1558

J.C.S. Perkin 11

Relationship of the 70 Chemical Shift to the Stretching Frequency of the
Hydroxy-group in Saturated Alcohols

By Mamoru Takasuka, Shionogi Research Laboratories, Shionogi and Co. Ltd., Fukushima-ku, Osaka, 553 Japan

A good linear relationship was found to exist between the 170 chemical shift and the OH stretching frequency of the

hydroxy-group in some saturated alcohols.

Similar relationships were also found between the 170 chemical shifts

for methyl ethers and anisoles and the OH stretching frequencies for the corresponding saturated alcohols and

phenols.

the local paramagnetic term of the oxygen atom for a series of methyl-substituted methanols.

compared with the experimental data.

THE OH stretching vibration band in saturated alcohols,
R-OH, provides useful information not only on the
nature of the substituent, R, but also on the molecular
conformation.!® The OH stretching frequency, voy,
has been reported to shift to a lower wavenumber when
«-H is substituted by a methyl group, whereas it shifts to
higher field when #-H is substituted.®»* After recent
advances in n.m.r. spectroscopy, 17O chemical shifts,
3170, have been measured for a number of saturated
alcohols. The 170 chemical shift has been reported to
shift to a lower magnetic field when «-H is substituted by
a methyl group, but to higher field in the case of B-
substitution.®?

The behaviour of vg;; strongly resembles that of 8170
in regard to the additivities for the substitution shifts of
R-OH. Regression analysis was thus carried out be-
tween the voy and 8170 values reported for 18 typical
alcohols. The 3170 values of aliphatic ethers have been
reported to show behaviour similar to that of alcohols.”8
The analysis was also carried out for the vg,; values of
R-OH and the 3170 values of the corresponding methyl
ethers, R-OCH,.

The voy values for substituted phenols, XC,H,~OH,
provides information on the electronic structures.®1?
Katoh et al.l! measured 870 for substituted anisoles,
XCe¢H,~OCH,, and found a good linear relationship
between the 3170 values and the =-electron densities at
the oxygen atom of the methoxy-group calculated by
the CNDO/2 method. Thus the analysis was also per-
formed between vor of XC¢H,—OH and 3170 of XCgH,
OCH,. The two parameters shift, respectively, to lower
wavenumber and magnetic field with decreasing =-
electron density at the oxygen atom due to substituent
effects.®#1!  On the other hand, the 3170 values of R-OH
and R-OCH, shift to lower magnetic fields with in-
creasing electron density at the oxygen atom by substitu-
tion of an «-H by a methyl group.”.8

The vog values of R-OH have been interpreted by
invoking the three conformers (I}—(III) (Figure 2) and
their relative populations, but not by means of the
inductive effect.2 However, we obtained similar
relationships between §%70 and voy for both aliphatic and
aromatic series. Therefore, in order to explain the
experimental results theoretically, we carried out CNDO/
2 calculations ? for a series of methyl-substituted

CNDO/2 Calculations were carried out to obtain the OH stretching frequency of the hydroxy-group and

The results are

methanols to obtain approximate values of v,y and the
170 local paramagnetic term; the average excitation
energy approximation 12 was used for the latter.

OH Stretching Frequency-1"0 Chemical Shift Relation-
ships.—When 3870 values were plotted against wvoy
values selected from available literature data,® 8911 the

linear relationships (A)—(C) (Figure 1) were found. voy;
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Figure 1 Plots of 170 chemical shifts of R-OH (()),® R-OCH,

(A)® XCH,-OH (A),* and XC¢H,-OCH,; (@) ! versus free
OH stretching frequencies of the corresponding R-OH* and

XCgH,-OH.? Substituents: (1) R = CH,: (2) R = (CHy),
CCH,; (3) R = (CH,),CHCH,; (4) R = CH,CH,(CH,)-
CHCH,; (5) R = CH,CH,CH,; R = CH,CH,CH,CH,;

(1) R = (CH,),CHCH,CH,: (8) 1(2 (CH,),CCH,CH,; (9)

R = CH,,CH,; (10) R = (CH,CH,),CH; (ll) R = CH,CH,-
(CH;)CH; (12) R = CH,CH,CH,(CH, )C (13) R = (CHy),-
CH; (14) R = cyclo-C;H,; (15) R = cyc lo-CBHu; (16) R =
(CHQCH )3C; (17) R = (CH,;CH,),(CH,)C; (18) R = CH,CH,-
(CH,),C;1(19) R = (CHy),C; (20) X = H; (21) X = 0-CHy;
(22) X = p- OCH (23) X = p-CH;; (24) X = p-F; (25) X =
p-Cl; (26) X = p -Br; (27) X = p-CF;; (28) X = »-CN;
(29) X = p-NOz; (30) X = m-F; (31) X = m-Cl; (32) X =
m-Br; (33) X = m-NO,

is the OH stretching frequency (cm™1) for R-OH and
XCeH,~OH derivatives which are incapable of intra- and
inter-molecular hydrogen bonding in CCl, solutions. In
the present study, the vog values of absorption maxima
observed by van der Maas and Lutz? were used as
approximations, although the frequency of the centre of
the absorption should be adopted as vog because the OH
stretching vibration band arises from the conformers and
their relative populations.%® The OH stretching vibr-
ation bands of XC¢H,~OH give symmetrical spectra and
are shifted to lower wavenumbers with decreasing =-
electron density at the oxygen atom of the hydroxy-
group by the effect of the substituents, X.*1¢ 3170 is the
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170 chemical shitt (p.p.m. downfield from external H,O)
for R-OH, R-OCH,;, XC,H,~OH, and XC¢H,-OCH,.

The 170 signals are shifted to lower magnetic field for
XCe¢H,~OCH, as electron-withdrawing substituents are
introduced into the benzene ring; this trend is the
opposite of that for R-OH and R-OCH,; mentioned
above.”11  Nevertheless, in all the cases, the 8170 and
vom values show linear correlations with negative slopes
as shown by (A)—(C) in Figure 1.  This point is discussed
later on the basis of the CNDO/2 calculation.

The least-squares correlation equation for R-OH (2)—
(19), represented by the regression line in Figure 1(A), is
(1) with » 18 and 7 (correlation coefficient) 0.992. As

3170 = —2.7316voy - 9 939.1 1)

shown in Figure 1, the voy; and 8170 values for R-OH are
shifted to lower wavenumber and magnetic field,
respectively, by the B-effect on going from CH;OH (1),
through CH,CH,OH (9) and (CH,),CHOH (13) to
(CH,),COH (19), but to higher ones with increasing -
effect as seen on going from (9) to (2), from (13) to (10),
and from (19) to (16). The least-sbuares equation for
vour of R-OH and 370 of the analogous R-OCHj,
shown in Figure 1(B), is (2) with » 11 and » 0.987. A

8170 = —1.7705voy -+ 6 413.7 @)

simliar equation for the data for XCgH,~OCH; in Figure
1(C) is (3) with » 13 and » 0.960.

3170 = —1.1531voy + 4 211.7 3)

Inspection of Figure 1 reveals that the 3170 plots of
CeHz;OH (20) and 0-CHzC¢gH,OH (21) are located on
line (A), while that of C;cH,OCH, (20) deviates to lower
magnetic field from line (B). The deviation may be
attributed to the fact that because of conjugation
between the benzene ring and the 2p non-bonding (n)
electrons of the oxygen atom in the methoxy-group, its
oxygen atom is subjected to less a-methyl effect than
the oxygen atom of R-OCH, which have no conjugation.
Equations (1)—(3) may prove useful for estimating 3170
values for R-OH, R-OCH,, XC,H,~OH, and XC,H,-
OCH, from vog data, which are much easier to observe
than 8170 values.

CNDQO/2 Calculations—The CNDO/2 calculations
were carried out using the program of Pople and Bever-
idge.’> From the available data * for analogous com-
pounds, we adopted the geometries and co-ordinates of
the model compounds, (1), (9), (13), and (19) shown in
Table 1 and Figure 2, respectively. Ifor compounds (9)

TABLE 1

Bond lengths and angles of molecules used in the
CNDO/2 calculations

Geometry

AN\
Rou/A 0.96 COH (°) 109

N N\ ay
RoufA 1.09 CCC = HCH = CCO (9

109.467

RoofA 1.43 All torsion angles 60°
RoofA 1.54
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and (13) which have two conformers, configurations (I)
and (IT) and (IT) and (III) (Figure 2) were calculated,
respectively. When an OH stretching force constant
was calculated, the OH bond length was optimized in the
direction of the OH axis, retaining the other parameters.

(a) OH Stretching frequency. The OH stretching
vibration band, voy, virtually corresponds to an OH
stretching mode.’® The normal mode for the voy band
can be assumed to be approximately equal to a pure OH
stretching mode. Assuming a harmonic oscillator

’[ H H CH4
H CH, CH3
1) (m (m)

FiGure 2 Co-ordinates of alcohol rotamers

model, the force constant, K, of the voy band was cal-
culated from the second derivative of change in total
energy, E, with the variation in OH bond length (Roy)
near the optimum OH bond length, Roye, since the as-
sumption gives equation (4) 1216 where K = 2E/é¢? and

E = K¢j2 (@)

¢ = Rog — Rope. The voy value was calculated from
the K value by the usual method. By partitioning E 12
which has Roy 0.96 A, OH bond energies Eqoy and E’ oy =
Eoy + ZE,L were calculated as a measure of the strength

of the OH bond, where ZE,, is the sum of non-bonding

interaction energies between an OH group and other
atoms in the molecule; note that we found the greater
part of 3 E, was occupied by the repulsion energies for the

oxygen atom of an OH group. The Eoy, £ on, Rone, K,
and vgy values obtained from the CNDO/2 calculation
are given in Table 2 together with the corresponding
experimental voy values. In general, the CNDO/2
calculations overestimate their values.1?1%17 The ab-
solute values for voy are very large, but the shifts to
lower wavenumbers with increasing number of 8-methyl
groups run closely parallel to the experimental ones. In
addition, the Rgge value increases with decreasing K
values. On the other hand, the change in the Eqy value,
which increases with decreasing K values, as shown in
Table 2, was the reverse of the predicted trend, although
a change in the E’gy value agreed completely with that
predicted. This suggests theoretically that the non-
bonding interaction is more important than the inductive
one, which is caused by replacement of hydrogen by a
methyl group, because the shift to lower wavenumbers
of the voy band corresponds approximately to a weakened
OH bond due to the non-bonding interaction. This
seems to conform to a concept of conformational
heterogeneity.1-3.18

(b) 170 Local paramagnetic term. The 170 chemical
shift is approximately governed by the local paramag-



1560

J.C.S. Perkin II

TABLE 2
OH Bond energies,* optimum OH bond lengths, force constants, and frequencies for methyl-substituted methanols

No. Compound Type? Eoufa.u. E’ox ¢[a.u.
(1) CHOH 1 —0.7411 —0.7186
(9) CH;CH,OH I —0.7409 —0.7145
(—0.7414) ¢ (—0.7145) ¢

1I —0.7425 —0.7144

(13) (CH,),CHOH II —0.7419 —0.7118
(—0.7425) ¢ (—0.7117) ¢

11T —0.7437 —0.7116

(19) (CH,;);,COH I1I —0.7428 —0.7105
®Rox = 0.96 A. PRef. 2. ¢ E’gg =

0.005Mm.

netic term for the oxygen atom.1® According to Pople’s
theory,’® the zz-component of the local paramagnetic
contribution is given by equation (5) where (#3),, is

(6524)z¢ - 2_1,”;;;—?:}5) <"_3>2p X
[(Qas)z +B§A(QAB)M] )
(Qan)ee = 2 — 2(Pype, — 1)(Pyyy, — 1) + 2P, (6)

(QaB)ee = —2PxpspPyayp + 2PxavpPysrg  (7)

the mean inverse cube radius for the oxygen 2, orbitals,
AE is the average electronic excitation energy, and P,
are elements of the charge density and bond order
matrix. The {r*),, value is evaluated by equation (8).
1
(e = 53 (Zapla0)® (8)
According to Slater’s rules,® Z,, of the oxygen atom is

given by equation (9) where gret is the net charge on the
oxygen atom.

Zyp = 4.55 + 0.35gnet 9)

The lower field shifts due to the p-methyl effect in
alcohols and ethers have been reported 7 to parallel the

Eog + XE,, where E, is the non-bonding interaction energy for the OH group.
ated using least-squares quadratic fit using five points taken at 0.01 A intervals of Rog around the energy minimum.
were estimated using integrated intensity ratios of the voy band for rotamers.
¢ Integrated intensity was calculated using Ramsay’s method.??

K4 vor®®/ vor°® f/ 10744 on 9/

Rom°/A mdyn A7 cm! cm! mol™ ] cn2

1.0303 16.716 5470.1 3 644.1 0.43

1.0306 16.706 5 468.6 3638.5 0.27
(1.0306) ¢ (16.707) ¢ (5468.7) ¢ (3 634.8) ¢

1.0305 16.708 5468.8 3627.8 0.14

1.0309 16.693 5466.3 3627.7 0.27
(1.0309) ¢ (16.690) ¢  (5465.8) ¢ (3 623.5) ¢

1.0308 16.683 5464.7 3615.5 0.14

1.0312 16.672 5463.0 3617.2

4 Calcul-
¢ The values
f All determined in CCl, at a concentration of ca.

decrease in their ionization potentials. Therefore,
applying Koopmans’ theorem,?! the AE value in equation
(6) is assumed to be the negative of the highest occupied
orbital energy, egomo. The calculated results for 5,57 are
given in Table 3, together with the observed values of
5170 6

The increase in the absolute value of the paramagnetic
term, o,2v, due to the B-methyl effect for the model
compounds is consistent with the increase in the lower
field shift in the 170 chemical shift. However, the
(r3yqp and 1/33[(Qan)is —{—Bz (Qan)i;] contributions to

‘ <y

the 6,27 decrease on going from compound (1) through (9)
and (13), to (19), and their values are inversely propor-
tional to the negative value of the o,3.

The calculation suggests that the ¢,2v is primarily
governed by the AE in this case, as pointed out experi-
mentally by Sugawara et al.” However, in anisoles the
r3>y, and [(Qaa)i +B§A(QAB),-,-] have been reported to

be the main contribution to the 17O local paramagnetic
term, o,.)! A linear relationship with a positive slope
in XC,H,~OCH, has been reported ! for a plot of 3170
versus Hammett ¢~ constants which reflect changes in
electron density at the oxygen atom, but the trend for

TaBLE 3

Calculated 170 local paramagnetic terms,® o, and observed

170 chemical shifts, 38170, for methyl-substituted methanols

107247735,/ (Qan)is + (o241 op"Y ¢ 370 ¢
No. Compound Type? Py ¢ cm™® egonofa.u. i (QaB)i (p.p.m.) (p.p.m.) (p.p.m.)
(1) CH;OH I 6.2464 25.0096 —0.5704 xx 1.6848 —291.5 —291.9 —37.0
vy 2.0704 —358.2
2z 1.3070 —226.1
(9) CH,CH,OH I 6.2548 24.9599 —0.5469 xx 1.6743 —301.5 —302.0
»y 2.0412 —367.5
2z 1.3172 —237.2
(—300.7) 1 5.9
11 6.2588 24.9368 —0.5506 xx 1.6379 —292.6 —298.1
yy 2.0552 —367.2
2z 1.3122 —234.4
(13) (CH,),CHOH II 6.2654 24.8978 —0.5301 e 1.6314 —302.3 —307.7
yy 2.0305 —376.2
2z 1.3207 —244.7
(—307.2)7 398
III 6.2687 24.8783 —0.5295 xx 1.6002 —296.6 —306.2
vy 2.0410 —378.3
2z 1.3154 —243.8
(19) (CH,4),COH III 6.2743 24.8459 —0.5128 xx 1.5962 —305.1 —314.7 62.3
»y 2.0199 —386.1
2z 1.3224 —252.8
SRog =096 A 3Ref 2. ¢P,,is charge density on the oxygen atom. “iiseitherw,y, orz. ¢ 6,2 = 1/3[(6,24)2 + (6,24),y +
(6pA4)2). 7 The values were estimated using integrated intensity ratios of the vom band for rotamers. ¢ Ref. 6.
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the plot of 870 versus Taft o* constants in R-OH and
R-OCHj is just the opposite. This may be largely due
to the difference in the main contribution to s, described
above.

(c) Calculated vou—o,*" relationship. For empirical
correlations, we have equations (1)—(3) as experimental
results. Although the presence of some relationships
between voiy and 370 might be expected, we have no
straightforward proof that this relationship should be
linear. When the calculated ¢,57 values shown in
Table 3 were plotted against the calculated vor shown in
Table 2 for the series of substituted methanols, a linear

relationship was found as shown in Figure 3. It follows
h (9
-310t 03
S
F
a .
Y 9).
< -300} e
3 .
Q s
© 4
(1)
o
-290F
U SR .
5470 5465 5460
Vou /em’!
Ficure 3 Plots of 6,2% versus voy from CNDO/2

calculation

that a linear relationship can be obtained theoretically
between these values; this may be due to the fact that
in the model compounds, the increase in the non-bonding
interaction to the oxygen atom is proportional to the
increase in instability of the highest occupied orbital
which is mainly occupied by the lone-pair electrons of the
oxygen atom. Itisinteresting to note that the methanol
plot deviates to higher magnetic field for both experi-
mental and theoretical correlations as shown in Figures 1
and 3, respectively.

In summary, the present study provides the following
conclusions: (a) linear relationships between voy and
3170 exist for the compounds studied, (b) CNDO/2
calculation affords a linear relationship between these
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values for simple substituted methanols, and (c) the 8-
methyl effect on the calculated vox and 6,2% values in the
present case is rationalized approximately by the non-
bonding interaction and the average electron excitation
energy, respectively.

EXPERIMENTAL

Calculations were performed on a FACOM M140 computer.
I.r. spectra were measured on a JASCO DS-403G grating
spectrometer calibrated in the usual manner.

I thank Drs. Y. Matsui, M. Yamakawa, K. Kuriyama, K.
Tori, and Y. Terui, and Mr. K. Ezumi, these laboratories,
for discussions.
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