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Abstracst—The

semiompirical MINDO/3 method has been used to study sigmatropic (1,3] shifts in propene, (1.5
shifts in pestadicac and [1,7] shifts in beptatrions, occurring ia the suprafacial and antarsfacial

way.

Hydroges,
fSuorine end methy! (with retestion or inversion of cosfiguration) were taken as the shifting gowps. For the [1,3]
shifts some STO-3G and 4-31G calculations have also boea performed. Good correspoadence has boca obtained

with the

prodictions of the Woodward-Hoffmana theory. The activation caergy for the allowed

tucoo.:ut-ﬂkullnollo'etthathem!«mt«%mmﬂoleMMmu

iaversion-type mechamism.

The stereochemistry of sigmatropic shift reactions in
unsaturated hydrocarbon systems can be predicted in a
qualitative way using the principle of Conservation of
Orbital Symmetry.? The reactions can occur in two dis-
tinct stereochemical modes: in a suprafacial way, when
the migrating group remains on the same side of the
plane of the w-electron system (at left), or in an
antarafacial way, when the shifting group moves to the

other side of the plane (at right).

A sigmatropic shift of an sp’-hybridized group like CH,
can occur with either retention (at left) or inversion (at
right) of coefiguration of the tetragonal atom.

& &

It is imperative that all these reactions occur in an
uncstalysed concerted process in which the bond-break-
ing and bond-formation are taking place simuitaneously,
and not in a two-step pathway via an ionic or biradical
intermediate. Sevuﬂmvmonwmcm
bhave been published.>*

The transition state (TS) of a sigmatropic reaction can
be characterized by the presence of an element of sym-
metry. For a suprafacial TS this is the mirror plane
through the shifting group and the middle of the con-
jugated carbon chain, which is perpendicular to the chain
(C, symmetry). In an antarafacial TS a two-fold rota-
tional axis is present through the shifting group and the
centre of the carbon system (C. symmetry).

From the theory of Woodward and Hoffmann® the
following selection rules can be derived: the thermal
suprafacial (1,5) hydrogea shift reaction is allowed, while

tPresest address: Unilever Research Laboratory, Visardiages,
The Netherlaads.

the antarafacial shift is forbidden. The aflowed [1,3]
and (1,7] shifts occur in the antarafacial way. The
stereoselectivity of methyl shifts occusring with reten-
tion of configuration is similar to that of a hydrogen shift,
while the reactions with inversion of configuration show
mwwmdmm
of a negative overlap in the cyclic conjugated transition

planar mymmnmedmdtheshdm.mm
in a paraflel plane at a fixed distance from the
nlylftwnLNorwﬁonma'uhvebeenmpomd.
Aumih: has been used in INDO/CI calculations
the suprafacial methyl and chlorime [1,3) shifts in

lntheqmﬁutivemoddolWoodwddeoﬂmnn
lbom quantitative studies® ™ oaly the » orbitals
alkeue ystem are being taken into account. Usu-
the tambe(weenonlyoneorbiulofthe
mvmh » orbitals is being studied to
naeowlecﬁvnyohhetucnom.Somcmdc
.eonunal assumptions are being made about
suprafacial and antarafacial transition states or about
retention and inversion of coafiguration. No serious
atteation was given to the question how the shifting
group is bound to the terminal atoms in the TS. The
geometrical armangement at the terminal C atoms has not
boen considered. With one (ill-documented) exception,*-
only a ruther vague suggestion has been made oa the
possible occurrence of aatarafacial shifts in linear sys-
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tems. Usually a M3bius-type arrangement of the carbon
chain is suggested.

5

The theoretical work reported 30 far is not in line with
the wealth of experimental data available.

Computational model. In this study we have under-
taken a systematic quantitative mvestigation of sig-
matropic reactions in order to obtain a consistent picture
for a large series of [1,j] shifts. MO calculations bave
been performed for the hydrogen, methyl and fluorine
shifts in a series of hydrocarbon systems. The semiem-
wulMINDOBmhod“hnbeentmdmm

to locate a stationary point on the poteatnl
hypersurface. Some reviews have been given
the results obtained from the MINDO/3 method."""‘
Tbemuluobuinedfocthellmd!’shimin,pmpm
have been supported by performing STO-3G'* and 4

ab initio calculations using the GAUSSIAN
computer program.'’

Our purpose was to obtain uniformly consisteat quan-
titative results for the shifts of various substituents by
using the same calculational method including geometry
optimization throughout. The results of the calkculations
are used to test the adequacy of the qualitative model

thxhuheenpventoexphmthenaeoodecnvhyof

and ab initio methods. The reactions that have been
Medntheltleand?ﬁﬂsmﬁnwmmd

systems: {1,3] shifts in 3-substituted propene, [1,5] shifts
mwml}mmn.nm-:
7-substituted (Z,Z)-1,3,5-heptatrienc. Both suprafacial
and antarafacial reactions have been studied, and methyl
shifts occumning both with retention and inversion of
configuration on the shifting Me carbon atom have been
taken into account.

For all these reactions we have studied the ground
states and transition states on the potential energy
hymMm.AMoptﬁinﬂonmﬂymﬂy
leads to a stationary point on the surface, i.e. a point
where the gradient of the energy with respect to all the
coordinates equals zero. To decide upon the nature of
the stationary point it is necessary to evaluate the force
constants in this point.'* Whea all eigenvalues of the
force constant matrix are positive, the stationary point is
a local or giobal minimum. When there is just ooe
negative cigeavalue, we are dealing with a saddlepoint
on the surface represeating a transition state (TS). Whea
there are two or more negative ecigeavalues, we are
dealing with an energy maximum. In this study, however,
we have not evaluated the force constants.

The theory of Woodward and Hoffmann® deals with
reactions where orbital symmetry is preserved. For sig-
matropic reactions this implies the presence of a sym-
metry clement in the TS, either a mirror plane or a
twofold rotational axis. Then it is possible to locate such
uummuonthewmfwcfmmapomy
optminﬁon study within the appropriate symmetry
point group. The minimum within this symmetry sub-
space then is a transition state on the overall surface.'®
We have not determined explicitly if all the symmetric
minima found are genuine transition states by evaluating
the force constant matrix. When the reaction would take
phocommuymmmadofasym
stationary point, this would imply that stereoselectivity is
lost during the reaction. An asymmetric TS could even-
tually occur in the avoided (“forbidden') reaction.
Because we are studying the stereochemistry in the
reactions based oa the Woodward-Hoffmaan theory, we
nymmethcmtopmmdvnuymmwml
transition state.

It sometimes occurs that, in the search for a C; energy
minimum (for an antarafacial reaction), for instance, the
minimum structure is found to have in fact even C,,
symmetry. Starting the geometry optimization within the
C. subspace from this C,, structure then could lead to a
lower C, minimum (the TS for the suprafacial reaction).
When this feature is observed, we can conclude that
there is no genuine TS for the antarafacial reaction. The
C,v structure is a stationary point with more than one
negative eigenvalue of the force constant matrix, not a
transition state. This situation is found to exist for some
of the model reactions studied (vide infra).

In this investigation we have only studied the reactants
and products (ground states) and the symmetrical tran-
sition states. We have not performed any calculations on
the complete reaction paths. By the choice of the tran-
sition state model we have implicitly chosen the sub-
stituent which is the shifting group and we have not
made any direct comparison between the migratory apti-
tudes of two different geminal substituents.

Unless indicated otherwise, the following general
assumptions have been made in the geometry optimiza-
tion studies:

(a) For a suprafacial transition state C, symmetry was
assumed and for an antarafacial TSC; symmetry. No
atteation was paid to asymmetrical reaction paths for
forbidden reactions.

(b) Local C,, symmetry was assumed for a methyl
group in the TS of a reaction with inversion of
eodanmon.mdloalc.symurylonmwuh
retention of configuration. This corresponds to a “tri-
gonal-bipyramidal” or a “tetrahedral™ coofiguration,
respectively.

(c) Local C,. symmetry was assumed for sp-hybri-
dudCHyoupcmdlotCH,mmumdnme
molecules or in an sp” hybridization.

(d) Local C, symmetry was assumed for CH, groups
in the transition states of the alkene systems.

(¢) C-H bond lengths were set equal to 1.10A (1.08 A
in ab initio calculations). This assumption was based on
the results from geometry optimizatioas reported in the
Mterature.

It is expected that all the assumptioas concerning the
geometry of the hydrogen atoms only have a small effect
on the total heats of formatioa of the molecules studied.

The beats of formation and the energy differences
given in this work are always reported in kcal/mol, where
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1 keal/mol = 4,18400 x 10’ J/mol. Interatomic distances
are givea in A (1 A = 107" m), angles in degrees. Dihe-
dral angles are reported using the notation A-B-C-D for
the dibedral angle of atom A rotated clockwise around
the vector B—C out of the plane (B, C, D): the angle is zero
whea A aad D are at same side of B-C. Differeace charge
densities are corrected for the number of electrons in the
valence state of the free atom (a positive number indicates
a positively charged atom).

RESULTS AND DESCUSEION
Ground states of the alkene systems. For the MINDO/3
calculations on the ground states of linear alkeaes sub-
sﬁnnedvithamX-H.Mealeuveukenthe

phm:ﬂ-cucon!omanonoftheulbonc which
mbeuwmedtoformthemnnlconf tion for the
reaction. The C—X bood was umuedpet

parameters in heptatriene (taken from pentadiene) and §
parameters in the substituted heptatrienes (taken from
the parent heptatriene).

The C-C distances in the carbon chain have values of
about 1.350A for double bonds, 1.330 A for terminal
vinyl bonds and 1.460 A for C(sp’)-C(ap’)smdebondl
The values for the C(sp’)-CH,X boad lengths are 1.480,
1.465 and 1.500 A for X=H, F and Me, respectively, while
the C-X bond lengths are 1.517 & for X=Me and 1383 A

for X=F. A value of 111.3* is found for the F-C-C angle.
For the vinyl methylene group the H-C-C angle was
always found to be very close to 124°, the other sp’
bydmpnuommunmedwthewbuec
tor. All these data are in .godweemwuthDOIJ
results in the literature.'

As expected, the only notable deviation from standard
data is seen in the carbon skeleton angles as a direct
coasequence of the assumed planar all-cis confor-
mations. The angie of 131.9 in (3.0° larger than
the reported MINDO/3 value'®) increases to 136.8° in
1-butese upoa introduction of the sy Me group. The
average angle in the pentadiene systems equals 135.3°
and in the heptatriene molecules the average value is
137.0° for the two outer angles and 142.5° for the three
inner angles. The heptatriene angles are too large as a
result of the geometry assumptions. It is found that the
nndaml.}bexuﬁmemththehlemmme:yn
conformation are about 5° larger than in the per-
pendicular arrangement, leading to a rise in energy of
7.1kcal/mol. Similarly, the heat of formation of sya-I-
butene is 5.6 kcal/mol larger than the reported MINDO/3
value for the anti-isomer."”

These features are caused by the increased nonbonded
repulsions in the planar all-cis models. However, the
discrepancies are small compared (o the activation ener-
gies found for the sigmatropic reactions, as will be seen
below. One could argue that the carbon skeleton angles
in beptatriene could be reduced by allowing deviations
from planarity in the carboa chain. This would certainly
result in lower heats of formation; however, this exteasion
of the mode! has not been considered.

Transition state geometries. The most important
MINDO/3 geometry parameters for the transition states
are given in Tables 1-3, together with the numbering
system of the atoms. D, is a dummy atom on the bisector
of the H,-C,-H; angle. Geometry optimization was
complete (including the Me groups) within the C, or C,

'r-bu|.ummnmdumiﬁm“ufuwm]mmmxmmmmcum

Hy
H
) § Q’.l. ) 4
 § A | § 1  § A'
C'-C’ 2.%1 2.128 1.689 2.324 2,323 2.224
(:'-C2 1.409 1.403 1.473 1.452 1.410 1.408
X-Cl 1.714 1.376 1,715 1.687 1.464 1.493
c'-cz-c’ 130.8 2.6 70.0 106.4 110.8 104.4
Crl-c’ 9.7 101.2 7.9 9.0 105.0 9.4
X-C"C'-Cz 78.7 180 123.1 160.0 129.3 180
-C'-C2 172.4 158.9 143,83 143.2 158.7 163.2
Dl-CrCz-C’ 9.4 149.3 127.9 159.0 135.3 180.0
[ ¢ -3.6 -] -27.9 43.0 30.9 ]
. See text

» Statiomary poiat, see text

[
I, out of plane bemding sagle, ses taxt

TET Vel 35, Mo 3—H



W. A. M. Castumixz sad H. M. Bucx

Table 2. MINDOY3 goometry of tramsitioa states for sigmatropic [1,5] shifts of a growp X ia 1,3-poatadicas,

where X=H, CH,. P
0 X
H,
x .8 a4 y
s | b ol I 1 s A
€<, 2,525 2.618 | 2.462 2,896 [2.716 2.843 |2.758 2.686
€,~¢, 14103 1,452 [ 1,437 1,466 1,436 1,438 |10 1,408
¢, <y 1,402 1,397 | 1.398 1.398 | 1393 1.399 | 1,400 1.404
€,<,C, 1208 1230 |2 a2e08 [a22.6 12304 [a2e.s 12002
€,=CyC, 119.6 120.1 | 1186 1266 [ 123.8 122.8 |122.0 119.0
AR %2 o 8.0 16.9] 65 .
x<, 1.365 1,354 | 1,701 1,628 [1.605 1.639 [1.452 1.489
¢ -1, 138.4 150.5 | 92.7 1257 | nis.e 12003 |as.1 edls
»<,<, 147.0 123.6 | 132,2 134.9 [130.6 120.3 |158.0 151.3
3, C,Cy | 1386 100 1337 100 [162.8 1461 | 1452 1238
xcycc, [ 1002 100 1284 100 f1e0 10 [172.9 1m0

. Staticaary point, see taxt

Table 3. MINDO/3 geometry of tramsition states for sigmatropic [1,7] shifts of a growp X in 1,3.5-boptatricae,
MX'“'C").P

.l ca,. G’.A‘ y

s A x 1 3 1 s A
<, 1,432 1,409 | 1,459 1,451 [ 1,438 1,460 1,400 1.406
€, =<, 1,582 1,397 1,382 1,385 [ 1,391 1,379 ] 1,398 1.397
€y<, 1,406 1,403 | 1.406 1.408 [ 1,404 1.409 | 1,399 1.408
¢,<,<, 134.1 13%0.4 [132,0 132.8[130.8 136.5]134.2 130.6
€,y 136.2 132.7 | 137.4 137.0 [ 132.4 199.4 ] 13401 135.3
Cy=C4~Cs 192.6 132.1 | 133.6 137.2]120.7 13223109 1M.4
¢, <, | o 1.5 1.2 5.6 136 0 | 30 136
€;CyC, Sy | © 1.8 11,6 13.4] 140 o 16.6  13.0
x-c, 1,250 1,329 [ 1,611 1,649 | 1.682 1.618 ] 1.451 1.430
¢, 1<, 184,46 158.3 | 110.8 124.6 | 110.6 151.9 ] 144.6 163.3
D, =<, 145.3  145.3 | 12801 123.6 | 1269 129.5 | 1467 15207
h’l"l'cz'c) 180 13,5 {125.0 127.4 | 92.4 1800 |116.8 119.8
¢, €, 0 180 [16.6 1222|190 180 | 90.5 100
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symmetry. In the Tables and text, S and A denote
suprafacial and antanafacial shifts, R and | indicate
reteation and inversion of configuration, respectively.

A full geometry search of the potential energy surface
of pentadiene without any restrictions leads to a sta-
tionary point for the hydrogen A shift. A similar situation
is found for the Me S| shift in pentadiene and the
hydrogen S shift in heptatriene. The geometries bave
been included in the Tables for comparison. The im-
portant consequences will be discussed below. We have
also calculated the C,, symmetrical states for most sys-
tems, the data are omitted from the Tables.

For the transition states of the H and Me shifts in
pentadiene and heptatriene, it is found that the C-C
distances all have values typical for unsaturated systems.
The C,-C, distance is somewhat larger becuase of the
vicinity of the group X. The C~C, and C5-C, distances
in the heptatriene systems are almost equal indicating
complete delocalization of the » electrons. The hep-
tatriene dibedral angles are all found to be rather similar,
except those in the planar TS found for the Me A | shift
(vide infra). The angle D\-C(-C; can vary between 128°
(sp® hybridization on C,) and 180° (complete sp® hybri-

G
X

H G
o 'ﬂ‘

dization). For the hydrogen shifts an intermediate value
of about 146° is found, while for a methyl shift the CH,
group is almost fully sp* hybridized. The dihedral angle
D\-C-CrC, gives an indication for the extent of w-
orbital conjugation between C, and C,, its value varies
between 90 for maximal overfap and 180° for zero
overlap and complete sp® hybridization on C,. It is found
that for the predicted allowed transition states there
exists much more w-orbital conjugation than for the
forbidden TS. For the methyl S shift in heptatriene this
dibedral angle has a value of 126° for both R and I,
because the developing orbital on C, is directed towards
the Me carbon atom above the pltane (C,, C;, Ce. Co). The
X-C, distance is somewhat larger than a normal bonding
distance: 1.35A for X=H and 1.64 A for X=Me. The
MINDO/CI method predicts the H.-C, distance in pen-
tadiene to be 1.297 and 1.267A for the S and ATS,
respectively.* For Mel shifts the Me group is situated
much closer to the carbon chain as compared to R states,
leading to a larger overlap of its p orbital with the
terminal atoms. Simultaneously the distance between the
terminal atoms is found to be Iarger, resulting in
decreased nonbonded repulsions. For methyl R shifts the
p orbital is directed towards the middle between the
terminal atoms.

The hydrogen A shifts in propene can be characterized
by the small C,~Cx-C; angle of only 99°. The methylene
groups are situated in a position 30 as to give a rather
large overiap of the p-type orbital on C; with the shifting
hydrogen. Of course a genuine M3bius-type arrangement
cannot be reached in a propene system for steric
reasons. In the TS for the hydrogen S shift the H atom is
situated above the 3-carbon plane having an overiap with
C: as well. In the suprafacial TS in propese in H, out-of-
planc bending angle a has also been optimized: a is

positive when H, is on the same side of the plane as the
shifting group X. For the H S shift H, is situated slightly
below the plane: a = -3.6". It should be noted that the
inclusion of this parameter in the geometry optimization
is highly important. If a is assumed to be zero the energy
minimum found has a heat of formation of 25 kcal/mol
above the TS, even though the deviation in a is very
small. The C,H; fragment is almost planar. The H,-C,
distance of 1.714 A is notably larger than the value of

1.593 A found from the MINDO/CI method.*

For the Me shifts in propene no TS with a reasonably
adequate geometry is found. With inversion of
coafiguration the A state leads over a planar stationary
point to the S minimum. In the minimum, however, a is
found to be 43°, while the C,-X-C, angle is only 89"
Similarty, the Me R shift leads to a minimum resembling
a homocyclopropane system with a C,~C-C, angle of
oaly 70°. We conclude that no transition state can be
found, because the system collapses to some 4-mem-
bered puckered ring system which probably is found as a
stationary point only because we have assumed three H
atoms to remain bonded at C,. The geometries found are
included in Table | for comparison. This complication
was not encountered in eartier studies because of the
crude geometry models that have been used.*'®

Most geometry parameters for the F shift transition
states have values similar to those found for the H and
Me shifts. The average F-C, distance equals 1.45S A,
somewhat larger than the normal MINDO/3 bond length
of 13834%

The angle D,—C,~C; in the fluorine systems is notably
larger than in the hydrocarbon systems, the average
value is 153°. The TS for the H and F shifts in hep-
tatriene are almost equal. In the pentadiene STS the
F-Cs-C,-C; dihedral angle has a large value of 173°. In
the propene system the equivalent dihedral angle equals
129, notably differing from the values of 90° assumed by
Epiotis®®. or 106° found in INDO cakulations.”
However, in the heptatriene TS the value is 90°. In the
fuorine STS in propene the carbon skeleton angle is
rather small and a equals 31°. The A shift leads to a
stationary point, not a TS.
have been studied using the STO-3G and 4-31G ab initio
methods. The ground state of propene has also been
cakulated by Radom et a/.*’ The C-H distances found
have values of 1.081, 1.085 and 1.088 A, very close to the
vﬂmoll.mkmlm\edlhmmnthismtl’o:}
fluoropropene these propene ' have been
taken with a C-F distance of 1.36 A. This structure is in
vetygoodagumtwithlhecxpuimemﬂ&uforu\e
syn isomer.” The i arrangement has been
estimated to be 2.2 kcal/mol higher in energy than the
syn minimum from ab initio calculations.” An STO-3G
poometry optimization was carried out for the S and A
transition states of the hydrogen and fluorine {1,3) shifts
in propene by successive optimization of the geometry
parameters (8 for a suprafacial TS and 6 for an
antarafacial TS). The resulting geometries are given in
Table 4. The STO-3G parameters have been used as
input to perform one single 4-31G cakulation. For the
C-F distance in 3-fluoropropene the 4-31G optimum
value of 1.412A for McF was taken.> More extensive
ab initio calculations bave not been performed because
of the amount of computer time necessary.

The STO-3G geometry of the hydrogen STS in pro-
pene is found to be strikingly similar to the MINDO/3
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Table 4. STO-3G goometries for transition states of sigmatropic [1,3] shifts of a group X ia propess, where X=H, F
H . J
S A S A

C4-Cy 2.549 2.187 2.122 2.165

C4-Cy 1.421 1.418 1.397 1.468

x-C, 1.738 1.393 1.674 1.510

€4-C,-Cy 127.6 100.9 98.9 95.0

Cy-X-Cy 94.3 103.4 70.7 91.6

X-Cy-C,-C, 72.8 10 143.8 180

IJ‘-C‘-(Z2 169.1 147.7 159.5 158.6

D,-C,-C,-Cy 90.9 135.0 145.2 190

s -5.0 0 31.8 0

Hy-C,-D, $9.8 $5.2 s3.6% $3.2

Svalue taken from the MINDO/S goometry

5 out of plane bending sngle

result. The same resemblance is seen for the ATS, remmining carboo atoms. This probably is only a shallow
where oaly the D, angles have slightly differeat values. minimum. For the Me I shift in heptatriene we find equal
The fluorine A shift is assumed to proceed via a sta- energies for the S and A TS, the difference being oaly
tionary point as was found with MINDO/3. The 0.06 kcal/mol, but the geometries differ considerably
geometries from both methods are in fairly good because the A TS is planar, while the S system is bent in
agreement. Only for the fluorine STS some notable a boat-type conformation. Since the antarafacial TS is
discrepancies are seen. STO-3G calkculations predict a  the lower energy siate, it cannot be coasidered to be a
large F-C, distance of 1.674A and a dihedral angle ‘“‘stationary point”. Apparently, in the C, subspace there

Activation energies. The beats of formation cakculated
from the MINDO/3 method for the ground states (GS)
and TS for the sigmatropic reactions are given in Tabie S.
Values not corresponding to a genuine TS are given
between parentheses. From the geometry and energy
data we conclude that some of the transition states are
only very shallow minima on the potential energy sur-
face. For the Me A R shift in pentadiene, some dibedral
angles in the TS differ substantially from those in the
planar stationary point, but the beat of formation found
is only 0.5 kcal/mol lower. In the TS for the fluorine S
shift in pentadiene both the F atom and the Cy-H,
fragment deviate only litde from the plane of the

Tuble 5. MINDO/3 beats of formetion for sigmatropic

is a shallow maximum between the planar C,, geometry
and the suprafacial TS, which is a local energy minimum.

PmmthkaSmdhomtheathomm
the activation coergies for the shifts are
obtained. Results are collected in Table 6 for those
systems for which a real transition state has beea found.
The selective character of the reactions can be demon-
strated using the differences in activation energics for a
reaction occurring in the allowed and forbidden modes
predicted from qualitative theories. In Table 7 the
MINDO/3 energy differences are pven between the
transition states for the and antarafacial
modes, and between the TS of a methyl shift occusring
with retention and inversion of coafiguration. STO-3G
energy differences are included in Table 6.

From Table 6 it is concluded that MINDO/3 cal-
culations genenally predict high activation energies for

(1) shifts of the group X=H, CH,, F. Values betwees

pareatbeses do not correspond to & roal tramsition state, see text.

H F CHy,R CH,,I

Propene [1,3]

GS 7.3 | -40.1 6.6

T8 S 97.8 | -59.7 |(100.9) (12.4)

TS A 83.4 |(- S5.8) - -
Pentadiene [1,5]

GS 22.6 | -25.2 19.6

T8 § 70.7 | -12.6 | 102.9 (123.3)

‘18 A | (105.0) | -s1.6 | 123.8 115.5
Heptatriene [1,7]

GS 42.9 | - 5.0 40.4

TS S | (101.9) ] -38.4 | 130.2 129.1

TS A 68.5 | -15.3 | 1171 129.0
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Table 6. Activation esergics for sigmatropic [1,j] shifts

MINDO/3

H r Oig,k | Oy, I

S A ls Als A]|s A
Propens [1,3] [90.2 76.1]-19.6 - |- -1 -
Pentadiene [1,8][48.1 - | 12.6 -26.4]83.3 104.2] - 95.9
Heptatriene [ 1,7} - 25.6|-33.4 -10.3]89.8 76.7]s8.7 88.6
Ab initio
Propene B.S]

H P

s A 8(S-A) s A__ A(A-S)
S$TO-3G 159.0 134.8 24.2 112.9 129.2. 16.3
4-31C 120.1 112.4 7.7 94.6 138.6 44.0

Table 7. Differences in MINDO/3 activation energies between forbidden and alowed sigmatropic shifts

Suprafacisl and antarafacial shifts

H P CH,
R 1
Propene [1,3 141 - - -
Pentadiene 1,5] - 38.9 20.9 -
Heptatriene [1,7] - 23.0 13.1 -0.1

Methyl shifts with rotention and inversion of configuration

Pentadiene ﬁ,s]
Heptatriene

[.7) 1.

hydropn-ﬂmahyllhdu[m]!hhdummm
0ot reported to occur.” It has been found experimentally
that the activation energy for the [1,3] H shift in 2-
butese should be higher than 63 kcal/mol, which is the
activation energy for the obeserved cis-trans isomeriza-
tion.* The MINDOY/3 value of 90.2 kcal/mol thus may
coastitute an overestimate of maximaBy 27 kcal/mol. It
also is 41.0 kcal/mol higher than the result reported from
MINDO/CI cakulations.® The same method predicts the
activation energy for the hydrogen S shift in pentadiene
to be 19.8kcal/mol lower than the MINDO/3 result.
From the sparse results reported from MINDOJCI it is
not clear whether the A TS is a real transition state (as
stated by the authors) or a stationary point (if the
geometry would be planar), since insufficient geometry
data are available. The MINDO/CI beat of formation for
this antarafacial TS is 45.6kcal/mol lower than the
MINDO/3 result® Experimentally an activation energy
of 35.4kcal/mol is found for the hydrogen S shift in
pentadiene,’ while values of 31-36 kcal/mol are reported
for shifts in other open dicoe systems.™ The MINDO/3
result appareatly is about 13 kcal/mol too high. A low
activation energy of 26kcal/mol is found for the
antarafacial [1,7] H shift in bheptatriene, in agreement
with experimental values nranging from 15 to
26 kcal/mol.’

Resulting activation epergies for methy] shifts are all
higher than 75 kcal/mol. AKy! shifts in pentadiene and
beptatricoe systems are not reported 1o occur;™® either
fragmentation reactions or the much faster hydrogen

shifts are found to be favoured. This is in accordance
with the high activation energies calculated, which are of
the same order as the normal C-C bond energies of
80-85 kcal/mol.™ It should be noted that the geometry
optimization always leads to a bonding transition state.
No indication of a dissociative process has been
obnined.mlidihutsoflomﬁonfoundlmm
MINDO/3 could probably be related to the rather small
interatomic distances between C, and the shifting group
as predicted from this method.

For the F shifts the MINDO/3 method remarkably
predicts many transition states to have a lower energy
than the comresponding ground states. Clearly the
parameter set for F in the MINDO/3 program is
insufficient. In the set of molecules used to derive these
parameters some alkenes have been included with the F
atoax(s) substituted in @ position, not in B position.” In
mthetsmdyithsbeenmtiooedﬂnchnthc
plopemitx'lo be bicoordinated in MINDO/3 cal-
culations.® This is in full agreement with our findings,
which predict the transition states with bicoordinated F
to be more favourable than the ground states. However,
MINDO/3 results even more intriguingly predict the
three “forbidden” transition states to be much lower
than the “allowed” modes, the A shift in propene leading
10 a stationary point. This result will be discussed below.
The predicted activation energies for the H shifts in
propene from both ab initio methods are much higher
than the MINDO/3 values. Since no experimental data
are available (vide supra), we cannot say which of the
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three methods gives more reliable results. For the F
shifts also very high activation energies have been found
homthenbhlﬂomhods.ltsbmidbenotedthuthe

selectivity predictions from the semiempirical and ab
hﬂbwhobmnmdwmcdiﬂmn
activation energy all being of the same order. The ab
initio methods also predict the F [1,3) shift to occur in
the suprafacial mode.

For the H and Me shifts the MINDO/3 method always
correctly predicts the allowed modes to have the lower
activation encrgies as compared to the forbidden modes.
Those systems for which a stationary point has been
found (the A [1,5) H shift in pentadicoe, the Me S I shift
in peatadicoe and the S [1,7] H shift in beptatriene) are
all predicted to correspond to a forbidden reaction. The
shallow energy minimum found for the Me AR shift in
pentadiene also corresponds to a forbidden mode. The
Me shifts in propene are not considered here, since the
calculations lead to structures which cannot represent a
genuine TS for a sigmatropic shift, as has been noted
before.

For those H or Me shifts where two real transition
states can be compared. we see that the MINDO/3
energy differences determining the selectivity in Table 7
all fall in a remarkably narrow range of 8-21 kcal/mot.
All stationary poiats found are at least 8 kcal/mol higher
in energy than the TS of the correspoading allowed
reactions. Experimentally a lower limit of 8 kcal/mol has
been found for the difference between the S and A
hydrogen shifts in pentadienc.” The oaly anomaly in
Table 7 arises from the Me shift in heptatricse.
From the small eoergy differences found with respect to
this system no predictions can be made about the
stereochemistry. A clear explanation is not available.
Although the absolute activation energies found from
MINDO/3 are rather high, the method is quite successful
in the predictions on stereoselectivity. This might be due
to the cancelling of similar errors in the comparison of
two systems that have some resemblance to each other.
In both transition states that are to be compared the

W. A. M. Castenuiraz snd H. M. Buck
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Mthcnbaivnypndncﬁom
th!

group X: one bond being broken and the other
bondbang!otmed In the allowed reactions these bonds
will have more bmﬁuc&mathnntbefahdden
moduwhm bonds should be more anti-booding.

pmblblymuhmab‘berdectmndewtyon

DeDobbelmchndm:mwdtheeonoep(ofmmﬁ-
city for the TS of sigmatropic shifts in cyclic systems.®
The aromaticity model predicts the allowed TS in cyclo-
peuudieoetohvehdecmminacycﬁcconjupted

charged than in the forbidden modes. So the aromaticity
model does not apply to sigmatropic reactions in linear
alkene systems.

In Table 8 are also included the MINDO/3 orbital
occupancies for the 2p, orbital of the shifting fluorine
atom in the TS. Both lobes of this orbital are directed

ruc.mqmmaoﬁammmmxmmmmwmuwm
occupescies in the fuorine 2p, orbital. Values betweea parentheses do oot correspoad to a real trassition state

MINDO/3
Propene Pentadiene Heptatriene
H S 0.218 -0.008 €0.059)
A -0.028 (0.141) 0.000
C!ls,ll S - -0.008 0.251
A - 0.280 0.001
Cﬁs,l S - (0.326) 0.079
A - 0.058 0.291
P S -0.308 -0.336 -0.259
A (-0.378) -0.254 -0.353
9,2p, S 1.406 1.571 1.397
A (1.574) 1.412 1.689
Propene , ab initio
H P
S A GS 75,5 TS,A
STO-3G 0.217 0.100 -0.154  -0.143 (-0.047)
4-316 0.336 0.182 -0.455 - -~0.467 (-0.448)
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towards the » lobes of the terminal C atoms as indicated
below. The orbital is antisymmetric with respect to
the mirror planc and the twofold rotational axis of the
transition states. The 2p, orbital has a large overlap with
each of the terminal atoms. The charge in this orbital

§le g
(f/

clearly parallels the total charge on F. The orbital occu-
pancy of the F 23 orbital is about 1.98, while the 2p, and
2p, orbitals each contain about 1.9 electrons. Appareatly,
theZp,uWutheWyoMHOMOM
determines the bebaviour of a shifting fluorine atom,

lying in the x,z plane. methepumloverhppopu-
lations given in Table 9 it is also evident that the fluorine
2p, orbital leads to the most effective bonding in the TS
for the suprafacial shift in propene.

We conclude that the shift of a F atom proceeds
similar to that of a Me group with inversion of
configuration. The stereochemistry of a F shift is just
opposite to that of a H shift.

Mmechnumoowaomﬂylmbeenum(edm
thclnumm'"’""btnonly

orbitnltocontainaﬂmmelooernludmﬂonddiﬁonﬂ
stabilization of the allyl system.® He also finds an orbital
occupancy of about 1.96 in the F 2p, orbital, which
clearly indicates a lone pair. Apparently, his results have
been interpreted incorrectly.

From the MINDO/3 calculations it is shown unam-
biguously that all F sigmatropic shifts proceed with
“inversion of configuration”. Activation energies cal
culated from MINDO/3 and the STO-3G and 4-31G ab
initio methods clearly lead to this conclusion, which is

a p orbital is involved, ie. all atoms except H. Entirely
consistent with this view, the suprafacial (1,3) shifts of
alky” and silyt® groups are reported to occur with

“reteation” could be proposed, the “inversion”
mechanism should always be considered as a serious
alternative. When sufficient experimental data on activa-
tion energies for F shifts in a large series of molecules
should be available, it might be possible to derive a
definite conclusion about the reaction mechanism. From
a practical point of view it is not really important which
mechanism does apply for F.

It should be pointed out that in the calculations on Me
shifts the reaction mechanism was imposed by choosing
thepometryofthcuemwithinawuinloal
symmetry point group, thereby making it possible to
calculate the activation energy for both reactions. A
unihrpmcedureumpowblefotl’beamcdnyﬂhe
most favourable electronic configuration is obtained.
When a shifting C atom is substituted with other groups
than H, for instance Me or Ph, the inversion mechanism
ness of the shifting group. Moreover, the larger change in
hybridization also disfavours an inversion mechanism.
From Table 6 it can be concluded that the activation
energies for the allowed Me shifts with retention (83.3
and 76.7 kcal/mol in pentadiene and heptatriene, respec-
tively) are about 12 kcal/mo! lower than the values for
the corresponding allowed shifts with inversion (95.9 and
88.7 kcal/mol, respectively). Apparently, this effect
should be contributed to the unfavourable change in
hybridization on the shifting Me carbon atom.

From the total charge densities on the shifting F atom
in Table 8 no conclusions can be derived about the
selectivity of the reactions. Charge differences between
the S and A tramition states are only small. The
MINDOY3 charge on F is somewhat more positive in the
allowed transition states. All charges are similar to the
values in the ground state (the MINDO/3 method pre-
dicts a charge of ~0.347 for F in the ground states). Both
ab initio methods predict widely differing charges for F,
probably as a result of the quality of the basis set.

We have also studied the nature of the vanious Mole-
cular Orbitals in the transition state, especially the

Tabie 9. Partial overiap popuiations between the shifting group and the p, orbitals of the propene carboa atoms in
the traasition state; data from the STO-3G and 4-31G cakulations, respectively

Cy (2p,)

cz (sz)

0.0348
0.0248
-0.000s

| 4 (Ipy) S
F (pr) S

>

0.0414
0.029s 0 [
0.0020
0 -0.0039

0.2197 0.2167

0.0008
-0.0017

0.0035
-0.0082
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Highest Occupied MO's (HOMO's) which determine the
stereochemistry of the reactions. From the MINDO/3
results we see that the allowed transition states can be
chmtamdr ized by the schematic orbital pattern given in
ig I

’
(2
— N 8.’/

» @ » @® »
~

Fig. 1. Molecular orbital disgram for the trassitioa state of allowed
sigmatropic shifts in imoar alkenes. A and B deoote two types of
symmetyy with respect 10 the currest symmetry element.

AL left in the diagram the set of » orbitals of the
alkene system is indicated, with alternating symmetry
with respect to the crucial symmetry element. At right
the determining orbital of the shifting group is indicated,
which in an allowed mode has the same symmetry as the
(singly occupied) HOMO of the » system. The com-
bination of these two MO's produces two new MO's
which in all systems are found to be the second highest
occupied and the second lowest virtual MO of the resul-
ting system, as has been noted before by Su”® and de
Dobbetaere.™ This situation is found o exist in all the
allowed modes for both H, Me and F shifts in propene,
pentadiene and heptatriene. For fluorine the crucial orbi-
tal is seen to be the 2p, orbital, again indicating the
“inversion of configuration”. For the forbidden modes it
is not possible to present a general orbital pattern. In a
planar geometry the in-plane orbitals of the shifting
group do not combine with the = orbitals, while the
tamnnlCatouudonuwthemthcreonwm

In the S hydrogen shift in propene. the hydrogen
orbital combines with the lowest allyl » orbital. This

a more effective overiap between the two
combunuotbmh The diagram again shows that the F
20y can be more effective in determining the
hemistry of the reactions. All MO diagrams {rom
the ab initio cakulations are in good correspondence
with the MINDO/3 results.

From INDO calculations™ on the suprafacial [1,3] Q
shift in propene an MO diagram was derived similar to

H,

',s o T
” _— \\
I" \‘\
\,
QA — ¢ Sy —— Apy
. I’
. — ’
N ot
X ";’ — 8 Pus
s — <\
" i

W. A. M. Castmnmiez and H. M. Bucx

Fig. 2. In this case the interactions were studied between
a chioride anion and an allyl cation. No difference charge
densities were given for the imdividual chlorine AQ's.
These results should be considered with caution, since
no geometry optimization has been carried out.

CONCLUSIONS

The MINDO/3 method is found to be well suited to
study the stereoselectivity of sigmatropic reactions.
Making use of the a priori symmetry of the transition
states as predicted from the qualitative theory, the
geometry of the transition states can easily be deter-
mined. For all the allowed reactions a genuine TS is
found, but for some of the forbidden reactions only a
secondary stationary point with C», symmetry results.
The MINDO/3 results for propene are supported by the
results from ab initio calculations. Rather high activation
energies have been found from both methods. MINDO/3
activation energies for H shifts are somewhat higher than
the experimental values. The MINDO/3 method does not
give reliable results for F compounds. F shifts are found
to proceed via an inversion-type mechanism, because the
2p, orbital has a much more favourable overlap with the
terminal atoms of the alkene system. This result is not
influenced by the improvement of the basis set in the ab
initio calculations or by a better parametrization of the
MINDO/3 method. Our calkculations give a quantitative
support for the predictions of the Woodward-Hoflmann
theory. The activation energies for the forbidden reac-
tions are found to be 8-21 kcal/mol higher than the
values for the allowed reactions. Methyl shifts with
inversion of configuration require an extra activation of
12kcalimol as compared to shifts with retention of
configuration.
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