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ABSTRACT

Huisgen's reaction of alkynes with Ozone (O,), atits first step yielding carboxylic acids functional
groups is, undoubtedly, an example of 1,3-dipolar cycloaddition reactions. Cycloadditions of 1,3-dipoles
may occur by concerted mechanisms. The energy content in alkynes may be increased further by
bending the normally linear triple bond, as in the small cycloalkynes. The strain energy in the cycloalkynes
increases as the size of the ring decreases. In this study, the reactivity and strain energy effect of these
cycloalkynes with O, will be discussed in light of computational studies using ab initio methods (RHF/
6-31G*//RHF/6-31G* level). The investigation of the structural properties, theoretical thermodynamic
and kinetic data i.e. ArG, AG* and rate constants of the reactions at 298°K will be presented.
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INTRODUCTION

1,3-dipolar cycloaddition, also known as
the Huisgen cycloaddition or Huisgen reaction, is
an organic chemical reaction belonging to the larger
class of cycloadditions'?. It is the reaction between
a 1,3-dipole and a dipolarophile, most of which are
substituted alkenes, to form a five-membered ring.
2n-electrons of the dipolarophile and 4 electrons of
the dipolar compound participate in a concerted,
pericyclic shift. The addition is stereoconservative
(suprafacial), and the reaction is therefore a [2 +4 ]

cycloaddition similar to the Diels-Alder reaction.
Many authors still use the term “[2+3] cycloaddition”,
which counts the number of involved atoms but does
not follow IUPAC recommendations. IUPAC
recommends the use of “(2+3)” for the number of
involved atoms instead. A condition for such a
reaction to take place is a certain similarity of the
interacting HOMO and LUMO orbitals, depending
on the relative orbital energies of both the
dipolarophile and the dipole. Electron-withdrawing
groups on the dipolarophile normally favor an
interaction of the LUMO of the dipolarophile with
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the HOMO of the dipole that leads to the formation
of the new bonds, whereas electron donating groups
on the dipolarophile normally favor the reverse of
this interaction®*.

The energy content in alkynes may be
increased further by bending the normally linear
triple bond, as in the smaller cycloalkynes. The strain
energy in simple cycloalkynes may be increased by
bending the normally linear triple bond.

The strain energy and reactivity in
cycloalkynes increase as the size of the ring
decreases.[7-10] The strain energy of I-1 to I-4 are
31.1, 20.8, 16.4 and 9.9 kcal mol?, respectively’.
Cycloadditions of 1,3-dipolar molecules such as O,
(1) with simple cycloalkynes (I) may occur by
concerted mechanism of 1,3-dipolar cycloaddition
to produce Ill. The most general and mildest method
of oxidatively cleaving unsaturated compounds to
carbonyl compounds is ozonolysis. In this reaction,
the unsaturated compounds (such as -C=C- and -
C=C-) are treated with O, at low temperatures in,
for example, methanol. The molozonide intermediate
(like 111) is produced during the concerted reaction
of the 1,3-dipolar cycloadditions. The isolable
intermediate is an ozonide by passing from
molozonides. In this study, the reactivity and strain
energy effect of the simple cycloalkynes (I) with O,
(I) for the first step of ozonolysis reaction and
producing the molozonide (lll) will be discussed in
light of computational studies using ab initio methods
(RHF/6-31G*//RHF/6-31G* levels). The investigation
of the structural properties, theoretical
thermodynamic and kinetic data i.e. ArG, AG* and
rate constants of the reactions at 298°K will be
presented.

Computational details and Calculations

The ab initio molecular orbital calculations
were performed with the gaussian 98 program.
Geometries for all structures were fully optimized
by means of analytical energy gradients in RHF level
with the 6-31G* basis set.[11] The synchronous
Transit-guided Quasi-Newton (STQN) method was
used to locate transition states and products, which
were confirmed to have zero and one imaginary
frequency, respectively. The frequencies were scaled
by a factor of 0.8929 and used to compute the free
energies (AG*) and the free energies changes of
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reaction (A G) at 298°K by equations:
AGH# = 2G [ 26 oms (1)
AG = XG products -G reactants  ...(2)

Also, rate constants were calculated with
the Eyring equation, derived from transition state
theory:[12]

k=K_T/h exp (-AG*/RT) ..(3)

AG# is the free energy difference between
transition state and reactants. The imaginary
reactions were studied in two methods: RHF/6-31G*/
/RHF/6-31G*. In this study, the most conformations
of the simple cycloalkynes (I-1 to 1-4) were
investigated in the 1,3-dipolar cycloaddition reactions
with (II).

RESULTS AND DISCUSSION

The selected structural parameters, the
heats of formation in kcal mol* and the results of
1,3-dipolar cycloaddition reactions of | (cycloalkynes)
and O, (Il) by using RHF/6-31G*//RHF/6-31G*
method and the transition states of the conversion
from the reactants to isooxazoles as the products
are summarized in Table 1 to Table 3 and Fig. 1 to
Fig. 8. The energy surface and the barrier energy
for the reactions were investigated in detail by
changing the position and distances between
appropriate atoms in the reaction pathway. The
structural results in the level have been similar. The
optimized structures are shown for reactants in
Fig. 1, for transition states in Figure-2 and for
products in Figure-3. The diagram of the free
energies (AG*) and the free energies changes of
reaction (A G) at 298°K for 1,3-dipolar cycloaddition
reactions of | and Il by using RHF/6-31G*//RHF/6-
31G* method are shown in Figure-4 to Figure-8.
The free energies of the reactants, transition states
and products in reactions of cycloalkynes (I) with
nitrile oxide (l1) are listed in Table-3. The results show
the treatment the electron correlation gives more
stable energies. Table-3 shows the thermodynamic
(AG* and A G in kcal mol*) and kinetic (rate
constants=k, in MSec*and relative constants=k")
data of the 1, 3-dipolar cycloaddition reactions of I-
1tol-4 and Il
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Structures for the synchronous transition
state are obtained with mean bond length values of
C1-018 and C2-020 bonds in transition states of
C7, C8, C9 and C10 with O, (Il). The bond length
values of C-O for two sides of this addition are equal.

The bond length values of C1-018 and C2-020 for
the transition states are: [2.28, 2.28], [2.19, 2.19],
[2.16, 2.16] and [2.14, 2.14] in A for 1,3-dipolar
cycloaddition reactions of I-1 to I-4 (cycloalkynes)
and ozone (ll), respectively. Figure-2 and Table-2

Table 1: The selected structural parameters (bond length

in A and bond angle in °)

of the cycloalkynes I-1 to I-4

Parameter* Cycloheptyne Cycl

ooctyne Cyclononyne Cyclodecyne

Bond Lengths

1C-2C 1.19

2C-3C 1.47

3C-4C 1.55

4C - 5C 1.55

5C-6C 1.55

1C-7C 1.47

1C- 8C -

1C-9C -

1C-10C

Bond Angles

1C-2C-3C 146.52 1
2C-3C-4C 103.94 1
2C-1C-7C 146.55

2C-1C-8C - 1
7C-1C-9C -

2C-1C-10C -

1C-7C -6C 103.93

1C - 8C-7C - 1
1C -9C- 8C -

1C - 10C- 9C -

2C-3C-8H 113.87

2C-3C-9H 110.18

1C - 7C- 16H 110.18

1C-7C - 17H 113.87

2C-3C - 9H - 1

2C-3C-10H - 109.86 - -
1C-8C-16H - 109.86 - -

1C-8C-17H - 1
2C-3C - 10H -

2C-3C-11H -

1C-9C-16H -

1C-9C-17H -

2C-3C-11H

2C-3C-12H

1C-9C-16H

1C-9C-17H

*The results of the calculations in method RHF/6-31G*//RHF/6-31G*
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show the structures and the data of the transition
states.

The strain energy is one of the main
functions in these reactions. By increasing the ring
size of the cycloalkynes and decreasing the strain
energy of the cycloalkynes I-1 to I-4, the internal
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bond angels of C-C=C have increased. The bond
angels of C1-C2=C3 are 146.52, 158.10, 163.45
and 172.22 for I-1 to I-4, respectively. For each
cycloalkyne in these 1,3-dipolar cycloaddition
reactions, the thermodynamic and kinetic stabilities
of | are related to the strain energies and the
structural characters particularly around the C-C=C-

Table 2: The selected structural parameters of the transition
states (bond length in A and bond angle in ) of the
1,3-dipolar cycloaddition reactions of I-1 to I-4 and Il

Parameters*/TS TS(C7) TS(C8) TS(C9) TS(C10)
Bond Lengths

1C- 2C 1.20 1.21 1.22 1.22
2C-3C 1.47 1.47 1.48 1.48
1C -180 2.28 2.19 2.16 2.14
180-190 1.22 1.23 1.23 1.24
190 -200 1.22 1.23 1.23 1.24
200 -2C 2.28 2.19 2.15 2.14
1C-7C 1.47 - - -
1C- 8C - 1.47 - -
1C-9C - - 1.48 -
1C-10C - - - 1.48
Bond Angles

180-190-200 114.72 113.34 112.69 112.14
1C-180-190 95.28 96.56 96.61 96.94
2C-200-190 95.29 96.16 97.02 97.55
2C-1C-180 100.82 101.35 101.40 101.453
1C-2C-200 100.80 100.93 101.40 101.50
1C-2C-3C 145.04 154.55 158.73 161.15
2C-1C-7C 145.11 - - -
2C-1C-8C - 154.70 -

2C-1C-9C 158.78 -
2C-1C-10C - - - 162.21

*The results of the calculations in method RHF/6-31G*//[RHF/6-31G*

Table 3: The thermodynamic (AG* and A G in kcal mol*) and
kinetic (rate constants=k in M*Sec*and relative constants=k")
data of the 1,3-dipolar cycloaddition reactions of I-1 to I-4 and II.

Cycloalkynes AGF(kcal.mol*) A G(kcal.mol?) k k’

C, 18.44 102.58 1.88 x 101 4.59 x 10°
C, 23.13 85.96 6.86 x 10° 1.38 x 10?
C, 26.67 79.33 1.76 x 107 0.425
C 26.16 78.69 4.10 x 107 1
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Cycloallgyme(c7)

TS(0,-C)

Cycloallyme(c8)

cycloalkyne(c9)

TS(O,-C,)

Ozone (O,) - Il

Fig. 2: Transition states of 1,3-dipolar
Fig. 1: Cycloalkynes 7-10 cycloaddition of Cycloalkynes 7-10
membered rings (I) and Ozone (Il) membered rings (I) and Ozone (Il)



890 Taherpour et al., Orient. J. Chem., Vol. 27(3), 885-893 (2011)

Product (I-4)

Fig. 3: Products of 1,3-dipolar cycloaddition
of cycloalkynes 7-10 membered rings
() and Ozone (ll)

C. The bond angels of C1-C2=C3 have reached to
145.04, 154.55, 158.73 and 161.15 for I-1 to I-4,
respectively, in the transition states (TS) during the
reaction of | and Il. In this case, the bond angels of
018-019-020 have reached to 114.72, 113.34,
112.69 and 112.14 for I-1 to I-4, respectively. It
seems that the bond angles were affected with the
ring sizes of cycloalkynes () at the TS stage as
well. The kinetic stabilities were decreased by
decreasing the ring sizes, subsequently increasing
the strain energies of cycloalkynes I. Table-3 shows
the calculated rate constants (k, in M'Sec?) by
utilizing the RHF/6-31G*//RHF/6-31G* (k) methods

TS

102.58

Fig. 5: The diagram of the free energies (AG*)
and the free energies changes of reaction
(AG) at 298°K for 1,3-dipolar cycloaddition

reactions of I-1 (cycloheptyne) and Il by
using RHF/6-31G*//[RHF/6-31G* method
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and the Eyring equation (Eq.-3). The chemical
affinity and the calculated rate constants in the
method increased by decreasing the ring size of the
cycloalkynes and the bond angles of triple bonds
and increasing the strain energies of I. The rate
constants with RHF/6-31G*//RHF/6-31G* for the
reactions of | and Il are 1.88x10?, 6.86x10°,
1.76x107 and 4.10x107, respectively. The bond
angel strain release is a motive force for these
reactions. Another one is reaching to the aromatic
state of the molozonide 1l as the favored products
of the reaction.

The free energy differences between
transition states and reactants AG*by RHF/6-31G*/
/RHF/6-31G* for the reactions of | and |l, are 18.44,

Fig. 6: The diagram of the free energies
(AG#) and the free energies changes of
reaction (A G) at 298 K for1,3-dipolar
cycloaddition reactions of 1-2
(cyclooctyne) and Il by using
RHF/6-31G*//RHF/6-31G* method

23.13, 26.67 and 26.16 kcal.mol?, respectively. The
results in the method (RHF/6-31G*//RHF/6-31G*)
shows increasing in the AG* of the 1,3-dipolar
cycloaddition reactions of I-1 to 1-4 and IlI, by
increasing the ring size and decreasing the strain
energy of cycloalkynes (l). Table 3.

The free energy changes of reactions (A,G)
are shown in Table-3. The values of AG were
obtained by the use of two RHF method and Eq.-2.
The values of A G by RHF/6-31G*//RHF/6-31G* for
the exothermic reactions of | and Il, are 102.58,
85.96, 79.33 and 78.69 kcal.mol?, respectively. The
gap in the free energies between reactants and
products have been decreased by the
thermodynamic stability of bigger cycloalkynes (1).

26.67

Fig. 7: The diagram of the free energies (AG)
and the free energies changes of reaction
(A,G) at 298°K forl,3-dipolar cycloaddition

reactions of I-3 (cyclononyne) and Il by
using RHF/6-31G*//[RHF/6-31G* method
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TS

26.16

N

B
(e}

Fig. 8: The diagram of the free energies

(AG") and the free energies changes of reaction

(AG) at 298°K forl,3-dipolar cycloaddition
reactions of 1-4 (cyclodecyne) and Il by using
RHF/6-31G*//RHF/6-31G* method

Table 4: The free energies (G) in Hartree of
the reactants, transition states and products
in reactions of cycloalkynes (I) with O, (lI)

Species G3(H)

O, -224.276315
Cycloheptyne -270.668626
Cyclooctyne -309.691463
Cyclononyne -348.703017
Cyclodecyne -387.705862
TS (C,) -494.915558
TS (CY) -533.930915
TS (C,) -572.936822
TS (C,) -572.936822
Product (C,) -495.108411
Product (C,) -534.104759
Product (C,) -573.105756
Product (C) -612.104744

See Table-3 and Fig.-4 to Fig.-8. These results
suggest that, the relative constants of reaction rates
increased by decreasing the size of the rings and
increasing the strain energies and chemical affinity
of cycloalkynes | to take part in the 1,3-dipolar
cycloaddition reactions of I-1 to I-4 and Il for
producing of the molozonide 1.

CONCLUSION

Comparing results show that in the 1,3-
dipolar cycloaddition reactions of I-1 to I-4 and Il
for producing Ill the rate constant and the free
energies changes in reactions increases as the size
of the ring decreases. The comparison of the strain
energies, thermodynamic and kinetic data of the
Huisgen reactions 7-10 member rings of
cycloalkynes with O, (Il) showed that the chemical
affinity of | increases by increasing the bond angle
strain around the triple bonds.

The free energies (AG* and AG) of the
reactants, transition states and products in the
reactions of cycloalkynes (I) with O, are recorded
by using RHF/6-31G*//RHF/6-31G* calculations at
298°K. The kinetic data (rate constants=k in MSec
tand relative constants=k") were calculated by the
Eyring equation, which is derived from transition
state theory.

In these exothermic reactions, the k and
k" of the reactions increased by decreasing the size
of the rings and increasing the strain energies and
chemical affinity of cycloalkynes | to participate in
the 1,3-dipolar cycloaddition reactions of | with Il for
producing of the molozonide Il as the first step of
oxidation of cycloalkynes I. Two factors i.e bond
angle and strain release for reaching to molozonide
as the favored intermediate of the exothermic
reaction is the main motive forces of these 1,3-
dipolar cycloaddition reactions of | with II.
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