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The properties of hydrogen bonding in furfuryl alcohol , 5-nitro- and 5-methylfurfuryl alcohols 
have been investigated using both the CND0/2 and iNDO methods. Both methods have pre
dicted the same correlation of relative hydrogen bonding strengths in compounds studied. 

Many theoretical approaches have been used to investigate the nature of hydrogen bonding1
•
2

. 

Schuster3 •
4 has successfully applied CND0/2 and INDO MO methods to numerous structures 

with hydrogen bondinb of different strengths. Abba and coworkers 5 reported that the CND0/2 
method proved to give more realistic proton potential function than the EHT method. Some 
intramolecularly hydrogen-bonded systems have been investigated using also CND0/26

-
8

, 

where a good agreement between calculated and experi mental hydrogen bonding enthalpies 
have been found. Both INDO and the CND0/2 methods have been used extensively for investigat
ing intermolecular hydrogen bonding9 - 11 . 

Gordon and Tall man have presented a method 12 for investigating the nature of inter
and intramolecular hydrogen bonding utilizing INDO localized MO's of the fully 
geometry-optimized molecules. 

Here, the intramolecular hydrogen bonding in furfuryl alcohol and some of its 
derivatives have been studied by CND0/2 and INDO methods. 

CALCULATIONS 

The calculations have been carried out on the IBM 7040 computer using a Fortran IV program 
written for the CND0/2, INDO and MINDO methods13 in which the same mathematical 
formalism and parametrization scheme developed by Pople and coworkers14

-
16 has been used . 

The geometry of the furane part in compounds studied is assumed to be the same as reported 
for furane17 while the bond lengths and angles of the hydroxymethyl part are assumed to be as 
follows: c- c = 1·55 A, C- 0 = 1·431 A, 0 - H = 0·97 A, C- H = 1·097 A, :)> CCH = 
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= 109·7 A and:} HCH = 109·7 A (ref. 1 8
). As assumed before8

, the enthalpy of hydrogen bond
ing formation can be obtained by comparing the total energy of the system having two conforma
tions A and B with the angle<> equal to 0° and 180°, respectively (Fig. 1). 

'/ ' ,/> ,;J{_ 
j__1 

,)~ - -----

RESULTS AND DISCUSSION 

FIG. 1 

Dreiding Molecular Model of Furfuryl Alco
hol Derivatives 

The total energy of furfuryl alcohol is calculated as a function of the angle IX, where 
the side chain is taken to be in the same plane as the furane ring and the angle f3 is 
kept constant (106·36

). The energy of the system showed a minimum value at 
IX = 111 ·5° with an 0· · ·0 distance of 2·63 A (Fig. 2). Keeping the IX angle constant 
(111·5°) the total energy of furfuryl alcohol is then minimized as a function of the 
f3 angle where the energy minimum is at f3 = 106°. The effect of free rotation of the 
hydroxymethyl group around the bond joining it with the furane ring on the energy 
of the system is studied for small rotations. The results make it clear that the most 
stable conformation is when y = 0° (Fig. 2). Then the angles IX, f3 and y being kept 

FIG. 2 

Total Energy of Furfuryl Alcohol Cal
culated as a Function of ex, p, r and o 
Angles 
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constant at their equilibrium values, the total energy is optimized as a function of the 
b angle. An increase in angle leads to an increase in the total energy of the system 
and then to a decrease again until the value b = 180°. Since by calculation the two 
angles y and b have equilibrium values equal to zero the proton of the hydroxyl 
group is directed toward the furane oxygen, we can deduce that the proton is equally 
interacting with the two lone pairs of electrons located on the oxygen atom of the 
furane ring. These obtained optimum values of a, [3, y and bangles have been taken to 
be the same for the side chain in 5-nitro- and 5-methylfwfuryl alcohols. Conforma
tion B was found to be more stable than A in all cases. This may indicate that the 
CND0/2 method predicts that there is no hydrogen bonding interaction in either 
of the three compounds. On the other hand, the INDO method shows weak hydrogen 
bonding interactions indicated by the energy differences obtained: 0·32, 0·35 and 
0·09 kcal/mol in furfuryl alcohol, 5-methyl- and 5-nitrofurfuryl alcohol derivatives, 
respectively (Table I). However, in all the compounds studied, the CND0/2 method 
has given an equilibrium 0-H bond length of 1·03 A in both conformations A and 
B the latter being less stable than the former by 0·36, 0·38 and 0·30 kcalfmol for fur
furyl alcohol, 5-methyl- and 5-nitrofurfuryl alcohol derivatives, respectively. This 
indicates that the method gives an energy difference between hydrogen bonded 
and nonbonded conformations, which is larger if calculated equilibrium 0-H 
bond length 1·03 A is used than when its approximate experimental bond length 
is taken 0·97 A. This has been also found before8 . It was thought that optimization 
of the a and [3 angles in conformation B was necessary and mif!ht affect the CND0/2 
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FIG. 3 

Optimization of the a and p Angles in Furfuryl Alcohol for Conformation A, Conformation B 
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prediction of hydrogen bonding energy when 0-H is taken as 0·97 A. A second 
optimization of the parameters oc, f3 and also the 0-H bond in both conformations 
A and B offurfuryl alcohol is then performed, starting with optimum values obtained 
before and keeping the angles y and o at zero (Fig. 3 and 4). Different new equi
librium values of these parameters are obtained for each conformation but A is 
again less stable than B when 0 - H = 0·97 A and more stable by 0·26, 0·24 and 
0·08 kcalfmol, when 0-H = 1·03 A in case of furfuryl alcohol and 5-methyl
and 5-nitro-furfuryl alcohol derivatives, respectively. In comparison with the ex-

TABLE I 

Energy and Dipole Moments of Conformations A and B of Furfuryl Alcohol(/), Its 5-Methyl (II) 
and 5-Nitro (III) Derivatives 

A B 
No Method 

E,ev Jl,D E,eV Jl,D 
-~----- --~-·-----~---·--

CND0/2 - 2 092·753 2·610 -2 092·767 2-452 
INDOa -2 012·031 2·642 - 2 012·018 2·329 

II CND0/2 -2 329·655 2·659 -2 329·664 3·603 
INDOb -2 241·955 2·747 - 2 241·940 2·113 

Ill CND0/2 -3 394·1 48 5·043 -3 394·158 7·283 
INDOC -3 254·326 4·792 - 3 254·322 6·962 

The enthalpy, -I'!.H, was found to be a 0·323 kcalfmol, b 0·335 kcalfmol, and c 0·085 kcalfmol. 

TABLE II 

Charges on Interacting Atoms ::::o ... H- 0 - R (Multiplied by 105
) in Conformations A and B 

(in Parentheses) of Furfuryl Alcohols I-III 

r0 H for CND0/2 and INDO calculations taken as 1·03 A and 0·97 A, respectively. 

No Method ::::o H -0-

CND0/2 - 16274 (- 14999) 14 772 (1 2 558) -24 964 ( -23 000) 
IND O -19178 (- 17 900) 17 475 (16 039) -30 922 (-29 421) 

II CND 0/2 - 17 523 (- 16 257) 14 695 (12 430) -25 084 (-23 063) 
IND O -20355 (- 19 083) 17 348 (15 862) -30 950 (-29 395) 

III CND0/2 -14 767 ( -13 407) 15 458 (13 478) - 24 225 (- 22 465) 

IND O - 17 303 (- 15 959) 17 914 (16 671) -28 794 (-30 116) 
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perimental value of the enthalpy of intramolecular hydrogen bonding formation 
in furfuryl alcohol, 0·46 kcal/mol, obtained from IR spectral data19

, it Cfin be con
cluded that the INDO method is predicting better results than CND0/2 in the systems 
investigated. The strongest hydrogen bonding calculated for 5-methyl derivative is 
in accordance with the electronic effects of the substituents attached to the furane 
ring. Changes in the charges on hydrogen and the two oxygen atoms forming the 
hydrogen bonding in going from conformation B to conformation A are shown 
in Table II. Not only is the 0-H- · ·0 part the molecule affected but changes on all the 
atoms are also observed. Both the CND0/2 and INDO methods are giving nearly 
the same results. It seems as if the 0-C-C-0 part of the molecule has gained 
a negative charge from the rest of the molecule including the proton situated between 
the two oxygen atoms. This is not consistent with the expected changes on hydrogen 
bonding formation. Similar changes have also been found by CND0/2 study of some 
intermolecularly hydrogen bonded systems20

-
22 where an increase of the positive 

charge on hydrogen and negative charges and X and Y atoms have been observed. 
This may indicate that the CND0/2 and INDO methods are not well predicting 
changes of atomic charges on hydrogen bonding formation in such systems. 

FIG. 4 

Total Energy Furfuryl Alcohol Calculated 
as a Function of 0-H Bond Length in Both 
Conformations A (--) and B (-----) 
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FIG. 5 

Proton Potential Function for 5-Nitro
(-- ---) and 5-Methylfurfuryl Alcohol(--) 
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The proton potential function. The total energy of the systems studied has been 
calculated by the CND0/2 method as a function of the 0-H bond length, keeping 
'the 0· · ·0 distance constant at its equilibrium value of 2·63 A. In all cases a single 
minimum proton potential function is obtained having a minimum energy value 
at 0-H = 1·03 A and O .. ·H- distance of 1·90 A (Fig. 4 and 5). A structure, 
in which the proton is located at nearly equal distance from the two oxygen atoms, 
was found not to exist since only one minimum in the potential energy curve is 
observed. 

Summarizing, it can be stated that a) in furfuryl alcohol and its derivatives the 
planar conformation, in which the hydroxy methyl group is included in the same 
plane of the furane ring, is the most stable one. b) Either the CND0/2 or the INDO 
method is provecl to be an appropriate tool in studying the properties of intramole
cular hydrogen bonding in compounds investigated. c) The enthalpies of hydrogen 
bonding formation are predicted somewhat better by the> INDO method than 
by CND0/2 one as compared with experimental results as far as they are available. 
d) A fairly good agreement between calculated and experimental dipole moments 
is found but the changes of atomic charges on hydrogen bonding formation are not 
well predicted by the two methods. 
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Institute of Physical Chemistry and Electrochemistry, Czechoslovak Academy of Sciences, for pro
viding the program used in these calculations and appreciate helpful discussions with them. The au
thors are also greatly indebted to Dr I . Hubac of this Institute for valuable discussions. One of us 
(A. A . H.) thanks the University of 17th November for fellowship support. 
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