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The conformation of 1,3-benzodioxole has been examined using ab initio calculation and natural bond orbital
(NBO) analysis in order to find the origin of its unusual nonplanarity. Geometry optimizations for the planar
(Cz,) and flap-puckeredGg) conformers of 1,3-benzodioxole have been performed at the HF, B3LYP, and
MP2 levels, and the results indicate that the flap-puckerd conformer is more stable than the planar conformer.
High-level electron correlation treatments with extended basis sets have also been performed to provide a
reliable prediction of the puckering barrier for 1,3-benzodioxole. The calculated puckering barrier appears to
be in reasonable agreement with the experiment, but the divergent behavior of the-NRidleset series
suggests that it is impossible with conventional basis sets smaller than 400 functions to converge the barrier
height. NBO analysis of the Hartre€ock wave functions shows that the conformational preference of the

C; conformer over theC,, is the result of a wide variety of hyperconjugative orbital interactions, but the
interaction between the oxygen lone paj) @nd theo* co orbital, which is closely associated with the anomeric
effect, is the most important factor favoring the nonplanar conformation. However, 1,3-benzodioxole has a
lower puckering barrier to planarity than 1,3-dioxole due to the suppression of the anomeric effect by the
benzene ring.

Introduction mol. In this work, Laane and co-workers reasoned that this

It has long been known that the relative balance between two Unexpected nonplanarity of IV must be attributed to the
opposing forces determines the equilibrium conformation of @nomeric effect which is present in molecules withG-O
cyclopentene (1). Ring angle strain tends to keep the ring planar, linkages. Sordo and co-workésarried out high-level ab initio
whereas torsional strain, caused bySi&H, interactions, tends ~ c@lculation and natural bond orbital (NBO) analysis to support
to pucker the ring. Far-infrared and Raman spectroscopy haveSuch a conclusion. Their MP4/6-31G(d,p)//MP2/6-31G(d,p)
been extensively used to study the ring-puckering vibration of calculgtlon was able to provide a satlsfactory prediction of t.he
cyclopentené:? The previously reported experimental results Puckering barrier of IV. Furthermore, their NBO analysis
show that cyclopentene has a puckered structure with a barrierShowed that the i~ o* orbital interactions involving the oxygen
of 0.66 kcal/mot because torsional interactions are minimized 0ne pairs and the €0 vacant antibonding orbital (Figure 1)
when the hydrogen atoms of adjacent methylene groups becomd!ay a decisive role in expla|r.1|ng the above-menthned experi-
staggered. A high-level ab initio calculatiomas been performed mental_results. On the basis of bo_th the experimental and
to ascertain the puckered equilibrium structure of cyclopentene, theoretical results for 1V, the anomeric effect has been recog-

and the calculated results were very consistent with the nized as having much broader relevance to conformational
experimental values. processes of ring molecules, even though it was first identified

as an anomalous effect on sugar conformatfons.

N Recently, conformational studies have been extended to 1,3-
o o benzodioxole (V) in order to determine the influence of the
@ < ;o < 7 o o benzene ring on the anomeric effé®t! Sakurai et al! deter-
— _ \__/ mined a two-dimensional potential energy surface in terms of
o (I (D ) o ring-puckering and ring-flapping coordinates from the far-

infrared and Raman spectra of V. It was determined that the

For 2,3-dihydrofuran (Il) the barrier to planarity is decreased Molecule has a barrier to planarity of 164 thf0.47 kcal/mol)
to 0.24 kcal/mdi since only one Ckt-CH; torsional interaction ~ @nd energy minima at puckering and flapping angles-a#°
exists in this molecule. On the other hand, 2,5-dihydrofuran (1ll) and+¥3°, respectively. The barrier for V is considerably lower
is planaf since there are no torsional forces to pucker the than the barrier of 275 cnt (0.79 kcal/mol) determined for
molecule. 1,3-Dioxole (IV) was expected to be planar since it IV, reflecting a suppression of the anomeric effect by the
has no adjacent GHyroups. However, the reported gas-phase Penzene ring.
infrared and Raman resutslearly show that the equilibrium To gain more insight into the diminished anomeric effect on
structure of molecule IV is puckered with a barrier of 0.79 kcal/ V, we undertook a theoretical investigation of this molecule
using ab initio calculation and NBO analysis. The plar@y,X
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Figure 1. n—o* orbital interactions involved in the anomeric effect
for planar and puckered conformations of 1,3-dioxole.

using HF, B3LYP, and MP2 levels with the 6-31G(d) basis set,
and then high-level electron correlation treatments with extended Figure 2. Atom numbering of 1,3-benzodioxole.
basis sets have been carried out to predict a reliable puckering .
barrier. In addition, the NBO analya%s'4 has also been carried TABLE 1: Structural Parameters and Rotational Constants

: ! o . . of 1,3-Benzodioxole
out to understand the orbital interactions that determine the

i i i structural

o Ppererence of V. e conformational S1e101SS parameiors HFIG3IC! BILYPIGAIG MP2ISSIC! microwdve

method, which allows the calculation of the hyperconjugative gl_gz 1-23‘15 1-223 i-jgg i'igc?)
I : .~ Cy—Cs : . . .

energy contnbytmns to the tota] copformat.lonal energy. In this Ca—Cy 1380 1394 1308 1305

way, one obta_lns the main o_rb|tal interactions to contribute to ¢,—c, 1.382 1.394 1.394 1.400

the conformational stabilization of V. C1—0; 1.358 1.376 1.381 1.368

It is the aim of this paper to present a quantum mechanically 87*58 i-ggz 1-322 i-ggg i-ggg
determined equilibrium structure as well as to explain the 2 "*? : : : :

. . ! Cs—His 1.074 1.086 1.087 1.078
theoretical basis for the conformational preference of 1,3- c,—h,, 1.083 1.100 1.099 1.094
benzodioxole. Cs—Hu1 1.078 1.094 1.089 1.094

Computations. The molecular orbital energy calculations Ci—C>—Cs 116.73 116.74 116.45 118.8
were carried out using the GAUSSIAN 98 program pack&ge. 22:81:26 igigg gi'gg giﬁ ggg
The geometries of th€s and C,, conformers and the energ =i ' ' ' '

. _ S 20 CO Y  Ce-Ci-0;  109.03 109.62 109.50 110.9
barrier to planarity for 1,3-benzodioxole have been calculated c,—0,—Cg 106.40 105.60 103.57 -
at the HF, B3LYP, and MP2 levels with the 6-31G(d) basis 0—Cg—0O,  107.36 108.09 107.69 -
set. The single-point energy calculations with larger basis sets Hio~Cs~Hu 118-30 1110-191 1212-87 “o28

. . . q] . . . .
and with MP4 correlation treatments at the respective HF/6- 13.0 124 250 26.81

31G(d) geometries have also been performed to predict a reliable
barrier height. The ring-puckering potential energy profiles have rotational
also been determined by specifying the dihedral angt®©€ constants

- . ) (MHz) HF/6-31G* B3LYP/6-31G* MP2/6-31G* microwage
O—C of the five-membered ring, while all other parameters are
optimized. A 3900.14 (2.77 3801.48 (0.17) 3770.59{0.64) 3795.05

. . B 1639.62 (1.13) 1609.5 .73) 1619.9140.09) 1621.33
Natural bond orbital (NBO) anaIySIS at the HF/G-SlG(d) level C 1164.51 El.48; 1140.5;(8_61; 1147.08§0.61§ 1147.54

was carried out to understand some of the factors contributing Ref 10.7 Ring-flapping angle of five-membered ring AG:Cs0s)
. = - 6J)9).

to the total conformational energy. With the NBO deletion ¢ Ring-puckering angle of five-membered ring:@0sCs). ¢ Numbers

procedure, the energy of the hyperconjugative interaction of j, narentheses indicate percentage differences of theory minus experi-
interest was evaluated by calculating the change in the sum of pent.

the energies of occupied orbitals upon deletion of specific off-

\(jlvlagotr;]al ttelteTe:tsr of\'g\f;e ZOCK matnx :jni:;e NE;T? bgs'ri' In this i_the HF and B3LYP levels. The calculated rotational constants
ta)(/j, 'teh ota T etgyd as ecol p?se i 'botpo po gths as}soc are also compared with the experimental values in Table 1. It

ated with covaient and noncovaient contributions, and IN€retore, ;o ¢, that the rotational constants calculated at the MP2 level

the delocalization effects were estimated from comparison of

; . most correctly predict the observed ones. On the basis of the
the deletion energies. The.NBO method has been knpwn to becomparison between our computational results and microwave
a very useful tool in analyzing the type of interactions involved

. . 14 data, we have concluded that the ab initio calculation at the
in the anomeric effect MP2/6-31G(d) level reasonably reproduces the experimental
structural parameters of 1,3-benzodioxole.

Barrier to Planarity of 1,3-Benzodioxole.Recently, Sakurai

Molecular Geometry of 1,3-BenzodioxoleThe numbering et al reported the two-dimensional vibrational potential energy
of the atoms in 1,3-benzodioxole is depicted in Figure 2. The surface of 1,3-benzodioxole from the analysis of the far-infrared
optimized geometries of 1,3-benzodioxole with the HF, MP2, and Raman spectra. This surface shows that the ring-puckering
and B3LYP methods are listed in Table 1. Previously reported and ring-flapping modes are coupled to each other and that the
structural parameters determined by microwave spectro$topy molecule has a puckered form with a barrier to planarity of 164
are also included for comparison. The bond lengths calculatedcm™. To obtain a more reliable two-dimensional potential
at the HF level are obviously underestimated, whereas theenergy surface, they first determined a one-dimensional ring-
inclusion of electron correlation at the MP2 level makes them puckering potential energy function. In the case of the one-
closer to the microwave data. The overall structural parametersdimensional model, the agreement between observed and
at the B3LYP level are close to the MP2 results and representcalculated transitional values was not bad, but it was worse for
definite improvements on the HF results. On the other hand, the higher transitionk! Moreover, the one-dimensional model
the puckering and flapping angles calculated at the MP2 level could not explain the large change in frequency separations in
agree better with the microwave data than those obtained fromthe flapping excited states. Thus, they determined a two-

Results and Discussion
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TABLE 2: Energy Barriers to Planarity and Dihedral
Angles of 1,3-Benzodioxole

dihedral angle (deg) energy barrier
Ci10;06Cs C:C1CeOs  (cm?) ref
Experimental

far-infrared

planar-puckered 21 180 127 11
flap-puckeredl 24 -3 164 11
microwave
flap-puckered 26.8 8.3 126 10
Theoretical
HF/6-31G*
planar-puckered 12.2 180 11 this work
flap-puckered 13.0 -0.9 13 this work
B3LYP/6-31G*
planar-puckered 9.4 180 4 this work
flap-puckered 12.4 -11 10 this work
MP2/6-31G*
planar-puckered 235 180 145 this work
flap-puckered 25.0 —-2.2 171 this work

a One-dimensional potential energy function in terms of ring-pucker-
ing coordinate with no flapping allowed Two-dimensional potential
energy surface in terms of ring-puckering and ring-flapping coordinates.

TABLE 3: Calculated Ring-Puckering Barrier Heights of
1,3-Benzodioxole Using Several Basis Sets

basis set BE HF° B3LYP! MP2 MP3 MP4#

6-31G(d) 147 142 101 1706 88.8 1405
6-31G(d,p) 165 13.1 163 1657 82.8 133.9
6-311G(d) 180 33.9 305 3129 2144 2837
6-311G(d,p) 198 348 311 3252 2242 2935

6-311G(2d,p) 243 138 141 1302 468 103.1
6-311G(2df,2pd) 354 13.8 135  144.3 —
6-311G(3df,3pd) 417 14.3 184  180.0 — -
cc-pVDZ 156 202 259 2113 1234 175.0
cc-pVTZ 354 208 208 1839 - -
cc-pvVQz 675 17.6 182  — - —

J aEnergies in cmt. P Number of basis functions.Single-point
energy calculations performed at the respective HF(full)/6-31G(d)
(C) geometry 9 Single-point energy calculations performed at the respective
B3LYP(full)/6-31G(d) geometry® Single-point energy calculations
Figure 3. Conformational structures corresponding to (a) planar, (b) performed at the respective MP2(full)/6-31G(d) geometry.
planar-puckered, and (c) flap-puckered for 1,3-benzodioxole. Puckering

(r) and flapping ) angles are also indicated. also performed single-point energy calculations with basis sets
much larger than 6-31G(d) and with post-MP2 correlation
dimensional potential energy surface in order to consider the treatments. The results are summarized in Table 3. Similar to
interaction between the ring-puckering and ring-flapping sfdtes. the case for the one-dimensional model, the HF and B3LYP
We also performed the ab initio calculations for both the one- calculations for the two-dimensional model underestimate the
dimensional and two-dimensional models. In the one-dimen- puckering barrier, and the expansion of the basis set does not
sional model, the flapping dihedral angle@CsOg was fixed alter the barrier more than 20 crin either case.
at 180, and only the ring-puckering motion of the five- The electron correlation at the MP2 level substantially
membered ring was considered. We label this one-dimensionalincreases the calculated barrier height. However, addition of
equilibrium structure the “planar-puckered” form (Figure 3b). basis functions leads in some cases to divergent behavior of
The calculated barriers at the HF/6-31G(d), B3LYP/6-31G(d), the MP2 series. It is clear from the large MP2 variations that
and MP2/6-31G(d) levels are compared with the experimental the puckering barriers calculated at the MP2/6-31G(d) and MP2/
value in Table 2. As shown in the table, the HF and B3LYP 6-31G(d,p) levels are not reliable due to the deficiency of extra
methods with the basis set 6-31G(d) obviously underestimate sp basis function. Indeed, the MP2 barrier at the 6-311G(d,p)
the barrier to planarity of 1,3-benzodioxole. On the other hand, level is twice as large as two analogous values calculated at
the calculated barrier at the MP2/6-31G(d) level (145 &nis the 6-31G(d) and 6-31G(d,p) levels. Thus, these cannot be fully
close to the experimental one-dimensional barrier of 127'dfh converged values. The inclusion of the 2d function yields a
To get a more accurate puckering barrier, we fully optimized 6-311G(2d,p) MP2 prediction of 130.2 ¢l whereas further
the molecular geometry of 1,3-benzodioxole without any additions of extra valence functions yield a 6-311G(2df,2pd)
geometrical restrictions. The calculated results indicate that theMP2 barrier of 144.3 cm' and a 6-311(3df,3pd) MP2 barrier
two rings are slightly flapped, and we labeled this model the of 180.0 cnTl, respectively. MP2 calculations with the cor-
“flap-puckered” form (Figure 3(c)). All the geometries for the relation consistent valence dould€ec-pVDZ) and tripleg (cc-
planar C,,) and flap-puckered Gy forms to calculate the  pVTZ) basis sets have also been performed, and the calculated
puckering barrier heights were optimized with the 6-31G(d) puckering barriers are 211.3 and 183.9énmespectively. The
basis set. To judge the accuracy of the puckering barrier, we MP4 calculations with several basis sets were also performed.
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The computed barrier heights, from 6-31G(d) to 6-311G(2d,p)

basis sets at the MP4 level, are observed to oscillate as before,

but the cc-PVDZ MP4 value of 175.0 crhis very close to the
6-311G(3df, 3pd) and cc-pVTZ MP2 values. On the basis of
our MP2 and MP4 calculations with larger basis sets, the final
theoretical proposal for the ring-puckering barrier is estimated
to be 1754 50 cntl, even though the barrier height at the
basis set limit could not be estimated due to the limited computer

CPU time. This barrier appears to be in reasonable agreement

with experimental value of 164 crh However, the divergent
behavior of the MP series in Table 3 suggests that it is
impossible with conventional basis sets smaller than 400
functions to converge the barrier height.

In the far-infrared analysis of 1,3-benzodioxole by Laane et
al., the two-dimensional potential energy surface, in terms of
ring-puckering and ring-flapping coordinates, shows that the
molecule has energy minima at puckering and flapping angles
of £24° and F3°, respectively:! The lowest-energy flapping
conformation corresponds to a saddle point 164 tabove
the puckering conformation on the potential energy surface. This
means that only two global minima exist+24°,—3°) and
(—24°,+3°), and no local minima exist on their potential energy
surface. Our ab initio calculation predicts that the global minima
exist at (+25°,—2°) and (-25°,+2°), and the calculated pucker-
ing and flapping angles for the global minima agree remarkably
well with the experimental values. However, it should be noted
that our ab initio potential energy surface predicts two additional
shallow local minima at+{25°,+2°) and (~25°,—2°), corre-
sponding to the second lowest flapping conformations 90cm
above the global minima. On the basis of both the experimental
and computational results, it is clear that the energy of puckering
conformations is much lower relative to the flapping energy,
but whether the ring-flapping minima actually exist is uncertain.

NBO Analysis of 1,3-Benzodioxole.To investigate the
preference of the nonplanar conformer for 1,3-benzodioxole,
we have performed an NBO analysis. Figure 4a shows the HF,
B3LYP, and MP2 ring-puckering energy profiles. As mentioned
above, the HF calculation underestimates the barrier to planarity.
The HF method, however, predicts a qualitatively correct
double-minimum potential energy profile, even though the role
played by electron correlation at the MP2 level is very important

to determine the accurate barrier height. Thus, the NBO analysis €cocr(0co— 0% cx)

of HF wave functions is able to properly identify the main
driving forces, even though the myriad modulating forces are

not precisely balanced at this level, leading to underestimations

of the barrier.

On the basis of this energy viewpoint, a series of structures
with fixed C;0;04Cg dihedral angles ranging from°Qo 40°
has been optimized at the HF/6-31G(d) level. Following the
deletion procedure, we obtained the delocalization energigs (
and Lewis energies(ewis; all energy contributions apart from
delocalization effects), and they are plotted in Figure 4b. It is
noteworthy that the decrease @f, correlates with decreasing
Ewt for C10;04Cg dihedral angles between® o 13. The
increase ok quis IS compensated by the decreasegfin this
range. Thusgqe is likely to contribute to the stabilization of
the puckered form of 1,3-benzodioxole.

To better understand the origin of the main orbital interactions
for the negative contribution to total energy, we have decom-
posedkqe into several components around the @ bonds using
the NBO deletion procedure. The six greatest hyperconjugative
energy contributions to the energy differences betwegrand
C; structures of 1,3-benzodioxole are summarized in Table 4.
It is noteworthy that the deletion energy corresponding,te>n
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Figure 4. (a) Ring-puckering potential energy curves of 1,3-benzo-
dioxole at the HF, B3LYP, and MP2 levels. (b) Contributions of Lewis

energy €Lewis) and delocalization energy4) to total HF/6-31G(d)
energy (k) in 1,3-benzodioxole.

TABLE 4: Analysis of the Hyperconjugatve Contribution
(kcal/mol) to the Main Orbital Interaction Energies of C,,
and Cs Conformers of 1,3-Benzodioxole

Co2 CP A(C—Cy % contribution
Preference fo€Cs
éoco(np_’ 0*00) 0.0 1.20 —-1.20 12.5
1.20 1.72 —0.52 5.9
coch(Ns— 0% ch) 038 093 —055 5.5
Preference fo€,,
éocc(np_’ J'E*c=c) 39.82 39.00 0.82 8.7
EOCH(an U*CH) 21.70 21.16 0.54 5.8
Eoco(ns_’ O'*CQ) 10.20 9.74 0.46 4.8

aPlanar conformatior Puckered conformation.

0*co interaction, which is commonly associated with the
anomeric effect, shows the greatest contribution of 12.5% among
all the interaction energies. The other large hyperconjugations
favoring theCs nonplanar form are theco — o*cy and n —
0* cy interactions. Further interactions favoring tBenonplanar
form are those involving Rydberg NBOs, but they are individu-
ally smaller than 5% in absolute value. For example, the two
greatest contributions of i~ RY¢+ and 7*c—c — RYc+ are
4.3% and 3.6%, respectively. On the contrary, the hypercon-
jugative interaction between the lone pairs of oxygen atoms and
C=C antibonding orbitals of benzene ring,(f 7*c—c) is the
greatest one favoring th&,, form. The other two interactions,
favoring the planakC,, form, are also listed in the table.

Figure 5 shows the change of total hyperconjugative energies
and those of four greatest hyperconjugative contributions as a
function of the puckering dihedral angle. The hyperconjugative
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Figure 5. Contributions of g — ¢* co, Ny — 7* c=c, 0co — 0*cH, and

Ny — o*ch interactions to the delocalization energsue of 1,3-
benzodioxole.

Figure 6. Orientation of the oxygen nonbonding orbitals for (a) planar
and (b) puckered conformations of 1,3-benzodioxole.

contributions such asyi—~ 7*c—c and n, — o*cy interactions
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examined by the ab initio calculation and by NBO analysis.
High-level electron correlation treatments with extended basis
sets have also been performed to provide a reliable prediction
of the puckering barrier for 1,3-benzodioxole. The calculated
puckering barrier appears to be in reasonable agreement with
the experiment, but the divergent behavior of the MP series
suggests that it is impossible with conventional basis sets smaller
than 400 functions to converge the barrier height.

The NBO analysis at the HF/6-31G(d) level indicates that
the conformational preference of 1,3-benzodioxole for @e
over theC,, structure is the result of a wide variety of orbital
interactions. However, the hyperconjugation effect, caused by
the np —o*co orbital interaction, is one of the most important
factors for stabilizing the puckered equilibrium conformation
of 1,3-benzodioxole. There are other interactions favoring the
Cs nonplanar structure, but they are individually smaller than
the n, — o*cointeraction. The p— o* o interaction increases
as the ring puckers up; a planar ring molecule cannot have any
anomeric interaction. Therefore, thg + 7* c—c contribution
which prefers the planar conformation is compensated by the
opposing effect due to thg i~ o* co interaction. These effects
provide the conformational stabilization of the puckered struc-
ture in 1,3-benzodioxole.
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