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predicted curves is that they depend almost entirely 
on the rate of helix propagation for the longer oligo- 
mers, when the temperature jumps are limited to  the 

Of helix nucleation. We expect that it will be possible 
to use this approach to measure the rate for 
Propagation and eventually to  work out the kirletics of 
a defined loop migration reaction (see Figure 2). 

The  studies of oligomers which are descrzbed here have been a 
collaborative effort between Drs. E. L. Elson, I .  E .  Schefler,  and 
myself ,  and the work is being carried forward by D r .  Elson at Cor- 
nell. I n  writing this summary I have made use of his current 

benefitted conszderably f rom discusszons with other scientists, in 
partzcular: Drs. B.  H .  Zimm, J .  A .  Schellman, D .  M .  Crothers, 
P.  J .  Flory, and M. T .  Record, J r .  I also thank Barry Nal l  for 
his comments on this Account. 

‘One> and are insensitive to the rate analyses and unpublzshed work. Whi l e  dozng this research, we 
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I n  1966’ we presented an approach to determine the 
forbiddenness or allowedness of organic reactions which 
is a suitable alternative to the thoroughly documented 
methods of Woodward and Hoffmanm2 The present 
Account summarizes the original approach and appli- 
cations presented in various subsequent publications 
and describes some further examples of interest. These 
include application of the concept not only to predic- 
tion of allowedness of reactions but also to description 
of some ground-state organic systems. 

The Concept 

One concept which has been of special value in 
organic chemistry is the Hucliel rule3 which says that, 
for ground-state molecules with a cyclic array of orbi- 
tals, 4N + 2 electrons lead to aromaticity and special 
stability deriving from the presence of a closed shell. 
Systems which have 4N electrons are said to  be anti- 
aromatic.4 This rule holds not only for cyclic polyenes 
but also for cyclic transition states. 

However, the 4N + 2 rule can be shown to apply 
only to cyclic systems composed of orbital arrays in 
which there are zero or an even number of sign inver- 
sions resulting from plus-minus overlaps. Ordinary 
cyclic polyenes and other cyclic ir systems such as 
cyclopropenyl, cyclobutadiene, cyclopentadienyl, ben- 
zene, cycloheptadienyl, etc., fit this requirement. 
These are conveniently termed Hucltel systems since 

(1) (a) H.  E. Zimmerman, J .  Amer. Chem. SOC., 88, 1564 (1966): 
(b) ibid. ,  88, 1566 (1966); (c) Science, 153,837 (1966). 

(2) (a) R .  B. Woodward and R. Hoffmann, J. Amer. Chem. SOC., 
87,395 (1965); (b) ibid., 87,2511 (1965); (c)  R. Hoffmann and R. B. 
Woodward, ib id . ,  87, 2046 (1965); (d) ibid. ,  87, 4389 (1965); (e) 
R. B. Woodward and R. Hoffmann, Accounts Chem. Res., 1 ,  17 (1968); 
(f)  Angew. Chem., Int. Ed. Engl., 8 ,  781 (1969). 

(3) E. Huckel, 2. Phys., 70, 204 (1931); 76, 628 (1932); 83, 632 
(1933). 

(4) R. Breslow, J. Brown, and J. J. Gajewski, J .  Amer. Chem. Soc., 
89, 4383 (1967). 

they fit the Huckel rule and have molecular orbital 
solutions of the normal Huckel type. 

However, many systems in organic chemistry consist 
of monocyclic arrays of orbitals in which there is one or, 
alternatively, an odd number (v ide  infra) of overlaps 
between adjacent orbitals of different sign. These 
molecules do not have a closed shell with 4N + 2 elec- 
trons but rather need 4N electrons for stability. With 
4N + 2 electrons they are antiaromatic.’ We have 
termed such molecular species Mobius because the 
molecular orbital situation is quite like that of Heil- 
bronner’s5 Mobius cyclic polyenes.’ 

Hence the first problem is to learn to recognize which 
orbital arrays are of the Huckel type and which are 
Mobius. Figure 1 depicts two unlikely but instructive 
arrays of arbitrarily chosen orbitals; l a  is a Huckel 
system while Ib is a Mobius one. Note that these 
arrays may consist of p orbitals, hydrogen 1s orbitals, 
carbon 2s orbitals, etc., and will roughly approximate 
situations where all are of the same type. 

I n  Figure 1 it should be clear that the orbitals shown 
are “basis set orbitals,” namely, the assortment of 
orbitals present prior to a molecular orbital calculation; 
such a set can be chosen with the orientations and 
assignment of sign selected for convenience. However 
the molecular orbital calculation results prove inde- 
pendent of the orientations selected. Any concern 
about adjacent plus-minus overlap as unfavorable is 
premature. Hence the categorization of a system as 
Huckel us. AIobius does not require an explicit AI0 cal- 
culation but is made from inspection of the basis orbitals 
available to the system. 

(5) (a) E. Heilbronner, Tetrahedron Lett., 1923 (1964). (b) This 
is equivalent to defining X as X = (a - E ) / @  = [E - a]/- p. (c) 
Note also that where parallel p orbitals with opposed signs are present, 
this counts as only one node although there are two sets of lobes: 
this is because a single node is the occurrence of two adjacent op- 
positely signed orbitals (not lobes) I Also, there is no node between 
lobes of a single p orbital. 
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Figure 1. Examples of Hiickel and Mobius orbital arrays: 
(a, top) two alternative choices of basis sets for an arbitary 
Hiickel array; zero and two sign inversions, respectively. - - - - - 
represents the site of one inversion. (b, bottom) Two alternative 
choices of basis sets for an arbitary Mljbius array; one and three 
sign inversions, respectively. - - - - - represents the site of one 
inversion. 

As defined in Figure 1, whether a system is Huckel 
or Mobius depends on the evenness or oddness of the 
number of sign inversions in going around the cycle. 
The Huckel systems have zero or an even number of 
sign inversions while the Mobius arrays have one or 
some other odd number. It is readily seen that turning 
any p orbital upside down (ie., changing its sign) does 
not change the evenness or oddness of inversions since 
two new inversions are introduced if the orbital turned 
upside down was not adjacent to a node. If it was 
adjacent to a node, no new node results (see Figure 

Chart I6 summarizes the conclusions about molecular 
energy as a function of number of electrons and the 
categorization of the system as Huckel or Mobius. 
Before considering specific systems having these elec- 
tronics and discussing practical uses of these categoriza- 
tions, let us consider the source of the conclusions cited 
above and summarized in Chart I. 

1) 

Mnemonic Devices for MO Energies 

I n  1964 Heilbronner gave expression l b  as analyti- 
cally affording the MO energies of a cyclic, singly 
twisted polyene in which there is only one side to the 
R surface (ie., a Mobius cyclic p~ lyene ) .~"  We note 
that  this is quite similar to the expression given by 
Huckel for ordinary cyclic polyenes (note eq la ) ;  

X = -2 cos (2nk/n)  

x = -2 cos [ (2k + l )a /n]  
(la> 

(1b) 
the energy units are positive, as is lpl,5b IC is the MO 
number ranging from 0 to n - 1, and n is the number 
of p orbitals in the cyclic array. Also, eq l b  is slightly 
modified from Heilbronner's orginal formulation which 
took into account the decreased overlap due to twisting. 

(6) H. E. Zimmerman and H. Iwamura, J .  Amer. Chem. Soc., 92, 
2015 (1970). 

a. Yisckel b. Mijbius 
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Hiickel CyclopropenyZ M8bius CycLopropenyl 

Hiickel cyclobutadiene M6bius Cyclobutadiena 

Hiickel Benzene Mobius Benzene 

Figure 2. 
MO energies. 

Huckel and Mobius circle mnemonics for obtaining 

Chart I 
Energetics of Huckel and Mobius Systemss 
------ Type of System--- - 

4N + 2 Allowed (aromatic) Forbidden (antiaromatic) 
4N Forbidden (antiaromatic) Allowed (aromatic) 

No.of 
electrons Hlickel Mobius 

This is not necessary as long as we take the energy units 
to be diminished with twisting, as will also be true for 
twisting of Huckel systems. 

A number of years ago Frost described'" a simple but 
useful mnemonic device which paraphrases Huckel's 
formula for MO energies as given in eq l a ;  this is shown 
in Figure 2a. With the appropriate polygon inscribed 
with a vertex down in a circle of radius 2\pI, the vertical 
displacement of each intersection of the circle with the 
polygon gives one MO energy value; the center of the 
circle is taken a t  an arbitrary zero corresponding to the 
energy of an electron in an isolated p orbital. 

Some years ago the present author noted that  a 
similar mnemonic device is possible for Mobius syi+ 
tems. This paraphrases the Heilbronner formula in 
the same way that the Frost device gives Huckel ener- 
gies. I n  our device,' however, a side of the polygon is 
inscribed a t  the bottom of the circle to obtain the 
energies of the desired Mobius system. This is il- 
lustrated in Figure 2b. This device is useful in quickly 
obtaining the delocalized energies of Mobius orbital 
arrays. Additionally, it  may be used to give the 
energetic disposition of molecular orbitals as a function 
of the geometric arrangement of the basis set orbitals 
(e.g., atomic orbitals) of the system. With such 
knowledge, one can often predict MO crossings along a 
reaction coordinate, the nature of correlation diagrams, 
and the facility of molecular transformations. These 
applications are discussed below. 

(7) (a) A. Frost and B. Musulin, J .  Chem. Phys., 21, 572 (1953). 
(b) Thus e = @'/p.  E is used in the same context throughout the d b  
cussion. 
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- 2 8  9- 

Figure 3. 
Mobius circle mnemonic. 

M0’s of twist trimethylenemethane as derived from 

Ground-State Examples of Mobius Systems 

To begin with, let us look at  ground-state molecular 
systems which are Mobius. One molecular system 
which is instructive is “twist trimethylenemethane,” 
illustrated in Figure 3. It is seen that the planar array 
of three p orbitals necessarily has one or three sign in- 
versions in proceeding around the array and is thus 
niIobius; the basis set chosen with one sign inversion is 
arbitrarily selected for this figure. The molecular orbi- 
tals are then given analytically by the circle mnemonic; 
however, in using the device, vie must realize that the 
radius of the circle is twice the magnitude of the reso- 
nance integral p’ be tween adjacent orbitals and that 
this radius (ie., 2p ’ )  is smaller than the usual 2p, say 
a quantity 2 ~ 0 . ~ ~  Twist trimethylenemethane is thus 
noted to be a system which will have a closed shell with 
four electrons @.e.  4 N ) ,  as would be expected for a 
Mobius molecule. 

Related to  this is the Walsh model8 for cyclopropane 
as depicted in Figure 4. Here we note two arrays of 
orbitals which can be treated separately as an approxi- 
mation. One of the two sets consists of a cyclic array 
of three sp2 orbitals directed toward the center of the 
three ring. This cycle is seen to be Hucliel, and the 
resulting three 110’s are given by the Frost circle de- 
vice. The other set is composed of three p orbitals 
arranged very much as the set in twist trimethylene- 
methane and is Mobius. Here the Mobius mnenomicl 
is used to  give the resulting three 110’s shown on the 
right in Figure 4. The Mobius circle is placed higher 
on the energy scale than the Huckel circle since sp2 
hybrid orbitals are lower in energy relative t o  p orbitals. 
Additionally, the radii of the two will differ somewhat 
since each of these is twice the corresponding resonance 
integrals, that  is, between p orbitals and between sp2 
orbitals, and these will not be exactly the same. Never- 
theless, the model qualitatively indicates the need for 
six electrons to make up the delocalized u framework of 
the Walsh model. 

This 
may be treated using the Mobius circle device (note 
Figure 5 ) .  Here we utilize the fact that  a cyclic array 
may be made up of 210’s rather than AO’s, and we then 
consider quantum mechanical interaction of the three 
bonding A orbitals of the three ethylenic moieties. 
Separately we look at  the admixing of the three anti- 

Still another example is afforded by b a ~ e l e n e . ~  

(8) A. D. W. Walsh, Trans. Faradau SOC., 45, 179 (1949). 
(9) (a) H. E. Zimmerman and R .  Paufler, J .  Amer. Chem. SOC., 

82,  1514 (1960); (b) H. E. Zimmerman, G.  L. Grunewald, R. 31. 
Paufler, and M. A.  Sherwin, ibid., 91, 2330 (1969). 

Figure 4. Use of Huckel and Mobius circle mnemonics to ob- 
tain MO’s for the Walsh model for cyclopropane: 8, sp2 hybrid 
orbitals, + lobes; 8, p orbitals, + lobes; II], p orbitals, - lobes. 

Figure 5. Mobius interaction of the three antibonding ethylenic 
1 1 0 ’ s  and similar interaction of three bonding ethylenic hlO’s to  
give the energies of the six barrelene molecular orbitals. - - - - -, 
nodes between bridge MO’s. 

bonding A* ethylenic 110’s (ie., one on each two-carbon 
bridge). The circle describing the energetic result of 
mixing the three A NO’S is centered at  - / p / ,  the energy 
of the isolated A orbitals; and the circle corresponding 
to interaction of the A* orbitals is centered at + Ipl, the 
energy of the separate antibonding ethylenic com- 
ponents. The transannular interaction, corresponding 
to a resonance integral p’ which is smaller in magnitude 
than the normal lpl integral between parallel and adja- 
cent p orbitals, is taken as the fraction e relative to 
fl.7b The ill0 ener- 
gies predicted then by this treatment are given in 
Figure 5 and are analytically those obtained by direct 
solution of the 110 problem by use of a secular de- 
terminant. 

I n  deciding to  treat the barrelene problem in this 
fashion, it is only necessary to note that  the antibond- 
ing ethylenic hfO’s are indeed Xobius, as are the bond- 
ing 110’s; note the dotted lines in Figure 5 which reveal 
the single nodes between the sets of NO’S localized on 
the two-carbon bridges. An equally good approach 
would have utilized the Mobius admixture of the three 
p orbitals on the front face of the barrelene system to 
give a twist trimethylenemethane moiety. The 1110 
energies of this are readily obtained as above. Then 
the interaction of two such sets of RIO’s with f 1 split- 
ting due to vicinal interaction gives the final barrelene 
110’s. This approach will not, however, be detailed 
here. 

On filling in the barrelene NO’S with six electrons we 
note a total T energy of -61pl. Thus the contribu- 
tions cancel. This is the same a energy ae for three 
isolated ethylenes. Yet the barrelene 1140’s are not 

The circle radius then will be 2 ~ .  
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Figure 6. The Mobius model for allene. 

Figure 7. Allene twisted by 90' depicted as a Huckel system. 

those of isolated ethylenes (ie., a t  f1Ipi). Thus, as 
noted by us earlier19 barrelene is a unique molecule in 
having electron delocalization without the commonly 
attendant electron delocalization energy; it is not aro- 
matic. 

A particularly fascinating example is that  of allene. 
Although ordinarily this molecule is envisioned as being 
composed of two r systems perpendicular to one 
another, a different view is instructive. In  building 
this new model, we take the central carbon p orbitals 
with an angle of 45" with respect to the terminal p orbi- 
tals. This is acceptable since any linear combination 
of two perpendicular p orbitals is quantum mechanically 
equivalent as part of a basis set to  any other such pair. 

The basis set of orbitals so chosen is depicted in 
Figure 6. It is evident that  x1 overlaps with xz, xz with 
x3, and x3 with x4; all of these overlaps are of the plus- 
plus (and minus lobe-minus lobe) type and between 
vicinal orbitals having a 45" dihedral angle. How- 
ever, additionally, x4 and x1 overlap with a 45" angle 
but with plus-minus interaction. Hence the system 
is composed of a cyclic array of basis orbitals with a 
single sign inversion and is truly Mobius. The RlO's 
are delocalized over the entire molecule in this model 
and have energies given by the circle trick as in Figure 
6. We note that the overlap of two p orbitals with a di- 
hedral angle of 45" is cos 45" = 2"'/2 of normal and the 
radius of the circle then is twice this, or 21'a. The MO 
energies come out to f 1, which is what we would obtain 
for two separated ethylenes in the traditional model. 

I n  similar fashion allene which has been twisted a t  
one end by 90" can be pictured to be a Huckel system 
using similar reasoning. This is outlined in Figure 7. 
It is seen that  the MO energies are the same as derived 
from an allyl orthogonal to a p orbital on the central 
carbon atom: i.e., MO's a t  -21'a, 0, 0,  and +2'", 
The orthogonal allyl and p-orbital set corresponds to 
the more orthodox picture of twisted allene. 

One can deal with other cumulenes and twisted 
cumulenes if one is willing to  make the approximation 
that  parallel and 45" overIaps are roughIy equivalent. 
The nonterminal p-orbital sets are selected all canted 

moiety moiety 
f ' buta- buta- 

diene allyl diene  a l l y l  ethylene 

Figure 8. One example of bicyclohomoconjugation: mixing of 
bridge MO's. S and A refer to symmetry or antisymmetry with 
respect to a plane bisecting all three bridges. T h e  M O  sub- 
scripts refer to  butadienyl' allyl, and ethylenic MO's. 

45" to the end p orbital. This leads to the odd-carbon 
cumulenes being Mobius and the even-carbon cumu- 
lenes being Huckel. The twisted species have the re- 
verse electronics.*0 

Another application of the Hucliel-Mobius concept 
involves bicyclohomoconjugation. Of interest are 
compounds of types A and B (note Figure 8). For the 
present discussion we focus attention on the effect of 
juxtaposition of the two or three ?r bridges present. We 
are concerned with the effect of such juxtaposition on 
the energy of the nonbonding Ill0 of the odd-carbon 
bridge. To the extent that MO interaction raises this 
RlO's energy, a system is engendered which is most 
likely to be stable as a cation. If the nonbonding 1110 
is lowered by transannular interaction, then a car- 
banion should be more stable. This point has been 
noted by Goldstein." Goldstein has concentrated 
attention on the tendency of MO's from the different 
bridges to "repel" one another in pairs. There is, 
however, an additional effect which may become over- 
riding, namely an interaction between three MO's of the 
same symmetry. 

For consideration of such mixing we follow Gold- 
stein's suggestion of inspecting interaction of the non- 
bonding M O  with the closest lying MO of the same 
symmetry if there is only one additional bridge, as in 
molecule A. However, where there are three bridges 
we include the nearest lying A I 0  of the same symmetry 
from idhe third bridge. For simplicity, the transannular 
resonance integrals are again taken as E relative to the 
normal p. 

Molecules A and B are particularly instructive. The 
interaction in molecule A leads to the nonbonding A 1 0  
t+hS. becoming slightly antibonding, as shown in Figure 

(10) An intriguing example presents itself in the twisting of a 
terminal allene methylene group by 180°. Consideration of the one- 
electron MO's as a function of angle of twist reveals an example of 
violation of the noncrossing rule wherein MO's of the same geometric 
symmetry do cross. These MO's differ in permutation symmetry in 
the HUckel approximation, and a crossing is permitted. 

(11) M. J. Goldstein, J. Amer. Chem. Soc., 89, 6357 (1967). 



8. Similar reasoning applied to molecule B and using 
only the odd-carbon bridge and the larger of the two 
even bridges would lead to a similar result. 

However, we recognize that in the three-bridge 
molecules any three 110’s of the same symmetry where 
one M O  is derived from each bridge will constitute a 
Mobius array analogous to the barrelene situation. 
This leads to a tendency for two of the AIO’s considered 
to go down in energy and one to go up; remember, for 
example, the splitting of 310’s in Mobius cyclopro- 
penyl. Where this AIobius effect is opposite to the 
tendency for the two closest lying NO’S to repel, the 
Mobius effect often dominates and therefore is im- 
portant to note. I n  fact, in molecule B the nonbonding 
MO $za is found from independent calculation to go 
down in energy. This result would not have been pre- 
dicted if one considered that the two closest 310’s (here 
y5za of the allyl and $Zb of the butadiene bridges) 75 ere to 
“repel” most; in such a case the zero level of the allyl 
moiety would become antibonding. Finally, we note 
that  this “JIobius splitting effect’’ occurs despite the 
difference in energies of the three basis molecular orbi- 
tals which are interacting and thus is a useful result to 
remember when considering interaction of three orbitals 
in general. 

Paraphrased, three orbitals (AO’s or 210’s) will inter- 
act to give two lowerings and one increase in energy if 
the product of the three overlaps is negative ( i e . ,  a 
negative overlap corresponds to + to - overlap). 
Where the product of the three overlap integrals is 
positive, two 110’s go up and one goes down. 

Application of Mobius-Huckel Differentiation to 
Reaction Allowedness and to Correlation Diagrams. 
This concept may be applied to  predicting the forbidden 
or allowed nature of organic reactions in several ways. 
One considers the array of orbitals in the reaction transi- 
tion state of an electrocyclic reaction and inquires 
whether this has the number of electrons appropriate 
(Le . ,  4N or 4N + 2 )  to  the Mobius or Huclcel system in 
order to thus minimize its energy. h second approach 
uses the circle mnemonics to predict n-here along the 
reaction coordinate one expects pairs of fi1O’s (ie., 
degeneracies) in order to ascertain n hich AIO’s cross. 
This then allows construction of the correlation dia- 
gram. If bonding and antibonding NO’S cross, then 
the reaction is a ground-state forbidden one since two 
eIectrons originally in a bonding 1110 of reactant find 
themselves in an antibonding 110 of product to the 
extent that  one considers an adiabatic change. 

Cycloadditions and Electrocyclic Ring Closures. 
One of the simplest applications is the 2 + 2 cycloaddi- 
tion of two ethylenes to give cyclobutanes. There is, 
in principle, more than one stereochemical course for the 
reaction. The simplest is a direct, face to face, cyclo- 
addition as shown in Figure 9. This has been termed 
a ,2, + .2, reaction course, meaning that the two T 
bonds are utilized suprafacially. The correlation dia- 
gram in Figure 9 is that traditionally written for the 
formation of cyclobutane from two ethylene molecules 
by a direct approach. It is seen that there is a point 

------- 0 1 - 0 2  

Figure 9. Coirelation diagram for ,2. + ,2, cycloaddition of 
two ethylene molecules to  give cyclobutane and ,ho\%ing the 
Huckel transition state. 

along the reaction coordinate where the distribution of 
-\IO’S is that which is characteristic of cyclobutadiene, 
that  is, there is a degenerate nonbonding pair plus a 
bonding and an antibonding molecular orbital. The 
reason for occurrence of this distribution of -\lo’s is that 
there will be a point where the overlap between -io’s 
1 and 4 and that betneen 2 and 3 is equal to that be- 
tween l and 2 as well as 3 and 4. At this stage in the 
reaction the secular determinant is that of cyclo- 
butadiene if we do not u-orry about hybridization 
effects; if we do worry about such effects, the situation 
is changed quantitatively but not qualitatively. 

The 110 distribution a t  this point, nhere inter- 
molecular overlap is equal to  intramolecular overlap, 
can be obtained directly from use of one of the two 
circle mnemonic devices, that of Frost or that  of Zim- 
merman. Which one should be used is determined in 
each instance by whether the cyclic array of basis orbi- 
tals in the reaction transition state is Hucliel or I\Iobius. 

By inspecting the degeneracies afforded by the 
mnemonic device, one can quickly ascertain TT hich pairs 
of 310’s cross. If bonding and antibonding AIO’s cross 
during a reaction, then the reaction is of the ground- 
state forbidden variety, since the occupation of bonding 
,\IO’S of reactant by electrons results in the occupation 
of antibonding 110’s of product in an adiabatic trans- 
formation (z.e., one without change in electron occupa- 
tion). Similarly a vacant bonding product AI0  derives 
from an antibonding reactant 110. To the extent that 
a reaction proceeds adiabatically u ith retention of the 
original electronic configuration, it will lead t o  a doubly 
excited state of product and be excessively energy de- 
manding. 

One could merely add up the energy of a Huclcel 
transition state and compare it n i th  a -1Iobius one in 
order to  decidc which is the favored one. This leads to  
the same conclusions. Here one nould refer to Chart 
I, and the requirement is quickly seen that 4N + 2 
electrons are needed for minimization of energy of a 
Huckel transition state and to avoid occupied bonding 
No’s becoming antibonding in product. Similarly, 4N 
electrons are required not only for energy minimization 
at  the Mobius transition state but again to avoid occu- 
pied antibonding product 110’s. 
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Figure 10. 
conrotatory Mobius-like closure of butadiene (right). 

Disrotatory Hiickel-like closure of butadiene (left) ; 

a *  a *  

n* 
-2 

- I . D L  ~ 
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d a d i e n e  s t a g e  r e a c t a n t  M g b i u s  s t a g e  

Figure 11. 
closure. 

Correlation diagrams for two types of butadiene 

A more interesting example than that  of ethylene is 
the electrocyclic closures of linear polyenes. AS an 
example the two orbital arrays possible for closure of 
butadiene to cyclobutene (and the microscopic re- 
verse) are shown in Figure 10. These are similar in 
consisting of a somewhat square array of four orbitals 
each. The overlap between any pair of basis orbitals 
is the same in magnitude. However, in one type of 
closure there is terminal top-top overlap ( i e . ,  dis- 
rotatory), and the system is seen to be a Huckel one 
(note Figure loa). I n  the other type of closure, there 
is terminal top-bottom ( i e . ,  conrotatory) overlap, and 
the transition state is Mobius, since in no way can one 
avoid having an odd number of sign inversions. I n  the 
basis set selected in Figure lob, the inversion is between 
the terminal orbitals, but it might be found elsewhere if 
a different basis set were selected. If one turned the 
orbital a t  atom 1 upside down, the inversion would then 
be between atoms 1 and 2. 

With the knowledge afforded by the circle mnemonics 
(note Figure 1 for the four-ring case), it is possible to 
write the two sets of transition-state nlO’s shown in 
Figure 11. At the left is that for the Huckel geometry 
and a t  the right the distribution of 310’s for Mobius 
geometry. The reactant ( i e . ,  butadiene) ;c/IO’s are 
given in the center and correlation lines are drawn in. 
Ground-state electron populations are given as solid 
dots and the electronically excited-state distribution is 
shown with vertical lines. It is seen that, for a ground- 
state reaction, only the Mobius correlation diagram 
leads to a closed-shell transition state and to a ground- 
state electron distribution for the product. Con- 
versely, for the singly excited-state reaction, only the 
Huckel geometry ( i e . ,  top-top closure) gives an ex- 
cited-state product which is not douJbly excited. Ad- 
ditionally, for the photochemical process, one finds that 
the reaction proceeds to a point where the ground and 
excited states are degenerate, and a rapid electronic 

U X  - \ e 2  t1.80 
n4 

/+l . 2 5  
- 

a 
H i c k e l  H e x a t r i e n e  M:bius ‘ 
s t a g e  R e a c t  a n t  s t a g e  

Figure 12. Correlation diagrams for two types of hexatriene 
closure. 

transition to the ground-state potential energy curve 
leading to cyclobutene product is likely. Thus at the 
Huckel stage in the reaction both the promoted, anti- 
bonding electron and the single bonding electron are in 
a degenerate pair a t  0, and this configuration has the 
same energy as if the two electrons were in the same 
MO a t  0. 

I n  summary, the ground-state butadiene closure and 
its microscopic reverse prefer the Mobius transition 
state since 4N electrons are involved in the cyclic array 
of orbitals and this combination (4N + Mobius) corre- 
sponds to the closed shell, lower energy potential energy 
surface. 

For hexatriene closure the reverse preference is seen. 
Here top-top overlap (Hucliel) geometry is preferred 
since six electrons (4N + 2) are delocalized. The 
correlation diagram again may be drawn to emphasize 
the preference, and the circle mnemonics are used to 
predict the RiIO distributions at the reaction transition 
states. 

I n  both the butadiene and hexatriene reactions, it  is 
necessary to be able to write the 110 distributions for 
the reactant polyenes and for the closed valence tau- 
tomers. This requires only the knowledge that the 
polyenes have symmetrically arranged sets of RIO’s 
as shown in Figures 11 and 12 and the products will 
have the T RlO’s of the remaining polyene moieties plus 
bonding u and antibonding u 110’s. Hence the exact 
1/10 energies shown in Figures 11 and 12 are not needed. 

The correlation diagrams in Figures 11 and 12 could 
have been drawn using symmetry. However, the 
Huckel-Mobius method does not require this. 

Thus in examples where there is no symmetry one can 
predict reaction allowedness. One example of interest 
is the suprafacial and antarafacial migrations of hydro- 
gen atoms and alkyl groups. Figure 13 depicts, as an 
example, the 1,7-hydrogen migrations of the suprafacial 
and antarafacial type. It is recognized that  the de- 
localized system contains eight ( i e . ,  4 N )  electrons and 
will prefer the Mobius geometry involving one sign 
inversion ( i e . ,  as in Figure 13A). This involves 
delivery of the hydrogen from the bottom of the T 
system to the top. 

Another case of interest is the rearrangement of bi- 
cycle [3.1.0] cations and to give isomeric 
cations and bicyclo [3.1.0]hex-3-en-2-ones, respectively. 

This is shown in Figure 12. 
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s i g n  c h a n g e  

n o  s i g n  c h a n g e  

Figure 13. Two alternative 1,7-hydrogen migrations (A, B) 
and intermediate species in type A rearrangement of cyclohex- 
adienones, slither and pivot mechanisms (C, D).  A (top left), 
1,7-antarafacial hydrogen transfer, a hlobius system thus favor- 
ing the 4iV electron ground-state process. B (top right), 1,7- 
suprafacial hydrogen transfer, a Huckel system favoring the 
41\l electron redistribution in the excited state. C (bottom left), 
inversion mechanism (observed) : the  partially rearianged 
Zwitterion of the type A rearrangement. One sign inversion, 
i.e., Mobius system, favored for the 414’ election redistribution 
process in the ground state. D (bottom right), pivot mechanism 
(not obseived): It,, originally endo becomes exo. Zero sign 
inversions, z.e., Huckel system; a 4 5  electron population affords 
an antiaromatic ground-state process. a> positive orbital sign; 
0, negative orbital sign. 

The observed reaction stereochemistry involves the exo 
group (Rex) remaining ex0 arid the endo group staying 
endo. This is tantamount to inversion of configuration 
a t  the migrating carbon atom c nliich originally is 
bonded to atom a in Figure 13C and nhich then migrates 
to  atom b. With inversion of configuration, both lobes 
of the p orbital a t  carbon c are used, and there is one 
sign inversion, giving a Mobius system. With 4N elec- 
trons in the cyclic array (ie., one t bond plus t n o  elec- 
trons from the three-ring bond broken), one can under- 
stand this preference. The alternative pivot mecha- 
nism would have involved one lobe of an orbital on 
carbon c simultaneously bonding with atoms a and b 
and would have given an unfavorable Huckel system. 

An illustration of the complexity of a reaction whose 
allowedness can be analyzed at a glance without resort 
to explicit drawing of correlation diagrams is the reac- 
tion of alkynes n ith 1,4-cyclohexadienes, as shov,n in 
Figure 14. Inspection of the photochemical reaction 
of acetylenes n ith 1,4-~ycloliexadienes reveals that 
there is a cyclic array of orbitals without sign inversion 
(ie., Huckel array). This is seen in Figure 14 where 
the orthogonal t orbitals are arbitrarily chosen so that 
the component p orbitals aim at  the p orbitals of the 
cyclohexadiene. Then we sec that there is T overlap 
between the orbitals labeled 1 and 2 ,  these composing 
one T bond of the acetylene, then orbitals 2 and 3 over- 
lap r fashion in generating a product u orbital. I n  
turn, 3 and 4 overlap in a t fashion, making up one T 

bond of the cyclohexadiene. Orbital 4 overlaps n i th  5 
which is part of the other acetylene T bond, and 5 
therefore overlaps with 6. Similarly there is the con- 

(12) H. E. Zimmerman, D. S. Crumrine, D. Dopp, and P. s. 
Huyffer, J .  Amer. Chem. Soc., 91,434 (1969); H. E. Zimmerman and 
D. S. Crumrine, ibid., 90, 5612 (1968). 

Figure 14. Photochemical addition of acetylenedicarboxylic 
acid to 1,4-cyclohexadiene and the Huckel orbital array in- 
volved. 

tinued sequence 6,7,5,1. Nowhere is a sign inversion 
enforced. If one were to reverse the choice of orienta- 
tion of one of the AO’s of the system, there would then 
be two inversions, and the system would still be Huckel. 
With a Huckel system and eight delocalized electrons, 
the reaction becomes photochemically allowed (note 
Chart I). 

A final example which is of considerable interest is the 
ketene addition to olefins to give cyclobutanones. 
This is known to be stereospecifici3 and thus contrasts 
with the forbidden -2s + ,2, alkene dimerization which 
does not occur thermally in simple systems and is two- 
step when it does occur.14 One treatment of the ketene 
reaction is given by Wood yard and Hoff mann, 2d and 
this involves a ,2, + ,2, four-center cycloaddition. 
This interpretation is equally readily presented in 
Hucliel-Mobius terms, and such a transition state 
would have one sign inversion and be Mobius as well 
as allowed due to four electrons being delocalized. 
Severtheless, an alternative view is that the reaction, 
while concerted, involves two important components. 
The first is an electrophilic attack of the carbonyl car- 
bon on C-1 of the olefin; this leaves a cationic center 
a t  carbon 2 of the olefin and an enolate moiety in the 
ketene portion of the transition state (note Figure 15). 
The second component of the mechanism is then bond- 
ing between enolate and cationic moieties. 

This interpretation demands attack of the olefin on 
py at  the carbonyl carbon (ie., the C=O t system) in 
the first stage of the reaction and subsequent attack of 
the other olefin carbon on pz of the terminal ketene 
carbon (Le . ,  the enolate T system). This is shown in 
Figure 15. The oxygen py orbital is initially oriented 
horizontally but must end up z axis oriented for enolate 
overlap; it is depicted half rotated and labeled OD-,, 

Inspection of Figure 15 reveals that there are six 
delocalized electrons including those initially in the 
oxygen py orbital and there are zero overlaps in a six- 
orbital cyclic array (ie., a Huckel system). This is 

(P, + Puz + PJ. 

(13) W. T. Brady, E. F. Hoff, R .  Roe, and F. H. Parry, ibid., 91, 
5679 (1969); W. T. Brady and R. R. Roe, ibid., 86,616 (1964). 

(14) P. D. Bartlett, L. K.  Montgomery, and B. Seidel, ibid., 91, 
5679 (1969); P. D. Bartlett and G. E. H. Wallbillich, ibid., 86, 616 
(1964). 
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Figure 15. Ketene cycloaddition to  alkenes. 

then an allowed reaction. The geometry is such that 
avoidance of large groups RL and R’L leads to the 
thermodynamically less stable isomer as observed. l 3  

Odd-Electron Systems. In  reactions of odd-electron 
cyclic systems, the reaction behavior is seen to be the 
same as that closed-shell system resulting from addition 
of yet another electron. This prediction results from 
the assumption that reactions leading to products with 
one antibonding electron will be less unfavorable only 
in degree from those with two antibonding electrons. 

The organic 
chemist may inquire how it is possible that  a Mobius 
system might be more stable than a Huckel one, when 
the Mobius array of necessity contains a t  least one 
plus-minus overlap in its basis set while the Huckel 
cycle does not. It is true that  a plus-minus overlap 
represents a local antibonding and energy raising con- 
tribution. However, Mobius molecular orbitals have 
the property of having their LCAO-A40 coefficients 
very small near the site of plus-minus overlap; this is 
particularly true of the lower energy Mobius ATO’s. 
Furthermore, Mobius 140’s come in pairs beginning 
with the lowest energy set. For example, in each 
member of the lowest energy degenerate pair, the site 
of plus-minus overlap is controlled by the signs of the 
MO coefficients and where such an antibond occurs it is 
only weakly antibonding because of the small coeffici- 
ents. This lowest energy degenerate pair will ac- 
commodate four electrons with each of four electrons 
experiencing one weakly antibonding node. I n  con- 
trast, the lowest energy Huckel MO will have no nodes 
and will accommodate two electrons. Thereafter, 
higher energy MO’s come in pairs. But here each MO 
has a number of antibonding nodes increasing by two 
per level. With two nodes in each of MO’s 2 and 3, 
the coefficients cannot minimize the antibonding inter- 
action as much as in the Mobius MO’s 1 and 2 with 
only one node each. Thus, four electrons in the 
Huckel system experience no nodes in M O  1 and two 
nodes in (e.g.) MO 2 .  The total number of antibond- 
ing nodes is the same in the Huckel as the Mobius case, 
but the two-node MO’s are more antibonding. How- 
ever, if only two electrons were to be accommodated, 

Source of Stability of Mobius Systems. 

the Huckel system would be lower in energy since no 
MO’s with nodes would have to be used. The same 
general trend follows through the Huckel and Mobius 
systems with increasing numbers of electrons. 

Exceptions. None exist ! Where electron redistri- 
bution in cyclic orbital arrays is the energetically con- 
trolling feature of a reaction, the Mobius-Huckel 
analysis is faithful in predicting minimum energy. It 
also should be noted that  the Huckel-Mobius approach 
is riot based solely on Huckel level reasoning. The 
same reasoning would work if the arguments were based 
on self-consistent field MO’s. 

Relation to Other Approaches. The most closely 
related approach is that  of Woodward and Hoffmann 
and that of Longuet-Higgin~.’~ The original ap- 
proaches differ considerably in that they 
require knowledge of reactant, product, and transition- 
state symmetries. For sigmatropic rearrangements 
the signs of the highest occupied MO of two separate 
moieties were needed. These interpretations led to 
sets of rules. The Huckel-Mobius approach really 
uses only one rule, namely: “4N + 2 electron systems 
prefer Huckel geometries and 4N electron systems pre- 
fer Mobius geometries.” 

However, the most recent version of Woodward and 
HoffmannZf is very closely related to the Hucliel- 
Mobius analysis, since the use of ,2, and ,2, designa- 
tions is just another way of discerning sign inversions, 
each ,2, contributing one sign inversion. The Huckel- 
Mobius treatment does offer the advantage of supplying 
the underlying reasons for geometric preferences. 

It should be noted that both Fukui16 and Oosterhof17 
were early contributors. Oosterhof recognized the 
importance of the sign properties of the highest occu- 
pied 1 4 0 ,  and Fukui made very extensive use of this 
approach with perturbation methods. Also many 
years ago the present author both presented a local 
symmetry treatment in dealing with the Sommelet- 
Hauser rearrangement‘* and also noted the use of energy 
level reaction diagrams and the energetic difficulties 
arising when the highest occupied A40  becomes anti- 
bonding as in carbanion rearrangements. l9 Dewar20 
has presented an approach based on his ubiquitously 
useful nonbonding &!IO perturbation method and has 
arrived a t  basically the same 4N us. 4N + 2 rules as the 
Huckel-Mobius method. Oosterhof2’ has found a 
second and also independent confirmation of the im- 
portance of basis set sign inversions by an interesting 
valence bond treatment. Further approaches which 

(15) H. C. Longuet-Higgins and E. W. Abrahamson, J .  Amer.  
Chem. SOC., 87,2045 (1965). 

(16) K. Fukui, Tetrahedron Lett., 2009 (1965) ; “Molecular Orbitals 
in Chemistry, Physics and Biology,” P. Lowdin and B. Pullman, Ed., 
Academic Press, New York, N. Y., 1964, pp 513-537. 

(17) Cited by E. Havinga and J. L. M.  A.  Schlatmann, Tetra- 
hedron, 16, 161 (1961). 

Mayo, Ed., Interscience, New York, N. Y.. 1963. w 525 ff .  
(18) H. E. Zimmerman in “Molecular Rearrangements,” P .  de 

(19) H. E. Zimmerman and A.  Zweig, J .  Amer. Chem. Soc., 83, 

(20) M. J. S. Dewar, Tetrahedron, Suppl . ,  8, 75 (1966). 
(21) J. J. C. Mulder and L. J. Oosterhoff, Chem. Commun., 305, 307 

1196 (1961). 

(1970). 
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are more dependent on detailed calculations \vi11 not be 
surveyed he10e.~2-24 

rules”: N. T. Anh, “Les Regles de Woodward Hoffmann,” Edi- 
science, Paris, 1970. 

(23) Applications of the Mobius-Hackel concept to photochemistry 
are Dresentlv not discussed in detail due to mace limitations. For 
leading references see ref 24. 

(24) (a) H ,  E. zimmerman, a4ngew, them,, rnt, Ed,  ~ ~ ~ l , ,  8, 1 
(1969); (b) H.  E. Zimmerman and 1’. S. AIariano, J .  Amer. Chem. 
Soc., 91, 1718 (1969); (c) H. E. Zimmerman and A. C. Pratt. ib id . .  
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92, 6259, 6267 (1970); H. E. Zimmerman, D. F. Juers, J. &I. ,McCall, 
and B. Schroder, ibid, 93, 3662 (1971); H.  E. Zimmerman, P. 
Hackett, D. F. Juers, J 31. IlcCall, and B. Schroder, i b id . ,  93, 3653 
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The capability of Ag+ to form coordination complexes 
with unsaturated and aromatic molecules is now widely 
recognized.’ In  contrast, unsuccessful attempts to  pre- 
pare alkylsilver compounds date back to the middle of 
the last century2 and, with few except,ions, these diffi- 
culties persist to the present time.3 

Chief among the factors behind the often fleeting 
existence of such substances is their low thermal stabil- 
ity. Alkenylsilver compounds, which likewise share 
this tendency for facile decomposition, were isolated for 
the first time approximately 15 years The ap- 
preciably greater stability of alkynylsilver compounds 
has enabled them to be known for over a ~ e n t u r y . ~  

Very recently, the unique capability of certain transi- 
tion metals to  catalyze so-called “symmetry-forbidden” 
reactions under exceedingly mild conditions has been 
recognized. Examples of the phenomenon are the 
facile [ ,2,  + ,2 , ]  dimerization6 of norbornadiene (1) 
under the influence of zerovalent iron,’ and 
cobalt catalysts.9 Another is the Fe(CO)b-catalyzed 
suprafacial 1,X-sigmatropic shift of hydrogen (a [,2, + 
%2,] change)6 in 2;’o the epimeric alcohol 3 is unaffected. 

(1) .(a) R. N. Keller, Chem. Rev., 28, 229 (1941); (b) &Z. A.  Ben- 
nett, %bid., 62, 611 (1962). 

(2) (a) G. B. Buckton, Justus Liebigs Ann. Chem., 109, 225 (1859) ; 
(b) J. A.  Wanklyn and L. Carius, ibid., 120, 70 (1861). 

(3) An excellent recent review of organosilver chemistry has ap- 
peared: C. D. M.  Beverivizk, G. J. M. van der Kerk, A.  J. Lensink, 
and J. G. Noltes, Organometal. Chem. Rea., Sect. A ,  5 ,  218 (1970). 

(4) F. Glockling, J .  Chem. Soc., 716 (1955); 3640 (1956). 
(5) (a)  C. Liebermann, Justus Liebigs Ann. Chem., 135, 268 (1865). 

(b) For a review, see A. iM. Sledkov and L. Yu. Ukhin, U s p .  Khim., 
37, 1750 (1968); Chem. Ab&., 70, 11731k (1969). 

(6) For an explanation of this terminology and a listing of the 
applications thereof, consult R .  B. Woodward and R. Hoffmann, 
“The Conservation of Orbital Symmetry,” Verlag Chemie, Weinheim/ 
Bergstr., Germany, 1970. 
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A. Stone, and K .  MacKenaie, J .  Chem. SOC., 6416 (1965). 
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SOC., 87, 2596 (196.5). 

(10) F. G. Cowherd and J. L. von Rosenberg, ibid. ,  91, 2157 (1969). 
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Also, Pettit and his coworkers have demonstrated that 
the thermally forbidden [,a, + ,a,] ring opening of cer- 
tain cyclobutenes (disrotatory motion)6 occurs readily 
in the presence of silver(1) ion.” The smooth rhodium- 
(1)-catalyzed valence isomerization of 4 to hexaniethyl- 
benzene further illustrates the impressive alteration in 
transformation restraints attainable under such eondi- 
tions. l 2  

RhU) 
I_f 

4 

The remarkable capability of these metals to promote 
such transformations is thought to be a result of the 

(11) W. hIerk and 11. Pettit, ibid., 89, 4787 (1967). 
(12) (a) H. Hogeveen and H.  C. Yolger, Chem. Commun., 1133 

(1967); H. C. T‘olger and H. Hogeveen, Red. Trav. Chim. Paus-Bas, 
86, 830 (1967). 


