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Molecular Orbital Studies of r-Ascorbic Acid and Some
Related Molecules

EVEN FLOOD* and P. N. SKANCKE*

Department of Chemistry, University of Oslo, Blindern, Oslo 3, Norway

In this work the structure and UV spectrum of I-ascorbic acid and
ascorbate anion are examined through semiempirical calculations.
A scheme for z-electron calculations previously described is extended
to include methylene, using 1,3-cyclopentadiene as a reference sys-
tem. The methylene parameters are used in calculations on «-hydroxy-
tetronic acid and «-hydroxytetronate, which in the n-electron system
are similar to ascorbic acid and ascorbate. The results for the UV
absorption bands are close to the experimental values, the bond lengths
are not so well reproduced.

The crystal and molecular structure of rL-ascorbic acid (I) and ascorbate
anion (II) have been determined by X-ray and neutron diffraction.l—3
These structures display several interesting features; particularly, in the acid,
the carbon-oxygen bond lengths in the two hydroxyl groups are found to be
significantly different from each other. One of the purposes of this study is
to investigate these structures using semiempirical LCAO-MO-SCF methods.

Fig. 1. Ascorbic acid with labelling of
atoms.

* Present address: University of Tromse, N-9000 Tromsg, Norway.
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Fig. 2. Structure of molecules examined. I L-Ascorbic acid. IT Ascorbate anion. III «-
Hydroxytetronic acid. IV «-Hydroxytetronate anion.

Most of the calculations were confined to a study of the s-electrons in the ring,
using the ZDO approximation. One problem that arose in this connection was
to determine the effect on the electronic structure of the ring when the chain
—CHOH -CH,0H was substituted by a hydrogen atom. This effect was
studied using the CNDO/2 method on the molecules with and without chain.4-¢
The latter systems are «-hydroxytetronic acid (III) and «-hydroxytetronate
anion (IV). The m-electron calculations were made on these two molecules.

We also wanted to include the hyperconjugation from the methylene group
to the m-electrons. In order to do that, we had to extend the m-electron
calculations to include parameters for methylene.

When ascorbic acid is protolyzed to ascorbate anion, this can occur in two
ways, giving two different ions. Chemical evidence indicates that only one
kind is formed. As a part of this work, s-electron calculations were made to
find out if this can be explained from the n-electron energy differences alone.

For both (I) and (II), experimental UV-data exist. The first transition has
been interpreted as a w—xz* transition in both molecules. Another purpose of
this work is to calculate these transition energies. The validity of these pre-
dictions may give an indication of the extent to which the method can yield
quantitatively satisfactory results in cases with several hetero atoms.

PARAMETERS FOR THE n-ELECTRON CALCULATIONS

The n-electron calculations were made using a scheme for the semi-em-
pirical parameters proposed for unsaturated hydrocarbons.? The scheme has
later been extended to include the carbonyl group,® ether oxygen,® and other
heteroatoms as well as hyperconjugation from the methyl group.’® For the
molecules (IIT) and (IV) we wanted to include the hyperconjugation from the
methylene group. This was done by a method similar to the one used for
methyl.10
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As the parametrization scheme has been described in the papers already
referred to, only a brief outline will be given here. The main characteristic
is that the one-electron parameter W, is made dependent on the surroundings
of the atom u. This dependence is expressed by

W,=W,+3AW(®) 1)

where the sum is over nearest neighbours. 4W ,(») varies with the nature of
the neighboring atom », and, for some bonds, with the bond length R,, through
the assumed linear relation

AW”('V) = AWO”('V) + 5W(R/4V_R°yv) (2)

Similarly the two-center parameters f,, and y,, are made dependent of the
bond length through the relations

ﬂ/w = ﬁo;w + 5ﬂ(RIH’~'R°M") (3)
Yur = Y ur + 0Y(Ryuy— R°y) (4)

The parameters are chosen to fit the UV-spectra and ionisation potentials
(using Koopmans’ theorem) of several reference molecules.

In addition to the parameters previously determined, we need for this
investigation parameters for the methylene group, for the carbon-methylene
bond, and for the oxygen-methylene bond. For the methylene group and the
carbon-methylene bond, a procedure much similar to the one proposed for
methyl 19 is followed.

The methylene group may be described by two 1s orbitals from the two
hydrogen atoms located symmetrically about the molecular plane chosen as
the zy-plane, one 2pz orbital from carbon, and one sp? orbital symmetrical
about the xy-plane. As the group has four electrons, these atomic orbitals
(AO’s) can be combined to form two doubly occupied quasi AO’s:

a = c(sp?) + d(s; + S,) (5)
7 = a(pz) + b(s,—s,) (6)

where a, b, ¢, and d are constants. Of these, the first has o-symmetry and the
second has m-symmetry. We see that with this description, methylene can be
formally treated as a lone pair. In order to calculate y,, from methylene to a
non-neighboring atom using the ball-approximation,”* we had to approximate
this m-orbital with two uniformly charged spheres touching each other some-
where on the line from carbon to the line connecting the hydrogen atoms.

The parameters y.. and f., were assumed independent of R.,, and AW ,-
(C) was included in W, so the parameter determined was the total W,, not
W¢,. Thus, the following five parameters had to be determined: f.., Ycn,
VW(m), W, and the one-center parameter y,,.

The simplest approach to the problem, is to place the ball center in the
middle of the carbon-hydrogen axis, and use the parameters for methyl,
following the reasonable chemical argument that the effects from methyl and
methylene must be similar. This approach has been tried giving good results 12
(see also Table 2). In the present paper the parameters were obtained from

Acta Chem. Scand. 27 (1973) No. 8



3072 FLOOD AND SKANCKE

calculations on 1,3-cyclopentadiene using experimental electronic transition
energies and ionisation potentials as reference values.

The electronic transitions of cyclopentadiene have been studied both
experimentally 115 and theoretically.'® In the theoretical study referred to,
a modified CNDO method with configuration interaction was used. The results
obtained indicate that of the four lowest electronic transitions, one band
at 7.4 eV represents a g—x* transition, while the other three bands at 5.34,
6.2, and 7.9 eV correspond to m—>z* transitions. Our calculations seem to
confirm this, as the value 7.4 eV is very difficult to reproduce as a nm—>n*
transition.

CNDO/2 calculations on cyclopentadiene showed that for the occupied
orbitals the coefficients for the pz orbital are larger than for (s, —s,). This led
us to place the ball center somewhat closer to the carbon atom than to the
hydrogen-hydrogen axis. We chose the distance 0.26 A from the former, and
0.35 A from the latter.

The parameter y,, was difficult to determine using the spectral values as
reference. Predicted UV-spectral values and ionisation potential are very
insensitive to changes in this parameter. Accordingly, a precise value of this
parameter is not important in the present context. To obtain a value we
normalized the m-orbital given by (6), assuming a/b=5/4 for the reason men-

Table 1. Parameters for methylene, compared with parameters for methyl.?* Ball radius
in A and integrals in eV.

YCHs-CHs 10.01 YCHa-CHa 7.42

) —~12.0 CH, —13.38
AWe(CH,) 0.50 AWo(CH,) 0.636

Pe—cm, —1.38 Be-cu, —1.07

YC=CHs _. 5.70 Yo-CHa . 5.70

Ball radius 1.76 Ball radius 2.40

Y0-CHa 7.00

Q-CHa -1.25

AWen, (0) —0.16

AW (CH,) 1.51

Table 2. Semiempirical calculations on 1-—3 cyclopentadiene. All values in eV.

Exp.values  CNDO PPPe PPP? PPP°¢
Tonisation
potential —8.58¢ —8.60 —8.60 —8.58
Transition
energies 5.34 4.8 5.51 5.51 5.36
6.2 6.3 . 6.4 6.4 6.5
7.9 7.9 7.8 7.8 7.9

@ Parameters for methyl used for methylene. b Same as above, but with yzz="7.42. ¢ Meth-
ylene parameters developed in this work. ¢ Ref. 17.
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tioned above. We then decomposed the integral as a sum of integrals over
2pz, 81, and s,. Three-center integrals were omitted, and the one- and two-
center integrals were estimated from correlation corrected values for (pzpz|pzpz)
and (ss|ss). By this method, we arrived at the value 7.42 eV. As seen in Table 2,
the change from 10.01 eV for methyl has very little effect. The remaining four
parameters were determined so as to give the best fit to the experimental
values. The results are given in Tables 1 and 2.

The method used to estimate the parameters yo., fos, 4W(x) and 4W,(0O)
are as follows:

The AW values were assumed to be the same as for the C—0O and C-C
groups. As the W, determined for methylene is the total value, we estimated an
effective 4W,(0) from the formula

Wa(0,0) = Wi(C,0) = AWA(C) + AWA(O) = Wa(C,C)— AW(C) + AWL(O) (7)

where the last two terms give the effective 4W,(0O) used in the calculation.
The value of fo. was obtained from the relation

Beol Bec = Brolnc (8)

where all the f-values were taken at the same bond length, 1.50 A found
through the linear relation (3).

Table 3. n-Electron parameters used in the calculations.

Carbon-carbon Carbon-ether oxygen Carbonyl

Yo 11.97 eV Y00 18.89 eV Y00 18.89 eV
yoc__c 6.91 eV Yco 6.20 eV Yco 9.33 eV
d¥cc —3.99 eV/A
Bee —2.42eV Beo —1.80eV Bco —2.46 eV
0 Bcc 3.05 eV/A
We —9.84 6V Wo —11.18 6V Wo —19.60 eV
AW(C) 0.07 eV AW (0) —0.09 eV AW(0) —0.71 eV

vy 9.22 eV/A AW(C) 1.51 eV AW (C) 1.30 eV
Ball radius 147 A 1.09 A 1.09 A
Rece 1.395 A Re_o 1.35 A Rc o 1.22 A

The value of yo. was interpolated from a curve with the constraints that
for Ro,=0, y0:=3%(Yo0~+ V=) and for Ro,=4A, yon Was equal to the theo-
retical value for yo.. Interpolation for the value Ro,=1.62 A gave the value
7.00 eV.

RESULTS AND DISCUSSION

The structure of L-ascorbic acid and ascorbate anion have been examined
by Hvoslef.1-3 This structure was used as input in the CNDO/2 calculations
on the molecules (I) and (II). In (ITII) and (IV), the ring structures of the first
two were used, but the ring was assumed planar and the methylene group was
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assumed to be symmetrical about the molecular plane. As the ring is not
exactly planar, this assumption introduced some small changes in the oxygen-
methylene bond.

The premise for the n-electron calculations is that the electronic structure
of the ring is not much changed when the chain —CHOH —CH,0H is substi-
tuted by hydrogen. To test this assumption, CNDO/2 calculations on all
four molecules were made, and the charges on the nuclei were compared. The
results of this calculation, shown in Table 4, show that the variations are small.

Table 4. CNDO/2 results for charge distributions.

(1) (IT) (I1I) (Iv)
0(4) 6.2414 6.3032 6.2333 6.2774
C(1) 3.6213 3.6356 3.6220 3.6356
O(1) 6.3224 6.4459 6.3176 6.4193
C(2) 3.9961 4.1515 3.9900 4.1561
0(2) 6.2453 6.2924 6.2437 6.2322
C(3) 3.8446 3.7911 3.8421 3.7949
0(3) 6.2341 6.4959 6.2326 6.4999
C(4) 3.8848 3.9018 3.8858 3.8951
C(5) 3.8476 3.8591
O(5) 6.2407 6.2882
C(6) 3.8741 3.8620
O(6) 6.2577 6.2980

This indicates that the calculations made on (III) and (IV) to a good approxi-
mation are valid also for (I) and (II). The remaining calculations therefore
are concentrated on the first two molecules.

From the structure of ascorbic acid, it is seen that O(2) might be protolyzed
as well as O(3), forming the ions (V) and (VI). However, chemical evidence
indicates O(3) as the protolytic group for the first protolysis.® An attempted
explanation for this is that (IV) is stabilized through resonance as shown
by the structures

HO 0~ HO 0
\C =C/ - \ —C//
O—C/ -0 C/ \
\ A
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To test this resonance picture, z-electron calculations were made on (IV) and
(VI). For both ions, the structure of (I11) was used. From the resonance models,
several predictions can be made. In (IV) the charge on O(1) will be larger
than in (VI), also (VI) will have larger charge on O(2) than (IV) has on O(3).
Further, in (IV) the x-bond-order for C(2) — C(3) will be smaller and for C(1) —
C(2) larger than in (VI).

The result of this calculation is given in Table 7. The charge distribution is
not as expected. The predicted etfects are present, but they are not large
enough to be considered significant. The bond orders are more as expected.
The delocalized bonds implied by the resonance model for (IV) are depicted
in the almost equal bond order for C(1)—C(2). In (VI) the bond is localized
to C(2)—C(3).

Interesting are the high charges on C(2)/C(3) in (IV)/(VI}. They indicate
that if a resonance picture is used, a more complete one is

HO 0~ HO 0 HO
\ / \:_ / \ /
C=C = —C = c—cC
/ \ / \ _ /7 \
0=¢ 0=¢C 0—¢C
\ \ \
and
'o\ /OH o\\ OH
C=C frmmmand Cc—C~
od N AR
\ A

The n-electron energy for (VI) is 0.02 a.u. higher than for (IV). This corre-
sponds to a Maxwell-Boltzmann distribution, at 300 K,

Nyy/Npy = 10710

so the energy difference alone is satisfactory for explaining why only (II) is
observed. )

The lowest transition energies of (I) and (II) have been measured in aqueous
solutions.’® The values found are 5.08 eV for the acid and 4.67 eV for the ion.
The absorption bands have been assigned to m—n* transitions of the ring

Table 5. The two lowest calculated transition energies, with oscillator strengths, and the
lowest observed bands for (III) and (IV). Energies in eV.

E f Eobs.
11T 5.20 0.321 5.08
4.84 0.212
v 6.34 0.156
4.54 0.508 4.67
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electrons.’® The results of our calculations are shown in Table 5. They show
that in (III) we have two transitions at 5.20eV and 4.84 eV as the lowest values.
If we take a weighted mean of these (with respect to the calculated oscillator
strength f), we obtain 5.06 eV, which is close to the experimental value. For
(IV) the calculation gives the lowest transition energy at 4.54 eV with
oscillator strength f=0.508. The next transition is at 6.34 eV with f=0.158.
It is reasonable to suppose that experimentally these two transitions will come
out separately, and that the value measured corresponds to the first predicted
transition.

Thus a good agreement with the experimental values is obtained. This
shows that the hypothesis that the transition is 7—>n* is a reasonable one, and
also that the assumptions underlying the calculations used here are valid.
The shift in transition energy in going from the acid to the ion is —0.41 eV.
The calculated shift is —0.52 eV, in excellent agreement with the experi-
mental value. It is somewhat surprising that the values for the ion are so well
reproduced. The semi-empirical calculations are made on the isolated molecule,
which means that solvent effects should be expected to give larger deviations
from the theoretical values than we get here.

In the zm-electron approximation, formulas have been made which give an
approximate relation between mobile bond order and bond length. These are
all of the form

Ry = Ry — P

where R,, is bond length, R°,, is the length for a reference bond, ¢ is a con-
stant and p,, is the m-electron bond order. These relations were first used in
the Hiickel approximation,’® later it has been shown 20 that they can be used
in the ZDO-SCF approximation. In this case the bonds examined are carbon-
carbon,” carbon-carbonyl oxygen,® and carbon-hydroxyl oxygen.® The formulas
for these bonds are

R =1517-0.18 p._. (9)
Reeo =1.365—0.18 pemg (10)
Re o =1.430—0.214 p_, (11)

The bond orders for (III) and (IV) were used to calculate the bond lengths,
and the results were compared to the experimental values for (I) and (II).
The bond order is not very sensitive to changes in the input structure, so the
same input as before was used. The result of these calculations are shown in
Table 6.

The deviations from the experimental values are rather large. Especially
for the ion, the differences are up to 0.02—0.03 A. It is interesting, however,
that the changes in the bond length in the system O(1)—C(1)—C(2)—C(3)
when O(3) is protolyzed, is well reproduced. The most unexpected result is
that the calculated bond distances for O(2) —C(2) and O(3)—C(3) in the acid
are equal. Also the difference between the calculated and the experimental
value for C(3)—0(3) is 0.05 A.

This short bond length is connected with the fact that O(3) is the proto-
lytic oxygen. Krogh Andersen? has reviewed X-ray structures of several
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Table 6. Calculated bond lengths compared to experimental values. Values in A. a. (III)
compared to (I). b. (IV) compared to (1I).

Bond Bond length
a order cale. exp.
C(1)-C(2) 0.308 1.441 1.452
C(2)—C(3) 0.882 1.359 1.338
C(1)—-0(1) 0.710 1.237 1.216
C(2)—-0(2) 0.249 1.377 1.361
C(3)—0(3) 0.252 1.376 1.326
C(1)—0(4) 0.468 1.330 1.355
b Bond Bond length
order calc. exp.
C(1)—-0(2) 0.571 1.414 1.416
C(2)—-C(3) 0.655 1.399 1.373
C(1)—0(1) 0.602 1.257 1.233
C(2)—0(2) 0.134 1.401 1.385
C(3)—0(3) 0.599 1.257 1.287
C(1)-0(4) 0.379 1.349 1.358

Table 6. ¢. Changes in bond lengths when O(3) is protolyzed. Values in A.

Cale. expt.
C(1)-0(1) +0.020 +0.017
C(1)-C(2) —0.027 —0.038
C(2)—C(3) +0.040 +0.035

Table 7. Charge distribution for the z-electrons and n-bond orders in (IV) and (VI).

Atom av) Iv) Bond (Iv) (VI)
c(1) 0.6796 0.5507 C(1)—C(2) 0.571 0.275
C(2) 1.2886 0.7998 C(2)—C(3) 0.655 0.763
C(38) 0.5749 1.3884 C(1)—0(1) 0.602 0.677
CH, 1.9846 1.9922 C(2)—0(2) 0.134 0.524
0(1) 1.7173 1.6768 C(3)—0(3) 0.599 0.127
0(2) 1.9748 1.7597
0(3) 1.7248 1.9733
0(4) 1.8760 1.8588

organic acids, among them «-methyltetronic acid and «,y-dimethyltetronic
acid. A linear relation is found between the bond length of the carbon-oxygen
bond and the pK, of the oxygen.
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One might argue that the short C—O distance is due to intermolecular

forces, in this case hydrogen bonds. In the crystal where all the structure
measurements have been made, several hydrogen bonds are present. These
might cause perturbations. Against this hypothesis, however, is the fact that
semi-empirical calculations made by Lofthus using the Hiickel method with
overlap give the correct difference in bond order.??
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