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The isomerizations of dihydrobenzofuran and isodihydrobenzofuran were studied by the Becke three-parameter
hybrid method with Lee Yang—Parr correlation functional approximation (B3LYP). Structure and frequency
calculations were carried out with the Dunning correlation-consistent polarized déulepVDZ) and
augmented aug-cc-pVDZ basis sets. The energetics was calculated using coupled cluster theory CCSD(T).
Both reactions proceed via stepwise mechanisms. The potential energy surface of the dihydrobenzofuran
o-hydroxystyrene isomerization has one intermediate and two transition states. In the isodihydrobenzofuran
— o-tolualdehyde isomerization, there are two intermediates and three transition states on the surface. Whereas
a stable intermediate is produced in the dihydrobenzofuran isomerization, the intermediates in isodihydro-
benzofuran are unstable biradicals. The last step in both isomerizations is a H-atom migration. The intermediate
that is formed in dihydrobenzofuran isomerization, methyl-2-methylene-3,5-cyclohexadiene-1-one, is very
stable despite the complete loss of resonance energy of the benzene ring. This was proven to be due to the
formation of a very strong>C=O bond in the process. Rate constants based on the quantum chemical
calculations using transition-state theory are in very good agreement with the experimental results.

I. Introduction whereas, the main reaction of dihydrobenzofuran is isomeriza-

Heterocyclic compounds fused to aromatic rings are the most tion to o-hydroxystyrené.
common compounds containing oxygen and nitrogen in coal,

petroleum, and other nonpetroleum fuklBhe presence of the N\
benzene ring stabilizes the fused ring compowiidRkeaction ©E> — @E\
channels that destroy the resonance energy of the benzene ring 0 OH
are considered to be slow in the fused ring compound compared dihydrobenzofuran o-hydroxystyrene

to their rates in the single ring. Dihydrobenzofuran and

isodihydrobenzofuran are two structural isomers that differ from The species that may be considered similar to the three-

one another in the location of the oxygen atom with respect to membered ring compound, cyclopropanecarboxaldehyde, which

the benzene ring. is is formed in the isomerization of 2,3-dihydrofuran, is unstable
when the furan ring is fused to benzene and is not formed in
the thermal reactions of dihydrobenzofuran.

o 0 Isodihydrobenzofuran undergoes isomerization ©»
tolualdehyde as the main thermal reactlonyhereas in

2,5-dihydrofuran the main reaction is; llimination to form
furan8-10

dihydrobenzofuran isodihydrobenzofuran

In these two molecules, the fused benzene ring replacest: C
double bond in 2,3-dihydrofuran and 2,5-dihydrofuran.

o0 (o~ (L

O O

isodihydrobenzofuran o-tolualdehyde

2,3-dihydrofuran 2,5-dihydrofuran
We present in this article quantum chemical calculations of the
The isomerization products of 2,3-dihydrofuran are propenyl reaction pathways of the isomerization of these compounds and
aldehyde and cyclopropanecarboxaldehyde, compare the calculations with the experimental results obtained
with the single pulse shock tube technique.

cyclopropane
/ carboxaldehyde Il. Computational Details

(o)

/{ E P ¢ We used the Becke three-parameter hybrid methwadth
Lee—Yang—Parr correlation functional approximation (B3LYP)
o) ~ = and the Dunning correlation-consistent polarized valence double
2 3-dihydrofuran propenyl & (cc-pVDZ) basis set® Stru.cture optimization of the regctgnt§
A aldehyde and products was done using the Berny geometry optimization
(o] algorithm?!4 For determining transition-state structures, we used
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Figure 1. Reaction pathway for dihydrobenzofuran o-hydroxystyrene isomerization. Relative energies (in kcal/mol) are calculated at CCSD-
(T)/IB3LYP/cc-pVDZ level of theory. Bond distances are given in A units.

the combined synchronous transit-guided quasi-Newton (STQN) We have examined the multireference character of the
method?® The higher-level calculations were done using these transition states and intermediates by determining theimalue,
geometries. which according to a diagnostic that was introduced by Lee
All of the calculations were performed without symmetry @nd Taylor reflects the extent of the multireference character
restrictions Vibrational analyses were done at the same level Of the species on the surfateln some species, thE, values
of theory to characterize the optimized structures as local minima Were considerably higher than 0.02, a value that is being
or transition states. Calculated vibrational frequencies and considered as the highest value below which the mul2t3|reference
entropies (at B3LYP level) were used to evaluate preexponential S1aracter is negligiblé However, it has been sho#n® that
factors of the reactions under consideratiihof the calculated the coupled CIl_JSter m‘?th_"d' with the inclusion of estimates f(_)r
frequencies, the zero-point energies, and the thermal energieéhe effects of triple excitations, can compensate for inadequacies

are of harmonic oscillators. The calculations of the intrinsic " the single-determinant reference. In view of these findings,

reaction coordinate (IRC) to check whether the transition states '€ used the coupled cluster theory CCSIX(T) for configuration

under consideration connect the expected reactants and produc interaction calculations at BSLYP geometry. CCSD(T) calcula-
were done at the B3LYP level ftﬁ)’l v with th m pb : tﬁons were performed with the frozen-core approximation. All

ere done at the evel of theory [NE Same DaslS f e reported relative energies include zero-point energy
set as was used for the stationary-point optimizatibnese

lculati d Il of the t it tat correction (ZPE).
calculations were done on ail of the transition states. The DFT and CCSD(T) computations were carried out using

The points on the potential energy surfaces having a biradical the Gaussian 98 program pack&gand were done on a DEC
character were located by the unrestricted uB3LYP method Alpha XP1000 1/667 professional workstation.

using guess wave function with the destructive and spatial

symmetry. We used an open-shell singlet approximation for the !ll. Results of the Quantum Chemical Calculations

biradical structures. It should be mentioned that numerous recent A, Dihydrobenzofuran — o-Hydroxystyrene Isomeriza-
studies indicate that the spin-unrestricted B3LYP method for tion. The potential energy surface of dihydrobenzofuran
geometry optimization of biradical transition states and inter- o-hydroxystyrene isomerization and selected structural param-
mediates and for energy barriers on the surface was in aeters of the species on the surface are shown in Figure 1. The
reasonable agreement with the results of the multireference orenergetics and other parameters relevant to this surface are
multiconfigurational calculations and the corresponding experi- shown in Table 1. The surface contains two transition states
mental datd® 20 and one intermediate.
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TABLE 1: Total Energies, Ewa (in au), Zero-Point Energies, Relative EnergiesAE,2 Imaginary FrequenciesP and Entropies®
for All of the Species on the Dihydrobenzofuran Isomerization Surface, Calculated at B3LYP/cc-pVDZ and CCSD(T)/cc-pVDz//
B3LYP/cc-pVDZ Levels of Theory

B3LYP CCSD(T)

species Etotal AE? ZPE g vo Etotal AE?
dihydrobenzofuran —384.905 301 0.00 87.77 81.45 —383.827 342 0.0
TS1 —384.791 814 66.10 82.66 85.01 (i-450) —383.711 407 67.64
INT1 —384.879 070 14.24 85.55 87.68 —383.802 050 13.65
TS2 —384.851 393 29.30 83.24 81.67 (i-1567) —383.764 390 34.97
o-hydroxystyrene —384.893 599 6.02 86.45 85.08 —383.814 970 6.48

aRelative energies in kcal/mohE = AEqa + A(ZPE).? Imaginary frequencies in cri. ¢ Entropies in cal/(K mol).

The surface of the similar process in 2,3-dihydrofuran To examine whether this loss of resonance is compensated

propenyl aldehyde isomerization, by the strong>C=0O bond in methyl-2-methylene-3,5-cyclo-
hexadiene-1-one, we calculated, for comparison, the energetics
/H of the equivalent path: dihydroindere methyl-2-methylene-
CH ) = 3,5-cyclohexadiene-1-methylene (virtudlT1):
[ — 00
o< ? o , g

contains only one transition state and no intermedites. /CHZ — AH=39.22 kcal/mol
However, the transition state in this isomerization is very similar C CH,
to the first transition state in the dihydrobenzofuran o- H,
hydroxystyrene isomerization toward the formationINf1. dihydroindene virtual INT1

INT1, methyl-2-methylene-3,5-cyclohexadiene-1-one, has a
carbonyl group similar to the one in propenyl aldehyde
CH3;CHCHCHO, which is the product of 2,3-dihydrobenzofuran
isomerization. The formation of propenyl aldehyde in the above-
mentioned process, as well as methyl-2-methylene-3,5-cyclo-
hexadiene-1-one during the dihydrobenzofuran isomerization
are concerted processes in which the rupture of the-ag(2)
bond and the H-atom migration from C(3) to C(2) occur
simultaneously (see Figure 1). The reaction coordinate in the
transition statd' S1is H-atom migration from C(3) to C(2) and
a simultaneous rotation of the methylene group C(2)H(1)H(2)
with respect to the O(1)C(9)C(4) plane. Because of the
C(2)H(1)H(2) methylene group rotation, the O¢}(2) bond
distance increases from 1.451 to 2.665 A. The bond length of
C(3)—H(3) increases from 1.095 to 1.152 A simultaneously with
a dramatic change of the H(3)C(3)C(2) angle, which varies from
111.15% in dihydrobenzofuran to 85.3%n TS1. It also brings
H(3) closer to C(2) to form the new C(2H(3) bond inINT1.
The result of the O(1yC(2) bond breaking is shortening of
the O(1)-C(9) bond from a single bond (1.366 A) to almost a
double bond (1.263 A) _in the transition _state_. The aromaticity an oxo— hydroxy tautomerization, where methyl-2-methylene-
of the fused benzene ring is destroyed in this process. 3,5-cyclohexadiene-1-one fornwshydroxystyrene. This step
The energy barrier of this stage is 67.64 kcal/mol at proceeds with a low barrier of21 kcal/mol. The reaction
CCSD(T)/IB3LYP/cc-pVDZ level of theory, and it is the highest  coordinate in this step is a 1,5-H-atom migration from C(2) to
barrier on the potential energy surface. This barrier is slightly O(1) via transition statdS2, which has a structure similar to
higher than the corresponding barrier in the 2,3-dihydrofuran a six-membered ring fused to benzene. The main change in this

' The loss of resonance of the benzene ring in this path is very
well established in the calculations. The difference in the
stability of the two intermediates relative to their origimi&5.5
kcal/mol at CCSD(T)//B3LYP/cc-pVDZ level of theory. This

' difference results from the difference between the bond strength
of >C=0 and >C=CH, in the two intermediates. One can
reach the conclusion that the loss of resonance of the benzene
ring going from dihydrobenzofuran tiNT1 is indeed com-
pensated to a large extent by the formation of a stre@yO
bond. Considering also the fact that an intramolecular H-bond
between O(1) and the hydrogen atoms of the methyl group,
estimated as5 kcal/mol, does exist in methyl-2-methylene-
3,5-cyclohexadiene-1-on&NT1), its increased stability is even
higher.

It is interesting to note that quinones are stable organic
molecules that can be obtained from the shelf, whereas 3,6-
dimethylene-1,4-cyclohexadiene does not exist as a stable
compound.

The second step of the dihydrobenzofuran isomerization is

isomerization. structure going from the intermediatT1 to the transition
The energy level ofNT1 (methyl-2-methylene-3,5-cyclo-  state TS2 is a decrease in the H(@JD(1) distance and an
hexadiene-1-one) relative to dihydrobenzofuratis3.65 kcal/ increase in the H(1)C(2) distance toward the formation of an

mol at CCSD(T)//B3LYP/cc-pVDZ level of theory (Figure 1).  alcohol from the ketone. They change from 2.53 to 1.34 A and
This relatively small difference came as somewhat of a surprise from 1.103 to 1.311 A, respectively.

to us because the resonance of the benzene rinT is B. Isodihydrobenzofuran — o-Tolualdehyde Isomeriza-
completely lost. tion. The potential energy surface of isodihydrobenzofuran
o-tolualdehyde isomerization is shown in Figure 2. All of the
H intermediates and transition states on the surface have open-

Ho N shell structures. The figure contains selected structural param-
C ~” “CHs . X )

\CH2 . AH=13.65 keal/mol eters of the species on the surface and the location of the high
o/ o ’ electron density@®). The energetics both at uB3LYP/cc-pVDZ

and at uCCSD(T)//uB3LYP/cc-pVDZ levels of theory is shown
dihydrobenzofuran INT1 in Table 2.
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Figure 2. Reaction pathway for isodihydrobenzofuram o-tolualdehyde isomerization. Relative energies (in kcal/mol) are calculated at
uCCSD(T)//uB3LYP/cc-pVDZ level of theory. Bond distances are given in A units. The syn@ati¢notes partially distributed free electron
density.

TABLE 2: Total Energies, Ewa (in au), Zero-Point Energies, Relative EnergiesAE,2 Imaginary Frequencies? Entropies, and
Spin Contamination for All of the Species on the Isodihydrobenzofuran Isomerization Surface, Calculated at B3LYP/cc-pVDZ
and CCSD(T)/cc-pVDZ//B3LYP/cc-pVDZ Levels of Theory

uB3LYP uCCSsD(T)
species Etotal AE? ZPE g U 0 Etotal AE?
isodihydrobenzofuran —384.895 913 0.00 87.46 83.01 0.0 —383.818 194 0.0
TS3 —384.792 907 60.51 83.64 83.43 (i-330) 0.5435 —383.706 464 66.29
INT2 —384.797 112 57.63 83.09 87.17 0.7627 —383.697 481 63.39
TS4 —384.789 936 61.65 82.61 84.71 (i-102) 0.9894 —383.703 815 66.92
INT3 —384.795 449 58.57 82.99 87.09 1.0192 —383.709 254 63.89
TS5 —384.774 833 70.05 81.53 84.54 (i-756) 0.7288 —383.700 457 67.95
o-tolulaldehyde —384.910 419 —10.50 86.06 87.06 0.0 —383.835 353 —-12.17

aRelative energies in kcal/mahE = AEqa + A(ZPE).? Imaginary frequencies in cmh. ¢ Entropies in cal/(K mol).

The isomerizations in both dihydrobenzofuran and isodi- /-'3
hydrobenzofuran involve the opening of the five-membered ring CH . X
via C—O bond cleavage followed by H-atom migration. In B/C\\Hj
dihydrobenzofuran, the H-atom migrates from a carbon to its OH
neighboring oxygen atom. However, in isodihydrobenzofuran, )—|
the migration takes place between two carbon atoms that are ch CH,
further apart. To facilitate the migration, the distance between E;/\\/o - ©:
the migrating hydrogen atom and the receiving carbon atom /c\/> CH
must be shortened. This requires an additional step that involves H H 5
rotation of the C(9)H(7)H(8) methylene group with respect to
the benzene ring. The isodihydrobenzofuran surface contains,to the benzene ring. The energies of the two intermediates are
therefore, an additional transition state and intermediate. Thethe same.

two intermediates that can be found in the surface differ from  In contrast to the dihydrobenzofuran surface, the result of
one another by the orientation of the-QH, group with respect  the bond-breaking step (first step) in isodihydrobenzofuran is
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an unstable biradical intermediate because no rearrangement in

the intermediate takes place following the bond breaking. The
reaction coordinate in the bond-breaking process is-©OC(2)
bond stretch combined with C(2)H(1)H(2) methylene group
rotation relative to the benzene plane. The energy barrier of
this stage (the ©C bond breaking) is 66.29 kcal/mol.

The second step on the potential energy surface is the
aforementioned rotation with a small barrier-08.5 kcal/mol.

The dihedral angle O(1)C(9)C(8)C(3) changes fromihINT2

to 180 in INT3. The angle inTS2 is 113. The imaginary
frequency associated with this reaction coordinate is rather low,
102 cnrl,

The last step of the isodihydrobenzofuran isomerization is a
1,4-H-atom shift from C(9) to C(2). Whereas the reaction
coordinate in the equivalent step in dihydrobenzofuthii,1
— TS2 — o-hydroxystyrene, is simply 1,5-H-atom shift, the
reaction coordinate in isodihydrobenzofurédT3 — TS5—
o-tolualdehyde, involves in addition to a 1,4-H-atom shift also
a considerable movement of C(2) and C(9) toward one another.
This reflects itself by the decrease in the C{£)9) distance
from 2.989 A in the intermediateNT3 to 2.682 A inTS5.
Note that this bond-distance shortening in the transition state is

Dubnikova and Lifshitz
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Figure 3. Arrhenius plot of the calculated rate constant of dihydro-
benzofuran— o-hydroxystyrene isomerization. The solid line corre-
sponds to a pressure of 1800 Torr. The dashed line..isThe two
lines include the tunneling corrections. The experimental data are
presented as squares on the figure.

0.90

accompanied (or caused) by a decrease in the bond angles

C(2)C(3)C(8) and C(3)C(8)C(9) from123 and~121° in the
intermediatdNT3 to ~116° and~114° in the transition state,
respectively. Note also that the imaginary frequencyl 82
(dihydrobenzofuran) is 1567 cth whereas inTS5 (isodi-
hydrobenzofuran) it is only 756 cr.

The potential energy surface for isodihydrobenzofuran isomer-
ization fromTS3to TS5is very shallow (Figure 2). The energy
level of the transition stat&S5 is the highest on the surface;
its value is 67.95 kcal/mol relative to that of isodihydrobenzo-
furan. This value was used for rate constant calculation as the
barrier of the process of isomerization.

IV. Rate Constant Calculations

To evaluate the high-pressure limit first-order rate constants
from the quantum chemical calculations, the relation
k.= I(Mo(kTh) expASTR) exp—AHIRT) (1)
was used®2’whereh is the Planck constartk,is the Boltzmann
factor, o is the degeneracy of the reaction coordinatel and
AS* are the temperature-dependent enthalpy and entropy of
activation, respectively, anB(T) is the tunneling correction.
Because we deal with unimolecular reactiond{* = AE?,
whereAE* is the energy difference between the transition state
and the reactantAE* is equal toAEY ., + AE°pema Where

AEY . is obtained by taking the difference between the tota
energies of the transition state and the reactant/eBgkimalis

-
100 |
o
a 10 F
X
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1k formation
- | ]
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Figure 4. Arrhenius plot of the calculated rate constant of isodi-
hydrobenzofuran— o-tolualdehyde isomerization. The solid line
corresponds to a pressure of 1800 Torr. The dashed lkae Tainneling
corrections are negligible. The experimental data are presented as
squares on the figure.

400 cntl. The RRKM calculations were carried out at several
temperatures, and the values of the rate constants obtained were
then plotted as logk vs 1/T to obtain the corresponding
Arrhenius rate parameters. The values obtained are

the difference between the thermal energies of these species. Kiinydrobenzofurarn= 4-94 X 10" exp(-68.30x 10°RT) s *

The tunneling effect]'(T), was estimated using Wigner's
inverted harmonic modé&F where

4s
24\ kT
and/* is the imaginary frequency of the reaction coordinate in
Cm—1_29,30

To transferk,, to the pressure range of the experiments, to
which the calculations will be compared, we performed RRKM
calculations. The RRKM calculations employed the standard

routine3! which uses a direct vibrational state count with
classical rotation for the transition staf&\E4ow[was taken as

rm=1+ 2

Ksodihydrobenzofuranz 2.30x 10" exp(—69.48x 103/RT) st

whereR is expressed in units of kcal/mol. Figures 3 and 4 show
a comparison between the calculated Arrhenius rate constants
and the experimental data. The experimental data are taken from
single pulse shock tube studies performed recently in this
laboratory®’” As can be seen, the agreement is very good.

V. Conclusions

The isomerizations of dihydrobenzofuran and isodihydro-
benzofuran can be summarized by following features.
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