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Ah&act--In olefink akohoIs the intramolecuhu interaction between the OH group and the x-electrons 
is observed as a shift to the lower frequency d tk O-H stretching band (vo_$ when the molecule is 
fixed in a conformation in which both groups BTc mutually in proximity or when it can adopt such a 
conformation. The closer the interacting groups, the greater the value of the vo_,, shift, and Avo_,, am 
be correlated to the degree of the overlap between the orbitah of the OH group and the n-electrons. 

INFRARED data of unsaturated alcohols in which there is intramolecular interaction 
between the OH group and the x-electrons have been accumulated in the 3p region 
of the O-H stretching absorption (vcr_HT It has also been shown that the presence 
of an interacting v- band may be used to assign the configuration and/or con- 
formation of the molecule.2 The configuration of the OH group has successfully 
been deduced in haemanthamine-epihaemanthamine,s isomeric decahydroanthra- 
cene-9,10diol,4 epimeric bicyclo[2.2.2]oct-2en-5-ols,5 5(lO)-estren-3-01 derivatives,(j 
bicyclo[3.3.l]non-2en-9-01 derivatives,’ synthetic octalols* etc There are, however, 
some compounds which appear to favor the internal interaction, but lack this v,, 
band Schleyer d al.‘* 9 failed to observe the O-H * * * IC bonding in cholest-4-en- 
6&ol, 5-en&hydroxymethylbicyclo[2.2.l]hept-2-ene and 4_hydroxymethylcyclo- 
hexene. 4Hydroxycyclohexene’O and 7-syn-hydroxymethylbicyclo[2.2.1]hept-2- 
ene’* l1 have also been shown to lack this O-H - * * II interacting band, although the 
tertiary analog of the latter exhibits strong Q-H * e-n interaction. 

It is the purpose of the present paper to determine the factors governing the internal 
O-H * ** x interaction in olefmic alcohols and to account for exceptions cited above. 
Since both the interacting groups are highly directional, it may be possible to cor- 
relate the spectral parameters with those of the molecular geometry as is the case 
in the O-H * * * 0 type hydrogen bonding of di01s.i~ 

RESULTS AND DISCUSSION 

Allylic alcohols In connection with the intramolecular (I-H - * - R interaction in 
oleftic alcohols, Schleyer et al.h observed doublet and singlet v-n’s for cholest- 
4-en-6a- and +-ok, respectively, and assigned the singlet at 3614 cm-’ of the latter 
to the free OH group. The assignment is, however, unattractive, since the 6Bhydroxyl 
group is situated axially and is mote favorably disposed to interact with the x- 
electrons on the C4-C5 double bond than the 6a-epimer. A similar IR characteristic 
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has been reported by Fales and Wildman13 in the epimeric pairs of crinine and 
powelline, as shown in Table 1. It has now been established that a model pair (8 and 9) 
of these fixed allylic alcohols behave similarly (8 with the equatorial OH group 
shows doublet vsn, while 9 with the axial OH singlet), and that the apparent 
reversal of the band feature is a general phenomenon.* 

In order to account for the contradiction, either the overlap between the OH group 
and x-electrons in the axial allylic alcohols is too small to bring about any observable 
vo_,, shift, or the singlet bands at 3614 u 3620 cm- ’ should be assigned to the 
interacting OH group. As a measure of overlap of the orbitals belonging to the OH 
group and x-electrons, it is adequate to employ the overlap integral, S(R, 0),16 as a 
function of the distance and the angle defined as shown in Fig 1 between the ethylenic 

Rci. 1. Parameters expressing the overlap. 

carbons and the OH hydrogen.’ Dreiding models indicate that the most favorable 
overlap in the 2-methylenecyclohexanols is realized by an OH axial epimer with a 
conformation in which the O-H group eclipses the C,---C, bond According to this 
model, S is as high as O-14, and it is very improbable that olefinic alcohols 3, 5, 7 
and 9 have a free or only weakly interacting OH group. The eclipsed conformation is 
also disregarded for the following reasons In previous papers,” it was established 
that the free v o_n maxima of alcohols are determined primarily by the conformational 
isomerism with respect to the C-O bond Thus different v- frequencies appear 
corresponding to the three potential energy minima represented by Newman pro- 
jections of types I, II and IIL The potential barrier around this three-fold axis has 
been shown to be about one kcal/mole.‘* Judging from the minor v- shift under 
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discussion, the energy gained by the O-H ***x interaction” may be only a fraction 
of one kcal/mole. The shape of the potential curve, therefore, can be assumed to 
be only slightly changed by the interaction with the n&ct.rons As far as the O-H 
staggered conformations are concerned, three conformations exist, of which the 
contribution of the OH inside conformation 9c may be neglected due to 1,3diaxial 

* It is also the case in the epimcric I-tctralols which are conformationally lixed by the bulkier 3-substi- 
tuents; cis-3-phenyl-1-tetralol (OH, pseudo-equatorial) at 3622 and 3600 cm-‘, tronscpimer (OH, pseudo- 
axial) at 3617cm-‘.I4 
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o_H of 9 should appear at ca. 3627 cm-’ 
ment of the OH group in 9a and 9b+ It is, therefore, 
9 prefer ~~0~~~ 9sl and that the otsserved 
are v*,“s site fr ca. 3~27 

of the internal iteration with the nr-electrons, AY- as a poten 
strength of the O-H - * l IT interaction should be 7 - 13 cmI- ‘, and the 
S now ca, 049 which is, as shown later, not in conflict with rather weak interaction.+ 

As shown in Tab 
the Eoiwer ~~ue~~ 

91 9b 9c 

apparently this geom 
on a ~~~~oh~~~~ ri 
the axial epimer due to the c~~~~~ti~n Of type III 
from the latter. Considering ?/la, 8b md+ 8c, 
8a and 8b and around 3618cm’” in & when no interaction with z-electrons is 

8 and 10 may be attributed to the prefer~~ of 8b txmfkmation which is slightly 
ens. 

8a 8b 

* Aaron et a1.‘O have ~tt~b~t~ v,, of a little higher f~~ue~c~ of the axial OH grout of the cyclo- 
hexanols to contribution of the steric interference, in the case of O-H stretching, fram OH inside 
conformation (such as SC). 

t 3~,S~Diacctoxy-S-mcthyl-19-nor-5B_chot~t-~l lb1 shows sharp singlet ubH at 3590 cm-‘, with 
Av;=26cm -* and A = 1.13 x lti mole-‘. 1 cmVt. It was once considered that this band is shifted 

O-H e--x ~~~ctio~, but since the t I ~h~droxy~ group is the fr~~~~~y 
in this way. Together with the ~~for~t~o~ of the ~te~~ty A, it 

seems to be more natural to ascribe the band to the 0-H. -- O==C type hydrogen bmdina with the 
6&acetoxyI group. The occurrcuce of such intramolcqular hydrogen bonding is compatible 
model of Jones and Summers (Q-axial) for S~methyl-l9-nor-5B_cholest-9ene skeleton21 

0t& with the 
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Homoallylk alcohols. Table 2 tabulates homoallylic alcohols in which the intra- 
molecular O-H *** x interaction can be observed in the V~ absorptions, some of 
which are reproduced in Fig 2 They cover primary (compounds Nos 11, 12), 
secondary (Nos 13 - 29) and tertiary alcohols (Nos 30 - 42), with a variety of 

l ym 
0 

50. 

40. 

30. 

20. 

3650 3600 3550 3620 3600 3-o 

FIG. 2 vsH Absorptions of homoallylic alcohols 12,17,19 and 33. 

spectral parameters. The apparent frequency shifts vary from 14 cm-’ (No 33) 
to 67 cm- ’ (No 15) as a result of the interaction As to the intensity, the interacting 
bands are revealed only as a shoulder against the strong free v,, band in compound 
27, while they are the single absorption band in many other compounds 

Since the proposal of Badger and Bauer, 22 there has been a general acceptance of 
the empirical rule that the V~ shift (Avo_-H) provides a good measure of the enthalpy 
of the hydrogen bonding. 34 It has also been shown by Kuhn”* 35 that Av,, provides 
a measure of both the strength and the distance (OH - * - 0) of the hydrogen bond in 
dials, although recently Singh et al.“j indicated that a linear Av,, us -AH” relation 
does not hold when one considers hydrogen bonding of a variety of OH compounds 
with a series of electron donors The examples presently under consideration have the 
alcoholic OH groub as a proton donor and the ethylenic double bond as a proton 
acceptor in common, and therefore seem to frt the linear Av,, us -AH” relation 
fairly well. 

It is not correct to regard the free v,, of each sample as a standard for expressing 

Avo-, as the location of the free v O-H has been shown to depend primarily on the 
conformational isomerism around the C-O bond and in this respect the environment 
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of the OH hydrogen giving free v- is not equivalent to that of the interacting OH 
group. The free OH hydrogen of compounds 13,14,zS and 29, for example, is staggered 
between a carbon and a hydrogen atom in the Newman projection (type II), while 
the interacting OH hydrogen is placed between two adjacent carbon atoms (type III) 
in 13 and 14, and remains unaltered from the environment of the free OH group in 28 
and 29. Nor is it proper to employ, as a reference compound for the free vo_+ the 
corresponding saturated alcohols or epimers whose OH group is pointing in the 
opposite direction to the x-electrons, because it has been noticed that the crowded 
environment of the OH group due to the branching on the adjacent carbon atoms or 
the presence of the syn-axial hydrogen atoms may shift the free vo_,, to the higher 
frequency presumably owing to the van der Waals repulsion which effects shortening 
of the O-H bond.‘7*20*37** 

With the above in mind, it is tentatively proposed to equate the free v,, to 3636, 
3627 and 3618 cm-’ according to the type I, II and III environment, respectively, of 
the interacting OH group with respect to the rotational isomerism around the C-O 
bond. Av,, ‘s in Tables 1 to 3 are the shift of vo__,, thus defined. The procedure is 
partly equivalent to comparing the position of the interacting v,, without reference 
to the free v~,,.~* 38 

As another index to test the linearity with Av,, thus far discussed, an overlap 
between the OH group and x-electrons is considered to be of prime importance in 
determining the enthalpy of the O-H ***IL interaction, because the strength of the 
proton donor and the acceptor under consideration is nearly equivalent throughout. 
Difference in n-basicity of the ethylenic double bonds due to substitution and variation 
in the sp’ bond angle should contribute to a change in the enthalpy of the interaction, 
but the effect will be of secondary importance when considering a wide variety of 
olelinic alcohols of different geometry.7 In order to express the degree of overlap 
between the orbit& of the OH group and the ethylenic x-electrons, it may be sufficient 
either to employ the distance between them as treated by Kuhn,35 or the angle made 
by them as suggested in the preceding paper,’ or a combination of the two. It seems, 
however, more appropriate to adopt the overlap integral tabulated by Mulliken 
et aLi as a function of the combination of the two parameters, because the square 
of this integral has been shown to be proportional to the enthalpy of the charge- 
transfer force which is probably operating in the O-H * * . n interaction.’ The para- 
meters R and 8 were determined with respect to the geometry defined as shown in Fig 1 
according to the known structural dimensions of the analogous skeletons.” The 
conformation determined by the rotation around the C-O bond was assumed to be 
one of the staggered which is more favorable for the internal O-H a** x interaction 
of the three staggered forms. The calculated S’(R, e) us Av,, plots give a correlation 
as shown in Fig 3, in which the data of the allylic and bishomoallylic alcohols are 
included. There are some examples in which the staggered conformation apparently 
does not represent the interacting form correctly, and the eclipsed conformation of the 
OH group with the C,--C, bond may be preferred to the staggered because of the 

* Rather high free vc,_” of 22 may be this example. If the apparent free v&-H is employed for expressing 

the Y-_.~ shift, AvSH comes up to 56 cm - * which will be shown later to be an overestimation. 

t When a series of geometrically equivalent samples are compared, the electronic effect will be of major 

importanozJ9 
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more favorable overlap between the orbitah of the interacting groups The overlap 
integrals of the eclipsed form in 1228, W aa well as 3,S, 7 and 9 are, however, too 
high to be placed on the smooth line in Fig 3 with which the rest of the examples 
conform This in turn may support the staggered conformation of the interacting OH 
group. In addition consideration of repulsive forces between the eclipsing groups 

0 IO 20 30 40 50 60 70 

Ar,_. (cm-') 

FIG. 3. Correlation between the overlap integral S’(R, 0) and the ~,-,_a shift. 

does not support the eclipsed conformation as stated before.* It has thus been 

demonstrated that the enthalpy of the intramolecular O-H ***x interaction is 
dominated mainly by the degree of the overlap between the pertaining orbitals, and that 
a linear -AH” us Av,, relation holds, in which the slope amounts to 10-3/cm- ’ 
which is about three times as large as the gradient of the same relationship in 

* In 12 S’(R, 0) calculated on a fully staggered conformation in which the dihedral angle made by 

C,,,,-C,,,,--O-H is just 60” gives a point far below the hnear plot in Fig. 3. Judging from the relatively 
large Av-,,, the energy of the O--H...n interaction is no longer negligible compared to that of the 

conformational energy with respect to the rotation of the OH group. Location of the hydroxyl hydrogen 

must be determined by a compromise between the two factors, and it is probably the case that a slight 
deviation of the dihedral angle from 60” is happening in favor of the better overlap between the orbitals 

of the OH group and n-electrons. 
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2hydroxybiphenyls.’ The difference may be rationalized by taking into account the 
increased proportionality constant as the result of enhanced acidity of the phenolic 
OH group compared with that of the alcoholic OH group. Deviation from linearity 
is marked when S’(R, 0) is greater than 005. In these circumstances, the distance 
between the ethylenic carbon and the OH hydrogen atoms of the interacting form is 
shorter than 2A, and some repulsive forces may be operating resulting either in a 
reduced enthalpy of the interaction or a decreased Av,, due to the shortening of the 
CL-H bond.20* 37 In short, the overlap integral does not represent the true enthalpy in 
these cases In norbomadiene it is well known that transannular interaction between 
the two double bonds does exist as indicated by a series of absorptions centering at 
205 mu (E = 2100X and that the energy level of the highest occupied orbital is raised 
relative to the isolated double bond. 41 In other words the basicity is apparently 
increased in this case. Thus the enthalpy of the internal &--H * * * R interaction should 
be greater than that estimated only by the orbital overlap, and the corresponding plot 
in Fig. 3 is placed well below the line. The enhanced shift to the lower frequency by 
10 cm-’ from No 37 to 40 is not in line with the basicity order, because the latter is 
expected to have less basicity due to n-electron delocalization. Although the original 
authors26 considered the change of the molecule into more flat geometry favourable 
for intimate interaction, an additional contribution from the overlap between the 
OH hydrogen and the x-orbital on C,,,-atom may also be an explanation. 

Since the overlap integral S is approximately proportional to the inverse cube of 
the distance R when R is no shorter than ca. 1.5 A, the empirical formula (l), relating 
the distance R and the angle 0 defined as shown in Fig 1 to the vo_,, shift, may be 
proposed for the internal O-H . * *II interaction of moderate strength (for the linear 
part in Fig 3).* 

b-H (cm-‘)= 2.3 x lo3 (1) 

Now that the frequency shift (Avo_H) upon internal interaction has been shown 
to be proportional to the enthalpy of the interaction, it is to be emphasized here that 
the relative intensity of the interacting band and/or the apparent presence or absence 
of the O-H *.*x interaction as observed in the 3u region of the O-H stretching 
bands are governed by the free energy - AF” of the interacting species, and not by its 
enthalpy.? This is clearly illustrated in Fig. 4 by a series of tertiary ally1 carbinols, 
30,31 and 32 In these examples, the number of the proton accepting groups is changed 
so as to vary the statistical factor for the internal O-H * * * IC interaction. As the number 
of ally1 groups is increased, the intensity of the interacting bands is increased while 

Avo-n is kept constant. Since the “distance” between the interacting groups is held 
constant by a two carbon chain, the vo_+, shift and consequently the enthalpy of the 

* The limitation is close to that in the empirical formula proposed by Kuhn” relating the OH...0 

distance with Avo-u for intramolecular hydrogen bonds. 
t Even this enthalpy does not necessarily coincide with that of the 0--H.‘.x interaction which has been 

related with Av,,, because the former includes in addition to the latter the conformational energy 

necessary for adopting the interacting form. 4_Hydroxycyclohexene, for example, may be endowed with 

-AH” of the O-H...n interaction corresponding to that in 27.33.35.36 and 37. But the conformational 
enthalpy of the axial hydroxyl group over the otherwise preferred OH equatorial epimer may exceed 
the gain of the O-H.‘.n interaction with the actual result of the non-observance of the interaction in 

this example.42 
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swtion, the examples of the bishomodlylic alcohok am reported less frequently 

f 

* Aft Kuhn et SZI.~ are warning that the n~~-~~~rva~~ of the ~yd~~~~~ folding cadet k used 
with ~rta~ty to support an ~~i~rn~nt of the ~~~~urati~n with the interacting two groups in non- 
proximity, it is now found that a careful conformationai analysis can provide informative conclusion. 

t vs_H max at 3~3?~rn-~ (A = 3-2 x IO5 mole- I, i crx~-~) with a s~~~~d~~at 3625 cm- ’ (A = l-2 x I@) 
characteristic of primary alcohols. 
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EXPERIMENTAL 

SpectraI measurements wem carried out aa dcaaibcd.‘*‘s As to the litcraturc values, caxv was taken 
It data rn~~ in dil cc& ~IU~~ m the IR $~om&b equipp#1 with a gr&xl~ 

~rn~~~ 8 and 12 wcrc ~r~~d~ through the calr&sy cljl Aofcssor G. H. 
M. Shiuta, r~@vely. Samples of 19 and 21 wene kindly donated by Dr. T. Uda. 
yl- l Pnor-5gcholest- lgol, 10 and 24 were supplied by Dr. K Mori. 

Compounds 9,13,17,33,48 and 49 wcct p as described iu the literature Afl the above samples 
were of ytical purity, and the physical cons ts agreed well with those in the literature,+ 

c~obexa~o~ {9) prepared according to 
. of 49” which Deere from m.p. 25” in the literature, (Feed : C, 78 
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