Scheiner, Kern | Conformational Study of Polyglycine

(9) (a)J. A. Ross, R. P. Seiders, and D. M. Lemal, J. Am. Chem. Soc., 98, 4325
(1976); (b) C. H. Bushweller, J. A. Ross, and D. M. Lemal, ibid., 99, 629
(1977).

(10) H. Kwart and T. J. George, J. Am. Chem. Soc., 99, 5214 (1977).

(11) E.L. Allred, B. R. Beck, and N. A, Mumford, J. Am. Chem. Soc., 99, 2694
(1977), and references cited therein.

(12) K. B. Lipkowitz and R. Larter, Tetrahedron Lett., 33 (1978).

(13) (a) Carbon monoxide bond length: 1.128 A from G. Herzberg, *Spectra of
Diatomic Molecules’, Van Nostrand, Princeton, N.J., 1966. (b) Hydrogen
cyanide bond lengths: C-H 1.068 A, C-N 1.156 A from G. Herzberg,
“Electronic Spectra and Electronic Structure of Polyatomic Molecules”,
Van Nostrand, Princeton, N.J., 1945, (c) Dg, benzene bond lengths: C-C
1.390 A, C-H 1.100 A, R. T. Morrison and R. N. Boyd, “"Organic Chemistry”,
3rd ed., Allyn and Bacon, Boston, Mass., 1973.

(14) P. A. Dobosh, QCPE 223, 1968.

(15) It would be to our advantage to use a more sophisticated basis set and in-
clude Cl but the cost of such a treatment, particularly for the larger systems,
is unduly prohibitive, A more serious concern, though, is that In this paper
when the wave functions for monomer A and B strongly interact, we treat
the complex AB as a single molecule. Here, the basis set for the complex
is the union of the basis set of the two monomers. If the monomer basis
sets are small or incomplete a basis set extension phenomenon should
be of concern. That is, if small basis sets are used, as the two monomers
are brought together the orbitals on B improve the monomer properties
of A and the orbitals on A improve the monomer properties of B. Since the
change in any property P as a function of intermolecular separation is the
calculated property of the dimer AB minus the sum of the calculated
properties of the two monomers, AP = Pag — (Pa + Pg), a poor repre-
sentation of the interaction results. Elimination of basis set extension effects
is being investigated by using ghost orbitals. N. S. Ostlund and D. L. Mer-

7539

rifield, Chem. Phys. Lett., 39, 612 (1976), and references cited therein.
(16) D. Goutier and R. Macaulay, QCPE 241, 1974,
(17) J. S. McKennls, L. Brener, J. S. Ward, and R. Pettit, J. Am. Chem. Soc., 93,
4957 (1971).
(a) For leading references see A. R. Gregory and M. N. Paddon-Row, J. Am.
Chem. Soc., 98, 7521 (1976). Of interest, though, is that a CNDO calcu-
lation of two eclipsed benzenes shows a repulsive interaction (as antici-
pated) when they are brought together. (b) D. B. Chestnut and P. E. S.
Wormer, Theor. Chim. Acta, 20, 250 (197 1). (c) It was suggested that the
perturbative procedure, PCILO, may be better adapted to the study of
molecular complexes than CNDO. See, for example, R. Lochman and H,
J. Hofmann, int. J. Quantum Chem., 11, 427 (1977); R. Arnaud, D. Fara-
mond-Baud, and M. Gelus, Theor. Chim. Acta, 31, 335(1973). (d) We are
now trying the MNDO method (M. J. S. Dewar and W. Thlel, J. Am. Chem.
Soc., 99, 4399 (1977)) in hopes that we can accurately reproduce the ab
initio results with an approximate molecular orbital technique.
G. Maier, U. Schafer, W. Sauer, R. Matusch, and J. Oth, Tetrahedron Lett.,
In press. We thank Professor Maler for a preprint of this work.
(20) The work cited in ref 19 indlcates a carbonyl IR shift to lower frequency
upon complexation with tri-tert-butylcyclobutadiene. This corresponds to
a 0.22 kcal mol™" change in bond energy between free and complexed
carbon monoxide. We calculate (Figure 5) an attractive interaction between
carbon monoxide and cyclobutadiene of 0.30 kcal mol™! for geometry
.
Since this work was completed, a communication has appeared confirming
the destabilizing effect of C4H, with carbon dioxide as we had originally
reported in ref 12, Also reported is an energy minimum for cyclobutadiene
with carbon monoxide. These results were obtained using MNDO type
calculations and suggest that MNDO mimics ab initio results quite well.
A. Schweig and W. Thiel, Tetrahedron Lett., 1841 (1978).

(18

(19

(21

Quantum Mechanical Partitioning of the Energies of
Polypeptides. Conformational Study of Polyglycine

Steve Scheiner*! and C. W. Kern

Contribution from the Department of Chemistry, The Ohio State University,
Columbus, Ohio 43210. Received May 2, 1978

Abstract: The total energy of a polypeptide is partitioned into the interaction energies between pairs of residues. The interac-
tions between adjacent residues are evaluated by quantum mechanical methods. An empirical hydrogen bond potential based
on the quantum mechanical interaction between amide units is formulated and used to calculate the interaction energy be-
tween nonadjacent residues. This treatment is used to study regular helical conformations of an isolated single strand of poly-
glycine. The « helix is found most stable while the 319 and 27 helices are also low-energy structures. The calculated results are
compared to those obtained via classical partitioning procedures as well as experiment.

I. Introduction

Reliable means of evaluating energies of proteins are needed
for predictive and interpretative studies of three-dimensional
structure. Although quantum mechanical procedures have
yielded results in excellent agreement with experiment when
applied to many chemical systems, including oligopeptides,2-4
these methods are subject to severe size limitations. An ab initio
calculation of even the smallest naturally occurring protein is
well beyond the range of modern computers and programming
techniques. Pentamers are the largest polypeptide units that
have been studied so far by quantum mechanical tech-
niques.34

More approximate approaches’-20 have therefore been de-
vised to obtain the total energy of polypeptides. Most of these
use simple expressions for the potential energy in which the
parameters are evaluated empirically for each term that is
thought to be physically significant (e.g., electrostatic terms,
bond stretching terms). These partitioning methods can be
applied to very large systems, since the energy of any confor-
mation is computed in a fraction of the time required for an
analogous quantum mechanical calculation. However, such
partitioning is rather arbitrary, as are the mathematical forms
chosen for the potential functions and the values of the em-
pirical parameters.
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We report here an alternate method of energy partitioning
in which all contributions are evaluated quantum mechani-
cally.2! This treatment also employs empirical parameters, but
only in identifying those high-energy conformations in which
certain residues are in close proximity.

II. Methodology

Previous quantum mechanical studies of polypeptides in-
dicate that the total energy of certain conformations can be
expressed approximately as the sum of pairwise interactions
between residues. Using ab initio and approximate ab initio
methods, respectively, Shipman and Christoffersen? and Kleier
and Lipscomb? examined oligomers of glycine ranging in size
up to the pentamer level. Only regular helices were considered
in which the pair of dihedral angles ¢ and ¥ about the C* atom
were identical for each residue. In such structures, the relative
orientation of any two peptide units is dependent only on the
values chosen for the dihedral angles ¢ and ¥, and on the
number of additional units that separate the units of interest
along the polypeptide chain. The interaction energy between
each pair of peptide units was assumed to be dependent only
on their relative orientation. Numbering peptide units con-
secutively along the chain, the interaction energy, AE |, of two
peptide units, / and ({ + m + 1), in a regular helical n-peptide
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Figure 1. PRDDO conformational energy map of N-formylglycylamide.
The geometry was chosen using the standard values of Scheraga.!® Peptide
groups were held in planar trans configurations. Energies (kcal mol~')
are relative to the fully extended conformation (&, ¥) = (—180°, —180°).
Shaded areas represent regions of energy greater than 10 kcal mol~1.
Energies were computed at 30° intervals except in the vicinities of the
absolute minimum (=70°, 60°) and the « helix (—48°, =57°), where a
finer grid was used. A center of symmetry is present at (0°, 0°). The angles
¢ and ¥ are defined according to ref 31.

was thus assumed to be independent of the position of the pair
along the chain, i, and of the total chain length, n.

Since the total number of pairs of units separated by m other
units in an n-peptide is equal to n — m — 1, the total energy of
such a polymer, E,;, can be expressed as*

E,= ZO [(n=m = 1)AE,] (1
n=

For each of several conformations, as defined by the angles ¢
and V¥, the interaction energy between adjacent peptide units,
AEq, was evaluated as the difference in energy between that
conformation and the fully extended (FE) reference configu-
ration as calculated quantum mechanically at the dimer level.
After similar calculations were performed on the trimers, AE}
was obtained by substituting the previously determined value
of AFEy into eq 1. This procedure was continued until values
were obtained for all AE,, up to m = 3 for several different
conformations. For both parallel and antiparallel pleated sheet
structures, AE,, (m > 0) was found to be of much smaller
magnitude than AFEj. This result implies that the extended
nature of these strands precludes any strong interactions be-
tween nonadjacent units. The results for the o and 3¢ helices
were found to be consistent with the hydrogen-bonding pat-
terns predicted for these structures. A large negative energy
was obtained for AE, for the o helix reflecting the hydrogen
bond between units i and i + 3. The proposed bond between
units i and (i + 2) in the 3¢ helix was manifested in the value
found for AE for that structure. Other values of AE,,, (m
0) were calculated to be of considerably smaller magnitude.
In these studies?# little interaction was found between those
pairs of residues that are neither adjacent nor in positions
suitable for hydrogen bonding. This suggests that the total
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energy might be approximated as the sum of two contributions.
The first is the “adjacent energy”, which is the sum of inter-
actions between all pairs of adjacent peptide units (ZAE)).
This term alone is sufficient to approximate the energies of the
extended pleated sheet structures. For more compact confor-
mations such as the o and 3 helices, the “total nonadjacent”
energy must be added to the adjacent energy. This contribution
is dominated by the interactions between those pairs of peptide
units suitably positioned for hydrogen bonding, e.g., pairs (1,4)
and (2,5) in the « helical pentamer. (Non-hydrogen-bonding
type interactions may be important for certain nonhelical
conformations.)

The conformation of an n-peptide may be described partially
by the (n — 1) pairs of dihedral angles ¢ and ¥. Each pair of
angles, ¢; and ¥;, determines the relative orientation of ad-
jacent peptide units i and (i + 1). In order to evaluate the ad-
jacent energy of a polypeptide, eaqj, the interaction energy of
a pair of adjacent peptide units must therefore be known as a
function of ¢ and ¥, The necessary conformational energy
maps are obtained in our method via quantum mechanical
calculations performed on the dipeptide. Such maps of the
glycyl residue have been obtained previously using various ab
initio and semiempirical techniques.?2-2 We have chosen to
apply our procedure to the map in Figure 1 of N-formylgly-
cylamide?? as calculated by the partial retention of diatomic
differential overlap (PRDDO)30 method.

In order to evaluate the total hydrogen bond energy, the
interaction between peptide units must be known as a function
of their relative orientation. It is important that such a function
reflect properly both the radial and angular dependence of the
N-H--O=C interpeptide hydrogen bond. An ab initio study>?
has found most stable an alignment of the NH group ap-
proximately along a lone pair of the carbonyl oxygen. This
conclusion is consistent with crystal structures of various
amides and peptides.!!?-33:34 [n addition, a linear hydrogen
bond, i.e., ZNHO ~ 180°, has been found most stable by
quantum mechanical techniques.?3:36

Previous classical energy partitioning methods have made
use of various hydrogen bond potential functions. DeSantis et
al.5 used a potential originally proposed by Stockmayer?’
which consisted of the sum of a 6-12 radial potential and a
term containing angular dependence. The latter term was
formulated as the electrostatic interaction of two dipoles
centered on the O and H atoms involved in the H bond. The
minimum in this potential occurs when the C=0 and N-H
bonds are collinear, thus neglecting the directionality of the
lone pairs of the oxygen. Poland and Scheraga® modified the
electrostatic term eliminating the explicit angular dependence
which is absent also in the modifiedMorse potential of Popov
et al.” Scott and Scheraga® used a form of the Schroeder-
Lippincott potential?® as modified by Moulton and Krom-
haut.3® The minimum in their potential, however, occurs for
£COH = 90° whereby the NH group is 30° from one lone pair
and 150° from the other. This function, furthermore, makes
no provision for the nonlinearity of the H bond. The potentials
proposed by Gibson and Scheraga,!® by Ramachandran et
al., ! and by Singh and Ferro*0 consider this nonlinearity but
not the angular dependence about the carbonyl oxygen. The
potential of Brant!2is a function of both Z/NHO and ZHOC
but contains cylindrical symmetry about the CO and NH
bonds.

Potentials that contain no explicit angular dependence have
reappeared more recently?? and are currently used in the
classical energy partitioning scheme of Scheraga et al.' The
electrostatic and nonbonded energy contributions to the total
energy are instead relied on to simulate the angular dependence
of hydrogen-bonding interactions and are claimed3? to re-
produce accurately the results of quantum mechanical calcu-
lations. To test this, we have examined the N-H...O=C hy-
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drogen bond of the linear formamide dimer. Idealized
geometries were used for the formamides and the planes of the
two molecules were chosen to be mutually perpendicular. A
linear hydrogen bond (ZOHN = 180°) was assumed and the
angle § = £COH varied. The electrostatic and nonbonded
energies were computed by the classical partitioning method
of ref 33. The nonbonded energy parameters were taken from
Scott and Scheraga.® Two different sets of partial atomic point
charges were used to evaluate the electrostatic energy. These
charges were taken from CNDO/233 and PRDDO calcula-
tions on the isolated molecule. Energies were calculated,both
by the PRDDO and classical partitioning methods, at three
values of the hydrogen bond length, ron = 1.4, 1.7, and 2.0 A,
According to PRDDO, the preferred conformation for all three
distances is the one in which the NH group is collinear witha
lone pair of the carbonyl oxygen (# = 120°), in agreement with
theoretical and experimental predictions.!1232-34 By contrast,
the minimum in the classical partitioned energy was found to
be a completely linear arrangement (6 = 180°) for all three
values of ron. (An “apparent dielectric constant” of 2 is as-
sumed by McGuire et al.3? Changing this constant to unity had
no effect on this result.) The minimum in the classical elec-
trostatic contribution to the total energy was also found at 8
= 180° whereas the minimum in the quantum mechanical
electrostatic energy32 was found at # ~ 135°, The empirical
formulation of Scheraga et al. therefore fails to reproduce the
angular features of the quantum mechanical interaction for
the formamide dimer.

In this study, the interaction energy between nonadjacent
peptide units was evaluated using an empirical function which
was fit to the quantum mechanical interaction energy between
two amide units. Because the number of possible geometries
is very large, we kept the number of atoms in the amide-amide
system to a minimum by using formamide as a model. It was
expected that the smaller formamide system will yield the es-
sential features of the interpeptide interaction energy surface.
Each formamide molecule was taken to be fully planar with
idealized bond angles and bond lengths. [All bond angles were
set equal to 120°, (CO) = 1.24 A r(CH) = 1.10 A, r(CN)
=1.32 A, r(NH) = 1.00 A.] The formamides were positioned
such that the CO group of one molecule (f;) could interact with
an NH group of the second (f3) (see Figure 2).

We take the carbonyl oxygen atom of f; as the origin of a
polar coordinate system. The polar axis is taken to be per-
pendicular to the plane of f; and the C=0 bond axis is the x
axis. The position of the hydrogen bonding proton of f; may
be described by the spherical polar coordinates (r, 81, ¢;) as
shown in Figure 2a. When the proton of f, lies along the di-
rection of either lone pair of an sp2-hybridized carbonyl oxygen
of f), the angles 8, and ¢, take the values of £60 and 90°, re-
spectively. Similarly, we define a second coordinate system
with the hydrogen bonding proton of f; as its origin (Figure
2b). The polar axis is perpendicular to the plane of f; and the
NH axis is taken as the x axis. The position of the carbonyl
oxygen of f; is then specified by the coordinates (r, 83, ¢2). A
linear hydrogen bond would thus be denoted by (83, ¢2) = (0,
90°). Note that r represents the internuclear distance between
the oxygen of f; and the hydrogen bonding proton of f; in both
coordinate systems. A sixth geometrical parameter is needed
to fix completely the relative position and orientation of the
two amide groups. In the case of a fully linear C=0..-H-N
arrangement (6) = 6, = 0°, ¢; = ¢, = 90°), this parameter
specifies the dihedral angle made by the two molecular planes
about the hydrogen bond axis. The energy was found to be
rather insensitive to these rotations in agreement with an ab
initio study.*! We therefore do not include this parameter in
our empirical hydrogen bond function.

The PRDDO method was used to compute the interaction
energy surface. The dominant effects for many configurations
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Figure 2. Spherical polar coordinate systems used to define the ge-
ometry of the hydrogen bond between two amide units.

were found to be steric repulsions between the two molecules.
Since we are interested primarily in the attractive part of the
total hydrogen bond interaction, it was convenient to subtract
this repulsion energy, €¢p, from the quantum mechanical in-
teraction to obtain an “adjusted hydrogen bond energy” epyp
to which the empirical function was fitted. (This repulsion
energy must, of course, be added back to obtain the full in-
teraction in the polypeptide.) The repulsion energy was iden-
tified with the sum of all positive pairwise energies between
atoms on different molecules (exclusive of the H--O pair in-
volved in the hydrogen bond) and calculated via Lennard-
Jones potentials.® The two pairs of atoms of the formamide
dimer that consistently yielded the greatest steric repulsions
(as indicated by Mulliken overlap populations) were the CH
and ON pairs of the C=0--H-N hydrogen bond. These
overlaps were found to be in poor correlation with the repulsion
energies calculated via the parameters of Scott and Scheraga.®
In addition, the locations of the minima of the adjusted hy-
drogen bond energies fluctuated erratically as » was varied.
Much better correlation was obtained between overlap popu-
lations and repulsion energies when the values of 7y, in Table
IV of ref 8 were altered to 2.50 and 3.15 A for the CH and NO
pairs, respectively. With these changes, the minima in the
angular part of the adjusted hydrogen bond energy were in-
dependent of r for 1.4 A < r < 2.4 A. The adjusted values of
the repulsive parameters were respectively 1.56 X 10% and 1.78
X 103 for the CH and NO pairs while the attractive parameters
were unchanged.
The functional form

enp = R(r) 01(r, 01, ¢1) ®1(r, ¢1) O2(r, 82) B2(r, ¢2) (2)

was used to fit the calculated adjusted hydrogen bond energies
€HB. Here,

A _Bigoy 3)

yiu rh

R(r)

was constructed by dividing r into three regions such that m
and #; are constant integers throughout a given range, /. The
parameters 4; and B; were chosen not only to reproduce the
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Figure 3. Comparison of the radial dependence of quantum mechanical
results (circles) and the empirical function (solid curve) for the coplanar
formamide dimer. ¢, = ¢, = 90°, 8, = 0°, f; = 60°.

data but also to ensure continuity of both R(r) and dR/dr at
the boundaries between the three regions. The values of each
of these constants are given in Table I.

To obtain the angular part of eq 2, we used the fact that
minima occur in the adjusted hydrogen bond energy at ¢; =
/2,2 = 7/2,and #> = 0 regardless of the values of » and 6.
The functions ®,, ®,, and O, were therefore taken as

Ak
ok (r)
where vy refers to the angular parameters defined in Table II.
(Here, angles are in units of degrees and distances in A.) Note
that ®,(r, ¢1) and ®,(r, ¢2) are symmetric about ¢, = 90° and
¢ = 90°, respectively; that is, these functions take identical
values for ¢,,, = 90° £ 4. This symmetry is a consequence of
the planar conformation of the amide groups.

Both lone pairs on the carbonyl oxygen are available for
hydrogen bonding. The function 6,(r, 8, ¢1) was thus found
to have the characteristic shape of a double-well potential. The
minima, 6,9, occur at positive and negative values of 8,. We
express O conveniently in the form

Delroyi)=1- vl (k=1,2,3) 4)

) 90
I = au(r, ¢1) sin? [51‘5(910 - 91)] 0, < 6,°

0)(r,0),¢1)=
1= as(r, p1)(61 — 6,0)3/2 6,2 6)°
(5)
where
— gin4 - -
0,0 = {60[1 sin*(1.291)] @) <75 ©)
0 6 > 75
is a function of ¢; = |¢1 — 90].
The functions a4 and a5 are expressed by
_ [0.15[60 — ¢1] exp(—=2.3r) ¢ < 60°
alr. 1) [o 3> 600
d1\34 71
as(r, 1) = 3.9 X 10-5] 1 + <26> [r=1.1]-!

Equations 5-7 are applicable for positive values of 8;. The
expressions for negative values of f; are similar but slightly
more complicated, as follows:

To - T] Sil’l2 [02_06(010 - 01)] 01 > 0|0
1

= 6, <6,°
N 0100 =V 1 — (61 - 6,92 =0

(®)

Journal of the American Chemical Society | 100:24 | November 22, 1978

Table I. Parameters Used to Evaluate R(r)

A keal B, kcal
range, mol™! mol~!
/ A my n Ami -
1 14<r=<16 5 3 187.2 1219
2 16<r<20 13 3 1608 63.37
3 20<r 13 5 17 818 316.8
Table II. Parameters Used in Equation 4
k Yk ag X 105 ay(r) by
1 e —90] 70 1+ [(r—-1.4)/0.6]98 22
2 ¢2—90] 16.7 r=11 2.0
6 (62 = 0) 3560 1.8
3 ’ exp(2.3r)
-8, (8, < 0) 254 2.5
where
3271
as(1) = 5 X 10-4[1 + (%‘) ] (9)
092+ 133X 1073, ¢; < 60°
T0={ 9 33X107%9)  ¢1 =60 (10)
1 $1 > 60°
—0.08 + 1.33 X 10739,
T, = + 0.15[60 — ¢)] exp(=2.3r) ¢, <60° (11)
0 &) = 60°
—45 $) <30
6,0 = %5.—90 30 < ¢ <60 (12)
0 &1 > 60

If the value of any angular functions in eq 2 becomes negative,
the hydrogen bond energy for that interaction is set equal to
0. Equations 2-12 are applicable only for » > 1.4 A. In all cases
where r < 1.4 A, eyp was also set equal to 0. The resulting
discontinuity in the potential had no effect in every confor-
mation considered below because large nuclear repulsions are
found to dominate all terms in which there was present a value
of r <14A4A.

The correlation between the quantum mechanical interac-
tion energies (circles) and the values obtained via the empirical
function (solid curve) is exhibited in Figures 3-5. The radial
function is shown in Figure 3 to be in excellent agreement with
the calculated adjusted hydrogen bond energies. The relative
orientation of the two amides corresponds to a linear hydrogen
bond positioned along a lone pair of the carbonyl oxygen. The
absolute minimum in the empirical potential eyp occurs at r
= 1.6 A, for which ey = —11.9 kcal mol~!. The adjusted in-
teraction energies are shown as a function of 8; for three values
of r in Figure 4a. For each value of r, two minima are found
at about —45 and 60°, reflecting the hydrogen bonding to each
of the two lone pairs of the carbonyl oxygen. The dependence
of the positions of the minima on the value of ¢) may be seen
in Figure 4b. A decrease of ¢, below 90° corresponds to a
rotation of formamide f5 up out of the amide plane of f) (Figure
2). This rotation removes the NH group of f, from the plane
in which lie the two lone pairs of the carbonyl oxygen. A de-
crease in ¢; consequently results in a shift in the positions of
the minima toward smaller values of #;. The agreement be-
tween quantum mechanical and empirical energies is quite
good for ¢) = 45° with an exception occurring for large neg-
ative values of 8). The empirical potential predicts accurately
the shapes of the curves as well as the positions of the minima
for all values of ¢. The correlation is shown as a function of
¢1 in Figure 5a. The minima are found to occur at ¢; = 90°,
i.e., when the two molecules are coplanar. Several of these
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Figure 4. Interaction energies as a function of 8,. Curves represent em-
pirical values and points (circles, squares, etc.) indicate quantum me-
chanical results. (a) ¢1 = ¢2 =90°, 8> =0°. (b) r = 1.7 A, ¢ = 90°, 6>
= 0°.

curves, particularly those for small values of r, are shaped
rather irregularly since the ¢, dependence is distributed be-
tween O, and ®, (see eq 5-12). The empirical potential
nonetheless reproduces the quantum mechanical results rather
well. The interaction energy as a function of ¢» is shown in
Figure 5b. The empirical potential, which is a quadratic
function of ¢», once again comes quite close to the quantum
mechanical one. The 0, function is not shown but these results
are also in good agreement. The minimum in the 6, potential
occurs at f, = 0° regardless of the values of the other param-
eters, and is asymmetric about this point owing to the absence
of a plane of symmetry perpendicular to the plane of the
formamide molecule.

Although most of these curves were obtained by maintaining
several geometrical parameters at their optimum values and
varying one other, the results are essentially the same when the
parameters are varied simultaneously. The empirical potential
was found to agree with calculated quantum mechanical in-
teraction energies within 1 kcal mol~! in the great majority of
the configurations examined. Considerably greater accuracy
was found in those conformations likely to be of importance
in a polypeptide structure.

The energy, E, of a given conformation of polyglycine is
therefore computed by our procedure using the equation

E=FE.+ Eus+ E.ep

=Y Y eyt X gt E X ey (13)
i j=itl i j>it+l i j>it+l

The values of ¢ and ¥ for each pair of adjacent residues are

used to obtain a value of e;q; from the conformational map of

Figure 1. The adjacent energy E g4 is equal to the sum of ¢,g;
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Figure 5. Quantum mechanical and empirical interaction energies as a
function of (a) ¢1. 6 = 60°, 8, = 0°, ¢ = 90°. (b) ¢2. ¢, = 90°, 8, = 60°,
(92 =0°.
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Figure 6. n-Mer of glycine. Geometries were obtained as described in the
caption to Figure 1.

for all such adjacent pairs. The relative orientation of each pair
of nonadjacent units is then calculated in terms of the geo-
metrical parameters defined in Figure 2. The values of these
parameters are substituted into eq 2 to obtain the adjusted
hydrogen bond energy, eyp, of that pair. The total hydrogen
bond energy, Eyg, is calculated as the sum of eyp over all
nonadjacent pairs. Finally, the total repulsion energy, E ¢, is
computed as the sum of all positive interaction energies be-
tween pairs of atoms on nonadjacent units using the Len-
nard-Jones potentials of Scott and Scheraga® modified as
described above. (The interactions between the carbonyl O of
one peptide unit and the amide H of the other are excluded.
The repulsion energy between adjacent units is included im-
plicitly in the value obtained for Eg;.)

II1. Results

Our procedure was tested first on the small n-mers (3 £ n
< 6) of glycine shown in Figure 6. The total energies of «, 3,
m, and 27 helices as well as parallel (P) and antiparallel (AP)
chain pleated sheet structures were calculated relative to the
fully extended conformation for each value of n. These energies
were then compared to those obtained by quantum mechanical
(PRDDO) calculations on the same molecules. The maximum
difference and the average deviation between the partitioned
and PRDDO energies were found to be 1.0 and 0.3 kecal mol~!
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Figure 7. Conformational map of the total hydrogen bond energy, Eup
(kcal mol~! residue™), for the 20-mer of glycine. | Eyg) < | for regions
not included in this map. e.g.. ¢ < —120°. Eyg was computed at 10° in-
crements of ¢ and ¥ except near minima (+ sign) where a finer grid was
used.

residue™!, respectively. Typical results are given in Table 111
for the hexamer.

The method was applied next to polymers of glycine con-
taining 20 peptide units, representative of the longer chains
found in globular proteins. Energies for regular helical con-
formations of the 20-mer were determined as a function of the
dihedral angles ¢ and ¥ (Figure 6). A conformational energy
map of the total hydrogen bond energy, E g, is presented in
Figure 7. (Since a center of symmetry must occur at (¢, ¥) =
(0°, 0°) in conformational maps of polyglycine, only half-
contours are shown.) Significant attractive interaction between
nonadjacent residues is found when —120° < (¢, ¥) <0° (and
the symmetric region). The majority of proposed helices have
been predicted to occur in these regions.*2

Let us take (0°, 0°) as a starting point and proceed along
the path ¥ = ¢ toward the arrowhead. As we proceed, the helix
is seen to reorganize itself as different peptide units come into
proximity. The number of repeating units per turn of helix, m,
takes the value 2 at (0°, 0°) and increases along the path. At
(—35°, —35°) the deepest minimum is encountered in which
m ~ 3 and there exists a strong hydrogen bond between peptide
units separated by one other unit (the 1-3 bond of the 3¢
helix). The next minimum occurs at {(—50°, —60°) where m
~ 3.6 and the 1-4 bond characteristic of the o helix is present.
The hydrogen bond energy of the latter conformation is cal-
culated to be slightly smaller than that of the first minimum.
Proceeding further along the path brings us to a region in which
the helices are of very low pitch. Consequently, no minimum
is found with a stabilizing 1-5 bond because the appropriate
residues are in extremely close proximity when they are suit-
ably positioned for hydrogen bonding. The third minimum at
(=70°, =70°) is a result, instead, of interactions between
residues on alternate turns of the helix (1-10 and 1-9 inter-
actions). (The presence of the intervening turn of the helix
would, of course, prevent any such hydrogen bond formation,
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Figure 8. Total energy £ = Eaqj + Enyp + Erep 0f 20-mer of glycine. All
energies are in units of kcal mol~! residue~! and relative to the fully ex-
tended structure (—180°, —180°). Contours greater than 4 are not
shown.

!
-120°

Table III. Energies of Hexamers Relative to the Fully Extended
Structure

E, kcal mol~! residue™!

configuration (¢, ¥) partitioned PRDDO
« (—48°, =57°)¢ -0.7 0.0
310 (—49°, —16°)¢ -0.6 -0.4
T (—45°, =70°)¢ 8.0 8.0
27 (=75°,70°)¢ -0.1 -0.3
Pe (—119°,113°) 5.1 5.2
AP4 (—142°,145°)b 2.9 3.0

a Reference 42. ¢ Reference 3. ¢ Parallel chain pleated sheet.
4 Antiparallel chain pleated sheet.

which is eliminated in our algorithm when nuclear repulsions
are added.) As we continue along the path the pitch of the helix
begins to increase again as we switch from right- to left-handed
helices. The fourth and final minimum is encountered at
(—90°, —90°) in which m ~ =5 and corresponds to a weak 1-6
(and weaker 1-5) hydrogen bond. The depths of the four mi-
nima are seen to become progressively smaller as we proceed
along the path from beginning to end.

The total energy E of the 20-mer of polyglycine, shown in
Figure 8, is obtained by adding the “adjacent energy” to Eys
+ Ecp. Three minima are obtained, the deepest occurring at
(—48°, —57°), which is the configuration expected for an «
helix.#2 Lying close to this minimum but separated from it by
an energy ridge is a second minimum at (—45°, —35°), which
is close to the position expected for a 310 helix.4? A third and
rather shallow minimum of 0.4 kcal mol~! residue~! is found
in the region of the 2 helix or ribbon structure at (=70°,
+60°). This minimum is due solely to interactions between
adjacent peptide units as can be seen from the fact that it is
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virtually unchanged in the dipeptide conformational map
(Figure 1).

IV. Comparison with Other Theoretical Results and
Experiment

Several schemes have been formulated that partition the
total energy of a polypeptide into physically significant
sources.’-20 To analyze the results obtained with our procedure
we use the method of Scheraga et al.'# in which contributions
are identified with electrostatic, nonbonded, hydrogen bond,
and torsional energy terms. A partial charge is assigned to each
atom and the sum of all pairwise electrostatic interactions is
obtained via Coulomb’s law including an “effective dielectric
constant’ (assigned the value of 2 by Scheraga et al.). The
nonbonded energy is similarly computed as the sum of pairwise
interactions between atoms. A Lennard-Jones 6-12 potential
is used with a different set of parameters for each pair of atoms.
The hydrogen bond energy is calculated for each pair of atoms
capable of forming hydrogen bonds, i.e., amide H and carbonyl
O in polyglycine. Scheraga’s “general hydrogen bond” po-
tential is a 10-12 type function of the internuclear distance.
All torsional energy terms for rotations about the ¢ and ¥ di-
hedral angles are assumed equal to zero.'* The conformational
energy map shown in Figure 9 was obtained when this treat-
ment was applied to the 20-mer of polyglycine. The deepest
minimum, 1.5 kcal mol~! residue~! more stable than the FE
conformation, occurs in the « helical region at (—52°, —52°).
Secondary minima are found at (—95°, —85°) and (—85°,
+80°).

Crystalline polyglycine is known to exist in two different
fornis.#3 Polyglycine I contains a good deal of 3 sheet structure
while three strands are wound around each other to form a
triple helix in polyglycine II. The system that we have exam-
ined in this study, however, is an isolated single strand of
polyglycine. There is no possibility in this structure of inter-
chain hydrogen bonding, which is a necessary ingredient of
both the 8 sheet and the triple helix. It is therefore not sur-
prising that neither of the configurations of polyglycine I nor
I1 is found at an energy minimum in our calculations.

Structures such as the a helix, on the other hand, are sta-
bilized by hydrogen bonding between residues on the same
chain. Both our procedure and that of Scheraga et al.!* predict
the o helix to be the most stable conformation for a single
strand of polyglycine. The replacement of the hydrogen of
glycine with the side chains of many of the amino acid residues
would not be expected to drastically alter this result. For ex-
ample, Scott and Scheraga® have found the  helical structure
to be most stable for poly-L-alanine as well. The « helix has
been observed in the X-ray crystallographic structures of nu-
merous globular proteins and is by far the most commonly
observed helical formation. The minimum energy conforma-
tion predicted by our method coincides with the classical «
helical structure,*? while that found by Scheraga’s procedure
lies several degrees away and is somewhat less stable than is
ours. The dominant feature of our « helical structure is a nearly
linear 1-4 hydrogen bond of length 1.84 A. The geometry of
E{w H bond in Scheraga’s « helix is similar with a length of 1.90

Another type of helix with intrachain hydrogen bonding is
the 30 helix.*2 The 1-3 bond found in our 3¢ helix is of length
1.66 A and is strained somewhat by a value of |¢; — 7/2| =
43°. Short segments of the 319 helix have been observed on
occasion in globular proteins,! 1844 although its occurrence is
much less frequent than that of the « helix. This fact is re-
flected by the greater stability of the « helix (0.9 kcal mol~!
residue™!) in our calculations. The 315 helix is found by the
procedure of Scheraga et al.!* to lie in a region of very high
energy. The 3¢ structure (— 49°, —26°) is calculated to be
12.5 kecal mol™! residue™! higher in energy than the o helix
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Figure 9. Conformational map of 20-mer of polyglycine obtained using
the procedure of Scheraga et al. Energies (kcal mol~' residue™!) are shown
relative to the FE structure. Contours of energy greater than 2 are not
shown.

(—48°, —=57°). An analysis reveals that the major portion of
this energy difference (90%) stems from the calculated inter-
actions between adjacent peptide units. By contrast, quantum
mechanical calculations3#23.25.29 show a much smaller dif-
ference in energy between the two conformations. At the di-
peptide level, the 3o conformation is found to be higher in
energy than the o structure by only 0.8-1.8 kcal/mol (de-
pending on the standard geometry used for the glycine residue)
by the PRDDO method*?® while the former structure is
computed to be lower in energy by 1.9 kcal/mol by the ab initio
molecular fragment approach.? Similar results are obtained
at the pentamer level, where Scheraga finds the 3,4 structure
less stable than the & conformation by 47 kcal/mol. The mo-
lecular fragment and PRDDO techniques predict the 3¢
conformation to be more stable by 14.2 and 1.2-5.8 kcal/mol,
respectively. We see that Scheraga’s classical partitioning
method yields a significantly different stability for the 3,4 helix
than either quantum mechanical results or our partitioning
procedure.

The second most stable minimum found by Scheraga’s
method occurs instead at (—=95°, —85°) and is calculated to
be 0.4 kcal mol~! residue™! higher in energy than the absolute
minimum. However, very few residues within globular proteins
have been found in this region of configuration space nor have
there been found any helices with such parameters.2® Fur-
thermore, the shortest hydrogen bond found in this structure
(a 1-6 interaction) is 2.67 A and is therefore of very limited
strength. The presence of this minimum thus appears to be an
artifact of the classical partitioning procedure.

The third minimum found by both methods is in the region
of the 25 ribbon structure. Although observed for dipeptides,
this configuration is uncommon in proteins.2® The minimum
found by our method at (—=70°, +60°) is 2.9 kcal mol~! resi-
due~! less stable than our & helical global minimum. This
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Table IV, Partial Charges

atom CNDO/2 STO-3G“ PRDDO?
C 0.450 0.317 0.220
O —0.384 —0.298 —0.240
H 0.176 0.226 0.250
N —0.344 -0.374 —0.310
Co —0.008 —0.018 —0.190
H« 0.055 0.079 0.140

@ From Mulliken population analysis of central portion of N-
formylglycylamide in fully extended conformation. ? Calculated
charge from hexaglycine averaged over several conformations.

minimum is found by Scheraga’s method at (—85°, +80°) and
is only 1.0 kcal mol~! residue™' higher in energy than the «
helix. The two procedures find nearly identical differences in
energy between the 2; and FE structures.

Analysis of the individual components of the classical energy
partitioning scheme reveals that nonbonded interactions are
principally responsible for the appearance of the three minima.
Both the shape and position of the « helical minimum are de-
termined mostly by minimizing internuclear repulsions. A
contour map of repulsion energy*> only shows this minimum
virtually unchanged from that of Figure 9 except that it is 1.9
kcal mol~! residue™! higher than the FE structure. No other
minima are present. Addition of the dispersion energy*® lowers
the nonbonded energy of the o helix relative to that of the FE
structure. A second minimum at (—=95°, —85°) is present in
the conformational map of nonbonded energy as the absolute
minimum, which is 1.5 kcal mol~! residue™! more stable than
the o helix. The 27 minimum is present in this map also. Con-
tributions from the electrostatic and hydrogen bond energies
stabilize preferentially the o helix to yield the map of total
energy shown in Figure 9.

Since the classical partitioning method relies to a great ex-
tent on empirical parameters of a rather arbitrary nature, we
have investigated the sensitivity of the results to different as-
signments of these parameters. The partial atomic charges used
in computing the electrostatic energy are assigned by Scheraga
et al. via CNDO/2 calculations. As alternatives, we have
reassigned these charges using both the STO-3G* and
PRDDO techniques (Table IV). The maps obtained using all
choices of charges were quite similar to Figure 9 yielding ap-
proximately the same three minima. The relative order of
stability of the minima was identical for all three charge as-
signments and the positions and shapes of the minima were
similar to those in Figure 9. As the charges were varied from
CNDO/2 to STO-3G to PRDDO, the magnitudes of the
energies of the three minima relative to the FE structure all
decreased uniformly. The energies calculated for the PRDDO
charges were ~65% those for CNDO/2 charges.

Scott and Scheraga® have found approximately the same
three minima as those described above in a study of decaglycine
using a different form of the hydrogen bond function, idealized
partial atomic charges, and nonzero torsional energy terms.
The classical partitioning schemes thus lead to the following
general results. The absolute minimum is in the « helical re-
gion. A second minimum which is nearly equal in energy to the
a helix occurs at about (—100°, —80°), This structure has not
been observed experimentally and is presumably an artifact.
The 27 ribbon structure, which is quite uncommon in proteins,
is calculated to lie within 0.7-1.0 kcal mol~! residue™! of the
a helix. By contrast, our method predicts two principal minima,
the « and 3¢ helices, both of which have been observed. The
ribbon structure is calculated to be considerably less stable than
either principal minimum.

V. Discussion
The method outlined in this paper is based on a partitioning
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of the total energy of a polypeptide into contributions from
interactions between pairs of residues. Unlike classical parti-
tioning procedures, little attempt is made here to subdivide
further these total interaction energies into their various
physical components. The required partitioning of the inter-
action energy between nonadjacent residues into the two
components of attractive hydrogen bonding and repulsions is
an arbitrary ong dependent on the particular choice of non-
bonded potentials. The potentials used do appear to be con-
sistent with quantum mechanical resutts and allow the at-
tractive hydrogen bonding energy to be cast in a convenient
form. Regardless of the choice of nonbonded potentials, the
true quantum mechanical interaction energy is obtained when
the two components are added together as in the calculation
of the total energy of the polypeptide. The quantum mechan-
ical interaction energy between amide units contains electro-
static contributions as well as the stabilization energy which
arises from the direct interaction of the amide proton with a
lone pair orbital of the carbonyl oxygen. The “hydrogen bond
energy’”’, Eysg, as formulated by our procedure, thus includes
implicitly both of these contributions (as well as parts of those
nonbonded components which are inadequately described by
the Lennard-Jones potentials used). Similarly, torsional angle
twisting terms as well as electrostatic, nonbonded, and other
classical contributions are included in the “adjacent energy”
term E,gq;.

Dispersion energy, on the other hand, is not accounted for
by self-consistent field calculations unless one goes beyond the
Hartree-Fock level to include electron correlation. The non-
bonded potentials used by most classical partitioning treat-
ments do, on the other hand, include dispersion terms. Since
this is very difficult to do in any ab initio treatment, we have
investigated the effects of dispersion forces on our results by
resorting to the procedure of Scheraga et al.!443 We find that
the map represented in Figure 8 would be essentially unaf-
fected. The stabilities of all three minima would be slightly
increased as would the differences in energy between them. No
additional minima would result. As described above, the
minimum observed at about (—95°, —85°) via Scheraga’s
procedure is due principally to dispersion terms. These terms,
when introduced into our formalism, are not of large enough
magnitude to produce such a minimum.

Our considerations so far have been concerned only with
enthalpy and have neglected the important role which entropy
may play in determining preferred conformations. Whereas
our results indicate that the o helical configuration is favored
by considerations of enthalpy, polyglycine has not in fact been
observed in such a structure in either the solid state or solu-
tion.#” In addition, the presence of a glycyl residue in an amino
acid sequence has been found to decrease the probability that
the sequence will adopt an « helical structure.*® The helix
breaking nature of the glycyl residue may be accounted for by
entropy considerations as follows.#® When the polypeptide
backbone takes on a helical structure, all residues, including
glycine, are restricted to a narrow range of conformations.
Randomization of the backbone configuration allows all
residues a wider range of conformations and increases the
entropy of the system. The glycyl residue, with its small side
chain, enjoys a particularly wide range of allowed conforma-
tions and hence suffers the largest loss in entropy when the
helix is formed. On this basis, our calculated low enthalpy of
the polyglycine o helix is consistent with the fact that no such
structure has been observed experimentally.

The calculations reported in this paper were performed
under several restrictions. First, all structures considered were
limited to regular helices. A relaxation of this requirement
would allow all angles ¢; and ¥, to be independent variables
and result in a large number of degrees of freedom. (There are
38 such angles in our 20-mer.) We cannot exclude the possi-
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bility that such an extension to all of configurational space
might lead to additional minima. For example, a sharp turn
near the middle of the chain, allowing hydrogen bonding be-
tween the two sections, could lead to an antiparallel pleated
sheet arrangement. The possibility of 8 sheet structure might
also be realized by the introduction into our calculations of
additional polypeptide chains in which interchain hydrogen
bonding could compete effectively with intrachain bonding of
the « helix. In addition, if the polypeptide chain occurs in an
aqueous environment, hydrogen bonding between the waters
and the peptide might also compete with peptide-peptide
binding since quantum mechanical studies find the two types
of bonds to be of comparable strength.50-32 Partially extended
conformations which allow a considerable degree of solvation
would consequently be stabilized relative to the more compact
helical structures.

Although we have applied the PRDDO method here, our
energy partitioning procedure is formulated such that any
quantum mechanical method may be substituted in its place.
Incorporation of an alternative method requires both the cal-
culation of a conformational map analogous to Figure 1 and
the formulation of a hydrogen bond potential similar to eq 2.
As an example of how different procedures can affect the re-
sults, we consider the 27 minimum of Figure 8. Since this
structure is stabilized, as we have seen, by the interactions
between adjacent residues, we concern ourselves with the
corresponding C; structure of the dipeptide. Infrared and
NMR studies have found evidence that both the C7 and fully
extended (or Cs) configurations of dipeptides are present in
dilute solutions of nonpolar solvents but various quantum
mechanical studies yield conflicting results on the relative
stabilities of the two structures.2? While the PCILO method
is in agreement with PRDDO, the ab initio STO-3G basis set
finds the Cs structure more stable.26 Thus if the dihedral en-
ergy were computed at the STO-3G level, the 2, ribbon
structure of Figure 8 would be found less stable than the FE
conformation, suggesting that the former structure is less likely
to be observed.

In order to see how the full conformational space of Figure
8 may be altered when another quantum mechanical method
is employed, one must consider the different amide-amide
hydrogen bond energies. The PRDDO procedure appears to
slightly overestimate this interaction energy while underesti-
mating the corresponding bond length in comparison to ab
initio procedures and experiment.32:32.53 (Further improve-
ments in the calculations to include a more flexible basis set
and correlation effects have been found to produce no signifi-
cant increase in the accuracy of the calculated interaction
energies.>3) The calculated stabilities of the two principal
minima of Figure 8, the & and 3,4 helices, are highly dependent
on hydrogen bonding interactions. On this basis, one might
expect the use of a higher quality quantum mechanical pro-
cedure to result in a relative destabilization of these two
structures. However, the change in adjacent energy must also
be taken into account and it is difficult to predict the effects
of this change. For example, the ab initio STO-3G and mo-
lecular fragment? methods yield higher adjacent energies of
both the & and 3¢ helices, relative to the FE structure, than
does PRDDO. By contrast, the PCILO procedure, which
employs limited configuration interaction, yields opposite re-
sults. The energy obtained by our procedure is an approxi-
mation to the total energy which would be obtained by a full
SCF calculation using a minimal Slater basis set. Just as these
same methods are frequently at variance for small molecules,
one must expect similar differences to occur for very large
systems.

The procedure described in this paper is strictly applicable
only to polyglycine. An extension of the method to include
amino acids other than glycyl residues would necessitate a
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conformational map for each additional residue. Such com-
putations are within the range of present quantum mechanical
procedures, and have, in fact, been performed previously for
most residues using PCILO.2® Nonglycyl residues such as
serine and lysine lead to hydrogen bonds of a type different
from the peptide-peptide bonds treated here. Each type of
hydrogen bond may be dealt with in the same fashion as the
amide-amide bond treated in this paper. The formulation of
empirical hydrogen bond functions via quantum mechanical
calculations on suitable model systems is feasible at the present
time. With these extensions, our formulation is quite general
and may be used to study large, complex proteins containing
several hundred residues. It would be very worthwhile to ex-
amine, for example, the folding of a protein in vitro or the
factors responsible for the packing observed in crystals.
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Abstract: The concerted 1,4-addition of methylene to cis-butadiene has been investigated by the semiempirical MINDO/3
method. The orbital symmetry allowed reaction is impeded by repulsion between the orbital o (of the methylene) and the sub-
frontier MO 7| (of the diene). An energy barrier of 28 kcal/mol is obtained. Trajectories requiring less energy (by about 3
kcal/mol) can be traced from a two-dimensional plot of the computed energy for the concerted reaction path.

Although the addition of singlet carbenes to olefins has
been under active investigation for about 20 years,! very few
1,4-additions have been reported.2-'? Most of them turned out
to be two-step processes. Either the singlet carbene underwent
relaxation to the triplet state, or a ¢yclopropane adduct was
initially formed, and subsequently underwent a vinylcyclo-
propane rearrangement. Only in one case, the homo 1,4-ad-
dition of difluorocarbenes to norbornadiene, has a one-step
process been established.!*

On the basis of an orbital correlation diagram the reaction
is symmetry allowed (Figure 1). Transfer of electron density
can occur from (a) the HOMO r, to the empty p orbital of the
methylene (type I interaction) and (b) the o orbital (of the
methylene) into the LUMO =3* (type Il interaction). In this
respect the carbene can act as an electrophilic (w3 — p) and
nucleophilic (¢ — m3*) species toward the diene.!?

Results and Discussion

In order to deepen the understanding of the mechanism of
the concerted 1,4-addition we have performed a theoretical
study on this reaction employing the semiempirical MINDO/3
method.!® All calculated geometries were optimized for a single
Slatelr determinant wave function with the gradient proce-
dure.!®

As a model reaction the approach of methylene in its energy
lowest ¢2 statel62-20 to cis-butadiene was investigated.

The selection of the reaction coordinate is shown in Figure
2. For the computation of the pathway directing the 1,4 adduct,
C, symmetry had to be imposed (8 = 90°). All other param-
eters were optimized.

The calculated energy path as a function of the reaction
coordinates R is plotted in Figure 3. A sizable energy barrier
of 28 kcal/mol is predicted for the reaction path. This is in
contrast to the findings on the 1,2-addition of methylene to
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ethylene, where no activation energy is required for the pro-
cess.1®

In view of the fact that the 1,4-addition of singlet methylene
to cis-butadiene has been classified as a concerted process
(Figure 1)?! the magnitude of the energy barrier seems to be
unexpectedly high?? (compared with the corresponding sym-
metry-forbidden 1,2-addition).

A first analysis which helps to explain this anomaly is pro-
vided by an inspection of the energy hypersurface. In Figure
4 the reaction path obtained from the complete energy opti-
mization is summarized in a series of snapshots, the methylene
approaching the butadiene unit.

With decreasing values of R the methylene tends to avoid
the ¢ approach (R < 2.7 A). When R is further reduced a
sudden change in the geometry of the butadiene unit takes
place. The methylene groups at C) and C,4 in butadiene start
to rotate (disrotatory). At this point of the reaction path the
overlap of the # MOs of the diene with the orbitals of the
methylene is maximized. Hence the concerted 1,4-addition
occurs in two crucial different stages.

The effect which counterparts the ¢ approach with maxi-
mum overlap involves repulsion between the electrons in the
o orbital of the methylene and the subfrontier?3 #; MO of the
butadiene (Figure 1).

Since these orbitals possess like symmetry they will interact.
The o orbital will be raised in energy more as the m; MO is
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