Conformations of Unsaturated and Aromatic Alcohols;
Intramolecular Hydrogen Bonding in 2-Phenylethanol

Jan M. Bakke®* and Derek J. Chadwick®

20rganic Chemistry Laboratories, Norwegian Institute of Technology, University of Trondheim,
N-7034 Trondheim-NTH, Norway and "The Robert Robinson Laboratories, Department of Organic Chemistry,
University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK

Bakke, J.M. and Chadwick, D.J., 1988. Conformations of Unsaturated and
Aromatic Alcohols; Intramolecular Hydrogen Bonding in 2-Phenylethanol. -
Acta Chem. Scand., Ser. B 42: 223-230.

The conformational composition of 2-phenylethanol has been investigated by 'H
NMR and IR spectroscopy of solutions at low concentration in CCl, and CFCl,.
The relative energies of the stable conformations have been estimated by mole-
cular mechanics calculations (MMPMI in the dipole—dipole electrostatic mode
and with charge—charge interaction) and by semi-empirical (MNDO) and ab initio
(STO-3G and 4-31G) molecular orbital calculations. Comparison of the results
from the calculations with the experimental data shows the MMPMI with charge—
charge interaction to represent the best model for the conformational composi-
tion. The major conformation of 2-phenylethanol (ca. 45 %) has a gauche rela-
tionship both around the CH,CH, and the CH,OH bonds, with the hydroxy
proton pointing towards the phenyl ring (conformation C). This conformation is
stabilised to the extent of ca. 1.2 kcal mol™* over the other ones. By comparison
with the IR spectra in the OH region and the energetics of other unsaturated
alcohols, the conformational stability of C is found to be caused by an in-
tramolecular hydrogen bond between the hydroxy group and the m-electrons of
the phenyl ring.

Almost thirty years ago, a series of 2-arylethanols
was studied by IR spectroscopy and it was con-
cluded that intramolecular hydrogen bonding to
the m-electron system was important in these
molecules.! This contrasted with earlier reports.?
Subsequently, results of several investigations on
this system have been published. Studying alco-
hols with a fixed conformation, Iwamura® pre-
sented a correlation between the rotational angle
of the aryl group and the position of the low-
frequency OH stretching band. The lowest fre-
quency and presumably strongest hydrogen bond
was observed for compounds with an angle of ca.
120°. Further IR studies led to the conclusion that
the intramolecular hydrogen bond had an energy
of ca. 2.6 kcal mol™ in the gas phase (in contrast
to ca. 1.4 kcal mol~! in CCl,!).* A study by FT-IR
spectroscopy in decane-d,, combined with digital
resolution of the overlapping bands indicated
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three bands to be present in the OH stretching
region in this solvent, one corresponding to
“free” OH (at 3644 cm™'), one “conformational
band” (at 3635 cm™!) and one for the hydrogen-
bonded species (at 3609 cm™!).* The energy dif-
ference between the species giving rise to the
“free” and the “bonded” bands was found to be
1.64 kcal mol~!, and that between the “free” and
“conformer” species 0.96 kcal mol ™.

The conformation of 2-phenylethanol has also
been studied by NMR spectroscopy.®’ However,
these investigations were carried out on solutions
at high concentrations and in solvents where in-
teractions between the hydroxy group and the
solvent would be expected. We now report the
results of an IR and NMR study of 2-phenyl-
ethanol at low concentrations in CCl, and CFCl,
(solvents having only very weak interactions with
alcohols) carried out in an attempt to gain in-
formation on the molecular origin of the two
bands in the OH-stretch region of the IR spec-
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Table 1. Thermodynamic parameters for the conformational changes in the alcohols R'R2CHC(R®R*)OH in CCl,
(C <1072 M). Determined by variable temperature spectroscopy (IR, NMR; —20 to +50°C). AH in cal mol~!, AS in cal
mol~' deg™".

Compound Vhigh = View CHOH,,, = CHOHS,4, (PhC - C - OH)yges = (PhC-C - OH)Epice
Rl Rz R3 R‘
Ph H H H AH = —-1.12£0.08 -0.22+0.11 —0.50£0.17
AS = —-43 +041 14 041 -1.9 +1.1
Ph Ph  Ph AH = —0.49+0.09 -1.35+0.30 —0.35+0.22
AS= 10 +03 -057%1A1 -0.52+0.78
Ph Ph Ph Ph AH = -1.40+0.03 - -

AS = —1.90+0.12

CH=CHH H H AH = -0.78+0.06 - -

AS = -3.8 +0.2

AO
*From K = —
Arign
region. °From vicinal proton coupling constants.

trum. To obtain information on the energetics of
the conformations we have also performed mole-
cular mechanics calculations, as well as semi-em-
pirical (MNDO) and ab initio molecular orbital
energy calculations.?%

Results

The IR and NMR parameters for 2-phenyletha-
nol are given in the Experimental. The thermo-
dynamic parameters (determined by variable
temperature spectroscopy) for some substituted
ethanols are given in Table 1. For 2-phenyletha-
nol, there is only a relatively small difference
between the vicinal coupling constants for the
gauche and the anti rotamers aound the CH,CH,
fragment. To obtain more accurate estimates of
the conformational composition with respect to
this bond, both 1- and 2-*H-2-phenylethanol were
synthesised. However, even at 500 MHz, only the
average '"H NMR spectrum was obtained for this
fragment.

For 2-phenylethanol, we have calculated the
relative energies of the stable conformations by
molecular mechanics (program MMPMI)® in
both the default dipole—dipole electrostatic mode
and with charge—charge interactions, the indi-
vidual atomic charges being calculated according
to the Abraham scheme (see Fig. 3 in Experi-
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where Ag,, and Ay, are the areas of the low- and high-frequency bands, respectively, in the OH-stretch

mental for the calculated charges).!! The results
from these calculations are shown in Scheme 1
for the five stable conformations. For compari-
son, we have also included the relative energies
estimated by semi-empirical (MNDO) and ab in-
itio (STO-3G and 4-31G) molecular orbital calcu-
lations.>!® For all five conformations, the MM
calculations indicate the phenyl ring to be dis-
posed at an angle of ca. 90° with respect to the
CH,CH, chain (favoured by ca. 1.5-3 kcal mol™!
over conformations in which this angle is ca. 0°).
The calculated angles for the totally relaxed con-
formations are given in Table 3.

From the relative energies, the molecular com-
positions have been calculated. From these and
the experimental coupling constants discussed
below, the vicinal coupling constants for the
CH,CH, and CH,OH fragments were calculated.
These calculated coupling constants, together
with the experimental ones, are given in Table 2.

Discussion

We will first discuss the conformational composi-
tion of 2-phenylethanol as manifested by the 'H
NMR spectrum. There are two stable conforma-
tional situations with respect to the CH,CH,
bond, one with the OH and the phenyl groups
anti (conformers A and B, Scheme 1), and one
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O5—H,, o
v/ ]
] 1
H\c,-—— ¢ N —-c..
1° > A “H
: /
6 A Ph B
1
. 2
3
1 180 180
2 180 60
3 0(0.23) 0.75 (0.13)
4 0(0.24) 0.60 (0.18)
5 0(0.17) 0.15 (0.26)
6 0(0.21) 0.02 (0.41)
7 0(0.22) 0.05 (0.38)
H H /“
H
H H HMH e
\é /\ \I C{ . \C H&\“
/ c } H p oH_—n E
oh H oh Ph
1 -60 —60 -60
2 60 180 -60
3 0.52 (0.19) 0.15 (0.35) 0.91 (0.10)
4 0.00 (0.48) 1.10 (0.08) 1.80 (0.02)
5 0.21 (0.24) 0.29 (0.21) 0.58 (0.13)
6 0.58 (0.16) 0.80 (0.11) 0.84 (0.10)
7 0.04 (0.38) 1.67 (0.03) 1.97 (0.02)

Scheme 1. Stable conformations of 2-phenylethanol (A-E). Row 1: Dihedral angle 6-7—8-9. Row 2: Dihedral
angle 7-8-9-10. Relative energies (kcal mol~'), Row 3: from MMPMI dipole—dipole, Row 4: from MMPMI
atomic charges, Row 5: from MNDO, Row 6: from ab initio STO-3G, Row 7: from ab initio 4-31G calculations.

Composition (mol fractions) in parentheses.

with these two groups gauche to each other (con-
formers C, D and E). There are also two such
situations in relation to the CH,OH bond, one
exo (conformers A and D), the other endo (con-
formers B, C and E) with respect to the carbon—
carbon chain. For the CH,OH vicinal coupling
constants, we use 2.2 Hz for the gauche and 12.5
Hz for the anti coupling.’? This then gives 2.2 Hz
for the exo and 7.4 Hz for the endo rotamer.
The spectrum of the CH,CH, fragment shows
only the averaged AA'BB’ coupling and only
limited information is therefore obtainable. We

16 Acta Chemica Scandinavica B42 (1988)

will use the coupling constant values in Fig. 1 in
order to estimate the composition of this frag-
ment. The individual gauche coupling constants
have been calculated from the equations of Abra-
ham et al.”® The anti coupling constant is an esti-
mate based on the anti coupling constant in 1-
(t-butyl)-2-phenylethanol (10.6 Hz)," the J,, for
cyclohexanol (11.4 Hz),"? and those for 4,4-d,-
tetrahydropyran (12.8 and 12.2 Hz).''® These
values then give /¢y oy, = 8.6 Hz for the anti and
5.1 Hz for the gauciie rotamer.

From these values and the observed coupling

225



BAKKE AND CHADWICK

Ph
HO Hg Jie 12.0 Hz
Js. 4.3Hz
Japg 24Hz
H Jas 16Hz
HA 'y
Hge
Ph
H
Hs g’
Je 5.1Hz
Je. 120 Hz
, Jag 120 Hz
H P o 5.1Hz
OH

constants a rotamer composition of 61 % gauche
for the CH,CH, fragment and 73 % endo for the
CH,OH fragment is obtained. Given the virtually
unlimited number of combinations of the five
conformers in Scheme 1 that would reproduce
these values, this result is in itself of limited
value. However, with careful interpretation of
the calculated compositions in Scheme 1 and,
additionally, the guidance afforded by the IR
spectrum of 2-phenylethanol, useful information
may be gleaned.

In Table 2, calculated vicinal coupling con-

Table 2. Vicinal proton coupling constants for
2-phenylethanol, calculated on the basis of the
calculated molecular composition in Scheme 1 and
coupling constants in Fig. 1. Observed coupling
constants: Jey,cn, = 6.4710.05 Hz;

JCHZCH = 5-99i0.05 HZ.

Computational Calculated vicinal
Method coupling constants
quzcnz Jcnzcu
MMPMI dipole mode 6.36 4.38
MMPMI charge mode 6.57 5.74
MNDO 6.66 5.50
Ab initio STO-3G 7.22 5.66
Ab initio 4-31G 7.18 6.28
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Fig. 1. °J'H coupling constants used
for estimation of the conformational
composition around the CH,CH,
bond of 2-phenylethanol.

Average 5.1 Hz

Average 8.6 Hz

stants are given for each of the five methods of
calculation. A comparison with the experimental
values shows the MMPMI method in the dipole—
dipole mode to underestimate the population of
the conformations with an endo conformation
around the CH,OH bond. The MMPMI tech-
nique with individual atomic charges gives a bet-
ter result in this respect. The ab initio calculations
overestimate the populations of the conforma-
tions with an anti orientation around the CH,CH,
bond. The MNDO calculation on the other hand
underestimates the importance of conformations
with an endo conformation around the CH,OH
bond. Nevertheless, the differences between the
results from the MNDO calculations and those
from the MM2 technique with individual atomic
charges are almost within the experimental error.
In comparing the results of the ab initio calcula-
tions at the STO-3G and 4-31G levels, perhaps
most striking is the stabilisation of conformer C
(the conformer geometrically most likely to pos-
sess an OH---w hydrogen bond) in the latter
treatment compared with the former. Close in-
spection of the atomic charges from the two lev-
els of calculation for all the conformers in
Scheme 1 provides a possible rationale for this
result. The 4-31G technique places significantly
more electron density on oxygen (—0.743 e) and
the ring carbons (average per C for the 0-, m- and



p-atoms = —0.192 e) and correspondingly less on
the OH hydrogen (+0.405¢) than does the
STO-3G approach (corresponding quantities are
—0.327, —0.065 and +0.201 €). Such increased
charge separation in the 4-31G treatment pre-
sumably corresponds to relative stabilisation of a
coiled conformation such as C through advanta-
geous electrostatic interactions between juxta-
posed centres of positive and negative charge. In
this connection, it is not without interest to note
that the charges produced by the Abraham for-
malism (Fig.3) lie between those predicted by
the two ab initio treatments.

Additional information is available from the
IR spectrum. 2-Phenylethanol shows two bands
in the OH-stretch region, at 3629 and 3602 cm™!,
the low frequency band having 43 % of the com-
bined band area. Only conformer C in Scheme 1
has the possibility of an interaction between the
OH hydrogen and the phenyl ring. It appears
reasonable to assume that such an interaction

o
Ph,CHC (Ph),OH

o
PhCH,CH,0OH

—AH/kcal mol™’

OPh,CHCH(Ph)OH
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would result in a lengthening and weakening of
the O-H bond and therefore in a shift to lower
frequency of the stretching vibration of the OH
group in this conformation. We therefore assign
the low frequency band to conformer C. This also
implies that the OH bands for the other conform-
ations in Scheme 1 are not separated under the
present conditions. We now see that the MMPMI
charge—charge calculation reproduces rather well
both the observed 'H NMR and IR spectra, this
calculation predicting 48 % of the conformation
having the possibility of an OH—phenyl ring inter-
action (conformer C) and the IR spectrum in-
dicating 42 % of such a conformation. We have
previously argued that for IR bands as close to-
gether as those here, the molecular integrated
absorption coefficients for the bands will be of
the same magnitude.'” This is also supported by
studies on systems with intermolecular hydrogen
bonds. 81

If we now turn to the thermodynamic para-

AH = —0.0264Av — 0.0572
r= -0.863

O CHfECHCH,CH,OH

Fig. 2. Correlation of AH for the
OH---n-bond interactions (from
variable temperature IR

1 spectroscopy) with frequency shifts

Avicm™!

16"

of the low-frequency OH bands.
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meters for 2-phenylethanol (Table 1), we appar-
ently find a contradiction between the results
from the IR and NMR investigations. The IR
investigation indicates an energy difference of
1.1240.03 kcal mol™! in favour of the conforma-
tion with the low-frequency absorption. The
NMR investigation does not reveal any molecular
changes entailing such a high expenditure of en-
ergy: AH for the gauche/anti equilibrium of the
CH,CH, rotation is only 0.5+0.2 kcal mol~!, and
that for the endo/exo equilibrium of the CH,OH
fragment almost zero to within the experimental
error (0.2+0.1 kcal mol™).

This apparent contradiction is resolved if we
assume the model from the MMPMI charge-
charge calculation to be valid. According to this
(Scheme 1) there are only three conformations of
any importance: A, anti with respect to the
CH,CH, bond and exo with respect to the
CH,OH bond (ca. 27 %), B, with anti and endo
orientations, respectively (ca. 20 %), and C with
gauche and endo conformations (ca. 53 %). Thus,
with almost equal populations of conformers A
and B, the observable molecular change in going
from A/B to C will be the rotation of the CH,CH,
fragment with concomitant change of the corre-
sponding vicinal coupling constant. The AH for
this rotation was found to be 0.5 kcal mol™!. The
change in the CH,OH fragment will show a
smaller energy, as this will represent the change
from A to B; the change from B to C will not be
observable on the basis of the vicinal coupling
constant for this fragment, both conformers hav-
ing endo rotamers around the C-O bond.

The conclusion from the NMR and IR investi-
gations is therefore that conformer C is favoured
over A and B to the extent of ca. 1.2 kcal mol™
and that in this conformation the hydroxy group
proton points towards the m-electron system of

the phenyl ring. Whether this conformational
preference stems from the existence of a hydro-
gen bond or is a consequence of repulsion be-
tween the n-electrons and the lone-pairs of the
hydroxy oxygen® is best inferred from the IR
spectroscopic evidence.

It is accepted that there exists a linear relation-
ship between AH for formation a hydrogen bond
and the shift in the OH-stretch band for the hy-
drogen-bonded species (to lower frequency) as
compared to that of the “free” hydroxy group.?!
Data are almost non-existent for the weak puta-
tive hydrogen bonds possible here, be they intra-
or intermolecular. This is especially so with -
electron systems as the base (acceptor). We have
therefore determined thermodynamic parame-
ters for a series of unsaturated and aromatic alco-
hols (Fig.2) and have correlated AH with the
shift in the OH-stretching band frequency (Av).
The latter has been a somewhat uncertain quan-
tity as the exact frequency of the “free” band has
been difficult to determine. By the combined use
of NMR and IR it has, however, proved possible
to obtain a reasonable estimate of the two fre-
quencies.!” Fig. 2 shows the correlation between
AH and Av for a series of alcohols. For some of
these, e.g. 3-buten-1-ol and 1,1,2,2-tetraphenyl-
ethanol, the shift is so large that it is reasonable
to assume that intramolecular hydrogen bonds
exist. Assuming that zero,zero is also part of the
plot, we obtain a slope of 0.026+0.008 kcal mol ™!
Av~!. This is of the same magnitude as found for
several intermolecularly hydrogen-bonded sys-
tems.?! 2-Phenylethanol shows a somewhat high
value in Fig. 2. It might be argued that this mole-
cule experiences both an attraction due to a hy-
drogen bond between the OH and the phenyl
ring, and a repulsion between the ring and the
lone-pair electrons of the hydroxy oxygen. How-

Table 3. Calculated dihedral angles for 2-phenylethanol for the relaxed molecule. See Scheme 1 for

designation of conformations and atom-numbers.

Computational A
method

Angles

1-6-7-8 6-7-8-9 7-8-9-10

Angles
1-6-7-8 6-7-8-9 7-8-9-10

MMPMI dipole—dipole 89.6 180.0
MMPMI atomic charges 89.6 180.0
MNDO 90.3 179.3

180.0 88.0 179.9 66.4
180.0 88.7 178.7 64.2
-179.9 89.1 178.0 72.7
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Fig. 3. Individual atomic charges in
2-phenylethanol calculated by the

"
Abraham scheme. 0.091

ever, the variation is not larger than for some
other molecules in Fig. 2 (e.g. 3-buten-1-ol) and
we can only conclude from Fig. 2 that the prefer-
ence for conformer C in 2-phenylethanol is
caused, at least in part, by an intramolecular
hydrogen bond.

This conclusion is further reinforced by obser-
vations concerning the IR spectra of ring-sub-
stituted 2-phenylethanols.! Here, it is found that
the Av value is dependent on the ring substituent,
being largest for electron-donating substituents
(with the strongest hydrogen bonds) and smallest
for electron-withdrawing substituents.! This is
not the case for substituted benzyl alcohols,
where the shift is independent of the substi-
tuent.? We have taken this as evidence against
intramolecular hydrogen bonding in benzyl alco-
hols.?

We will return to the conformational composi-
tion of the other alcohols in Fig. 2 in later publi-
cations.

Experimental

The NMR spectra were recorded on Bruker 400
or Bruker 500 MHz spectrometers with a numer-
ical resolution of 0.1 Hz. The IR spectrometer

Table 3. (contd)

HYDROGEN BONDING IN 2-PHENYLETHANOL
0.091

-0.091

0.329

used was a Beckman IR 4250. The procedures for
obtaining the spectra have been described previ-
ously.” The '"H NMR and IR spectra of 2-phenyl-
ethanol (Koch-Light, purified by distillation)
were obtained for solutions in CFCl; or CCl, (for
variable temperature experiments) at concentra-
tions lower than 1072 M. The reported coupling
constants are the averaged values for the triplets
of the PhCH, and the OH fragments. NMR (3.2
mM, CFCl,): § 7.1-7.0 (5H, m), 3.660 (2H, q, J
6.2 Hz), 2.724 (2H, t, J 6.47+0.05 Hz), 0.813
(extrapolated to infinite dilution) (t, J 5.99£0.06
Hz). IR (2.5 mM, CCL): 3629 cm™ (4, =
3196 M~ cm™?), 3602 cm™! (4, = 2459 M™!
cm™2). The methods used for obtaining the ther-
modynamic parameters by variable temperature
spectroscopy have been described previously.'

2-Phenyl-2-H-ethanol. o-*H-Benzyl chloride*
(5 g) in dry diethyl ether (50 ml) was reacted with
Mg (1 g). After heating under reflux (30 min) the
resulting Grignard solution was poured into a
mixture of finely crushed solid CO, and ether
(25 ml). After reaching room temperature, the
aqueous phase was extracted twice with ether,
acidified with hydrochloric acid and extracted
three times with ether. The ether phase was dried

C D

E

Angles
1-6-7-8 6-7-8-9 7-8-9-10

Angles

1-6-7-8 6-7-8-9 7-8-9-10

Angles
1-6-7-8 6-7-8-9 7-8-9-10

940 -63.6 70.2 885 —61.2
938 —625 64.8 883  —65.1
959 -65.7 79.6 957  —62.1

-178.9 88.0 —60.2 -61.1
177.8 86.4 -62.2 -57.2
177.0 94.6 —60.0 -70.9
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over MgSO, and evaporated to give a-’H-phenyl-
acetic acid (4 g; m.p. 76-77°C). This (0.6 g) was
reduced with LiAIH, (0.27 g) in tetrahydrofuran
under reflux. Aqueous NaOH (10 %, 0.5 ml) was
added to the cooled solution; the ether was then
removed by evaporation and the product distilled
(Kuegelrohr) to give 2-?H-2-phenylethanol.
NMR (3.3 mM, CCl,): 6 7.1-7.0 (SH, m), 3.681
(2H, t, J 6.2 Hz), 2.713 (1H, t of t, Jypy 2.1£0.1
Hz, J,. 6.5710.19 hz), 0.850 (1H, t, J 6.00%0.1
Hz). In variable temperature experiments the
two J,.’s varied in the same way as for the un-
deuterated 2-phenylethanol; Jipy was constant
within the experimental error.

1-2H-2-Phenylethanol. This was prepared by lith-
ium aluminium deuteride reduction of phenyl-
acetaldehyde in diethyl ether. NMR (4.3 mM,
CFCly): 6 7.1-7.0 (SH, m), 3.644 (1H, q, J 6.4
Hz), 2.679 (2H, d, J 6.40), 0.842 (1H, d, J
5.95 Hz).

Theoretical Investigations. Calculations were per-
formed on either MicroVax II or Olivetti M24
computers. Molecular mechanics calculations
utilised the MMPMI program,® and semi-empir-
ical molecular orbital calculations the program
MNDO,® both as implemented by Serena Soft-
ware, Bloomington, Indiana, USA. Total geo-
metry optimisation was permitted throughout.
Atomic charges evaluated according to the Abra-
ham scheme!! for input to MMPMI are given in
Fig. 3. Ab initio calculations at the STO-3G and
4-31G levels were carried out on MNDO-relaxed
geometries with GAUSSIAN 80 via the
Chem-X molecular modelling package, devel-
oped and distributed by Chemical Design Ltd.,
Oxford, England.

Acknowledgements. A Senior Scientist Fellow-
ship from NTNF to D.J.C. is gratefully acknowl-
edged. The NMR spectra were recorded at the
Norwegian NMR Laboratory at the University of
Trondheim. The computational systems were
made available by academic grants from NTNF
and Molecular Design Ltd. (P. Carlsen).

References

1. Schleyer, P.v.R., Wintner, C., Trifan, D.S. and
Backskai, R. Tetrahedron Lett. 14 (1959) 1.

230

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Mateos, J.L. and Cram, D.J. J. Am. Chem. Soc.

81 (1959) 2756.

. Iwamura, H. Tetrahedron Lett. 26 (1970) 2227.
. Kirchner, H. H. and Richter, W. Z. Phys. Chem.

Neue Folge 81 (1972) 274.

. Kirchner, H. H. and Richter, W. Ber. Bunsenges.

Phys. Chem. 81 (1977) 1250.

. Bodot, M., Lerag. A. and Pujol, L. C.R. Seances

Acad. Sci., Ser. C265 (1967) 842.

. Spassov, S. L., Simenov, M. F. and Randall, E. W.

J. Mol. Struct. 77 (1981) 289.

. Allinger, N.L. and Flanagan, H.L. J. Comput.

Chem. 4 (1983) 399.

. Dewar, M.J.S. and Thiel, W. J. Am. Chem. Soc.

99 (1977) 4899; Ibid. 4907; Dewar, M.J.S.,
McKee, M. L. and Rzepa, H.S. J. Am. Chem. Soc.
100 (1978) 3607.

Chandra Singh, U. and Kollman, P. Program
GAUSSIAN 80: QCPE 446; QCPE Bulletin 2
(1982) 117.

Abraham, R.J., Grant, G.H., Hudson, B. and
Smith, P.H. Program CHARGE 2, University of
Liverpool, U.K.; Abraham, R.J. and Hudson,
B.D. J. Comput. Chem. 6 (1985) 173; Ibid. 5
(1984) 562; Abraham, R.]J., Griffiths, L. and Lof-
tus, P. J. Comput. Chem. 3 (1982) 407.

Bakke, J. M., Schie, A.M. and Skjetne, T. Acta
Chem. Scand., Ser. B40 (1986) 703.

Abraham, R.J. and Loftus, P. Proton and Car-
bon-13 NMR Spectroscopy, Heyden, London 1978.
Bakke, J.M. and Abraham, R.J. Acta Chem.
Scand., Ser. B35 (1981) 367.

Abraham, R.J.. and Gralti, G. J. Chem. Soc. B
(1969) 961.

Altona, C. and Haasnoot, C. A.G. Org. Magn.
Reson. 13 (1980) 417.

Bakke, J. M. Acta Chem. Scand., Ser. B 40 (1986)
407.

Becker, E. D. Spectrochim. Acta 15 (1959) 743.
Iogansen, A.V. and Rassadin, B.V. Zh. Prikl.
Spektrosk. 11 (1969) 828; Chem. Abstr. 72 (1970)
84489 p.

Abraham, R.J. and Bakke, J.M. Acta Chem.
Scand., Ser. B37 (1983) 865.

(a) Pimentel, G.C. and McClellan, A.L. Ann.
Rev. Phys. Chem. 22 (1971) 347 and references
therein; (b) Joesten, M. D. and Schaad, L.J. Hy-
drogen Bonding, Marcel Dekker, New York 1974
and references therein.

Oki, M. and Iwamura, H. Bull. Chem. Soc. Jpn. 32
(1959) 950.

Bakke, J. M. Acta Chem. Scand., Ser. B39 (1985)
15.

Abraham, R.J. and Bakke, J. M. Tetrahedron 34
(1978) 2947.

Received October 19, 1987.



