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Semiempirical molecular orbital calculations have been carried out on the ozonizatiop iof @der to

obtain information on possible reaction paths and products. Stationary points involved in the proposed
mechanism and their harmonic vibrational frequencies have been calculated at the AM1 level of theory. The
computational results shown that not only from a thermodynamic point of view but also from a kinetic point
of view the Q was most likely added on the 6/6 bond of,Cin the ozonization mechanism ofs§ the
1,3-dipole addition of @to Gy is the rate-determining step and the major product ggOCGwith epoxide
functionality.

1. Introduction o]
PN o @

The fullerene oxides are interesting materials for the formation >c=c< + 0 — P 5 \ W=y,

of other fullerene-based entities. Many methods have been used _Clj—(l}_ —?——IC—

to produce fullerene oxides, including photooxygenatién,

electrochemical oxidatiohand ozonizatiort-” Ozonization of I I

Ceois a facile way to produce fullerene oxides. The experimental

result§—7 show that the reaction of &g with ozone results in — | N N 0—-Q

the formation of GuO which reacts further to produces¢O. SO0+ /C_O\O >C'\O,C<

and so on becauseggcontains 30 formal double bonds, and
hence facile ozonization ofggis expected. I v
A lot of work has been done to elucidate the mechanism of Figure 1. The Criegee’s mechanism of ozone with olefins.

ozonization of olefins; however, it has not been all clarified .

yet. Criege&® provides the generally accepted mechanism,

which involves three distinct steps. In the first, ozone adds ‘o L@ ‘0
directly to the olefin to form a cyclic adduct(l). This then o ¢ HI/, 2
Py

N
(o) o
dissociates to a mixture of a carbonyl compound and a carbonyl I I
oxide (Ill) which then recombine to form the ozonide(IV). In +0; — —
2
Iy

)
recent years, a number of theoretical studies on the mechanism | }A
of the ozonolysis have been appeartfic?! They calculated the I +0
heats of formation of the various stable intermediate and '
transition states involved. The inclusion of electron correlation P,

is absolutely required to make ab initio calculation reliable. Figyre 2. The proposed mechanism of ozonization @f.C

However, the larger members of the series prevents the use of

ab initio methods completely; therefore, ab initio calculations Am1 method to the elucidation of this aspect. A modified
either dealt only with some individual steps and not with the Criegee mechanism, i.e., the mechanism of ozonizationsgf C
whole reaction sequente!’ or accomplished partial rather  has peen suggested and various transition states and intermedi-

complete geometry optimizatidd!31519The comprehensive  ztes involved in the process have been studied.
quantum chemistry study of the Criegee mechanism to date

appears to ha_lve employed exclusively semiempirical meth- o Computational Methods

ods!*21(See Figure 1.) Recently, J. M. Anglada et%eported

a systematic theoretical study of ozonolysis of ethylene by high-  The size of the system studied prevents the use of ab initio

level ab initio method. The energy barrier they obtained is molecular quantum mechanical methods. Therefore, all calcula-

comparable with the reported experimental value. tions presented here were performed with the AM1 semiem-
Unlike olefins, the spherical nature ofsCplaces stringent  Pirical method® as implemented in the MOPAC7.0 program

steric constraints on the conversion of the molozonide inter- Package? The AM1 method has been preferred over other

mediate to the ozonide, and raises questions about the fate ofemiempirical methods due to three main reasons: first, it yields

the initial adduct. In this study we discuss the application of eliable results for the geometries of and Go; second, for
the ozonolysis of olefins, it reproduces high-level ab initio

) - calculations and experimental resitg? and third, Dewar’s
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t Department of Chemistry. group encourages the use of the AM1 method among other
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TABLE 1: Major Calculated Bond Length (B.L., unit: nm) and Bond Order (B.O.) of Transition State and Primary Ozonide
in the Addition of O3 to Cgp

C1-C2 C1-0or Cc2-03 01-02 02-03
B.L. B.O. B.L. B.O. B.L. B.O. B.L. B.O. B.L. B.O.
6/6TS 0.1431 1.28 0.2018 0.31 0.2018 0.31 0.1197 1.30 0.1197 1.30
6/6PO 0.1588 0.90 0.1456 0.95 0.1456 0.95 0.1307 0.99 0.1307 0.99
6/5TS 0.1507 1.04 0.1673 0.52 0.2271 0.19 0.1233 1.17 0.1177 1.34
6/5P0O 0.1637 0.87 0.1452 0.95 0.1452 0.95 0.1306 0.99 0.1306 0.99

6/6 TS, 6/6 PO 6/5TS, 6/5 PO

Figure 3. AM1 optimized geometries of primary ozonide and transition states in the reactiop witl©Cso.

TABLE 2: Bond Angles and Dihedral Angles of Transition

Harmonic frequency analysis verified the nature of the stationary States and Primary Ozonides

points as minima (all real frequencies) or as transition structures

(with one imaginary frequency). Dooce Docco Lo0o0 HO:CCo
6/6 TS1 27.40 0.24 114.81 98.33
i ; 6/5TS1 26.94 0.38 114.58 105.40
3. Results and Discussion 6/6 PO 22.16 0.31 107.96 100.37
According to part of the Criegee mechanism and the 6/5PO 22.45 0.83 108.26 99.75

experimental results, we suggested the mechanism of ozoniza- The pond length of CXC2 in the 6/6 TS is 0.1431 nm

tion of Ceo as shown in Figure 2. which is closer to the corresponding bond in the addition of O
In Figure 2, 1 and 2 refer to the reactanp@nd Q, I, and to benzene (0.1435 nm) and longer than that gfc@ethylene
I, are two intermediates, and 8nd B are two kinds of possible (0.1375 nm). The longer bond distance in the 6/6 Ty be
products. Roman numerals |, 1l, 1ll, and IV indicate reaction zscribed to the longer GAC2 bond of the G molecular than
steps. Four steps are involved in this mechanism: (1) the the G=C bond of an ethylene molecular in an isolated state.
formation of intermediate 1 {), also known as the primary The C1C2 bond of the reaction sites in the 6/6 PO has been
ozonide (PO), by a 1,3-cycloaddition process. (2) Intermediate pyjled away from the remaining part of theg@phere, having
1 dissociates to intermediate 2 through the breaking down of 3 very long bond distance, 0.1588 nm. Its bond order is reduced
C—C bond in Go. (3) The intermediate 2 converted taO from 1.49 (in original G) to 0.9. These results indicate that
(P1) with epoxide functionality or €O, (P2) with ketone  the C1-C2 bond in the 6/6 PO has completely been converted
functionality. to single bond. The corresponding bonds in the products of
3.1. Structures of Transition States and Products of 1,3-  ethylene and benzene follow a similar trend, i.e., they also have
Dipole Adduct. Similar to the ozonization of olefins, the first  peen converted to single bonds.
step of the reaction between ozone angh @wolves the Unlike 6/6 addition there is an unsymmetrical transition state
formation of 1,2,3-trioxolane, also known as the primary ozonide in the 6/5 addition. The bond lengths of the newly formed-C1
(PO), by a 1,3-dipole addition process. As we have known that 01" and C2-03 bonds are 0.1673 and 0.2271 nm, and their
Ceo has two kinds of bonds, i.e., 6/6 and 6/5 bonds, and hencebond orders are 0.52 and 0.19, respectively. This indicate that
there will have been two kinds of POs that we called 6/6 PO the bond between G101’ is stronger; however, the bond
and 6/5 PO, respectively. between C203 is weaker. The reason of forming unsym-
The AM1 optimized geometries, which are depicted in Figure metrical transition state may be due to the longer bond length
3, can be labeled as transition state of 6/6 PO (6/§ a8d 6/5 of 6/5 bond than that of 6/6 bond ing§ If a symmetry one
PO (6/5 TS). The structure parameters of transition states and was formed then both of the €D1 and C2-0O3 bonds would
POs are given in Table 1. No symmetry constraint has beenbe very weak because of the little overlap between these atoms.
imposed on the gg—05 system, however, the resulted transition It must be noted that the AM1 calculations predict the concerted
state in the 6/6 addition (6/6 TBhas aCs symmetry structure. and synchronous transition state for 6/6 addition and the
The bond lengths of the two forming-€O bonds in 6/6 TS concerted and unsynchronous transition state for 6/5 addition.
are 0.2018 nm and their bond order are 0.31. With regard to It can be seen from bond lengths labeled in Figure 3 that the
compare, we also studied the transition states and products ofinfluence of interactions upon the geometry is limited to the
O3 reaction with ethylene and benzene. Similar results have beenlocal area in the addition of £©The single bonds and double
found in the reaction of @with ethylene and benzene. Their bonds in the & sphere away from the reaction sites are not
transition states also haw& symmetry, and the two forming  much distorted from their original bonds ofs: 0.1384 and
C—0 bonds are 0.206 and 0.196 nm, respectively. 0.1464 nm, respectively. The bond anglé$) @nd dihedral
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Figure 4. Figure 4. The intrinsic reaction coordinate of @lded to 6/6 and 6/5 bonds.
TABLE 3: Calculated Heats of Formation(AH;°) of TABLE 4: Calculated Heats of Formation (AH¢°) of
Reactants, Transition States, and Products at 25C for the Reactants, Transition States, and Products at 25C for the
Ozonization of Cs, together with Heats of Reaction AH,), Ozonization of Ethylene and Benzene, together with Heats of
Activation Energy(AH¥), Activation Energy of Retroaddition Reaction (AH,), Activation Energy (AH?¥), Activation Energy
(AH%,), Deformation Energy Needed to Distort Reactant of Retroaddition (AH%), Deformation Energy Needed to
Coo(AH e and O3(AHge®®) at Their Geometry in the Distort Reactant (AHgef) and Oz (AHge%) at Their
Transition State and Interaction Energy (AHiy) (unit: kJ Geometry in the Transition State and Interaction Energy
mol~1) (AHint) (unit: kJ mol ~1)2
reactants T8 adducts AH  AH,  AH* AH% AHgef AHge®® AHin
Coo  Os  6/6 6/5 6/6 6/5 reactants
AHP  4072.3 1582 43141 43656 4089.4 4170.2 St';y,ene R
AHr ~141.0  —60.2 1,3-butadiene 125.1
AH 84.1 1351 benzene 92.0
AH, 225.1 195.0 TS
AHqe™%? 151 351 ethylene 274.9 47.7 2515 146 159 172
AHgef 15.9 25.9 1,3-butadiene 342.3 59.4 2335 192 172 230
AHint 53.1 74.1 benzene 368.2 118.0 1715 393 289 498
. ) . adducts
angles D) are given in Table 2. Inspection of Table 2 reveals  ethylene 23.4-203.8
that both transition states and primary ozonides have oxygen 1,3-butadiene 108.8-174.5
envelope structures, which are in agreement with experi- Penzene 196.6 —53.6.
mentat’—2° and theoreticaf1%21.22studies of ozone addition aThe activation energy (47.7 kJ méJ also in ref 21) of ethylene
to ethylene. calculated by AM1 methods are larger than those of values yield by

Calculations following the intrinsic reaction coordinate ab initic? (24.3 kJ mot?) and experimeft (17.4-25 kJ mot™).
(IRC)® for 6/5 TS and 6/6 TS have shown a monotonic However, the heat of reaction of ethylene203.8 kJ mot?) is

. i . omparable with the ab initté (—205.9 kJ mot') and experimental
decrease in energy and resulted in the formation of the suggesteqclalu(_:34 (—163.2 kJ mol* to ~213.4 kJ mol). Therefore, AM1

products and reactants (in reverse following). No distinct methods overrate the activation energy and give much better value of
intermediates or second transition structures were found. Thisheat of reaction for studying ozonolysis of olefins.

result confirmed our calculation is correct. (See Figure 4.)

The heats of formation of reactants, transition states, and 31.0 and 53.1 kJ mol, whereas in 6/5 addition they are 61.0
products are collected in Table 3. Firstly, the heats of formation and 74.1 kJ mol!, respectively. From this fact we concluded
of adducts in this table show that from a thermodynamic point that besides providing the energy needed to modify the
of view the 6/6 adduct is clearly preferred over the 6/5 adduct. geometries of the reactants that they have in the TS when
In fact, as one can see from the activation energies, the 6/6forming the structure of the transition state, the activation energy
adduct is favored not only thermodynamically but also kineti- mostly has been used to overcome the repulsion energy between
cally. The difference in the activation energy seems to be the reactants. The deformation energy @f i@ 6/6 addition is
sufficiently large at present level of calculation to conclude that smaller than that of 6/5 addition (they are 15.1 and 35.1 kJ
addition of ozone is most likely to occur on a 6/6 bond @§.C mol~%, respectively) indicated that the original geometry gf C

Secondly, to understand the origin of the differences betweenis changed slightly in the 6/6 addition. This may be accounted
6/6 and 6/5 ring junction attacks, the activation energy of each for the higher reactivity of 6/6 bond than that of 6/5 bond in
addition has been divided into deformation energy and interac- Ceo.
tion energy®31(AH* = AHger + AHiny). The deformation energy The transition states of QOreaction with ethylene, 1,3-
is taken as the energy needed to modify the geometries of thebutadiene, and benzene have also been studied to understand
reactants to that they have in the TS, and is split into the the reactivity characteristics ok@with respect to those of other
deformation energy of reactantgg@AHqef %) and Q (AHged). common aliphatic and aromatic hydrocarbons. The results are
The interaction energy has three basic components, namely, thegiven in Table 4. The activation energy of ethylene and 1,3-
Pauli repulsion, the electrostatic interaction, and the orbital butadiene are 47.7 and 59.4 kJ miglwhich is smaller than
relaxation (polarization- charge-transfer effects). The deforma- that of G; addition to 6/6 bond in & (84.1 kJ mot?). However,
tion energy and interaction energy of reactangs &d Q are the activation energy of 6/5 addition is closer to that of benzene
also collected in Table 3. (118.0 versus 135.1 kJ md} respectively). These results

It can be found from Table 3 that in 6/6 and 6/5 addition the indicate that the reactivity of 6/6 bond is lower than that of
deformation energy is smaller than interaction energy. The olefin but higher than that of benzene. The reactivity of 6/5
deformation energy and interaction energy in 6/6 addition are bond is closer to that of benzene.
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TABLE 5: Bond Lengths (B.L., unit: nm) and Bond Order (B.O.) of TS, and I, Product in Reaction I

C1-C2 C1-or C2-03 0or-02 02-03
B.L. B.O. B.L. B.O. B.L. B.O. B.L. B.O. B.L. B.O.
TS 0.1628 0.82 0.1374 1.13 0.1476 0.91 0.1732 0.68 0.1197 1.26
I2 0.2587 0.01 0.1221 1.97 0.1329 1.41 0.2579 0.01 0.1163 1.33

TABLE 6: The Net Charge of C, O Atom in I,
C]_ Cz Ol’ 02’ 03'
0.304 —-0.121 —0.193 —0.301 0.377

TABLE 7: Activation Energy, Heats of Reaction for
Reaction Il Calculated by AM1 Methods (Unit: kJ mol %)

AH® AH; AH* AH%
I 4089.4
TS 4147.6 58.2 95.4
I2 4052.2 —37.2

TABLE 8: Minimum-Energy Reaction Pathways Calculated

TS, L, Using AM1 for the Opening of the C2-03' bond
Figure 5. The transition state and product of dissociation of molonozide. distance of C203 (nm) AML1 energy (kJ mot?)

0.145 0.0

0.16 23.76

0.17 54.43

O 0.18 87.61

0.19 119.62

0.20 148.70

0.21 174.14

0.22 194.72

0.23 212.13

intermediate 4 through the break down of-€C bond and the
formation of final production of 6/6 isomer of molozonide.

Figure 5 shows the geometries of the transition state 2)(TS

TS, P, P, and the }. Table 5 listed their bond lengths and bond order.
) . ) ) Compared with its initial geometry, i.e., primary ozonidg,(l
Figure 6. The products and transition state in reactions Ill and IV. the bond lengths of G1C2 and O1-02 in TS, increased 0.004
o ) nm (0.1588 versus 0.1628 nm) and 0.0425 nm (0.1197 versus

The ozonization of G, oIe_ﬂn and benzene are exothermal 0.1732 nm), their bond order decreased 0.08 (0.9 versus 0.82)
reaction. The heats of reaction of &dded to 6/6 bond of & and 0.31 (0.99 versus 0.68), respectively. These results indicated
ethylene, and 1,3-butadiene are larger than those of 6/5 bondthat these bonds have been breaking. Meanwhile, that the bond
and benzene. Therefore the 6/6 addugt-€@hylene, and ©- lengths of C+01’ and 02—03 decreased and their bond order
1,3-butadiene adduct are much more stable than those of 6/5creaged, indicated these bonds becoming stronger. Imsthe |
adduct and @-benzene adduct. the bond O1-02 (bond length 0.2579 nm, bond order 0.01)

In the ozonization of olefin and benzene, the deformation g4 c1-c2 (bond length 0.2587, bond order 0.01) were broken
energy of reactant is larger than the interaction energy. This completely and the €O double bond between €D1' were
fact indicates that in the formation of transition states gf O newly formed (bond length 0.1221 nm, bond order 1.966). The
reaction with olefin and benzene the deformation of reactants gt charges of C, O atoms in (see Table 6) show that the
is important and the activation energies are mainly used to product of molozonide dissociation is indeed zwitterionic
modify the geometries of reactants. However in the reaction of jyiermediate. Reaction Il is an inner molecular reaction, so it
O3 with Cg, because there are more atoms in thg-©s system has lower activation energy, only 58.2 kJ mblIThis reaction
so that the repulsion energy between them is very large and thejs an exothermal reaction and its heats of reaction is 37.2 kJ
activation energy is mainly used to overcome it. mol~2, which indicates that.lis very stable (Table 7).

3.2. Dissociation of Molozonide.In the second step of The reaction coordinate for the opening of the transannular
ozonization of olefin, the €C bond had been broken down pond in the 6/6 closed isomer 0%6D has been reported at the
and formed the zwitterionic intermediate Il (Figure 1). This then MNDO and HF/3-21G levels by Raghavachari and S8da.
dissociates to a mixture of a carbonyl compound and a carbonylorder to consider another possible path dissociation of molo-
oxide Il (Figure 1). Similar to olefin, the second step of zonide, which corresponds to the breaking of the-C@ prior
ozonization of G is also the bond rupture of -&C bond in to the breaking of the 0402 bond, we have repeated this
primary ozonide and result in the formation of the zwitterionic  kind of calculation. For a set of fixed values of corresponding
intermediate 2 g, Figure 2). However, § has a stable spherical  C2—03 distance ranging from 0.16 to 0.24 nm, all the other
structure, and this prevents the molozonide intermediate from geometrical parameters were completely optimized at the AM1
converting to the carbonyl compound and a carbonyl oxide. |evel. The resulting energies are listed in Table 8. The opening

The foregoing discussion suggests that not only from a of C2—03 bond is found to be a high-energy process. The
thermodynamic point of view but also from a kinetic point of structure at GO = 0.18 nm is 87.6 kJ mol higher in energy
view, the Q was most possible added on the 6/6 bond gf C  than the 6/6 PO, on the other hand, the activation energy of
Therefore we only studied the formation of zwitterionic breaking O1-02 is only 58.2 kJ motl. It can be concluded
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Figure 7. AM1-calculated energy profile for ozonization 0§ The
relative heats of formations (kJ md) for all intermediates and
transition states are given.

TABLE 9: Bond Length of TSz and P, (Unit: nm)

Cl1-C2 C1-Oor Cc2-03 02-03
TS 0.1950 0.127 0.1410 0.115
P, 0.266 0.1218 0.1218

TABLE 10: Calculated Activation Energy (AH¥), Retro
reaction Activation energy (AH%), Heats of Formation and
Heats of Reaction Path 1 (Unit: kJ mol?)

AH¢° AH;, AH* AH%
I (reactant) 4051.1
TSs 4145.4 94.3 124.8
P1+0; (product) 4020.6 —-30.6

from the result that the breaking of €03 will need more
energies than the breaking of G2, and this path is
impossible.

3.3. Formation of Ozonization Product. The third step of
ozonization of G has two paths. One path (path 1, i.e., reaction
Il in Figure 2) is that one @ molecule, eliminated fromal
through a transition state, formedesdO(P1) with epoxide
functionality. The other path (path 2, i.e., reaction IV in Figure
2) is one step reaction, i.e., one oxygen atom eliminated from
I, and formed GyO2(P,) with ketone functionality (Figure 6).

It can be seen from the bond lengths of;TSee Table 9)
that the distance between €C2 is shortening and the bond is
formatting gradually. Meanwhile the bond length of-©23
is stretching and ©0 is moving away from .

It can be seen from Table 10 that the activation energy of
path 1 is 94.3 kJ mol. The formation of R is through a
dissociation of O atom frompland there is not any transition

state in this process. The dissociation energy in path 2 is 197.4

kJ moit. The heats of formation of A3776.4 kJ mot?) is
smaller than that of £ but from a kinetic point of view we
think that the major product of the ozonization ofoGs P,
i.e., GO with epoxide structurg®34This is in agreement with
experimental results.’

According to the computational results, we obtained the
reaction pathways of ozonization ot&Figure 7).

4. Conclusions

The present results suggest a mechanism for the ozonization

of Ceo. A systematic AM1 semi-empirical method calculations

was carried out in the transition states, intermediates, and
products involved in which the mechanism have been optimized.

The calculations lead to the following conclusions: (1) The
addition of G to Cso is most likely to have occurred in 6/6

J. Phys. Chem. A, Vol. 104, No. 9, 2000919

bond. The heat of formation of 6/6 PO is 79.5 kJ midbwer
than that of 6/5 PO, and the activation energy of 6/6 addition is
50.2 kJ mof! lower than that of 6/5 addition. It can be
concluded that not only from a thermodynamic point of view
but also from a kinetic point of view the{Qvas most possible
added on the 6/6 bond ofgg (2) The major product of
ozonization of Ggis Cs00 with epoxide functionality. (3) The
rate-determining step of ozonization ogfds the 1,3-dipole
addition of Q to Cg. The activation energy of the rate-
determining step is quite lower (84.6 kJ mYl showing that
Cso is well suited for ozonization.
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