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The Conformation of Alkyl Benzyl Alcohols Studied by ab initio MO
Calculations — A Comparison with IR and NMR Spectroscopic Data

Osamu Takahashi,*!2! Ko Saito,®! Yuji Kohno," Hiroko Suezawa,*!! Shinji Ishihara,/ and
Motohiro Nishio*!4!
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Ab initio MO calculations were carried out for the conforma-
tions of a series of alkyl-substituted benzyl alcohols
Ce¢HsCH,CHOH-R (R = CHj, C,Hs, iPr, tBu) at the MP2/6-
311G(d,p)//MP2/6-31G(d) level. It was found that the con-
formation where the OH group is gauche to the phenyl group
is the most stable. The geometry where both the OH and R
groups are close to phenyl is the second most stable. This
finding has been interpreted on the grounds of the attractive

OH/r and CH/n hydrogen bonds and a repulsive van der
Waals interaction between vicinal CH groups. NMR nuclear
Overhauser effects, spin-coupling data, and IR spectroscopic
data are consistent with the conclusion given by the MO cal-
culations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Previously, we studied the conformation of a series of
benzylic compounds CcHsCH,XR (X = O, CH,, CO, S,
SO, and SO,) using ab initio MO calculations at the MP2/
6-311G(d,p)//MP2/6-31G(d) level.l'l The most stable con-
formation was shown to have R and C¢Hs in a synclinal
relationship, although there were exceptions for several ana-
logues bearing a tert-butyl group. In order to account for
those results, we suggested that there is an important
contribution from the CH/rm hydrogen bond. In this work,
we have used the ab initio MO method to analyze the
conformation of the structurally related alcohols
C¢HsCH,CHOH—R: 1-phenyl-2-propanol 1 (R = CH3), 1-
phenyl-2-butanol 2 (R = C,Hj), 3-methyl-1-phenyl-2-buta-
nol 3 (R = iPr), and 3,3-dimethyl-1-phenyl-2-butanol 4
(R = tBu). These benzylic alcohols 1—4 differ from the
molecules previously reported in that the OH/n hydrogen
bonding may occur in certain geometries. It is interesting
to compare the effect of the two types of n-hydrogen bonds
(CH/n?31 vs. OH/n*)) in these aralkyl compounds.
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Results and Discussion

Figure 1 shows that, in 1—4, three geometries are pos-
sible by rotation about the central C—C bond (¢). Ad-
ditionally, the OH group is free to rotate about the HO—C
bond (y) to give three further rotational isomers. For the
ethyl and isopropyl analogues (2 and 3, respectively), we
must consider the rotation about the C—C—CHj; bond in
R (o). Accordingly, the number of possible conformations
is 9 for R = CH; 1 and rBu 4, and 27 for R = C,H5 2 and
iPr 3.

OH H @ R
H H H H H H
174
H R R OH HO H
CeHs A P CeHs CeH;
a (g~ 60°) b (#~ 300 ¢ (4~ 180°)

Figure 1. Rotamers of 1—4; three possible geometries are obtained
by rotation about the central C—C bond (¢); the OH group may
rotate about the HO—C bond (y); for 2 (R = C,Hs) and 3 (R =
iPr), rotation about the C—C—CHj; bond in R (®) is possible

Conformational Energy

The energy profiles obtained for 1 at the MP2/6-31G(d)
level are given in Figure 2. It is clear from Figure 2 (a) that
1 exists in three stable conformations (a, b, and ¢) by ro-
tation of the C¢Hs—C—C—R bond (¢). Figure 2 (b) shows
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that each rotamer has three stable geometries derived from
rotation about C—C—0O—H ().
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Figure 2. Energy profiles obtained for 1 (R = CHj) at the MP2/6-
31G(d) level: (a) three stable conformations a, b, and ¢ obtained by
rotation of the C¢dHs—C—C—R bond (¢) are shown; note that the
result differs from that reported in Table 1 since, in this preliminary
survey, the C—C—O—H angle (y) was fixed at a constant value;
(b) three stable geometries for conformations a, b, and ¢ obtained
by rotation about y are shown

Table 1 lists the relative Gibbs energy of the stable con-
formations of these alcohols. Table 2 shows the effect of the
basis set used in the calculations on the relative steric energy
of the methyl analogue 1. For this, the geometry of the rota-
mers optimized at the MP2/6-31G(d) level was used. The
variation in steric energies is insignificant and the order of
rotamers does not vary from method to method. Notice
that in rotamer a, where OH/n bonding cannot occur, the
energy levels of the three wells are comparable, while in rot-
amers b and ¢, we see that one of the three geometries is
appreciably more stable than the other two. This is because
the stabilizing OH/n interaction is operating in these geo-
metries.

Perusal of Table 1 demonstrates that one of the rotamers
corresponding to geometry ¢ is the most stable in every
case. In this rotamer, R is anti to the phenyl group (¢ 178°
for 1-3 and 180° for 4). The stability of rotamer ¢ can
be ascribed to the OH/n interaction. Stabilization by CH/n
interactions may occur in rotamers a and b.

Eur. J. Org. Chem. 2004, 2398 —2403 wWWww.eurjoc.org

Table 1. Relative conformational Gibbs energies (in order of in-
creasing magnitude with respect to the most stable one: in italics)
of the conformations of alkyl benzyl alcohols CsHsCH,CHOH—R
1—4 calculated by the ab initio method [MP2/6-311G(d,p)//MP2/
6-31G(d)]; optimized torsion angles R/Ph (¢/°) are given in par-
entheses; for 2 and 3, only the most stable geometries at a given
angle around the C—C—CHj; bond in R (o) are given

1R = CH;,4

rotamer a 1.10 (64); 1.11 (63); 1.18 (64)

rotamer b 0.48 (295); 1.18 (307); 1.50 (309)

rotamer ¢ 0.00 (178); 1.41 (173), 1.59 (172)

2R = C2H5

rotamer a 1.08 (64); 1.16 (65); 1.66 (61);
1.66 (61); 1.78 (62); 2.05 (60); 2.65
(65); 2.67 (63); 2.80 (61)

rotamer b 0.51 (295); 1.04 (296); 1.45 (309);
1.53 (306); 1.66 (311); 2.32 (312);
3.24 (296); 3.37 (304); 3.69 (305)

rotamer ¢ 0.00 (178);0.68 (177); 0.76 (179);
1.62 (170); 1.66 (172); 1.98 (168);
2.04 (173); 2.23 (173); 2.67 (166)

3R =iPr

rotamer a 0.71 (65); 1.53 (49); 1.71 (48);
2.36 (65); 2.71 (57); 2.95 (56); 3.18
(56); 3.64 (69); 3.84 (56)

rotamer b 0.93 (299); 1.11 (300); 1.13 (301);
2.81 (296); 3.14 (296); 3.04 (285);
3.15 (281); 3.34 (297); 3.36 (282)

rotamer ¢ 0.00 (178); 0.06 (175); 0.39 (180);
1.40 (165); 1.70 (170); 1.81 (171);
1.81 (178); 1.83 (164); 2.35 (165)

4R = /Bu

rotamer a 3.26 (69); 3.22 (58); 3.42 (57)

rotamer b 3.29 (294); 3.38 (295); 3.42 (295)

rotamer ¢ 0.00 (180); 1.53 (165); 1.88 (168)

Conformational Equilibrium

In this section, we consider the rotameric abundance
(grouped into categories a, b, and ¢) rather than the stability
of each rotamer since the large number of possible rotamers
makes a complete survey difficult. Table 3 summarizes the
abundance of the three rotamers which was estimated ac-
cording to the Gibbs energies listed in Table 1. In every
case, rotamer c is the most abundant, followed by rotamer b
and then a. The proportion of rotamer ¢ gradually increases
passing from 1 to 2 and then 3. In 4, this is almost the only
rotamer present at equilibrium.

The above result can be explained in terms of the
compromise between various effects, which are caused by
weak intramolecular forces. These include the OH/n and
CH/r hydrogen bonds and unfavorable steric (repulsive van
der Waals) interactions, which can occur between vicinal
CH groups. Thus, the OH/r interaction can operate in both
rotamers b and ¢. The OH/n and CH/r hydrogen bonds can
operate simultaneously in rotamer b. However, in rotamer
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Table 2. Relative conformational Gibbs energies (with respect to
the most stable one: in italics) of the stable conformations of 1-
phenyl-2-propanol CcHsCH,CHOHCH; 1 calculated using various
levels of theory; optimized torsion angles R/Ph (¢/°) are given
in parentheses;[? each three values correspond to the differing ro-
tation angle around the HO—C bond (y)

MP2/6-31G(d)

rotamer a 1.99 (64); 2.10 (63); 1.98 (64)
rotamer b 0.30 (295); 1.77 (307); 2.20 (309)
rotamer ¢ 0.00 (178); 2.16 (173); 2.83 (172)

MP2/6-31G(d,p)

rotamer a 1.83 (64); 1.88 (63); 1.74 (64)
rotamer b 0.25 (295); 1.62 (307); 1.96 (309)
rotamer ¢ 0.00 (178); 2.03 (173); 2.67 (172)

MP2/6-311G(d,p)

rotamer a 1.43 (64); 2.21 (63); 1.47 (64)
rotamer b 0.04 (295); 1.31 (307); 1.64 (309)
rotamer ¢ 0.00 (178); 2.29 (173); 1.96 (172)

MP2/6-311+ +G(d,p)

rotamer a 1.29 (64); 1.61 (63); 1.24 (64)
rotamer b 0.71 (295); 1.48 (307); 2.05 (309)
rotamer ¢ 0.00 (178); 2.91 (173); 2.08 (172)

[al Geometry optimized at the MP2/6-31G(d) level is given.

Table 3. Relative abundance (%) of the stable conformations of
alkyl benzyl alcohols C¢HsCH,CHOH—R 1—4 calculated by the
ab initio method [MP2/6-311G(d,p)//MP2/6-31G(d)]. Data are gro-
uped into three geometries a, b, and ¢ with respect to the rotation
of the central C—C bond ().

R Rotamer a Rotamer b Rotamer ¢
CH; 19.7 29.0 S51.3
C,H; 17.7 26.1 56.2
iPr 12.7 14.3 73.0
tBu 1.0 0.9 98.1
2 HXN R
H H¢
0 H
!
H,,
OH/n |
NS
a b ¢

Figure 3. Rotamers of benzylic alcohols C¢(HsCH,CHOH—-R 1—-4
and possible interactions involved; arrows show unfavorable vicinal
H/H interactions; the putative OH/m and CH/r interactions are
indicated by dotted lines; note that CH interacts with H;,,, while
OH points towards theapproximate midpoint of H,,, an

H()rt/u)

b, there are also two unfavorable H/H interactions. Accord-
ing to Allinger, the steric congestion between vicinal CH
groups is very severe.l’! CH/r interactions can operate in

2400 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

rotamer a, while stabilization from the OH/n interaction is
not anticipated. Figure 3 shows interactions (attractive as
well as repulsive) present in rotamers a, b, and c.

Interatomic Distances

Table 4 compiles the distances at the CH/zn- (d1, d2) and
OH/r-interacting geometries (d3—d5). Notice that these
values are smaller than the sum of the van der Waals radii
of the relevant atoms. In every case, the distance between
the OH hydrogen and the midpoint of C,,, and C,,,, (OH/
Chnidpoint: d4) is shorter than the OH/C,,, (d3) and OH/
C, o (dS) distances. This suggests that the OH group pre-
fers to interact with the ortho carbon or at a point close to
the midpoint between the two carbons. Oki and Iwamura
have already noted the possibility of bifurcated OH/x bond-
ing, by analyzing electronic substituent effects on the infra-
red O—H stretching band of 2-phenylethyl alcohol deriva-
tives.[”]

Table 4. Interatomic CH/C and OH/C distances (A) of the stable
conformations of benzylic alcohols C¢HsCHCH;CHOH—-R 1-4
calculated by the ab initio method: MP2/6-311G(d,p)//MP2/6-
31G(d); dl: distance between CH and C,,,; d2: CH/C,,,; d3:
distance between OH and C,,,; d4: OH/C pigpoine; d5: OH/C,,0

CH/r distance OH/rn distance

oF° dl & &3 d4 d5
1R = CH;
64 (a) 2774 2.931

4 2.778 2.931
63 2.774 2.937
295 (b) 2.788 2.828 2.595 2.455 2.512
307 2.683 3.034
309 2.685 3.133

178 (¢) 2.498 2.406 2.514
2R = C2H5
64 (a) 2.706 2.862
65 2.708 2.857
61 2.748 3.063
296 (b) 2.766 2.818 2.588 2.444 2.497
295 2.774 2.817 2.573 2.434 2.493
296 2.665 2.664 2.679 2.500 2.512
177 (c) 2.469 2.384 2.502
178 2.501 2.408 2.515
179 2.490 2.395 2.502
3R =iPr
65 (a) 2.771 2.819

9 2.635 2.946
48 2.503 2.854
285 (b) 2.559 2.646 2.553 2.409 2.464
281 2.637 2.660 2.664 2474 2.476
282 2.612 2.652 2.677 2.499 2.512
175 (c) 2.434 2.358 2.486
180 2.466 2.401 2.492
178 2.500 2.401 2.503
4R = 1Bu
69 (a) 2.639 2.605
57 2.540 2.824
58 2.542 2.750
294 (b) 2.532 2.673 2.650 2.458 2.461
295 2.522 2.693
295 2.537 2.670

180 (c) 2.433 2.350 2.473
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In contrast, the distance CH/C,,, dl is usually shorter
than the CH/C,,,,, distance d2. This shows that CH/n
bonding occurs at the ipso carbon of the phenyl group. A
plausible explanation is that the nature of the OH/r hydro-
gen bond is somewhat different from that of the CH/r hy-
drogen bond. Actually, it has been suggested that the con-
tribution from the electrostatic force is larger in the OH/n
than in the CH/r hydrogen bond.[#

Comparison with Spectroscopic Data

IR Spectroscopic Data

Kodama et al. determined IR spectra of a series of 1-
phenylethyl alcohols CqHsCHCH;CHOH—R®! and re-
ported that the OH/n-bonding peak appears at 3596—3614
cm~!, whereas that of the free species appears at
3629—3648 cm™ L. In Figure 4 the relevant region of the IR
spectra of 1—4 is shown. The peaks ascribed to the OH/n-
bonded species (3600—3606 cm ') are red-shifted by ca. 25
cm ™! relative to the nonbonded ones (3624—3630 cm™').
The relative intensity of the lower frequency band increases
going from 1 to 2, 3, and then 4. The result is consistent
with the relative abundance of rotamer ¢ estimated by the
MO method.

- 1(R = Me)
2 (R = Ef)
3 (R =Pr)

4 (R = 1Bu)

3606

3600 3520

-1
Wavenumber / cm

3680

Figure 4. Infrared spectra of 1—4 obtained from CCl, solutions

Nuclear Overhauser Effects

In order to obtain support for the suggestion made
above, we determined the nuclear Overhauser effects (NOE)
present in 1—4. It is known that NOE enhancement reflects
the distance between the interacting protons. In Figure 5,
the hydrogen a to the OH group is labeled H,. For the
benzylic hydrogens (p to OH), the signal appearing at lower
field is labeled H,, while the more shielded one is labeled
H,.

Eur. J. Org. Chem. 2004, 2398 —2403 WWw.eurjoc.org

§
HX——(II-OH
Hy=C=H,
CeHs
OH H R
Hb Ha Hb . Ha Hb Ha
H, R R OH HO H,
CeH; CeHs CeHs
a b [

Figure 5. Relative geometrical disposition of H,, H,, and Hy in
rotamers a, b, and ¢

According to Table 3, rotamer c¢ is the most abundant of
the three rotamers. As shown in Figure 5, H, is close (cis)
to H, in rotamer ¢, while Hy, is remote (zrans) from H,.
Therefore, the NOE enhancement of H, is expected to be
larger than H, when H, is irradiated if rotamer c is highly
populated. Table 5 gives the NOE data.

Table 5. NMR spectroscopic data for 1-phenyl-2-propanol 1, 1-
phenyl-2-butanol 2, 3-methyl-1-phenyl-2-butanol 3, and 3,3-di-
methyl-1-phenyl-2-butanol 4 determined in CDCl; solutions

1 2 3 4
Chemical shiftf!
H, 4.03 3.75 3.59 3.44
H, 2.80 2.84 2.86 2.92
H, 2.69 2.65 2.60 2.45
NOE!®!
H, 2.3 2.3 2.5 2.7
H, 1.4 1.3 1.1 0.5
Ratio (H,/Hy) 1.5 1.6 2.3 54

[a] ppm downfield from internal TMS. ! Percentage of the NOE
enhancement by irradiating Hy.

The ratio NOE,/NOEy,, increases from 1.5 for 1, to 1.6
for 2 and 2.3 for 3, and finally to 5.4 for 4. There is satisfac-
tory agreement between the NOE data and the abundances
of rotamer ¢ in 1—4 reported in Table 3.

Consideration of the Vicinal Spin-Coupling Constant
Table 6 lists the vicinal spin-coupling constants of the al-

cohols.

Table 6. Coupling constants (in Hz) of 1-phenyl-2-propanol 1, 1-
phenyl-2-butanol 2, 3-methyl-1-phenyl-2-butanol 3, and 3,3-di-
methyl-1-phenyl-2-butanol 4 determined in CDCl; solutions

1 2 3 4
3 Hanx 4.95 4.62 3.63 1.98
3 fbhix 7.85 8.20 9.24 10.88

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2401
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The spin-coupling constant between vicinal hydrogens H,
and Hy (Jyamy) is smaller, in every case, than 3Jyppx. The
3 Janx value gradually decreases on going from 1 (4.95 Hz)
to 2, 3, and then drops abruptly to 1.98 Hz in 4. An op-
posite trend was recorded for 3Jyppyx. We plotted 3Jpppix
and 3Jyy, 1, against the computed rotamer populations. This
gave good linear correlation (R > 0.99: not shown). The
result is compatible with the expectation that rotamer ¢ pre-
vails in solutions of 1—3 and is almost the only confor-
mation in 4.

Calculation of the Vicinal Coupling Constants 3J,,.,,, and
3 J.

Using the rotamer populations reported in Table 3, vici-
nal coupling constants 3J,,,,, and 3/ ;; were computed. The
following relationships were obtained from the equilibrium
data of 1.

3tanx: 19.7 X Jpyans + (29.0 + 51.3) X J;o = 4.95 X 100
3ini (19.7 + 29.0) X Jo + 51.3 X Jpus = 7.85 X 100

This gives 12.32 and 3.14 Hz for J,,,,, and J respec-
tively. The same procedure was applied to 2, 3, and 4 to
give the results reported in Table7. These values
(11.9-12.32 Hz for J,,, and 1.89—3.14 Hz for J_,) are
compatible with those expected from the Karplus relation-
ship.’l

Table 7. Coupling constants 3Jyy 5y (in Hz) of frans and cis vicinal
CHs calculated from the rotamer distributions listed in Table 3

1 2 3 4 Average
Jirans 12.32 12.27 11.75 11.09 12.86
Jeis 3.14 2.97 2.45 1.89 2.61

Comparison of the Rotamer Abundance Obtained by ab
initio Calculations with that Estimated from NMR Spin-
Coupling Data

Next we calculated the rotameric abundance using the
coupling parameters obtained above (average values). As
shown in Figure 5, H, is trans to Hy in rotamer a, while H,
is cis to Hy in rotamers b and ¢. On the the other hand, Hy,
is trans to Hy in rotamer a and b, but is cis in rotamer c.

Thus, for 1, the following relationships [Equations
(1)—(3)] stand.

aX 129+ (b+c¢)X2.6="7.85x100 ()
(a+b)X 2.6+ cx12.9=495x 100 ©)
a+b+c=100 3)

Here, a, b, and ¢ are the percentages of rotamers a, b,
and c, respectively. This gives ¢ = 25.3, b = 18.1, and ¢ =

2402 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

56.6. The results are summarized in Table 8. These values
are in good agreement with those given in Table 3.

Table 8. Estimated rotamer distributions of 1—4 on the basis of the
calculated coupling parameters

R Rotamer a Rotamer b Rotamer ¢
CH; 11 25.3 18.1 56.6
C,H; 28l 21.7 17.9 60.4
iPr 3 11.1 17.3 71.4
tBu 4! - 10.6 89.4

[l Calculated by assuming 12 Hz for J,,,,, and 3 Hz for J,;. [ 11
Hz for J,,4,s 2 Hz for J s

Conclusions

In summary, ab initio calculations on benzylic alcohols
gave results consistent with IR and NMR spectroscopic
data. The importance of the OH/m and CH/n hydrogen
bonds in controlling the conformation of aralkyl alcohols
has been proposed. The present finding shows that ab initio
calculations can be used with confidence to predict the con-
formation of simple organic molecules. Recognition of
weak hydrogen bonds such as the OH/x and CH/rn interac-
tions is essential in elucidating stereochemical issues in aral-
kyl compounds.

Experimental Section

Methods

Computations: The GAUSSIAN 98 program!'%! was used. Electron
correlation energies were calculated by applying the second order
Moller-Plesset (MP2) perturbation theory. Geometry of the mol-
ecules was optimized at the MP2/6-31G(d) level of approximation.
Using these geometries, single-point calculations were carried out
at the MP2/6-311G (d,p) level to estimate the conformational ener-
gies. 6-31G(d), 6-31G(d,p), 6-311G(d,p) and 6-311G++(d,p) basis
sets were also used for the calculation of 1 in order to examine
the basis set dependence at the optimized geometry. Vibrational
frequencies were calculated using the analytical second derivatives
at the same level of the geometry optimization for each conformer.
Using these results, the thermal energy corrections were added to
the total energy at 298.15 K and 1 atmosphere of pressure, using
the principal isotope for each element type.

Spectral Measurements: Infrared spectra were obtained from CCly
solutions using a Perkin—Elmer Spectrum 2000 infrared spectro-
photometer. The concentration of the sample solution was always
below 3 X 1073 mol-dm 3.

'"H NMR and NOE spectra were determined in CDCl; at 25 °C
using a JEOL EX-270 spectrometer. In order to preclude effects
from associated species, the concentration of the solution was
maintained at less than 0.1 mol:dm 3. The absence of associated
species was confirmed by a dilution experiment; the downfield shift
for 8 (OH) was < 0.005 ppm from 0.2 to 2.5 X 1073 mol-dm 3.
This is in the range of normal unassociated alcohols. The NOE
values are the average of three measurements under different con-
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ditions. The accumulation time, irradiation power (db), and ir-
radiation time (s) were 64, 390, and 8 for the first run; 64, 385, and
7 for the second run; and 32, 380, and 7 for the third run, respec-
tively. The coupling constants are accurate to =0.03 Hz.
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