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A Derivation of the Shapes and Energies of the
Molecular Orbitals of 1,3-Dipoles. Geometry
Optimizations of These Species by MINDO/2 and
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Abstract; The energies and shapes of the frontier molecular orbitals of 1,3-dipoles determine the reactivities and regioselectivi-
ties of these species. The reasons that the frontier molecular orbitals of 1,3- -dipoles have the shapes and energies they do are de-
duced here by qualitative perturbation theory. MINDO/2 and MINDO/3 calculations on all the parent 1 3-dipoles have been
performed with geometries optimized by the procedure of Mclver and Komornicki for MINDO/2 and by the procedure of
Dewar for MINDO/3. The geometrical trends observed for the nitrilium betaines deviate significantly from those commorly
assumed, but fit experimental data for HCN O, and ab initio STO-3G calculations on these systems. The resulting Koopmans’
theorem ionization potentials and electron affinities from MINDO/Z are in close agreement with our earlier empirical esti-
mates, and indicate the suitability of MINDO/2 for calculation of 1omzat1on potentlals and elcctron affinities of these sys-

tems.

The rates and regioselectivities of reactions of 1,3-dipoles
with alkenes and alkynes have been studied experimentally for
many years,? but a theoretical framework for the under-
standing of these reactions was developed only recently.3-6 In

spite of the simplicity of the frontier molecular orbital treat-
ment of these reactions, the understanding of why the method
works is truly attainable only after it is understood why the
frontier molecular orbitals of 1,3-dipoles and dipolarophiles
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Figure 1, Perturbation analysis of the conversion of the = system of azide
ion to that of nitrous oxide.

have the shapes and energies that result from quantum me-
chanical calculations on these systems. In this paper we show
how the frontier molecular orbitals of the dipoles can be built
up from the fragments using perturbation theory. The relative
influence of inductive and conjugative effects is evaluated using
MINDQO/2 calculations with successive deletion of various
matrix elements.

Geometry optimizations by MINDO/2 and MINDO/3 for
the parent dipoles show slight deviations from planarity for
several dipoles, Nitrile ylides are, however, predicted to be
highly bent, and the bent form of nitrile imines is comparable
in stability to the planar form. The reasons for the bending are
discussed and the geometries are compared with the ab initio
STO-3G calculations we have reported elsewhere.

Although it is known that calculations neglecting differential
overlap exhibit some deficiencies in treatment of molecules
containing lone pairs on adjacent atoms, MINDO/2 calcula-
tions yield surprisingly good ionization potentials and electron
affinities without further empirical correction. Not surpris-
ingly, the geometries obtained by MINDO/3 are somewhat
better, but the IP’s and EA’s are worse than those obtained by
MINDO/2.

Qualitative Derivations of the Shapes of 1,3-Dipole
Molecular Orbitals

The common 1,3-dipoles, X-Y-Z, have a 4r-¢lectron sys-
tem, isoelectronic with the allyl anion system. One procedure
for deriving the shapes of the three m orbitals which result from
mixing of three basis 2p orbitals is to begin with the familiar
allyl orbitals and to consider, by perturbation methods,' the
effects of altering the electronegativity (or basis orbital energy)
of one or several of the component atoms and altering the
resonance integrals due to bond length changes and the type
of atoms involved.

For example, Figure 1 shows the formal conversion of one
w system of the azide ion to that of nitrous oxide. The familiar
w orbitals of a symmetric three orbital array are shown at the
left. Substitution of oxygen for one nitrogen atom terminus will
result in a first-order lowering of the energy of all the 7 orbitals
and the removal of orthogonality between the various = or-
bitals. As a result, mixing of the various orbitals will occur to
give the final nitrous oxide orbitals. That is, each of the azide
orbitals, ¥, ¥, and ¥3, will be perturbed by mixing with the
others to give a new set of orbitals, ¥/, For example,

v’ =N + 2,Cdl

HCaN N=EN H2C=NH H2C=O CH2 NH (o}
T754 _ - -
-0 - 77 78.63 83 o,
2 0 9 1
O. C-N c'g C-0
ce 0% Q¢
.5 — 10
0
63 78 . O
77 00 * X O
_ _ .64 C-N
10 9_9 oy .o ¢ 5
[ ] . 71 71 'H"‘ 9 O + .
+ 00 'y +
Y '
4
+
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Figure 2. = MO energies of the 1,3-dipole fragments.

where ¢’ is the perturbed orbital arising from mixture of ¥,
and Y3 with ¢, NV is the normalization factor, and the C’s are
mixing coefficients which can be obtained from standard
second-order perturbation theory.'®'! To calculate the extent
of mixing of ¥, into ¥,

Cy= SALNZ
€ — €
where h is the perturbation, which, in this case, is the increase
in electronegativity of a terminal atom. This perturbation
causes the numerator of the expression given above to have a
negative sign, as long as the coefficients at the site of pertur-
bation (one N terminus) are taken to be of the same sign in ;
and ;. When ¢ is less than ¢;, C;; will be positive. In general,
a lower energy orbital will mix in higher energy orbitals “in
phase’ at the site of perturbation, and higher energy orbitals
will mix in lower energy orbitals “‘out-of-phase” at the site of
the perturbation.
In the case under consideration, the MINDO/2 orbitals of
nitrous oxide (reported later) can be shown to be the following
linear combination of azide orbitals:

U1’ = 0.99¢, + 0.05¢5 + 0.05¢3
¥y’ = 0.98¢, — 0.06y + 0.16y3
¥y’ = 0.98¢; — 0.16y> — 0.03¢,

While this method can rationalize shapes and energies of
1,3-dipole molecular orbitals, an alternative, more readily
applied, and considerably more revealing method consists of
the formal union of the = systems of a diatomic fragment,
X-Y, with the lone pair of a monatomic fragment, Z.

For the common parent 1,3-dipoles, the heavy atoms of the
XY fragments are CN, CO, OO, and NN. In the 1,3-dipoles
“with a double bond”, the molecules containing the appropriate
m systems are HCN, singlet O», and N3, while for the 1,3-
dipoles “without a double bond”, the appropriate model XY
molecules are H;CNH and H,CO. The appropriate Z frag-
ments in both types of molecules are singlet states of CH,, NH,
and O. The relative energies and shapes of the molecular or-
bitals of these fragments, obtained by MINDO/2, are shown
in Figure 2.

The formation of the ¢ bond between the XY and the 2
fragment formally involves an in-plane lone-pair orbital on
atom Y and a vacant orbital on the Z fragment. Through this
union, Y acquires a formal positive charge, increasing the ef-
fective electronegativity of this atom, while Z acquires a neg-
ative charge, decreasing its effective electronegativity. This
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Figure 3, Qualitative derivations of the r MO’s of a 1,3-dipole consisting
of electropositive XY and relatively electronegative Z fragments.

has the consequence of lowering the XY = orbital energies and
of raising the = orbital energy of Z.2 A further consequence
is the distortion of the = and 7* orbitals of the X-Y fragment
toward Y in 7 and toward X in #* as Y becomes more elec-
tronegative. This results from the type of mixing of the = and
a* orbitals discussed earlier. That is, the 7 orbital will mix in
some of the 7* “in-phase’ at the site of increased electroneg-
ativity, while 7* mixes in some of the = “out-of-phase” at this
site. The CN and CO fragments become more polarized and
the originally symmetrical NN and OO fragments acquire
polarization in this way.

Using the orbital energies in Figure 2, the shapes and
energies of # MO’s for planar arrangements of the dipoles can
be qualitatively derived. Both bond length and angle changes
occur upon union of the fragments, but the orbital shapes re-
main essentially those derivable by a direct union of isolated
fragments.

We consider two extremes. In Figure 3, we show the union
of a relatively electropositive XY (fragment (e.g., HCN) with
a relatively electronegative Z fragment (e.g., O). The filled and
vacant w orbitals of the XY fragment are designated “#” and
“w* respectively, while the 7 orbital of the Z fragment is
designated “n”. Upon ¢ formation between fragments, = and
7* will be stabilized and n will be destabilized due to the elec-
tronegativity changes outlined above. The consequences of
mixing of the m, #*, and n orbitals can be deduced by the usual
rules of orbital mixing:'®!! those orbitals closest in energy will
mix most; a given orbital will mix with a higher energy orbital
in a bonding fashion to produce a lower energy orbital, and in
an antibonding fashion to produce an orbital which is higher
in energy than either of the starting orbitals. In a treatment
of the union of a two orbital system (7 and 7*) with a single
orbital system (n), the final shape of the n orbital will be an
additive result of individual perturbations by the = and =*
orbitals.

The lowest = orbital (¥,) of the composite 1,3-dipole =
system is the = mixed in a bonding fashion with n, and the
LUMO of the 1,3-dipole is mainly the XY =* orbital, which
has mixed slightly with the n orbital of Z in an antibonding
fashion. The HOMO of XYZ is a mixture of all three orbitals
but, in this case, results mainly from the antibonding admixture
of the n orbital of Z with the close energy XY = orbital. This
admixture gives a much larger coefficient at Z than at X and
a node between Y an Z. These coefficient magnitudes result
both because ¢, has more “n’ than “7" character and because
the “r” orbital mixed in has a smaller coefficient at X than at
Y. The trends in coefficient sizes are moderated somewhat by
the in-phase admixture with the 7* orbital which has a larger
coefficient at X than at Y. The more the 7* orbital mixes with
n, the smaller the ratio of Z to X coefficients becomes. The
central Y coefficient also diminishes and eventually the node

ERREETS.

Figure 4, Qualitative derivations of the r MO’s of a ! 3-dipole consisting
of electronegative XY and relatively electropositive Z fragments.

may appear between X and Y, if #* admixture is sufficiently
large.

These trends are shown in Figure 4, where the Z fragment
has been made relatively electropositive with respect to the XY
fragment. In the LUMO, the X coefficient is still larger than
that at Z, but the difference is smaller than for Figure 3.
Similarly, the terminal coefficients in ¥, are more equal, and
the central coefficient has nearly vanished. These qualitative
diagrams explain the trends noted in our earlier calculations
on all of the parent 1,3-dipoles by CNDO/2 methods.? That
is, as one proceeds along any of the series from ylide to oxide,
the HOMO and LUMO energies decrease regularly. In all
species, the larger HOMO terminal coefficient is on Z (CHa,
NH, or O). From the constructions in Figures 3 and 4, this can
be seen to result from the fact that all the HOMO’s are more
like the Z lone pair fragment in composition. As the electro-
negativity of the Z fragment is increased from CH, to NH to
O, the difference in HOMO terminal coefficient magnitudes
increases, essentially a result of the increasing admixture of
n with a 7 orbital that has a small X coefficient and decreasing
admixture with a 7* orbital that has a large X coefficient.

The LUMO trends are also readily explained. As the Z
electronegativity increases, less admixture of the wxy* orbital
with the Z fragment occurs, and the orbital becomes more
purely wxy* in nature. In all cases, however, the LUMO of the
1,3-dipole is most properly identified with a wxv orbital of the
XY fragments.

The nucleophilicity of a molecule will increase as the energy
of the HOMO increases, while the nucleophilicity at a par-
ticular atom in the molecule will increase as the HOMO
coefficient at the atom increases. Since the HOMO energy
along a given XY Z series increases as Z changes from O to
NH to CH,, the gross nucleophilic reactivity of dipoles should
increase along this series. The differentation between the
nucleophilicities of the X and Z termini increases in the op-
posite order, however, That is, if X and Z are of similar elec-
tronegativity, the HOMO coefficient at Z makes Z only
slightly more nucleophilic than the X terminus. However, as
Z is made more electronegative, the Z coefficient in the
HOMO increases at the expense of the X coefficient. The
negative charges behave similarly; as the electronegativity of
Z increases, the extent of negative charge at Z increases at the
expense of that at X. Thus, in nitrile ylides, the nucleophilicities
of the two terminal carbons are expected to be nearly identical,
while in nitrile oxide, the oxygen is much more nucleophilic
than carbon even though a nitrile oxide is overall less nucleo-
philic than nitrile ylide. Although we do not wish to deal at
length with these trends at this time, it may be of interest to
note that the oxygen of nitrous oxide is a “hard” nucleophilic
site, while both carbons of nitrile ylides are “soft” nucleophilic
sites. Similar trends can be noted for the other 1,3-dipole se-
ries.
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The electrophilicity orders are more easily identified.
Changing the Z moiety from CH; to NH to O will result in
increase in electrophilicity of the 1,3-dipole, primarily at the
X terminus. That is, progressing along this series, the LUMO
energy drops, the LUMO coefficient at X increases, and the
positive charge at X decreases. All these effects work in har-
mony to increase electrophilicity, particularly at the X ter-
minus. The 1,3-dipole # MO’s calculated by CNDO/2,°
MINDO/2, and MINDO/3 (reported in the next section), or
ab initio techniques give remarkably detailed agreement with
the qualitative considerations given above. This depends on the
fact that our qualitative derivation started from the fragments
which more nearly retain their identities in the 1,3-dipoles. For
example, the N -N, bond length in dlazoalkanes and azides
(1.12 A) is only sllghtly longer than the NN bond length of
nitrogen (1.10 A). Another way of saying this is that the va-
lence-bond structures, X=Y+—Z:" or X=Y+t—Z:", are
somewhat closer to the electronic structures of the 1,3-dipoles
than the other all-octet valence-bond structures, : X =Y *=Z

I - -
HC=N NH HCEKJ%NH HCE;J-NH
1
77'8 .80 %0 ,66.6635
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Figure 7, MINDO/2 construction of the = orbitals of formonitrile
inmine.

or ;X —Y*=Z, However, the latter may gain in importance
as X and Z become more nearly equal in electronegativity,
resulting in remarkable geometry changes away from plan-
arity, as discussed below,

Computational Verifications of the Qualitative Derivations
of Orbital Shapes

The qualitative analysis presented in the previous section
is supported by the stepwise constructions of several of the
1,3-dipoles, using the MINDO/2 method, Figure 5 shows the
« orbital energies calculated for the nitrogen molecule and an
oxygen atom in a singlet state. This case is similar to the one
shown in Figure 3, As suggested in the preceding section, union
of N, with O, without allowing the =, interaction between the
central N 2p. and O 2p. orbitals,'? results in both a decrease
in energy of the nitrogen =« orbitals and the polarization dis-
cussed previously, In this calculation, the central N bears a
total charge of +0,08, and the terminal N and O atoms have
charges of —0.28 and —0.53, respectively. Thus, the = inter-
action involving the 2p, orbitals and the ¢ interaction has al-
ready allowed considerable transfer of charge from oxygen
onto the N fragment.

Upon including the matrix element for interaction of the 2p,
orbitals of the central N and the O atoms, the expected low-
ering of the 7 orbital to give the ¥ and increase of the «* or-
bital to give ¢35 occurs. The energy of y» is raised from that of
the n due to the greater mixing with = than with the =* orbital
of the N fragment. Conjugation further decreases the negative
charge on O and increases the negative charge on the terminal
nitrogen, In Figures 6-8, similar stepwise constructions of the
7 orbitals of planar or linear nitrilium betaines are shown. In
each of these calculations, the trends deduced in Figures 3 and
4 are verified. Union of the nitrile 7 orbitals and an excited
singlet methylene fragment (of a,%b,2 configuration; the
energies were estimated by carrying out a calculation of a
linear singlet) without = interaction (the z-z = matrix element
was deleted) gives the expected stabilization of the mcn and
m*cn orbitals and destabilization of the ncp, orbital. The =
orbitals have slightly increased polarization. Finally, including
the 7 interaction leads to orbital energy changes qualitatively
like those in Figure 4, Since we are using an SCF method,
reorganization of charge results in changes in diagonal matrix
elements, or effective electronegativities, of component atoms,
and orbital energy changes are not as simple as Figures 3 and
4 would indicate. Second, our previous analysis has neglected
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Figure 8. MINDO/2 construction of the = orbitals of formonitrile
oxide.

the second-order =, =* mixing which additionally alters the
shapes of Yy, ¥», and 3. Nevertheless, the frontier orbital
energy changes and shapes were predicted rather well by the
simplified analysis. The ncp, orbital is stabilized due to greater
interaction of this orbital with the m*cy orbital than with the
wen orbital. The change in position of the node in the HOMO
and the nearly identical terminal coefficients in the LUMO
are indicative of this substantial interaction.

Turning to the nitrile imine construction (Figure 7), the
qualitative trends expected when the wcn and n. fragments
are closer in energy are observed. The trend is further enforced
in the nitrile oxide (Figure 8). As the n-mwcw interaction be-
comes dominant, the central coefficient in the HOMO in-
creases, the ratio of magnitudes of the O to C coefficient in-
creases in the HOMO, and the LUMO becomes more purely
m*cN in nature.

MINDO/2 and MINDO/3 Optimized Geometries

The OPTMO program of Komornicki and Mclver, which
incorporates MINDQ/2 energy and gradient calculations,’
and the MINDO/3 program, which uses Dewar’s new param-
etrization and a similar (Davidon-Fletcher-Powell) gradient
technique for location of minima, were used to find the opti-
mum geometries of the simple 1,3-dipoles. The optimized
geometrical parameters of the dipoles obtained by both tech-
niques are shown in Table I. Although many of the dipoles have
planar or quasi-planar geometries, as is usually assumed, sig-
nificant deviations from planarity are found for the nitrilium
betaines and for azomethine and carbonyl ylides. The
geometries of these nonplanar dipoles are more clearly dis-
played in Figure 9.

As pointed out by Dewar and others,” MINDO and other
ZDO methods treat molecules with a lone pair on adjacent
atoms relatively poorly. The optimized geometries of the di-
poles however, compare very well with the available experi-
mental geometries given in Table I and with the ab initio
geometries of nitrilium betaines,'? which are given for com-
parison in Figure 9.

Nitrile ylide appears to be definitely bent with an HCN
angle of 114-116°. The stabilization over the optimized planar
form also shown in Figure 9 is calculated to be 12.9
(MINDQ/2) and 16.4 kcal/mol (MINDO/3). These figures
compare well with the 11.1 (4-31G) and 22.4 kcal/mol
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Figure 9, Geometrics of nonplanar 1,3-dipoles. Angles and bond lengths
(A) listed are (top to bottom): MINDO/2, MINDO/3, STO-3G.'?

(STO-3G) found in the ab initio optimization.®'8

Nitrile imine is also predicted to be bent with an HCN angle
ranging from 122° (MINDO/2) to 126° (MINDO/3). The
preference over the planar is, however, only slight: 2.2 kcal/mol
in MINDO/2, and 3.2 kcal/mol in MINDO/3. Ab initio
calculations also predict similar stabilities for the two forms,
the bent being favored by 2.2 kcal/mol at the STO-3G level
and the planar being favored by 3.9 kcal/mol at the 4-31G
level.'®

Nitrile oxide is nonlinear both in MINDO/2 and in
MINDO/ 3 optimizations. The linear form is 0.2 (MINDO/2)
and 0.11 kcal/mol (MINDO/3) more stable than the bent.
This compares astonishingly well with the available microwave
and far ir data on fulminic acid.'* The STO-3G geometrical
search failed to reproduce the experimental hump; the linear
geometry is favored both at the STO-3G and 4-31G lev-
els.!8

By contrast, diazonium betaines are substantially planar.
In the case of hydrazoic acid, both types of calculations give
a slight deviation from linearity for the NNN moiety with the
hydrogen bent out of the plane defined by the three nitro-
gens.

For the “allyl type” 1,3-dipoles, the drawings at the bottom
of Figure 9 define the type of nonplanarity observed. The angle
f given there and in Table [ is that angle between the plane of
the heavy atoms and the bond to hydrogen and is taken as
positive for hydrogens above the plane and negative for hy-
drogens below the plane. This angle is reproducible to within
+2°, depending on the starting geometry used in the optimi-
zation. The azomethine ylide and carbonyl ylide are nearly
planar in MINDO/2 but are significantly pyramidalized at
the CH; groups in MINDO/3. However, the energetic pref-
erence of MINDO/3 for the nonplanar form is only slight for
the azomethine ylide (2.6 kcal/mol) but is considerably larger
for the carbonyl ylide (17.2 kcal/mol). MINDO/3 has been
parametrized in such a way that water is bent and ammonia
is nonplanar (in contrast to MINDO/2) so that inversion
barriers are treated more realistically, and the calculated
nonplanarity in MINDO/3 is likely real.'®

Parenthetically, allyl anion is planar in MINDO/3, so a
trend of increasing nonplanarity is observed as one proceeds
along the isoelectronic series >C-H(-), >N-H, >O. Further
studies are in progress to determine the origin of this effect, as
well as to determine changes in geometries which may result
from taking configuration interaction into account. The latter
may be necessary since these molecules have appreciable di-
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Table I, MINDO/2 and (MINDO/3) Calculated and [Experimental] Geometries of 1,3-Dipoles?

H—C=N"'—Z"H)

Eret Z(H) PHC CN. 'NZ rzH (HCN  (CNZ (HCNZ (NZH (CNZH oh
0.0 CH, 1.20 1.27 1.28 1.19 114 173 180 120 88 184
(1.12) (1.22) (1.26) (1.11) (116) (174) (180) (123) (81) (194)
+12.9(164) CH, (planar) 1.15 1.27 1.31 1.118 180 180 (-) 118 (-) 180
(1.07) (1.17) (1.28) (1.10) (180) (180) (121) (180)
0.0 NH 1.18 1.24 1.08 1.12 122 169 154 124 109 190
(1.11) (1.20) (1.19) (1.05) (126) (167) (141) (115) (120) (200)
+2.2 (3.2) NH (planar) 1.16 1.20 1.10 1.11 152 176 (-) 123 (-) 180
(1.08) (1.17) (1.20) (1.04) (159) 177 (116) (180)
0.0 0 1.16 1.19 1.17 150 169 -)
(1.08) (1.15) (1.20) (159) 171
[1.06]2 [1.16]®2 [1.21]b [1611%2 [180]?
+0.2 (0.11) O (linear) 1.15 1.18 1.18 180 180
(1.07) (1.15) (1.20) (180) (180)
N=N'—Z"(H)
Z(H) NN 'N-Z rz-H LNNX (NZH gt
CH, 1.03 (1.11) [L.12]4 1.30(1.27) [1.32] ¢ 1.18 (1.10) [1.08]¢ 180 (180) [180] 118 (125) [117] 0 (0)
NH 1.01 (1.1D) [1.13]e 1.06 (1.19) [L.29] ¢ 1.11 (1.03) [0.98] ¢ 173 (168) [180]¢  132(119) [L14]e 14 (0) [0]
o 1.01 (1.09) [1.13)f 1.15 (1.20) [L.19]F 180 (180) [180]
1!{
H,C=N*-Z~(H)
Z(H) rHC rCN "NZ 'NH rzZH LHCNC¢ LCNZ LNZHc goi
CH, 1.19 1.34 1.34 1.13 1.19 1.19,119 (119, 128 (137) 119,119, (119,  0(1s,25,
(1.10) (1.31) (1.31) (1.05) (1.10) 119) 119) -15,
-25)
NH 1.19 1.32 1.14 1.14 1.13 119,121 (123, 118 (141) 0(0)
(1.10) (1.29) (1.24) (1.05) (1.05) 124)
0 1.19 1.32 1.22 1.15 124,119 (123, 126 (133) 0 (0)
(1.10) (1.27) (1.23) (1.06) 123)
H,C=0"-Z(H)
Z(H) rHce rco roz r7H LHCO¢ LCOZ LOZHb ec'i
CH, 1.20(1.10) 1.26(1.27) 126(1.27) 1.20(1.10) 123,123 (122, 174(146) 123,123 (122, 06,42, -6, -42)
115) 115)
NH 1.21 (1.11)  1.24(1.22)  1.22(1.30)  1.14 (1.06) 125,123 (127, 162 (144) 121 (115) 0 (0)
119)
0 121 (1.11)  1.24(1.23)  1.21 (1.30) 124,124 (129, 180 (126) 0 (0)
116)
Ozone
r00 LO00
1.20 (1.25) [1.278] 148 (126) [116.75] &

2Bond lengths in A; angles in deg. Experimental geometries are given in
J. Mol. Spectrosc., 51, 65 (1974). ¢ Inner hydrogen angle listed first. JA.

brackets. 3 B. P. Winnewisser, M. Winnewisser, and F. Winther,
P. Cox, L. F. Thomas, and J. Sheridan, Nature (London), 181, 1000

(1958).¢J. L. Griggs, J1., K. N. Rao, L. H. Jones,and R.M. Potter, J. Mol. Spectrosc., 25,34 (1968). M. Winnewisser and R. L.Cook,J. Chem.
Phys., 41,999 (1964). 8R. H. Hugles, z'bz'd.,_ 24,131 (1956). A ¢ = angle between N-Z bonds and 2 line (shown in Figure 9) formed by tle in-
tersection of the CNZ and tlie NZH planes. {8 = angle between CXZ plane and the XH bond (sliown for the bottom two drawings in Figure 9).

radical character.'® As can be seen from Figure 9, both the
carbonyl ylide and azomethine ylide are not only pyramidalized
at the methylene groups, but the terminal methylenes have
been rotated in a conrotatory fashion away from planarity (or,
alternatively, from the oxirane and aziridine geometrical
minima). This type of distortion is experimentally observed
in stabilized thiocarbonyl ylides and is exaggerated by
MINDOQO/3 calculations for these push-pull stabilized
species.'?

MINDOQY/3 is significantly better than MINDO/2 at re-
producing the experimental geometries known for some 1,3-
dipoles. The comparison with the STO-3G optimized nitrilium
betaine geometries of Figure 9 is also reasonable. A maximal
difference in bond lengths of about 0.1 A occurs at the CN of
the bent ylide and at the N-N and N-O bonds of the imine and
oxide. This is consistent with the expectation that MINDO
does not properly treat adjacent lone pair interactions.

Another noteworthy feature of the MINDO geometries is

the arrangement of substituents at the termini of the dipoles.
For the bent nitrilium ylide and imine, the CH, and NH bonds
bend “inside’’, whereas ab initio gives a small but definite
“outside” bending. Similarly in the planar imine, the HCN
bending accompanying the dominating NNH bending occurs
inside; ab initio calculations again give a preference for the
outside bending of HCN. The same trends are found in the
other dipoles and, somewhat magnified, in the azomethine and
carbonyl ylides.

The preference for HCN bending with decreasing electro-
negativity of the Z terminus can be qualitatively understood
in valence bond (VB) terminology. Where Z is more electro-
negative than X, the charge and the HOMO density localized
at the Z terminus so that the VB structure, X=Y*+—Z7",
represents the electronic structure of the dipole fairly well. The
formal negative charge at Z can be stabilized by bending at
Z, which mixes in s character. The planar nitrile imine shows
the expected bending at N;. When Z is of comparable elec-
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Table II. A Comparison of the Measured or Estimated IP’s and EA’s of 1,3-Dipoles and the Negatives of MINDO/2 and MINDO/3

HOMO and LUMO Energies (ineV)

MINDO/2 MINDO/3 MINDO/2 MINDO/3

Dipole 1P¢ — ¢(HOMO) — ¢(HOMO) EA — «(LUMO) — ¢«(LUMO)
HCNCH; 7.7 8.58 8.30 -0.9 —0.42 —1.38
HCNNH 9.2 9.32 8.59 —0.1 —0.18 —-1.27
HCNO 10.8% 10.34 10.22 0.5 0.30 —0.99
NNCH, 9.0 9.06 7.99 -1.8 -0.20 —1.58
NNNH 10.7¢ 10.62 8.86 —0.1 0.07 —-1.74
NNO 12.9 12.27 11.12 1.1 0.69 —1.51
H,CN(H)CH: 6.9 7.31 7.50 -1.4 —0.26 —1.20
H,CN(H)NH 8.6 8.52 7.92 —0.3 —0.20 —1.55
H,CN(H)O 9.7 9.67 9.77 0.5 0.48 —1.05
H,COCH, 7.1 7.50 7.72 —0.4 —0.21 —0.41
H,CONH 8.6 8.75 7.81 0.2 0.21 —0.97
H,COO 10.3 9.67 9.67 0.9 0.47 —0.34
000 13.5 12.75 11.28 2.2 1.41 1.00

¢ 1talic values are experimental photoelectron spectroscopic values. See ref 5. # J. Bastide and J. P. Maier, Chem. Phys. (Utrecht), 12,177
(1976). < T. H. Lee, R. J. Colton, M. G. White, and J. W. Rabalais, J. Am. Chem. Soc., 97, 4845 (1975).

tronegativity to X, the X"=Y*=2Z structure increases in
stability relative to the other structure. Bending at the X center
causes stabilization because of the increase of s character
(hybridization) in the orbital bearing negative charge. Two
C=N double bonds are formally retained in the bent geome-
try. Bending at the Z center also causes stabilization of the lone
pair, but here a triple bond is retained.

The sacrifice in allyl resonance appears to be largely com-
pensated for by the stabilization due to hybridization. More-
over, the larger stability of the two cumulated = bonds in
X~=Y*=2Z in comparison with the less stable alkyne-like
combination of 7 bonds in X"=Y*—Z appears to be a dis-
criminating factor as far as the site of bending is concerned.

A clearer rationalization can be given in orbital terms. Thus,
the planar ylide has a very high-lying HOMO which is sub-
stantially stabilized upon bending by mixing with vacant ¢*
orbitals. An orbital mainly o*cy in character is low lying and
will overlap well with the HOMO upon bending. Along the
series from ylide to oxide the HOMO decreases in energy and
becomes more localized at the heteroatom Z, so that bending
results in less mixing with the o* orbitals.'” Less bending is
found in the series of allyl dipoles, probably as a result of the
fact that the needed o* orbitals are higher in energy in these
cases.

Orbital Energies

In our earlier work, ionization potentials (IP’s) and electron
affinities (EA’s) for parent 1,3-dipoles were estimated.® These
were obtained from experimental measures in some cases, or
were estimated indirectly from other spectroscopic data or
calculations. More recently, we have measured photoelectron
spectra of a number of nitrones and nitrile oxides.® One of the
strengths of MINDO methods is the reasonable estimation,
using Koopmans’ theorem, without correction factors, of IP’s
and EA’s. As shown in Table II, there is good agreement be-
tween the negatives of MINDO/2 orbital energies and the
ionization potentials and electron affinities estimated earlier.
Curiously, MINDO/3, which gives better geometries than
MINDO/2, gives poorer IP and EA estimates, particularly
for the diazonium betaines for which experimental IP’s are
available. The EA’s in MINDO/3 are uniformly more negative
(usually by about 1 eV) than those in MINDOQ/2,

For the most part, the eigenvectors, 7, and total charges are
similar to those reported earlier by CNDO/2 method.’ Rather
than tabulate these here, we will make these available to in-
terested readers upon request. However, since the eigenvectors

H—C=N—Cc==,
-8 +25 .3 H -a2 +52 - 49

| 88 a —_ i A :
1.39 76 -47 26 9 147 73 -59  -15
'ﬁ\"—a'-—‘g 59 -47 41 -3 ;23
-28 S8 64
716 M
- 37
-8 30 o
63 -77
24
pd 59
-10.60
@ i . % 10 84
52 6 T30 5, 08
55 50 -39 -38

Figure 10, MINDO/ 3 frontier molecular orbital energies and coefficients
for fully optimized and planar-optimized nitrile ylide (numbers below
drawings are gross atomic charges).

for bent nitrilium betaines were not reported in our previous
paper, we give those for nitrile ylide in Figure 10.

The coefficients of the bent form shown in Figure 10 illus-
trate the significantly large changes in the FMO’s accompa-
nying bending. In the bent ylide (and also the imine), the X
carbon becomes the nucleophile center whereas Z is now the
electrophilic end of the dipole. The availability of a large
coefficient at C on a vacant 7* orbital can explain the recently
discovered carbene-like additions of nitrile ylides, imines, and
oxides, as discussed earlier.!? In the oxide the change in elec-
trophilicity characteristics is relatively small and not enough
to change our previous conclusions.*

Conclusions

The present work shows that the geometries of 1,3-dipoles
are significant in determining the types of reactivities these
species exhibit. The perturbation treatment reveals the origin
of the shapes of the 1,3-dipole MO’s and makes a qualitative
prediction of substituent effects on frontier orbital energies and
coefficients possible.

Both MINDO/2 and MINDO/3 reproduce trends in
1,3-dipole geometries reported earlier by ab initio techniques.'?
While MINDO/2 seems to give more reliable IP’s and EA’s,
MINDO/3 gives significantly better geometries. Thus, these
semiempirical methods, which are generally suspect for mol-
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ecules containing adjacent atoms with lone pairs, turn out to
give some reasonably accurate predictions.
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Abstract: Some fundamental aspects of sigmatropic shifts are discussed with the help of INDO calculations and perturbation
theory. In cyclic systems the degeneracy of the highest occupied molecular orbital is lifted in the transition state. A suprafacial
H shift is determined by a combination of the 1s orbital of the migrating hydrogen with the symmetric MO’s of the system and
an antarafacial shift by a combination with the antisymmetric MO’s. The used perturbation model offers the possibility to rec-
oncile somewhat the concepts of “allowed” and “forbidden”. Formally forbidden reactions which, however, have been found
experimentally can be explained with this model. Many “forbidden” reactions are in fact “allowed”, but they proceed with a
higher activation enthalpy. Some transition state geometries have been calculated and the occurring charge transfer is ex-

plained in terms of aromaticity.

In 1965 Woodward and Hoffmann postulated their con-
cept of orbital symmetry rules governing pericyclic reactions.'
In the particular case of sigmatropic reactions, the transition
state is thought to be determined by the migrating group and
the HOMO or LUMO of the radical-like species left behind,
after splitting off the migrating group in thermal and photo-
chemical rearrangements, respectively. In principle, the
symmetry properties of the HOMO or LUMO were considered
for acyclic polyenes. The major part of the experimental work
reported in the last ten years is in agreement with the predic-
tions.

Curiously enough, this applied also to a host of cyclic sys-
tems. Whereas the description of acyclic systems is relatively
straightforward, cyclic systems have, so far, defied a truly
general explanation. The major problem has been the fact that
in these systems all but the lowest molecular orbitals are doubly
degenerate in the transition state. In 1968 Anastassiou tried
to work out the degeneracy problem in C,H,+; monocycles.?
It was postulated that the presence of the migrating group will
disturb the symmetry of the radical, thereby lifting the de-
generacy. It was then concluded that the migrating group will
combine with the “genuine” HOMO again.

In our opinion, however, the real perturbation is formed by
a hydrogen nucleus in the transition state in contrast with
Anastassiou’s approach in which the perturbation was applied
to the reactant. This leads to an entirely different result (see
also next section).

There are no compelling reasons to confine the discussion
to the HOMO, as already suggested by Berson? and, in a more
elaborate way, by Anh? and Fukui,® who worked out the ap-
plication of perturbation theory to pericyclic rearrangements.
The implications of this method have, so far, not been discussed
in detail for sigmatropic rearrangements. In general, the no-
menclature and selection rules derived for acyclic systems are
used without modifications for cyclic polyenes as well.

Here we wish to present evidence that simple perturbation
theory allows one to predict several aspects of [1,/] rear-
rangements in simple systems in a relatively simple fashion.
The results are substantiated by INDO calculations. Before
specific examples are discussed, it should be realized that a
migrating hydrogen, involved in a suprafacial shift, will have
to interact with symmetric molecular orbitals, On the other
hand, in antarafacial rearrangements the interaction neces-
sarily originates from combination with asymmetric orbitals.
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