and fluorine. This again is understandable, since the
total correlation energy is expected to be larger in a
neutral molecule than in the corresponding cation.

Conclusions

The following general conclusions may be drawn
from this work: (1) The molecular orbital configura-
tions and geometrical shapes of the smaller neutral
molecules considered are correctly given by the rules
formulated by Walsh.!*2 Most of these results are
now confirmed experimentally.'®!! (2) Positive ions
are found to have states and structures which are sim-
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ilar to those of the isoelectronic neutral systems. How-
ever, some opening out of bond angles is predicted by
the theory. (3) The theory indicates that the lowest
triplet states of the saturated molecules do not exist as
tightly bound species but rather are loose intermolecular
complexes between smaller fragments., The same ap-
plies to the higher valency compounds CH;, NH,, H;O,
and HQF.
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Abstract:

curve to account for kinetic energy constraints.

The CNDO/;2 MO method was used to study the double hydrogen bond between 2-pyridone and the
portion of the glucose molecule involved in the mutarotation reaction.
The calculations indicate that the double hydrogen bond is stronger
than the sum of the two separate single hydrogen bonds.
and a difference in the number of degrees of freedom of kinetic energy lost per hydrogen bond.

A correction was applied to the energy

The reasons appear to involve electron delocalization
In addition, it was

found that the electronic rearrangements that characterized the actual ring-opening reaction are initiated with the

formation of the hydrogen bond.

he concerted action of two or more functional

groups is generally recognized as an important
factor in enzyme catalysis. This was first suggested
by Swain and Brown? on the basis of their study of the
mutarotation of tetramethylglucose. In recent years
the suggestion has received considerable support from
structural and kinetic studies of enzymes. The current
investigations are part of an effort to learn more about
the basis for the rate enhancement in the model reaction.

A Hiickel MO study of a series of bifunctional
catalysts® led to the conclusion that electronic coupling
between the functional groups is an important factor.
This is in qualitative agreement with the conclusion
reached by Rony! on the basis of measurements of
activation parameters. Rony® later suggested elec-
tronic coupling as a generally necessary condition for
concerted reactions.

The first stage of the interaction must involve a
double hydrogen-bond (H bond) formation between
catalyst and substrate. This paper reports the results
of molecular orbital calculations, in the CNDO/2
approximation,®” on the hydrogen bonding of glucose

(1) Work supported by NIH Training Grant No. GM 678-10 and
NSF Science Development Grant No, GU-1590.

19(?)2)0 G. Swain and J. F, Brown, Jr., J. Amer. Chem. Soc., 74, 2538
( (3) H. 1. Gold, ibid., 90, 3402 (1968).

(4) P.F.Rony, ibid., 90, 2824 (1968).

(5) P.F.Rony, ibid., 91, 6090 (1969).

(6) J. A. Pople, D, P. Santry, and G. A. Segal, J. Chem. Phys., 43,
5129 (1965).

with 2-pyridone. The extended Hiickel procedure®
was also tried but was not suitable.

Cooperativity effects appear to cause a decrease in
the lengths of the H bonds and an increase in the
stabilizing energy.

Calculations

Calculations were performed on the IBM 360/75 of
the Triangle Universities Computing Center. Inter-
mediate numbers were carried in double precision for
all molecular orbital calculations.

(1) Molecular Orbital Procedure. The CNDO/2
calculations were performed with QCPE program
CNDOTWO.? The program was modified to suit
local input-output requirements and to facilitate
changing dimension statements. A further modi-
fication was the use of an eigenvalue subroutine!
based on the Q-R algorithm.!! Parameters used were
those of Pople and Segal.” Except for hydrogen, the
orbital exponents were those given by Slater’s!? rules.
An exponent of 1.2 was used!? for hydrogen ls.

(7) J. A.Pople and G. A. Segal, ibid., 44, 3289 (1966).

(8) R.Hoffmann, ibid., 39, 1397 (1963).

9) P. A. Clark and J. L. Ragle, Program 100, Quantum Chemistry
Program Exchange, Indiana University, Bloomington, Ind., 1967.

(10) D. J. Clyde, E, M. Cramer, and R. J. Sherin, ‘‘Multivariate
Statistical Programs,” Biometrics Laboratory, University of Miami,
Miami, Fla., 1966,

(11) See, for example, J. H, Wilkinson, “The Algebraic Elgenvalue
Problem,” Oxford University Press, London, 1965, Chapter 8.

(12) J. C. Slater, Phys. Rev., 36, 57 (1930).
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Figure 1. Structure of the doubly H-bonded pair, showing the
truncated glucose structure and the numbering system.

Extended Hiickel calculations were done with QCPE
program EXTHUC!* modified as described above for
CNDOTWO. Parameters were those originally recom-
mended by Hoffmann®1-17  Orbital exponents were
the same as for CNDOTWO.

(2) Coordinates. Atomic coordinates were calcu-
lated with QCPE program PRrROXYz.'® Bond lengths
and angles were obtained from Sutton?!? and references
cited there.

Specifically, data for 2-pyridone were based on the
studies of Penfold,? except that the structure was taken
as planar. Although Penfold’s data show small
deviations from planarity, the deviations are within
the estimated experimental error. Moreover, both
extended Hiickel and CNDO calculations give a slight
preference to a planar structure.

Bond lengths and angles for a-glucose were taken
from the data of McDonald and Beevers?®! except that
O-H distances were taken as 0.99 A. The current
study concerns that portion of the glucose molecule
which enters into the ring-opening and -closing reac-
tions. Atoms remote from this “‘reaction center” are
not likely to have a significant effect. A possible
exception is the -CH:OH side chain, which approaches
the 2-pyridone molecule in the H-bonded complex.
Accordingly, a truncated structure (GT) (Figure 1) was
used. The calculations (extended Hiickel and CNDO)
indicate that the only significant changes involve atoms
Cs, O1o, Oy4, Hyy, and H;; of the GT structure. Trends
shown by extended Hiickel calculations using the full
and truncated structures were parallel to each other.

Auxiliary programs were written for rotating and
translating one portion of a molecule relative to another,
using standard trigonometric and geometric relation-
ships.

(3) The H-Bonded Structures. In order to evaluate
the effects of cooperativity on the doubly H-bonded
structure, it is necessary to know something about the
singly bonded structures. Geometries were chosen,
with the help of Corey-Pauling-Koltun Ealing space-
filling molecular models, to minimize interactions
1g(ég) J. M. Sichel and M. A. Whitehead, Theor. Chim. Acta, 11, 220
( (14;'E. B. Moore, W. C. Cook, and A. R. M, Rom, Program 64,
Quantum Chemistry Program Exchange, Indiana University, Blooming-
ton, Ind., 1967.

(15) R.Hoffmann, J. Chem. Phys., 40, 2745 (1964).

(16) R.Hoffmann, ibid., 40, 2474 (1964),

(17) W. Adam, A. Grimison, R. Hoffmann, and C. Z, De Ortiz,
J. Amer. Chem. Soc., 90, 1509 (1968).

(18) P. M. Kuznesof, Program 94, Quantum Chemistry Program Ex-
change, Indiana University, Bloomington, Ind., 1967.

(19) (@) L. E. Sutton, Ed., Chem. Soc., Spec. Publ., No. 11 (1958);
(b) ibid., No. 18 (1965).

(20) B.R.Penfold, Acta Crystallogr., 6,591 (1953).
(21) T.R.R. McDonald and C. A, Beevers, ibid., 5, 654 (1952).

between the two components other than the H bond
under study. The H bonds were assumed to be linear.
For the O—H: - -O bond, the geometry was defined by
the following conditions: (a) Ou, Hi;, and O; col-
linear; (b) 2-pyridone coplanar with atoms O, Oy,
and Hy;; (c) the O14-07-C; angle 110°.  The minimum
energy was sought with respect to the OO, distance,
keeping all other distances and all angles fixed.

For the N—H::-O bond, the geometry was fixed
by the following conditions: (a) Oy, Hi, and N; col-
linear; (b) atoms Oy, Hy, and Ny coplanar with atoms
Cs, O1p, Cu1; (c) the O1—Nj line bisecting the Cs—04—Cyy
angle; (d) the pyridone plane at right angles to the
Cs—04—Cu plane, with O; and Oy, in the same hemi-
sphere. The minimum energy was sought with respect
to the N;—Oy, distance, keeping all other distances and
all angles fixed.

For the doubly H-bonded structure, conditions used
were: (a) Oy, His, and Oy collinear; (b) Oy, H,, and
N; collinear; (c) Oy, Oy, and Hy; coplanar with the
pyridone molecule. The minimum energy was sought
with respect to the O,,—O; distance. For each new
0..~0; distance specified, it was necessary to rotate the
pyridone molecule slightly to satisfy condition b. Note
that given conditions a, b, and ¢ and the rigidity of the
participating components, the O,+~0; and O;—N;
distances cannot be simultaneously specified.

In each case the energy minimum was located by a
graphical interpolation procedure to a precision of

about =0.005 A.

(4) Analysis of the Wave Functions. The coefficients
obtained from the SCF-CNDO iteration were used
directly. These may be interpreted?? as approxi-
mations to coefficients in a symmetrically orthogo-
nalized?3.2¢ basis set. The process of symmetric or-
thogonalization produces a basis set, the Lowdin basis,
which retains maximum similarity to the original Slater
orbitals. The functions of such a set may be con-
sidered to be associated with mutually orthogonal
neighborhoods of phase space, each centered about a
particular atom. The matrix of the transformation
between the Slater and Léwdin basis is S, where S
is the overlap matrix of the Slater basis. In the limit
of large interatomic distances, the Slater and Léwdin
bases become identical. In the present series of
calculations, the only overlaps that vary are those
between atoms on the two different components. Since
these are negligible in all cases, the results of all of
these calculations may be taken as referring to the
same symmetrically orthogonalized (and normalized)
basis set. This property is needed in the discussion of
MO correlations (paragraph c below).

(a) Charges. Using the CNDO coefficients as ap-
proximations to coefficients relative to a Lowdin basis,
the charges may be computed according to the pre-
scription of Coulson and Longuet-Higgins.?%25 Letting
{¥,} be the set of molecular orbitals and {¢,} be the
atomic orbitals of the Léwdin basis

\I/f = “21 Ciud’u (1)

(22) 1. Fischer-Hjalmars, J. Chem. Phys., 42, 1962 (1965).

(23) P.-O. Lowdin, ibid., 18, 365 (1950).

(24) P.-O. Lowdin, ibid., 21,496 (1953).

(25) C. A. Coulson and H. C. Longuct-Higgins, Proc. Roy. Soc.,
Ser, A, 191,39 (1947).
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The ““atomic orbital electron density” may be defined as

Gu = 22.¢3° )
J
and the total electron density on atom A is
ga = 2 qu 3
ne(A)

where (A) is the set of atomic orbitals centered on atom
A,

The CNDOTWO program as received transforms
the CNDO coefficients back to the Slater basis and
performs a Mulliken population analysis.?® This
calculation was retained for comparison. A deficiency
of the Mulliken analysis is that it assumes the shared
charge between two atoms to be symmetrically dis-
tributed. 26 ¥

(b) Bond Indices. Electron delocalization has been
examined with the use of long-range bond orders®-?*
and bond indices.?*3! Wilberg® defines the bond
index W, as the square of the bond order, p, =
2Zj0ccCuslyi-  Letting ¢, be an AO centered on atom A,
Trindle and Sinanoglu?®! interpret W, = Z,.m W, as
the charge shared between ¢, and atom B. Similarly,
the total charge shared between atoms A and B may be

taken as
Wap = 22 W 4
pe(A) ve(B)
This quantity will be called the atom—atom bond index.
(¢) MO Correlations, Separate calculations were
made for 2-pyridone and the truncated glucose struc-
tures. The separate MO coefficient vectors were com-
bined into a single matrix, taken to be the coefficient
matrix of a pyridone-GT pair with zero interaction.
These “zero-interaction” MO’s, {x.}, were used as a
basis set in which to express the orbitals ¥, of an
H-bonded pair

;= 3 Tix (5)

Since the {¥,} and {x,} are obtained with reference to
the same orthonormal basis, T, is the simple dot
product of the coefficient vectors. .

When the O,,—O; distance was taken as 20 A, the T
matrix of eq 5 was diagonal, with the T, = =1.
This ““H-bonded” pair could therefore be used equiva-
lently as a “‘zero-interaction’ structure.

In each case, the occupied MO’s of the interacting
pair could be expressed as linear combinations of the
occupied zero-interaction MO’s. For a given ¥, the
fractional pyridone and glucose contributions were
defined as

Fip = 2,2 Tji® (6a)
1e(P)

FjG = 22 Tj,ic2 (6b)
ie(G)

where the summations run over the orbitals (occupied)
of pyridone and GT, respectively. The degree of
interaction can be summarized by defining a “‘corre-
lation index”

(26) R.S. Mulliken, J. Chem. Phys., 23, 1833 (1955).

(27) P.-O. Lowdin, ibid., 21,374 (1953).

(28) J. A. Pople and D, P. Santry, Mol. Phys., 9,301 (1965).

(29) L. Salem, *The Molecular Orbital Theory of Conjugated Sys-
tems,” W. A. Benjamin, New York, N. Y., 1966, p 83.

(30) K. B. Wiberg, Tetrahedron, 24 1083 (1968).

(31) C. Trindle and O. Sinanoglu, J. Amer. Chem. Soc., 91, 853
(1969).
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This index varies between zero for no interaction and
one for maximum interaction, where F;p = F,;q = 1.0.

(5) Kinetic Energy Correction. As two molecules
are brought together under the influence of an attractive
potential, the restrictions on relative motion lead to an
increase in kinetic energy. The equilibrium distance is
the result of a balance between the attractive and re-
pulsive electronic interactions (which may be classified
as, for example, by Coulson??), the nuclear repulsions,
and the increase in nuclear kinetic energy. Within the
context of the Born-Oppenheimer approximation, the
nuclear contributions may be computed separately
and added at the end. The CNDO procedure takes
explicit account of the nuclear repulsions but, in com-
mon with other molecular orbital procedures, neglects
any change in nuclear kinetic energy. While this
neglect is quite reasonable for the purpose of discussions
of normal covalent bonds, the force constants of H
bonds are several orders of magnitude lower, and
corrections of 1-2 kcal/mol become significant. To
the extent that molecular orbital calculations are of
value in understanding H bonds, it would seem that
more appropriate estimates of lengths and energies
are obtained by moving out along the calculated energy
curve a distance of nkT/2, where k is the Boltzmann
constant, T is absolute temperature, and » is the number
of degrees of freedom of kinetic energy lost. A
molecule which complexes to another by a single
hydrogen bond may retain free rotation about one
axis, and loses five degrees of freedom (three trans-
lational and two rotational). A molecule which
forms two H bonds to another loses six degrees of
freedom.

Such a correction applied to published H-bond energy
curves computed by CNDO/2 procedures?®3—3¢ sig-
nificantly improves agreement with experimental ob-
servation.¥ Lippincott and Schroeder?® used a kinetic
energy correction in the application of their empirical
H-bond potential function.

R, =

Results and Discussion

(1) Extended Hiickel Calculations. The extended
Hiickel calculations for the O;-Oi. single H bond
showed a minimum at 2.91 A of 3.6 kcal/mol (un-
corrected for kinetic energy). No energy minima were
found for the N;-Oy, single H bond or for the doubly
H-bonded structure. These results are similar to
those found by other authors.?*=% A probable source
of this qualitative disagreement with experiment is the
failure of neglected repulsion terms to balance.?®’

The remaining discussion is based on the results of
the CNDO calculations.

(32) C. A, Coulson in “Hydrogen Bonding,” D. Hadzi, Ed., Per-
gamon Press, Elmsford, N. Y., 1959, p 339.

(33) A. S. N. Murthy and C. N. R, Rao, Chem. Phys. Lett., 2, 123
(1968).

(34) A. S. N. Murthy and C. N. R, Rao, Theor. Chim. Acta, 13, 81
(1969).

(35) A. S. N. Murthy and C. N. R. Rao, J. Amer. Chem. Soc., 92,
3544 (1970).

(36) F. A. Momany, R. F. McGuire, J. F. Yan, and H. A. Scheraga,
J. Phys, Chem., 74,2424 (1970).

(37) H.J. Gold, Acta Biotheor., 20, 29 (1971).

(38) E. R. Lippincott and R, Schroeder, J. Chem. Phys., 23, 1099
(1955).

(39) F. P. Boer, M. D. Newton, and W. N, Lipscomb, Proc. Nat.
Acad. Sci. U. S, 52,890 (1964).
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Figure 2. CNDO/2 energy curve for 2-pyridone-GT H-bonded
pairs. Zero of energy is taken as the energy at infinite separation:
A, single N;-Oy H bond; B, single O;-O;s H bond; C, the
0;-0,, distance in the doubly H-bonded pair.

(2) H-Bond Lengths and Stabilization Energies. The
energy curves for the three types of complexes studied
are shown in Figure 2. Equilibrium H-bond lengths
and energies, before and after application of the kinetic
energy correction, are listed in Table I.

Table I. H-Bond Lengths (A) and Stabilization
Energies (kcal/mol)

Uncorrected Corrected®
Energy Length Energy Length
Single
0;-0y4 12.78 2.450 11.29 2.600
Ni—Oy 6.52 2.585 5.03 2.820
Double
0;-014 2.410 2.540
21.49 19.70
Ni-Op 2.580 2.710

@ Kinetic energy correction of 3/,&T for single H bonds and ¢/:kT
for double, calculated for 77 = 300°K.

The corrected H-bond lengths for the single O---O
and N -O bonds are in good agreement with expected
lengths.® The stabilization energies seem somewhat
high, although they are of reasonable magnitude and,
more important, in reasonable relation to each other.

As mentioned in the previous section, the relation
between the lengths of the two H bonds could not be
made a constraint in the calculation of the geometry of
the doubly H-bonded structure. Nevertheless, the
relation was very close to the relation between the
corresponding singly H-bonded structures. This is,
of course, because geometries of the two components
match well enough to form the two H bonds without
appreciable strain.

There are, however, striking differences between the
behavior of the doubly H-bonded complex and of the
singly bonded complexes. For the doubly bonded
complex, the equilibrium bond lengths are shorter, the

(40) G. C. Pimentel and A. L. McClellan, “The Hydrogen Bond,”
W. H. Freeman, San Francisco, Calif., 1960.

energy curve is steeper, and the stabilization energy
is greater than the sum of the energies of the two sep-
arate single bonds. This would be true even if the
energy for the doubly bonded structure were corrected
for the loss of fen degrees of freedom. This implies
that two factors contribute to the shortening of the
H bonds. The first is the fact that two H bonds are
formed with kinetic energy constraints only slightly
greater than for the formation of one. The second is an
electronic cooperativity (delocalization) effect between
the two H bonds. The cooperativity is discussed
below in more detail.

(3) Charge Distribution, The nitrogen and oxygen
atoms start off with strong negative charges, with the
associated hydrogens strongly positive (Table II),

Table II.  Atomic Charges in Doubly H-Bonded
Pyridone-GT Pairs®

]

————07-0y, distance, A————
Atom 20.0 2.80 2.54 2.41
H, +0.131 +0.155 +0.177 +0.197
His —0.066 —0.073 —0.079 —0.084
Hi; +0.152 +0.196 +0.224 +0.246
Ni —0.165 —-0.175 —0.189 —0.201
C, +0.364 +0.374 +0.382 +0.389
Cs +0.161 +0.165 +0.169 +0.172
O —0.393 —0.409 —0.415 —0.418
Cs +0.354 +0.359 +0.363 +0.366
Oio —0.249 —0.268 —0.274 —0.278
O —0.269 —0.300 —0.334 —0.361

@ Charges are shown for atoms whose charges are altered by at
least 0.01.

During the course of H-bond formation, the magnitudes
of the charges increase as the electron density appears
to move away from the hydrogen atom toward the two
electronegative atoms. This change, which is quite
marked at the equilibrium bond distance, is already
in evidence at larger H-bond distances (Table II). The
total electron density of the N—H:...-O bond is un-
changed, while that of the O—H- - -O bond is slightly
increased. These results are in accord with those of
other authors3®% and with the general observation
that the dipole moment of a hydrogen-bonded complex
is greater than would be expected on the basis of the
properties of the separate molecules.

An examination was also made of the charges cal-
culated from a Mulliken population analysis?® using
the coefficients for the Slater-type orbital basis. Al-
though most of the charge magnitudes given by this
calculation were considerably greater, the same patterns
are shown.

(4) Bond Indices. Data are given in Tables III and
IV. As discussed in the previous section, Wp defined
by eq 4 may be taken as a measure of the electron
density shared by atoms A and B.

Within the pyridone ring, a definite pattern of bond
alternation is indicated. This is in agreement with the

simple m-electron Hiickel calculation and clearly
suggests the classical organic structure I.
[
N0 N.__-OH
I II
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Table ITI.  Nearest-Neighbor Atom-Atom Bond Indices in minimization of energy simultaneously with respect to
Doubly H-Bonded Pyridone-GT Pairs the positions of the two hydrogens and the lengths of
—_— 0,-0,; distance, A—— the two H bonds.

Atom pair 20.0 2.80 2.54 2.41 At the equilibrium H-bond distance, the bond indices
Ni-H, 0.948 0.931 0.907 0.884 for the pairs Ni-Oy and Or-Ous are of the order of
Oy-H; 0.0 0.010 0.027 0.045 magnitude of those for nonneighbor indices within
O::-Hy, 0.952 0.912 0.863 0.820 the pyridone ring. Indices for C, or Cq with Oy, and
O:-His 0.0 0.026 0.052 0.097 Oy (Table IV) are small but nonzero.

%1_8; i 82? %:gég i: ng i; (5)8‘11 (5) Molecular Orbital Interactions. Table V shows
Ni-C; 1.232 1.238 1.244 1.250

C;-C; 1.648 1.641 1.635 1.629
Ci-Gs 1.207 1.213 1.220 1.225 Table V. Correlation Indices (Eq 7) for Doubly H-Bonded
C,-Cs 1.705 1.696 1.687 1.680 Pyridone_GT Pairs
C-Cs 1.137 1.145 1.154 1.160 -

Cs-0s 1.020 1.035 1.046 1.055 ————0;-0y, distance, A—————
CsCyo 0.932 0.919 0.909 0.899 Orbitale 2.80 2.54 241

1 0.139 0.322 0.474

4 0.726 0.862 0.930

Table IV. Some Long-Range Atom-Atom Bond Indices in 5 0.759 0.981 0.986
Doubly H-Bonded Pyridone- GT Pairs 17 0.738 0.998 0.958
18 0.856 0.963 0.802

— -0;-0;; distance, A-———— - 2 0.703 0.888 0.910

Atom pair 20.0 2.80 2.54 241 23 0.646 0.926 0.992
Ni-Ouo 0.000 0007 0.018 0028 > 0 052 0 s
Ni-O, 0.122 0.120 0.118 0.115 32 0'931 O>98O 0'979
C,-C; 0.003 0.003 0.003 0.003 40P 0.000 0.000 0'001
C,-C, 0.031 0.034 0.037 0.039 i i :

C-C; 0.012 0.013 0.014 0.014 @ Numbered in order of increasing energy. Orbital 40 is the
0.0-014 0.038 0.039 0.040 0.040 highest occupied orbital. ? These are pure pyridone 7 orbitals in
N,-O14 0.000 0.000 0.001 0.001 the zero-interaction set.

Cy-O14 0.000 0.001 0.001 0.002
Ce-Ons 0.000 0.000 0.001 0.001
0:-Cs 0.000 0.000 0.000 0.001

The low bond index for the Cs—Oiy bond is inter-
esting in view of the suggestion of Pullman and Pull-
man*! that electron deficiency is a characteristic of
bonds whose cleavage is easily catalyzed.

The following changes in bond indices are expected to
be associated with the actual ring opening reaction:
(a) those of the pyridone ring are expected to become
more equal as its structure moves toward structure II,
(b) bond indices for the Cs—Oy, Ni1-H;, and O.+—H;;
bonds are expected to decrease as these bonds are
broken, (c) the C:—O; bond index is expected to de-
crease as this bond loses part of its double bond
character, (d) the indices for O,-H; and O;-H;; are
expected to increase as these bonds form, and (e) the
Cs-On4 index is expected to increase as this bond takes
on double bond character. As shown in Tables III
and 1V, all of these changes are initiated at the onset
of H-bond formation and are already moderately
advanced at the equilibrium bond distance. It is
therefore not strictly correct to say that the ring-
opening reaction is preceded by H-bond formation.
The reaction itself begins with the formation of the
H bond. On this basis, one is tempted to speculate
that examination of the potential surface for the move-
ment of the protons will show the equilibrium O;,—Hj;
and Ni- H; distances to be increased more than is
usually the case. Such calculations should involve

(41) B. Pullman and A. Pullman, “Quantum Biochemistry,” Wiley,
New York, N. Y., 1963, Chapter 17.

the correlation indices, defined by eq 7, for those or-
bitals which attain at least the value 0.9 for some H-
bond distance. A value of 0.9 means that each com-
ponent contributes between one-third and two-thirds of
the electron density to that molecular orbital. The
lowest energy orbital and the highest energy occupied
orbital are also shown.

The highest occupied orbital is a pyridone = orbital.
It shows no appreciable interaction at any distance.

The strongest interactions at the greater distances
involve the highest o orbitals of the two molecules.
At smaller distances, however, strong interactions
appear over the whole spectrum of energy levels.

Levels 29 and 30 involve substantial mixing of
pyridone = orbitals with the GT system. These are
pure pyridone = orbitals in the zero-interaction set.
During H-bond formation, they mix with each other
and with orbitals of the GT system. At an 0,0y,
distance of 2.6 A, this interaction has already become
substantial.

(6) Implications. The experimental and theoretical
evidence of the “softness” of the hydrogen bond has
been reviewed elsewhere.® 42 It was suggested that
enzymes might enhance the rate of proton transfer
across H bonds by providing other points of interaction
which would allow the H-bond distances to be
shortened.

In the reaction between 2-pyridone and glucose, it
appears that the electronic cooperativity between the
two H bonds makes the potential energy curve steeper

(42) H.J. Gold, Int.J. Quantum Chem., 4,353 (1971).
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than the sum of the two individual curves and draws the
two molecules more closely together than would other-
wise be the case. The closeness of approach and the
degree of electronic interaction is further enhanced by

the reduction in the number of degrees of freedom of
kinetic energy per H bond that must be accounted for,
This is especially significant since the interaction ini-
tiates the actual ring-opening reaction.

Molecular Orbital and Mapping Study of the Allowed Diels—Alder
Reactions of Furan, Thiophene, and Thiophene Dioxide

Peter W. Lert'® and Carl Trindle**?
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Abstract: Concerted Diels-Alder addition to thiophene, thiophene dioxide, and furan is allowed in the sense that

the symmetry species of the set of occupied orbitals is maintained through the reaction,

To account for experi-

mentally observed differences in reactivity of these molecules, a more detailed appreciation of the reaction potential
is required. With the aid of qualitative ideas from perturbation theory, the observed order of reactivity is rational-

ized.

he symmetry arguments of Woodward and Hoff-

mann? provide a reliable guide to forbidden pro-
cesses; still, the statement that a given reaction path
is not barred by fundamental symmetry laws does not
guarantee that the reaction path will be followed, for
two reasons. First, alternate concerted reactions may
be possible; for example, both cis—cis and trans—trans
Cope rearrangements are allowed, but only the easier
latter route is observed.® Second, the desired products
may simply be less stable thermodynamically than the
reactants; equilibration would be rapid, since reactants
and products interconvert readily, but would favor the
stabler species.

An understanding of alternate allowed reaction path-
ways, or prediction of the position of a certain equi-
librium, requires some appreciation of the energy sur-
face for the reaction. Practical considerations seem
to rule out direct point-by-point computation of the
energy surface, except in crude approximation, or for
the simplest systems.* However, qualitative and semi-
quantitative arguments developed recently® allow an
understanding of many of the important features of
reaction surfaces. In this report we employ some of
the methods of Woodward and Hoffmann, Pearson,
and Hoffmann to study the relative reactivities of furan,
thiophene, and thiophene dioxide toward dienophiles.

Furan’s Diels—Alder reactivity® has received con-
siderable attention: the reaction is facile, with a pro-
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Chem. Soc., 76, 1940 (1954); furan, P, Bosshard and C, M, Eugster,
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nounced reversibility. Substituents with a —M effect
tend to inhibit the Diels—Alder addition, though powerful
dienophiles will add successfully. Thiophene, in con-
trast, does not act as a diene;® its chemistry is that of
an aromatic system, including Friedel-Crafts alkyla-
tion, bromination, etc. The concerted Diels—Alder re-
action is not observed.

Thiophene dioxide participates in Diels—Alder re-
actions either as a diene or as a dienophile; it tends
to dimerize by a Diels—Alder route. As an electron-
deficient diene, it is not highly reactive; the standard
dienophile maleic anhydride is rebuffed, although the
more powerful reagent diethyl acetylenedicarboxylate
is accepted. Bailey and Cummins® assert that “reso-
nance stabilization” is lacking in thiophene dioxide,
since it is more reactive than analogous open-chain
sulfones.

The Influence of Heteroatoms on the
Diels—Alder Addition

The simplest prototype of the (1,4) Diels—Alder con-
densation is the combination of ethylene with butadiene

3-0

The Diels—Alder condensation of heterocyclic dienes
seems closely related to the simple example mentioned

Y

Therefore, let us consider the heteroatom to exert a
perturbation on the diene fragment. Usual discussions
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