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Role of Secondary Interactions in the Conformational Equilibrium of 2,6-Diisopropylphenol
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The experimental infrared spectrum of 2,6-diisopropylphenol in dilute; 8@lution displaying absorptions

at 3619 (intense) and 3641 cin(shoulder) in the G H stretching region cannot be satisfactorily reproduced

by two symmetric band components. Ab initio quantum chemical calculations have idefitifeestable
conformers differing in the relative orientations of the two ortho substituents, whereas DFT calculations yielded
four different vOH frequencies for these conformers in agreement with the deconvolution and least-squares
curve analysis of the experimental spectrum. The observed spectrum could be successfully simulated by the
calculated frequencies and band intensities assigned to the five conformers on the basis of their relative
stabilities.

Introduction calculated absorption band components, we decided to inves-
The frequency of the ©H stretching vibration in phenols is tigat(_e the p_ossible role of _conformation of the 6-isopropyl group

known to be sensitive to the environment. Apart from the thatis behind the phenolic-€H bond.

spectacular changes in frequencies, band intensities, and band-

widths caused by hydrogen bonding, the frequency shifts of the Methods

vO—H band of essentially free OH groups brought about by |nfrared spectra of CGlsolutions of 2,6-diisopropylphenol

variation in the electron donating/attracting power of the \were recorded with a Nicolet Magna 750 FTIR spectrometer at

substituents on the ring are on the order of-20 cnt?!. Data 1 cnt L resolution in the concentration range from 26404

also indicate that certain bulkier substituents in ortho position to 2.16 x 102 mol/L using KBr and NaCl liquid cells of path

to the OH group influence the €H stretching frequency  |engths ranging from 10 cm to 0.125 mm. No sign of

through secondary interactions between nonbonded atoms.  self-association of 2,6-diisopropylphenol was observed up to 3
Thus, the absorption band of the-® stretching fundamental . 10-2 mol/L.

spectra of phenols having ortho positions substituted by methyl, measured IR spectra was done by a least-squares curve analysis

ethyl, or isopropyl group$,while the corresponding band is  program PCCAP developed in our laboratéfjhe best fit was

found at 3648 cm' in the case of 2,6-ditertiarybutylphentsl.  achieved when approximating the individual components by
Both bands of higher and lower frequencies are present in theayss-Cauchy product functions.
spectrum of 2-tertiarybutylphendlSince the G-H bond is Calculations of molecular mechanics (MM) have been

cop!anar with the aromatic rint two stable con_formers are  performed by the Sybyl 6.6 program (Tripos Inc., St. Louis,
available for the latter compound: cis (the-@ points toward  \10) on a Silicon Graphics Octane workstation under the Irix
the substituent) and trans (the-® points away from the g 5 gperation system. The MM calculations were based on the
subsntqent), é:orrespondlng to the higher and lower frequency, pMMEE94 force field® applying energy minimization by the
respe_ctwe_lyl.v . i conjugate gradient technique with 0.001 kcal/mol A gradient.

At first sight, the spectrum of 2,6-d|_|sopropylphenol displays conformer geometries obtained by the MM method were
two vO—H bands: a stronger one with its peak at 3619°tm  gptimized with the Gaussian-94 prograt the ab initio RHF
and a well-separated shouléaround 3641 cmt. By analogy, level, applying the 6-31G** basis set and very tight convergence
the higher frequency component has been tentatively as$igned criteria. It has been tested that the configurations found are true
to a particular conformer in which the OH group points between minima (no imaginary frequencies). (All computations related
two methyl groups of the .2-|sopropyl.substltuent, while .the to vacuum.) In a follow-up calculation by a preliminary version
lower frequency band of higher intensity has been tentatively ¢ the APOST prograri? the molecular energy was dissected
assigned to sterically favored conformers obtained by turning {5 atomic and diatomic componehitsin order to interpret
the 2-isopropyl group such that the OH group is in an gecondary interactions operative within the molecule. For these
environment resembling a 2-ethyl substitution. At this stage the calculations, we used a very early version of the APOST
conformation of the other isopropy! group (the one behind the ,rgrami0 and therefore we were forced to restrict the calcula-
O—H bond) was thought to be insignificant. ) tions to the 4-31G level. However, this has no significant effect

However, as the expenmen}al IR spectrum of 2,6-diisopro- g the relative magnitude of different quantities.
pylphenol could not be satisfactorily reproduced by two  py geometry optimizations followed by force field and

* Corresponding author. E-mail: msimonyi@cric.chemres.hu. Telephone/ Vibrational frequency calculations were performed for all stable
fax: +(36-1) 325-9188. conformers by the density functional (DFT) method as well,
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Figure 1. Infrared absorption spectrum of 2,6-diisopropylphenol in
dilute CCl, solution (3.7x 1073 mol/L) in the 3566-3680 cnt? region
(solid line), and the result of least-squares fitting of the spectral curve
by only two components (broken line).
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Figure 3. Stable conformers of 2,6-diisopropylphenol optimized by
MMFF94 and ab initio RHF/6-31G** calculations (for the values of
torsion angles defining these structures, see Table 1).

energies and some relevant geometric parameters and nonbonded
interatomic distances are listed in Table 1. It should be noted
that the torsion angles obtained by molecular mechanics (except
for conformerAl) are in good agreement with the ab initio and
DFT optimized values. For th&l conformer, in which H6 was
found to be in the plane of the ring by MM calculations, ab
D) initio and DFT yieldedr; = £38° andt; = +40°, respectively;
Figure 2. Numbering of atoms and definition of torsion angles in other words, c_onformefk_l can adopt either CIMC).Or trans
describing the conformation of 2,6-diisopropylphennl (C5—C6— (Alt) conformation by evidence of quantum chemical calcula-
C8—H6, 7o C3—C2—C7—H1, 15 C2—C1-0O-HO0, w: C2—C1-0). tions (cf. Figure 3). An important finding is the insignificant
energy difference oAlc andAlt; it indicates that stereostruc-
applying the B3LYP functional and standard 6-31G* basis sets. ture of these conformers do not influence the interaction of

These calculations were done by means of the Gaussian-94 suitsopropyl and OH groups.
of program& run on a Silicon Graphics Origin 200 computer. Several distances between nonbonded atoms are found to be

less than 2.5 A, indicating possibly strong secondary interactions
between these atoms. Thus, it may be expected that rotation of
the isopropyl groups influences the strength and the stretching
A typical infrared spectrum of 2,6-diisopropylphenol in the frequency of the &H bond.
3560-3680 cn1! region as observed in a 3% 10~ mol/L Owing to the repulsion between the phenolic hydrogen and
CCl, solution is given in Figure 1. This figure also shows the the hydrogen atoms of the 2-isopropyl group, angl¢C2—
result of decomposition of the spectral curve by only two C1-0) is always greater than 120The energy of conformers
components; it is evident that the agreement between thelabeledl (i.e., Alc, Alt, andB1) is somewhat lower than that
measured and calculated curves is less than satisfacfory ( of the respective conformers label2dOn the other hand, the
0.9873). Because of this, calculations were performed to identify influence of rotation of the 2-isopropyl group on the energy is

Results and Discussion

further conformers by taking into account the rotatiorboth greater: the OH repulsion is smaller in conformarsso they

isopropyl groups. The numbering of atoms and definition of are more stable than conformeBs This gives justification to

the torsion angles are given in Figure 2. the early suggestion on steric interaction of OH and isopropyl
The MM calculations performed in order to find minimum  groups®

energy conformations were done by varyingetween 0 and To characterize the secondary interactions operative in the

360 in 10° steps and by keeping; at @°. The energy was molecule, the energy was analyzed by the energy decomposition
minimized and the energy profile constructed. Energy minima method!! The results are collected in Table 2. All nonbonded
were found atr; = 0° andz; = 180° with an energy barrier of ~ H---O interactions are of attractive character, the strongest of
6.5 kcal/mol between them. Similar calculations for the which represents 6% of the energy of the-B® covalent bond,
torsion angle yielded, = 0° and7, = +140° with an energy a finding worth to be noted. While the H60 attraction is the
barrier as high as 10 kcal/molat= 80°. The stable conformers  strongest of all nonbonded interactions in confornfets, Alt,
found (A1, A2, B1l, and B2, see Figure 3), were further andB1, the sum of slightly smaller interaction energies of-H9
optimized by ab initio calculations at the RHF/6-31G** level --O and H10--O in conformersA2 andB2 exceeds the former.
and by DFT (B3LYP/6-31G*) calculations. The resulting The O-H fundamental stretching frequencies of the five
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TABLE 1: Ab Initio (RHF/6-31G**) and DFT (B3LYP/6-31G*) Calculated Energies and Selected Geometric Parameters of the
Five Stable Conformers of 2,6-Diisopropylphenol

E 7 T2 w nonbonded interatomic distances (A)
(hartree) (deg) (deg) (deg) HO--H1 HO---H2 HO--H3 HO--*H4 HO--:H5 O-:*H6 O--H7 O--*H8 O--:H9 O---H10

RHF/6-31G**
Alc —589.7963 —146.6 1419 1216 1.89 2.40 4.17 3.72 4.59 2.38 4.43 2.74 4.86 3.99
Alt —539.7963 1458 1423 121.7 1.90 2.37 4.18 3.70 4.58 2.37 2.74 4.42 3.99 4.86
A2 —539.7958 0.0 £142.0 121.3 1.88 2.39 4.16 3.71 4.58 3.88 3.56 3.58 2.48 2.49
Bl —539.7943 180.0 0.0 1219 3.58 3.28 3.28 2.00 2.00 2.26 3.73 3.73 4.63 4.63
B2 —539.7942 0.0 0.0 121.8 3.58 3.28 3.28 2.00 2.00 3.88 3.57 3.57 2.48 2.48

(B3LYP/6-31G*¥)
Alc —543.3504 —142.3 1396 121.7 1.88 2.27 4.22 3.63 456 240 447 269 478  4.00
Alt —543.3504 143.0 139.6 121.7 1.88 2.27 4.20 3.63 456 240 271 446 392 477
A2 —543.3502 0.0 £1395 121.2 1.87 2.26 4.18 3.62 455 391 360 3.60 247 247
Bl —543.3490 180.0 00 1221 357 3.28 3.28 1.95 1.95 226 374 374 465 465
B2 —543.3490 0.0 00 121.7 3.55 3.25 3.25 1.94 1.94 391 360 360 247 247

TABLE 2: Diatomic Contributions to the Total RHF 4-31G ]
Energy (in Hartree) in Stable Conformers Obtained at the 020 measured spectrum
RHF/6-31G** Levela 1 = «= calculated spectrum
0'18"_ — resolved components
conformers ©&-H6 O---H7 O--*H8 O---H9 O---H10 0.16
Alc —0.0408 —0.0149 -0.0320 —0.0125 —-0.0152 0.14+
Alt —0.0408 —0.0320 —0.0149 -0.0152 -—-0.0125 012
Bl —0.0469 —-0.0184 -0.0184 -0.0129 -—-0.0129 8 1
A2 —0.0176 —0.0174 -0.0174 —0.0390 —0.0390 _g 0.104
B2 —0.0176 —0.0174 -0.0174 —0.0390 —0.0390 2 608
<
aFor comparison: the contribution of the-®1 covalent bond is 0.06
—0.7084 hartree. 0,041
TABLE 3: Comparison of Four Calculated (DFT/B3LYP/ 0.024 \
6-31G*) and Measured (Resolved) &H Stretching 0.00 , = . i ,
Frequencies Assigned to the Five Stable Conformers of 3680 3660 3640 3620 3600 3580 3560
2,6-Diisopropylphenol Wavenumber/cm™
vOH (cn?) Alc, Alt A2 Bl B2 Figure 4. Result of least-squares fitting (broken line) of the-B
calculated (raw) 3776 3773 3814 3811 stretching reg_ion (the same spectral curve as in Figure 1, solid line) by
calculated (scaled) 3612 3609 3648 3645 four symmetric band components.
measured (resolved) 3619 3613 3643 3640

the sum of secondary interactions with two methyl hydrogens
weaken the ©H bond more than does a larger but single

conformers calculated by the DFT method are given in Table interaction with the tertiary hydrogen atom in rotaméréct.

3. The raw (unscaled) values are listed in the first row, while Table 2). _ _

the second row of Table 3 contains the wavenumber values Finally, the reconstruction of the experimental spectrum by
scaled by a factor of 0.9565 for all five conformers for better four symmetric band components corresponding to the rotamers
agreement with the experimental data. This scaling of the OH give an excellent fit i = 0.9999), as shown in Figure 4. In
stretching frequency corresponds to a scaling of theHo  @ddition to the good agreement between the observed and
stretching force constant by 0.915 which is in good agreement c@lculated frequencies (and frequency shifts), there is also a
with the recommended scale factor (0.920) for such a bond in Satisfying correlation between the observed (resolved) band
density functional derived force field calculatidhsat the intensities and calculated co_nfor_mer energies: the low energy
B3LYP/6-31G* level. The calculated frequencies depend on the conformersilc, Alt, andA2 give rise to the two intenseO—H
internal rotation obothisopropyl groups, indeed. A larger shift band components, Whl!e the energetically less fgvored conform-
of frequencies is due to the rotation of the 2-isopropyl group €rs are associated with the much weaker, higher frequency
(~30 cnTY). The frequency is lower for conformers repre- absorptions.

senting an “ethyl-like” environment for the-€H bond, while
the higher frequencies correspond to confornfetseapping the
O—H bond between two methyl groups, thus resembling a  Five conformers of 2,6-diisopropylphenol representing iso-
tertiary butyl substitution. The influence of the 6-isopropyl group propyl rotamers contribute to the pattern of IR absorption in
on thevO—H frequency through €H---O secondary interac-  the region of G-H stretching frequencies. The rotamers
tions is smaller; the curve resolution predicts a shift of 6&m  represent energy minima stabilized by intramolecular secondary
for the lower and 3 cmt for the higher frequencies. The result interactions strong enough to influence the strength of thélO

of calculations shows a shift of 3 crhfor the difference  bond. It has been established that the shoulder at 364% ism
betweenB1 and B2 in accord with the deconvolution result.  due to energetically less favored conform@rsf the 2-isopropyl

No considerable difference was found between the strechinggroup, while the asymmetry of the intense absorption around
frequencies oAlc andAlt conformers in agreement with their 3620 cnt! is the consequence of different influences of
identical energies; their frequency differs by the same 3cm 6-isopropyl rotamers.

from that of A2. SinceAlc andAlt have the same frequency,

we are dealing with four differentO—H frequencies only, as Acknowledgment. This research was sponsored by the
found by the curve resolution. Of the 6-isopropyl rotamers, those Hungarian Scientific Research Fund, OTKA, Grants 29716 and
labeled2 are associated with the lower frequencies, because 33109.

a Obtained by multiplying all calculated frequencies by 0.9565.

Conclusion
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