. HF total and relative energies? of.CHZCHZO radical
electronic states.

a. Energies in atomic units; relative energies in kcal/mole
in parentheses.

b. See text for basis sets. Geometries are optimized for
the various basis sets.

Table III. WF geometries? of CpHg and CHpCH20 radical states

~ (DZP basis sets).P
a. Bond lengths in angstroms, anales in degrees, energies
in atomic units.
b. See text for basis set description.

Table IV. Vibrational analysis of 3A"(ow) CHoCHp0 radical.

Table V. MCHF total? and relative energiesb of reactants,
transition state and products of the O(3P) + CoHg
reaction.

a. Energies in atomic units.

b. Relative energies in kcal/mole in parentheses.
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Table VI. MCHF geometries? of reactants, transition state, and
products of the O(3P) + CpHy reaction.
a. Bond lengths in angstroms, angles in degrees.

Table VII. Occupation numbers and selected populations of the active
MCHF natural orbitals? for the reaction 0(3P) + CoHs.

a. See Fig. 4 for orbital description.
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Figure Captions

Fig. 1.
Fig. 2.

Fig. 3.
Fig. 4.

The electronic states of the CHpCH0 diradical.

Mo]ecuiar orbital description of the transition state for the
reaction O(3P) + CoHa('Ay).

Structure of the CHgCHZOAsystem.

Active MCHF natural orbitals for the 0(3P) + CpHs reaction.
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Fig. 2.

Fig. 3.

X8L 816-2307

XBL816-2308
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Fig. 4.
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