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The internal rotational barrier heights of phenol and anisole were calculated using several basis sets up to
cc-pvVQZ with MP2-level electron correlation correction to evaluate the basis set effects. The calculations
showed that the effects of the further improvement of the basis set beyond the cc-pVTZ were very small.
Although the electron correlation substantially increased the barrier heights of the two molecules, the effects
of the electron correlation beyond the MP2 method were not large. The barrier heights calculated with the
CCSD(T) method were close to those with the MP2 method. The internal rotational potentials of methoxy
and hydroxyl groups ob-hydroxyanisole were calculated at the MP2/cc-pVTZ//HF/6-311G** level. The
calculated potentials were compared with those of phenol and ancsélgdroxyanisole preferred planar
structure in which the hydroxyl group had an intramolecular hydrogen bond with the oxygen atom of the
methoxy group. The calculated torsional potential of the methoxy group had the maximum (7.30 kcal/mol)
when the methoxy group rotated T8@om the minimum energy structure, in which the hydroxyl group did

not have the hydrogen bond. The barrier height of the methoxy grooghgéiroxyanisole was considerably
larger than that of anisole (2.99 kcal/mol). The large internal rotational barrier heighbydroxyanisole
showed that the intramolecular hydrogen bond greatly stabilized the energy minimum structure and that the
hydrogen bond strictly restricted the conformational flexibility of the methoxy group.

I. Introduction host molecules, the torsional potential@hydroxylanisole is

still not certain. In this paper, we have studied the torsional

potentials of methoxy and hydroxyl groupsahydroxyanisole

by high-level ab initio calculations. It is well-known that the

calculated torsional potential depends greatly on the choice of

the basis set and electron correlation correction proceduté.

Fortunately, however, the calculated torsional potentials of ethers

agree well with the experimental ones, if a reasonably large

basis set is used and electron correlation is properly corrécféd.

In this study, we have also evaluated in detail the effects of

basis set and electron correlation on the calculated torsional
otentials to judge the accuracy of the calculated torsional
otentials.

The structure and torsional potential of anisole (methoxy-
benzene) have been the subjects of many experimiettaind
theoretical>1425 studies. Anisole, which is the simplest alkyl
aryl ether, is a model compound for a lot of chemically and
biologically interesting systems. It has been reported that anisole
units play important roles in the selective binding of anions by
macrocyclic polyether&27The number of methoxy substituents
and their orientations are important for the pharmacological
properties of drug$®2° Detailed information on the torsional
potential of anisole is important for the understanding of the
three-dimensional structures of these systems and for the desig
of artificial host molecules.

A few studies were reported the effects of ortho substituents
on the conformation of the methoxy group of anisbé215
These studies showed that halogen atoms and alkyl groups in The Gaussian 94prograni® was used for the ab initio
the ortho position gave substantial effects on the torsional molecular orbital calculations. The basis sets implemented in
potential of the methoxy group, indicating that the conformation the program were us€i-4?> The geometries were optimized at
of the methoxy group can be controlled by the choice of the the HF/6-311G** level, if not otherwise noted. In the geometry
ortho substituent. It is expected that the hydroxyl group in the optimization of phenol and anisole, the phenyl ring was assumed
ortho position will greatly affect the torsional potential of the to be planar. Single point calculations with the electron
methoxy group, because the hydroxyl group will have an correlation correction by the second-orderglMr—Plesset
intramolecular hydrogen bond with the oxygen atom of the perturbation method (MP£**were carried out for the opti-

[I. Computational Method

methoxy group. Electron diffraction studies ofnitrophenol mized geometries. The electron correlation was also corrected
showed that the intramolecular hydrogen bond considerably by the higher order Miler—Plesset methods and by the coupled
changed the torsional potential of the nitro gré@gt Although cluster method using single and double substitutions with

the effects of the ortho hydroxyl group on the torsional potential noniterative triple excitations (CCSD(T).
of the methoxy group is important for the design of artificial
[ll. Results and Discussion

* E-mail: tsuzuki@nimc.go.jp. L .
t National Institute of Materials and Chemical Research. A. Geometry Optimization. We calculated the internal

* National Institute for Advanced Interdisciplinary Research. rotational barrier heights of phenol and anisole using both the

10.1021/jp993607e CCC: $19.00 © 2000 American Chemical Society
Published on Web 01/25/2000



Effects of Intramolecular Hydrogen Bond J. Phys. Chem. A, Vol. 104, No. 6, 2000333

TABLE 1: Optimized Geometries of Planar and TABLE 2: Calculated Internal Rotational Barrier Heights
Perpendicular Phenol and Anisolé of Phenol and Anisole Using Several Basis Séts
planar perpendicular basisset BF HF MP2 MP3 MP4(SDQ) CCSD CCSD(T)
HF° Mp2 HF° Mp2 Phenol
Phenol 6-31G* 117 2.69 3.58 3.14 3.34 3.23 3.38
_ *
Ci—C, 1.385 1.400 1.384 1.398 6-311G 144 293 4.04 3.55 3.76 3.66 3.88
6-311G** 162 2.61 3.39 297 3.17 3.08 3.26
C—C3 1.387 1.399 1.385 1.398
6-3114++G** 196 2.49 3.08
Cs—Cy 1.382 1.397 1.385 1.399
6-311G(2d,2p) 215 2.54 3.41
Cs—GCs 1.388 1.400 1.385 1.399
B 6-311G(3d,3p) 268 2.52 3.20
Cs—Cs 1.380 1.396 1.385 1.398
cc-pvDz 128 2.81 3.74 3.29 3.51 3.42 3.58
C1—GCs 1.388 1.400 1.384 1.398
B cc-pvVTZ 294 2.77 3.56
C,—0Oy 1.350 1.367 1.369 1.389
cc-pvQz 565 2.79 3.52
O7;—Hg 0.940 0.962 0.941 0.960 basis set limft 351
Ci—Cr—Cs 1107 1199  119.7  119.8 ba (351) 447
Co—C3—Cy 120.7 120.4 120.4 120.2 p- :
C3—Cy—Cs 119.1 119.4 119.5 119.8 Anisole
Cs—Cs—Cs 120.9 120.6 120.4 120.2 6-31G* 136 1.42 2.23 1.89 2.20 2.05 2.17
C,—C—0Oy 122.5 122.9 119.9 119.9 6-311G* 168 1.49 2.23 1.88 2.17 2.04 2.19
C1—O;—Hg 110.7 107.7 109.7 106.6 6-311G** 192 149 2.36 1.99 2.26 2.13 2.30
C,—C1—0O7—Hg 0.0 0.0 90.0 90.0 6-311++G** 232 1.46 2.10
Anisole 6-311G(2d,2p) 256 1.40 2.83
Ci-C, 1385 1402  1.385 1.399 6-311G(3d,3p) 320 1.55 2.68
cc-pvDz 152 1.49 255 2.15 2.44 2.31 2.48
C—C3 1.391 1.402 1.384 1.398
_ cc-pvTZ 352 1.72 2.99
Cs—Cy 1.378 1.395 1.385 1.399
cc-pvQz 680 1.77 2.99
Cs—GCs 1.391 1.402 1.385 1.399 basis set limt 2.99
Cs—Cs 1377 1393 1384 1398 oA (2.99) cage
C1—GCs 1.393 1.404 1.385 1.399 p- )
Ci—0y 1.347 1.364 1.361 1.380 aEnergies are in kilocalories/mole. HF/6-311G** geometries were
O7—Hs 1.398 1.418 1.405 1.424 used.® Number of basis function$.Estimated values at the basis set
Ci—Cr—GCs 1195 119.4 119.7 119.7 limit. See text.d From Berden et & ¢From Spellmeyer et &f
C—C3—Cy 121.1 121.0 120.4 120.2
Cs—Ca—Gs 118.9 119.2 119.6 119.8 obtained by the MP2 calculations (3.58 and 2.23 kcal/mol) are
Ci=GCs—Co 120.7 120.4 120.4 120.2 close to those obtained by the CCSD(T) calculations (3.38 and
GGGy 124.6 124.9 119.9 119.8 2.17 kcal/mol). The calculations using larger 6-311G*, 6-311G**
C1—0;—Cs 119.9 116.4 115.6 111.4 - - 1he glarg : '
Co—C1—0,—Cg 0.0 0.0 90.0 90.0 and cc-pVDZ basis sets also show that the effects of electron

aBond distance is in angstroms; bond and torsional angles are in correlation correction beyond the MP2 are not large, as
degrees® Optimized geometries at HE/6-311G* levélOptimized summarized in Table 2. It has been reported that conformational

geometries at MP2/6-311G** level. energies ofn-alkanes and biphenyl calculated with the MP2
method are close to those with the CCSD(T) metffat.
HF/6-311G**- and MP2/6-311G**-level-optimized geometries C. Effects of Basis SetThe internal rotational barrier heights
to evaluate the effects of the electron correlation in the geometry of phenol and anisole were calculated using several basis sets
optimization. The HF- and MP2-level-optimized geometries are up to cc-pVQZ (565 and 680 basis functions, respectively) to
shown in Table 1. The MP2/6-311G**-level calculations were evaluate the basis set effects. The basis set effects are very small,
carried out for the optimized geometries to obtain the internal if the basis sets larger than cc-pVTZ are used, as shown in Table
rotational barrier heights. The calculated barrier heights of 2. The calculated barrier heights of phenol and anisole at the
phenol and anisole using the HF/6-311G** geometries were 3.39 MP2 level with this basis set were 3.56 and 2.99 kcal/mol,
and 2.23 kcal/mol, respectively. These values are very close torespectively. These values are close to those calculated with
those obtained using the MP2/6-311G** geometries (3.42 and the larger cc-pVQZ basis set (3.52 and 2.99 kcal/mol, respec-
2.34 kcal/mol, respectively), indicating that the electron cor- tively) and the estimated values at the basis set limit (3.51 and
relation in the geometry optimization has a negligible effect on 2.99 kcal/mol, respectively). The barrier heights at the basis
the calculated barrier heights. The calculations of the torsional set limit were estimated by the method proposed by Fédiér.
potential of ethyl methyl ether also show that the effects of The calculated barrier height of phenol agrees well with the
electron correlation in the geometry optimization are negli- recently reported experimental value of 3.47 kcal/AidThe
gible 3> Due to the good performance of the HF/6-311G**-level- experimental measurements show that the barrier height of
optimized geometries, we used the HF/6-311G** geometries anisole is less than 3.1 kcal/nm@lywhich also agrees well with
for the further calculations of conformational energies. the calculated barrier heights. These results indicate that the
B. Effects of Electron Correlation. The internal rotational calculations with cc-pVTZ are very accurate.
barrier heights of phenol and anisole were calculated with  D. Torsional Potential of Phenol and Anisole.Torsional
electron correlation correction by the MP2, MP3, MP4(SDQ), potentials of phenol and anisole were calculated at the HF/cc-
CCSD, and CCSD(T) methods. The calculated barrier heights pVTZ and MP2/cc-pVTZ levels using the HF/6-311G** ge-
of phenol using the 6-31G* basis set were 3.58, 3.14, 3.34, 3.23,ometries as shown in Figure 1. Phenol and anisole prefer planar
and 3.38 kcal/mol, respectively, as summarized in Table 2. structure. The barrier heights calculated with the MP2 method
Those of anisole were 2.23, 1.89, 2.20, 2.05, and 2.17 kcal/ were 3.56 and 2.99 kcal/mol, respectively.
mol, respectively. The calculated barrier heights of phenol and  The calculated torsional potential of anisole is flat where the
anisole by the HF method were 2.69 and 1.42 kcal/mol, torsional angle is 6690°, indicating that the potential has a
respectively. The electron correlation substantially increases thelarge V, component? as suggested by previous calcula-
calculated barrier heights. The effects of electron correlation tions12-1422The possibility of the existence of the second stable
beyond the MP2 method are not large. The barrier heights conformer of anisole was a controversial is$tidF calculations
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Torsional angle Figure 2. Optimized geometries ob-hydroxyanisole at the HF/6-

Figure 1. Calculated HF and MP2 torsional potentials of phenol and 311G** level. The G—C,—O;—Cs torsional angle ¢) was fixed at

anisole using the cc-pVTZ basis set. The HF/6-311G**-level-optimized 180, 60°, and 0, respectively, in the conformers a, b, and c. The C

geometries were used® @orresponds to planar structures. C,—Og—Hiptorsional angleff) was fixed at 99 and 180, respectively,
in the conformers d and e.

showed that the perpendicular structure is the second stablel_ABLE 3+ Calculated Torsional Potential of

conformeri114.17.18,202225 gpellmeyer et al. reported the ge- Y

N " o-Hydroxyanisole?
ometry optimization of the transition-state structure between the

b b
planar and perpendicular structures at the HF/6-31G* level. The __ & : p HF  MP2 @ : 5 HF _ MP2
torsional angle of the transition state structure was %%.7 Rotation of Methoxy Group Rotation of Hydroxy Group
However, their MP2/6-31G*-level calculations for the HF-level- 00 1800 696 7.30 180.0 0.0 0.00 000

optimized geometries showed that the perpendicular structure 28:8 1;3:8 2‘23 g:gg g?g 28_'8 Sl,é; i:g’;

was 0.1 kcal/mol less stable than the twisted structure. They ggg 154 1.31 241 176.1 900 542 6.83
concluded that the perpendicular structure was the maximum 120.0 59 097 197 1769 1200 5.80 6.79
of the torsional potential. Our MP2/cc-pVTZ//HF/6-311G**-  150.0 0.7 053 087 1784 150.0 495 5.28
level potential had a maximum when the torsional angle was 1800 0.0 000 0.00 180.0 180.0 4.33 443
90°. The potential was very flat near the maximum. The  aEnergies are in kilocalories/mole. HF/6-311G** geometries were
calculated energy difference between the two structuies ( used. Energies were calculated at the MP2/cc-pVTZ |évEhe G—
60° and 90) was only 0.17 kcal/mol. C1—0O7—Cg torsional angle? The G—C,—0g—Hy torsional anglé.a
The calculated torsional potential of methyl group is a 3-fold Was fixed in the geometry optimizatioh/ was fixed in the geometry
potential. The calculated internal rotational barrier height at the optimization.
MP2/6-311G**//HF/6-311G** level is 4.05 kcal/mol. This angle ) is 0° when thea is 180 (conformer a). Thes is
barrier height is substantially larger than that of dimethyl ether. increased by the decrease of theThe change of thg is not
The calculated internal rotational barrier height of dimethyl ether large until thea reaches 60 The optimized geometry where
at the MP4(SDTQ)//HF/6-31G* level is 2.78 kcal/nf8IThe the . is 6C° is shown in Figure 2 (conformer b), in which a
experimental barrier height is 2.72 kcal/n¥ISteric repulsion distorted hydrogen bond is observeti=€ 33°). Theg is close
between the methyl group and tbenydrogen atom would be  to 180 whena is 0° (conformer ¢) and 30 The's of these

the cause of the larger barrier height of anisole. geometries show that the intramolecular hydrogen bond does
E. Torsional Potential of the Methoxy Group of o- not exist in these structures. The calculated torsional potential

Hydroxyanisole. The torsional potential of the methoxy group of methyl group is a 3-fold potential as in the case of anisole.

of o-hydroxyanisole was calculated. The-€2;—0;—Cg tor- The calculated internal rotational barrier height at the MP2/6-

sional angle ¢) was fixed at 0, 30°, 6(°, 9¢°, 120, 15C, and 311G**/[HF/6-311G** level is 3.82 kcal/mol.
18, respectively, and other geometrical parameters were F. Torsional Potential of the Hydroxyl Group of o-
optimized. The optimized geometries far= 180, 60°, and Hydroxyanisole. The torsional potential of the hydroxyl group
0° are shown in Figure 2 (conformers a, b, and c). The relative of o-hydroxyanisole was calculated. The torsional arfyyleas
energies of the optimized geometries were calculated at thefixed at @, 3C°, 6(°, 9¢°, 12C°, 15C°, and 180, respectively,
MP2/cc-pVTZ level, as summarized in Table 3. during the geometry optimization. The optimized geometries
o-Hydroxyanisole prefers planar structure (conformer a) in for = 0°, 90°, and 180 are shown in Figure 2 (conformers a,
which the hydroxyl group has an intramolecular hydrogen bond d, and e). The relative energies of the optimized geometries
with the oxygen atom of the methoxy group. The torsional were calculated at the MP2/cc-pVTZ level, as shown in Table
potential has the maximum when the methoxy group rotates 3. The conformer ed = 18C°) is 4.43 kcal/mol less stable than
180C° (conformer c) from the minimum. In this conformer, the the most stable conformer, conformeipa= 0°). The calculated
hydroxyl group does not have the hydrogen bond, due to the energy is the largest whefi = 90° (conformer d). This
steric repulsion with the methyl group. Thg-€0g distance in conformer is 6.83 kcal/mol less stable than the conformer a.
the optimized geometry is only 2.74 A. The rotation of the Carlson and Fateley estimated the torsional potential of
methoxy group changes the torsional angle of the hydroxyl hydroxyl group ofo-hydroxyanisole from the measurements of
group, as summarized in Table 3. The-C,—0g—Hjq torsional torsional frequencie® They reported that the; andV, terms
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Figure 3. Comparison between the calculated torsional potential of
the hydroxy group ob-hydroxyanisole at the MP2/cc-pVTZ//HF/6-
311G** level and the experimental one.
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Figure 4. Comparison between the torsional potentials of the methoxy
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HF/6-311G** level.
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has intramolecular hydrogen bond, is the energy minimum
structure, whereas the other planar structure= 0°) is the

saddle point of the torsional potential of the methoxy group of
o-hydroxyanisole. The difference of the shapes of the torsional
potentials indicates that the ortho hydroxyl group has a
substantial effect on the torsional potential of the methoxy group.
The calculated internal rotational barrier heightoelfiydroxy-

anisole (7.30 kcal/mol) is considerably larger than that of anisole
(2.99 kcal/mol), which shows that the energy minimum structure
(conformer a) is significantly stabilized by the hydrogen bond.

The calculated barrier height between the two energy minima
(a0 = 0° and 180) of anisole is only 2.99 kcal/mol, which
indicates that the hindrance of the rotation of the methoxy group
is not large. On the other hanokhydroxyanisole has only one
energy minimumd = 180C), and the internal rotational barrier
height (7.30 kcal/mol) is considerably higher than that of anisole.
The large torsional energy (5.37.30 kcal/mol) whem = 0°—
60° shows that the conformational flexibility of the methoxy
group is strictly restricted by the hydrogen bond with the ortho
hydroxy group.

The calculated torsional potential of methoxy group of
o-hydroxyanisole is close to that of anisole when= 90—
18C°, whereas the torsional energy ofhydroxyanisole is
considerably larger than that of anisole whers 60°, as shown
in Figure 4. TheS of o-hydroxyanisole is 615° whena =
90—18C°, which indicates thab-hydroxyanisole has an in-
tramolecular hydrogen bond. On the other hafidncreased
up to 33 wheno was 60. The structure of conformer l(=
60° andp = 33°) in Figure 2 clearly illustrates that the steric
repulsion between the methyl and hydroxyl groups breaks the
hydrogen bond. Apparently, the breaking of the hydrogen bond
is the cause of the larger torsional energyodfydroxyanisole
wheno = 60°.

Whereas the torsional energy of anisole decreases substan-
tially whena decreases from 80o 0°, the torsional energy of
o-hydroxyanisole further increases. The increase of steric
repulsion between methyl and hydroxyl group would be the
cause of the increase of the torsional energy-bydroxyanisole.
The HF/6-311G**-optimized geometries indicates the existence
of substantial steric repulsion whem = 0 and 30. The
calculated G—C;—0y7 angles are 127°3125.8, and 122.1,
respectively, wher is 0°, 30°, and 60. These values are
considerably larger than 1200n the other hand, the,€C;—

O; angle is smaller than 12¢114.2—118.3) whena = 90°—
18C°. Apparently, attractive intramolecular hydrogen bond is

of the potential were 2.00 and 5.94 kcal/mol, respectively. The the cause of the small bond angle.

torsional potential obtained by the ab initio calculations was
compared with their potential as shown in Figure 3. The

Conformer a g = 0°) of o-hydroxyanisole is 4.43 kcal/mol
more stable than conformer g & 180°). The large energy

calculated potential agrees well with the experimental one Where yiterance between these conformers also shows that conformer

the torsional angle is°6-90°. On the other hand, the agreement

is not good in other regions. The information about the potential

a is stabilized with the intramolecular hydrogen bond. The
energy difference between the two conformers is close to the

function obtained from the measurements of torsional frequen- bonding energy of a water dimer (about 5 kcal/m$dtf

cies is essentially effective for the region around the potential
minimum. Thus, the curvature of the potential at the minimum h
can be determined with some degree of accuracy, whereas th%
torsional potential far from the minimum depends to a great
extent on the mathematical expression selected to describe th

potential®® This deficiency would be the cause of the poor
agreement where the torsional angle is t2080°.

G. Effects of Intramolecular Hydrogen Bond. The calcu-
lated torsional potential of the methoxy group @hydroxy-

anisole is considerably different from that of anisole as shown

in Figure 4. Anisole prefers the planar structuce= 0° and
18C°) The perpendicular structure. & 90°) is the saddle point.
The planar structurea( = 180°) of o-hydroxyanisole, which

The calculated internal rotational barrier height of the
ydroxyl group of o-hydroxyanisole (about 7 kcal/mol) is
onsiderably larger than that of phenol (3.56 kcal/mol). The
calculated conformational energy is large (44383 kcal/mol)

Svhen thef = 60°—180C°. These geometries do not have the

intramolecular hydrogen bond. These results indicate that the
intramolecular hydrogen bond has a significant effect on the
torsional potential of the hydroxyl group.

IV. Conclusion

We have calculated the internal rotational barrier heights of
phenol and anisole by the MP2 method using several basis sets



1336 J. Phys. Chem. A, Vol. 104, No. 6, 2000

Tsuzuki et al.

to evaluate the basis set effects. The effects of the improvement (19) Schaefer, T.; Wildman, T. A.; Sebastian, R. Mol. Struct.
of the basis set beyond the cc-pVTZ are very small. Although (THEOCHEM)1982 89, 93.

(20) Klessinger, M.; Zywietz, AJ. Mol. Struct. (THEOCHEM}1982

the electron correlation substantially increases the barrier heightsgg 347

of phenol and anisole, the effects of the correction beyond the
MP2 method are not large. The barrier heights calculated with

(21) Konschin, HJ. Mol. Struct. (THEOCHEM}1983 105 213.
(22) Schaefer, T.; Penner, G. Hl. Mol. Struct. (THEOCHEML987,

the CCSD(T) method are close to those with the MP2 method. 152 179.

(23) Spellmeyer, D. C.; Grootenhuis, P. D. J.; Miller, M. D.; Kuyper,

Phenol and anisole prefer planar structure, and the perpendiculag, F; Koliman, P. K.J. Phys. Chem199Q 94, 4483.

structure is the saddle point of the internal rotation. The

calculated barrier heights at the MP2/cc-pVTZ//HF/6-311G**
level agree well with the experimental barrier heights.

o-Hydroxyanisole also prefers planar structure, in which the

(24) Vincent, M. A.; Hillier, I. H. Chem. Phys199Q 140, 35.

(25) Simon, J. P.; Eriksson, K.-E. . Mol. Struct.1996 384, 1.

(26) Koenig, K. E.; Lein, G. M.; Stuckler, P.; Kaneda, T.; Cram, D. J.
J. Am. Chem. Sod.979 101, 3553.

(27) Cram, D. J.; Kaneda, T.; Helgeson, R. C.; Lein, GIMAM. Chem.

hydroxyl group has an intramolecular hydrogen bond with the Soc.1979 101 6752.

methoxy oxygen atom. The calculations show that the torsional

(28) Shulgin, A. T.; Sargent, T.; Naranjo, Glature 1969 221, 537.
(29) Domelsmith, L. N.; Munchausen, L. L.; Houk, K. BLLAm. Chem.

potential has the maximum when the methoxy group rotates goc 1977 99, 4311.

18C from the energy minimum structure, in which the hydroxyl

(30) Borisenko, K. B.; Bock, C. W.; Hargittai, I.. Phys. Cheml994

group does not have the hydrogen bond. The internal rotational 98, 1442.

barrier height calculated at the MP2/cc-pVTZ//HF/6-311G**

level is 7.30 kcal/mol, which is substantially larger than that of
anisole (2.99 kcal/mol). The larger barrier height indicates that
the stabilization of the energy minimum structure by the
intramolecular hydrogen bond has a considerable effect on the;,q7
torsional potential of the methoxy group. The conformational

flexibility of the methoxy group is strictly restricted by the ortho
hydroxyl group.
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