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The 7 hydrogen bonding between phencl and monoolefins has been studied by examining

the OH stretching vibration spectra of phenol in the presence of monoolefins.

From comparison

of the hydrogen bond shifts, it has been shown that the basicity of the aliphatic olefins toward

phenol increases with the increasing alkylsubstitution on the double bond carbon.

The endo-

cyclic olefins are more basic than RCH=CH, and RCH=CHR’ where R and R’ represent

alkyl groups.

The equilibrium constants for complex formation with olefins were smaller than

those with aromatic hydrocarbons. The steric effects on the hydrogen bond complex with
aliphatic and endocyclic olefins have been discussed.

In relation to the various proposed conformations
of olefin carbonium ions? the investigation of the
hydrogen bonds involving olefins as the base is of
interest, since hydrogen bonding could be the
first step of the proton transfer.? Several examples
are found in literatures.*® The effect of structure
(but not of strain) of base upon hydrogen bonding
has been studied by West® and Kuhn and Bowman.®
However, the influences of structure and strain of
base on the hydrogen bonding have not been
studied so far. The present paper describes the
infrared data on hydrogen bonding of phenol with
straight, branched and cycloolefins. The frequency
shifts of the hydroxyl stretching vibration of phenol
and the free energy changes due to complex forma-
tion were found to be strongly affected by the struc-
ture of the olefins. These variations are explained
in terms of steric strain and electronic effects.

Experimental

Materials. 1-Olefins were prepared by pyrolysis
of the methyl esters of the corresponding alcohols at

1) a) “The Transition State,” Special Publication
No. 16, The Chemical Society, London (1962). b) R.
Hoffmann, J. Chem. Phys., 40, 2480 (1964).

2) a) B. C. Challis and F. A. Long, Discussions
Faraday Soc., 39, 67 (1965), V. Gold and M. A. Kessick,
ibid., 39, 84 (1965). b) R. F. W. Badger, Can. J.
Chem., 42, 1822 (1964).

3) H. C. Brown and T. D. Brady, J. Am. Chem.
Soc., 71, 3573 (1949); 74, 3570 (1952).

4) D. Cook, Y. Lupien and W. G. Schneider, Can.
J. Chem., 34, 957 (1956).

5) R. West, J. Am. Chem. Soc., 81, 1614 (1959).

6) L. P. Kuhn and R. E. Bowman, Spectrochim.
Acta, 23A 189 (1967).

470—515°C under nitrogen atmosphere.”®*) Cyclopentene
and cycloheptene were prepared by dehydration®1%
of the cycloalcohols obtained by hydrogenation!?) of
the ketones.!®1%) The other materials were commerical
products and purified by the usual methods, special
care being taken to remove all traces of water. Their
purity was confirmed by gas chromatography, using
Apiezon L or §,f'-bispropionitrile ether columns.
Measurements and Analysis of Spectra. Hydroxyl
stretching vibration spectra of phenol were recorded
on a Double Pass High Precision Spectrophotometer
of Japan Spectroscopic Co. A pair of 0.10 cm cells
equipped with NaCl windows were used for double
path operations. The concentration of olefins were
1—7 mol/l and that of phenol 0.01—0.02 mol/!/ in carbon
tetrachloride. The detailed conditions for measuring
the vom spectra of phenol have been described pre-
viously.' The analysis of the observed spectra was
carried out by use of the Lorentz equation'® as men-
tioned in previous papers.!-1® The equilibrium con-
stants were calculated according to a previous paper.!¥
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11) C. P. Noller and R. Adams, ibid., 48, 1084 (1926).
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theses” Coll. Vol. 1, p, 192 (1941).

13) H. J. Dauben, Jr., H. J. Ringold, R. W, Wabe,
D. I. Pearson and A. G. Anderson, Jr., ibid., 34, 19
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presence of 6.97m 1-pentene in CCI,.

OH strecthing absorption spectrum of 0.0174m phenol in the

Broken lines are analyzed

component curves according to the Lorentz equation.

Results and Discussion

The hydroxyl stretching vibration spectra of
phenol in the presence of olefins were all doublets
as shown in Fig. | for the system of phenol-1-
pentene. The hydrogen bond shifts, 4v, and the
free energy changes for the complex formation,
—AdF, are summarized in Table 1. Generally the
half width of the bonded OH band for olefins was
larger than that for aromatic hydrocarbons'¥ with
similar frequency shifts. For example, the hydrogen
bond shifts are nearly equal for l-octene and m-
xylene, but the half widths of the bonded OH
band were 73 cm™! and 39 cm™, respectively.

From Table 1 it is apparent that for a given type
of olefin, such as a monosubstituted ethylene, the
hydrogen bond shifts are nearly constant, but they
are strongly affected by the number and the posi-
tion of alkyl groups attached to the double bond
carbon, in the order RCH=CH,(A) < RCH=CHR"’

B)< §r>C=CH2(G), where R and R’ are alkyl

groups. This trend is interpreted in terms of an
increase in the electron density of the double bond
with an increase in the total inductive effect due
to alkyl-substitution as ascertained in the case of
phenol-alkylsubstituted benzenes system.'®  Since
the frequency shift is a good measure of the base
strength of the proton acceptor,’™ 1% the result

17) E. M. Arnett, “Progress in Physical Organic
Chemistry,” ed. by S. G. Cohen, A. Streitwieser, Jr.,
and R. W, Taft, Vol. 1. Interscience Pub., New York
and London (1963), p. 221.

18) L. ]J. Bellamy, G. Englinton and J. F. Mormen,
J. Chem. Soc., 1961, 4762; J. E. Gordon, J. Org. Chem.,
26, 738 (1961).

19) Z. Yoshida and N. Ishibe, to be published.

obtained for aliphatic olefins means that alkyl-
substitution at the double bond carbon increases
its base strength toward the phenolic proton.
This order corresponds well with West’s results,®
but the frequency shift (particularly for I-olefins)
in our investigation was about 1—13 e¢m™! smaller
than those of West. The effect of alkyl substitution
on the frequency shift is also expected from the
ionization potentials of olefins, the ionization
potential of branched aliphatic olefins being smaller
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Fig. 2. Correlation between ionization potential of

olefins and (v/[dv)¥/2. :
(O, aliphatic olefins; @, cycloolefins. The num-
bers correspond to those listed in Table 1. Solid
line is the correlation for phenol-methylbenzenes.
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TasLeE 1. FREQUENCY SHIFTS AND CHANGE OF FREE
ENERGY (29°) IN ® HYDROGEN BONDING OF
PHENOL WITH MONOOLEFINS?

Ionization
Ay _AF potential of
No. Olefins _ the proton
(em~1) (kcal/mol) acceptors
(V)
1 1-Pentene 58+1% —1.16+0.052 9.50%
2 2-Pentene 82+1.5 —1.01+£0.07 9.06%
3 1-Hexene 59.5+1 —1.46+0.05 9.46n
2-Methyl- _ )
4 1-pentene 87+1 1.04+0.03 9.20°
= 4-Methyl- -
5 9 pentene 81+1.5 —1.03+0.08 8.89%
6 1-Heptene 60+1 —1.37+0.03 9.549
7 1-Octene 61+1 —1.4740.02 9.529
2-Ethyl-
8 | hexene 100+1.5 —0.79+0.05 8.889
CYCIO- = _ e
9 pentene 77.5+1 —1.40+£0.07 9.012
10 Cyclohexene 9242 —0.93+£0.09 8.945%
4-Methyl- _
11 cyclohexene 93+1.5 —0.93+0.07
Cyclo- 108
12 heptene 87.54+1 —1.05+0.06
¢is-Cyclo-
13 tene 88.5+1 —1.19+0.06
14 Benzene 4941 —0.66+0.05

58+1 —0.564+0.07
69+1 —0.53+0.04
78+1 —0.34+0.04

15 Toluene
16 m-Xylene
17 Mesitylene

18 Durene 85+1 —0.31+0.05
19 Hexamethyl- 106, | _( 980,03

benzene

a) Mean deviation from the average.

b) Refs, 20 and 21.

¢) J. Collin and F. P. Lossing, J. Am. Chem. Sec., 81,
2064 (1959).

d) This value was calculated from the relation de-
sribed by Turner (D. W. Turner, “Determination
of Organic Structure by Physical Methods,” ed.
by F. C. Nachod and W. D. Phillips, Vol. 2,
Academic Press, New York and London (1962),
p. 354).

e) K. Watanabe, T. Kayama and J. Motl, “Final
Report on Ionization Potenitials of Molecules by
Photoionization Method,” 1959, Dept. Army No.
5B-99-01-004, ORD TB 2-0001-O0OR1624.

f) The data for methyl substituted benzenes were
taken from a previous paper (Ref. 14).

than those of the linear ones.?%2) The importance
of charge-transfer in hydrogen bond interaction has
been suggested by many workers,?® and it has

20) C. D. Isaacs, W. C. Price and R. G. Ridley,
“The Threshold of Space,” ed. by M. Zelikoff, Pergamon
Press, London (1957), p. 143.

21) K. Watanabe, J. Chem. Phys., 26, 542 (1957).

22) G. C. Pimentel and A. L. McClellan, “The
Hydrogen Bond,” W. H. Freeman and Co. New
York, N. Y. (1960), p. 229.

Hydrogen Bonding of Phenol to Monoolefins

3265
’/
ol , -
/’ f,
- -
i ’/
rd
// .7
— s -
ZT —05} c e
g s 8 .
& 8~ [0}
& 10°
< 2 &
I —10F s Q2
l e 4
o 7 @3
e rd
9
-1.5F A 4D
1 1 1 1 1
20 40 60 80 100
Ay (em™1)

Fig.3. —AFus. Avplot with phenol-olefin complexes.
Numbers correspond to those listed in Table 1.
(O, aliphatic olefins; @, cyclic olefins. (A) olefin
line, (B) alkylbenzene line, (C) polyacene line.

been demonstrated'®®) that a linear correlation
between the ionization potential of the aromatic
donor and (v,/d4v)*/* is observed. Such correlation
was also obtained for phenol and olefins system as
shown in Fig. 2.

Table 1 shows that the free energy change,
—dF, in 7 hydrogen bond formation increases
with the frequency shifts. Accordingly, the more
basic the proton acceptor, the easier the complex
formation. In contrast, these —AF values are
smaller than those obtained for aromatic hydro-
carbons as the proton acceptors. For example,
while the frequency shifts for mesitylene and 4-
methyl-2-pentene are about the same, —AF for
the latter (—1.03 kcal/mol) is much (i.e. —0.30
kcal/mol) smaller than that for the former. The
plot of — AF vs. Av (Fig. 3) shows that — AF depends
strongly on the type of the m base; monoolefins
behave as a distinct group from polycondensed
aromatics and alkylbenzenes. According to our
previous considerations,%1%) the entropy decrease
for the phenol monoolefin interactions is the largest.
In charge-transfer complexes involving alkyl-
benzenes and olefins as the electron donor, however,
the formation constants as well as the entropy
changes are nearly equal.?® This suggests that
degrees of freedom of movement of the electron
acceptor molecule should be much smaller in the
case of m hydrogen bond interactions involving

23) P. G. Puranik and V. Kumar, Proc. Indian Acad.
Sci., Sect. 4,58, 29 (1963); M. B. Basila, E. L. Saier and
L. R. Cousins, J. Am. Chem. Soc., 87, 1665 (1965).

24) G. Briegleb, “Elektronen-Donator-Acceptor-Kom-
plexe,” Springer-Verlag, Berlin (1961), s. 124, 128.
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olefins as the electron donor than in the case of
typical charge-transfer complexes. It can be seen
from Table 1 that the increasing length of the alkyl
group attached to the double bond carbon causes
a decrease of —AF. This trend is significant in
the w«-olefin series, where —AF decreases with the
increasing length of the alkyl group while the
frequency shifts being nearly constant (See Fig. 4).
This could be due to steric hindrance. The steric
hindrance has also been observed in the Agth-
olefin complex formation.*®

From a comparison of — 4F values of the hydrogen
bonded complexes with those of the Agt-olefin
complexes it is shown that the branched olefins
give more stable complexes for the hydrogen bond
formation, and less stable complexes for the argenta-
tion than in the case of «-olefins. This opposite
relation of basicity of the alkyl-substituted olefins
toward phenolic proton and Ag+ might be explained
in terms of n (for the # hydrogen bonding) and
¢ complex-formations (for the argentation). If this
is correct, the phenolic proton approaches the z
electron cloud of olefin along the z axis, assuming
that the olefin molecule lies on the xy plane with
the y axis passing through the carbon atom of the
double bond.!®  The steric hindrance (Fig. 4)
in such configuration of the z# hydrogen bond
complex could be explained as follows. The carbon

25) S. Winstein and H. J. Lucas, J. Am. Chem. Soc.,
60, 836 (1938); M. A. Muhs and F. T. Weiss, ibid.,
84, 4697 (1962).
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chain of the alkyl groups adjacent to the double
bond could freely rotate in solution. Since the
aliphatic olefins used in this work have frans-form,
judging from their boiling points, the saturated
carbon chain has a considerable rotational freedom
around the carbon-carbon single bonds. Accord-
ingly, the length of the alkyl group would control
the stability of n hydrogen bonded complex.

Table 2 shows that endocyclic olefins are more
basic than RCH=CHR’ where R and R’ are alkyl
groups, though the ring size of the endocyclic
olefins has an effect on the value of Av. The
decreasing order of Av and —A4F is the following:
cyclohexene >cycloheptenescis-cyclooctene >cyclo-
pentene. This result differs from the order of the
equilibrium constants for Agt-complexes involving
the endocyclic olefins as the electron donor.?® If
the linear Badger-Bauer relationship®? between
— AH and Av is correct, the effects of variations in
ring size on —AF may be attributed to differences
in ring strain, resulting from deformations and
hydrogen-hydrogen repulsion with the endocyclic
olefins. If we assume that the steric strain of cyclo-
olefins is correlated with the distortion of the C=C-C
bond angle, the differences in v._. for cyclohexene
and other cycloolefins will be a measure of the
steric strain.2® Table 2 shows that the smaller
the Ave.c value, the easier the formation of =
hydrogen bond complexes. Namely, in = hydrogen
bond ring strain does not appear to lead or facilitate
deformation strain of the z orbital for complex
formation as observed in the argentation of the
cycloolefins.?®) This would suggest that the hydrogen
bonded complexes are # complexes, while the Ag*-
complexes would be of the ¢ type.

TaBLE 2. STRETCHING FREQUENCY OF CARBON-
CARBON DOUBLE BOND Vc.c FOR CYCLOOLEFINS,
AND CHANGE OF FREE ENERGY IN THE
PHENOL-CYCLOOLEFINS SYSTEM

ve=c® Aveac —AF
Cycloolefin (em-1)  (cm-1)  (keal/mol)
" Gyclopentene 1611 35 —1.40
Cyclohexene 1646 0 —0.93
Cycloheptene 1651 5 —1.05
Cyclooctene 1673 27 —1.19
a) Ref. 28

26) J. G. Traynham and M. F. Schnert, ibid., 78,
4024 (1956).

27) M. D. Joesten and R. S. Drago, ibid., 84, 3817
(1962).

28) R. Lord and R. W. Walker, ibid., 76, 2518
(1954); C. F. W. Icox, Jr., and R. R. Craig, ibid., 83,
3866 (1961).




