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The hybridization in cyclobutane, bieyclobutane, t,3-dimethyleyclobutane, 1,3-dimethyl- 
bicyelobutane, bieyelo(IA.t)pentane, tricyclo(IA.0.0~,a)butane, cubane and tetracyclo- 
(3.3.t.02,s04,6)nonane is considered applying the method of maximum overlap (Tab. t). 
Overlap seems to be a good index of a CC bond: overlaps below 0.6000 are characteristic for 
molecules containing Ca-ring (6 ~ 20~ between 0.6000 and 0.6300 for four membered ring 
(6 ~ 10~ and above 0.6300 for normal or very slightly bent bonds (6 < 5~ Description and 
details of actual numerical calculations are given. 

Die Hybridisierung in Cyclobutan, Bicyclobutan, 1,3-Dimethyleyelobutan, 1,3-Dimethyl- 
bicyclobutan, Bieyclo(tAA)pentan, Tricyclo(IA.0.02.4)butan, Kuban und Tetracyclo- 
(3.3A.0e,s04,6)nonan wird mittels des Kriteriums der maximalen ~berlappung berechnet 
(Tab. 1). Die ~berlappung scheint ein gutes Unterscheidungsmerkmal fiir C-C Bindungen 
zu sein: Uberlappungswerte unter 0.6000 sind eharakteristisch ffir Molekiiie, die Ca-Ringe 
cnthalten (6 ~ 20~ zwischen 0,6000 und 0,6300 fiir Viererringe (6 ~ 10~ w~hrend die fiber 
0,6300 normale und sehr wenig gespannte (6 < 5 ~ Bindungen charakterisieren. Die Be- 
schreibung und die Einzelheiten der durchgeffihrten Berechnungen werden gegeben. 

L'hybridation dans cyclobutane, bicyclobutane, 1,3-dim6thylcyclobutane, 1,3-dim6thyl- 
bicyelobutane, bicyclo(iA.l)pentane, tricyclo(tA .00~.4)butane, cubane et t6tracyclo- 
(3.3.1.02,s04.6)nonane est 6tudi6e & ]'aide du critbre du recouvrement maximum (Tab. 1). Le 
recouvrement semble bien indiquer la nature de la liaison C-C: Des int6grales de recouvrement 
sous 0,6 sont caract6ristiques pour les cycles triatomiques (6 ~ 20~ entre 0,6 et 0,63 pour les 
t6traatomiques (6 ~ 10~ et au-dessus de 0,63 pour les liaisons normales ou peu tendues 
(~ < 5~ ~qous d6crivons les calculs et donnons des d6tails num6riques. 

Introduction 
Several  polycycl ic  compounds  conta in ing  only three-  and  (or) fou r -membered  

r ings have  recen t ly  been p repa red  [22, 26]. These compounds  are h igh ly  s t ra ined  
and  i t  is of considerable  in te res t  to  examine  t h e m  theore t ica l ly .  A n  i m p o r t a n t  
quan tum-mechan i ca l  t r e a t m e n t  of  s t ra ined  molecules was done b y  COVLSO~ and  
MOFFITT [4] for the  cycloalkanes  (n = 3, 4, 5). A n  e labora te  valence bond  calcula- 
t ion  is possible,  since, b y  assuming t h a t  these  molecules possess p l ana r  r ings the  
p rob lem reduces  to  one of high s y m m e t r y .  The  energy per  C-CH 2 group is eva lua t ed  
as a funct ion  of  a single hyb r id i za t i on  p a r a m e t e r  unt i l  the  m i n i m u m  is found.  
Molecules which we have  considered,  however ,  lack  such symmet ry ,  and  the  
calculat ions  thus  depend  on too  m a n y  pa rame te r s  to  be solved complete ly .  We 
therefore  a d o p t e d  an a p p r o x i m a t e  m e t h o d  of  ca lcula t ing hybridization b y  means  
of the  cr i ter ion of  m a x i m u m  over lap.  A n  out l ine of  this  m e t h o d  is descr ibed  in our  
ear l ier  publ ica t ions  (ref. [20] and  [24]) so we need only to men t ion  here t he  ma in  
features .  
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We assume hybrids of carbon a tom of the form 

~ff = at s + be p~ = sp~ with n - b~ 
4 

where s and Pc are Slater 2s and 2p orbitals of carbon. The problem is to find a set 
of coefficients a~, bl such tha t  the total  overlap 

S = kcc ~ Scc + kcE ~ Sc~ 

is a maximum. The summation is over all bonds, the partial contributions of 
which are weighted by/~cc or lace in order to compensate for the difference in 
energies between the two kinds of bond. A result of this maximization procedure 
is tha t  the hybrids are not generally dh-ected along the straight line joining the 
atoms which form the bond. The atomic overlap integrals and the weighting 
factors used are as in ref. [20]. 

Various strained molecules have already been examined by  this or slightly 
modified methods [5, 20, 24, 25]. For the lower eycloalkanes, it is possible to 
draw a comparison between maximum overlap and the more elaborate valency- 
bond calculations; the results from both methods are found to be in good agree- 
ment  with each other. In  this paper we continue with the application of the 
maximum overlap method to the calculation of the hybridization in highly 
strained small ring molecules. We will examine in particular cyelobutane, bicyelo- 
butane and some closely related molecules. Because bond overlaps are very sensi- 
tive to the angle* of deviation between the hybrid forming a bond and the straight 
a tom-atom line, and because this angle does not depend strongly on the particular 
choice of atomic orbitals, or atomic overlap integrals employed, as may  be seen by 
comparing the results on eyclopropane [5, 14, 20] the method of maximum overlap 
seems suitable for the highly strained systems considered. 

Calculations and Results 

The calculation of the hybridization is described for each molecule separately, 
and the results are collected in Tab. I. For most of the molecules considered, the 
expressions relating the different angles in space are rather cumbersome (see the 
appendix). By comparing the results for some related molecules one can s tar t  
with a set of parameters which is close to the opt imum set. Thus, for example, 
calculations on t ,3-dimethyl bicyclobutane, have been considerably reduced by  
taking as initial parameters those of bicyclobutane. I f  there are no available data 
for comparison, one can start  with tetrahedral hybridization and vary  each para- 
meter individually. Except  for those parameters which characterize the hybrids 
of the same atom, they usually do not depend strongly on each other and can be 
individually optimized. When two (or more) parameters are coupled, a two- 
dimensional search for the parameters is necessary. Such is the ease for the hybrids 
of the CH~ bridge in nortrieyclene (see Tab. 2 in ref. [20]). 

Cyclobutane 

For a description of the C -  C bonds in cyclobntane, CdHs, we requh'e only 
two distinct hybrids : ~0cc directed towards another carbon a tom and yJcE directed 

* d deviation angle for bending in suitably selected plane, e deviation angle describing 
bending perpendicular to that plane. 
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Table 1. M a x i m u m  o v e r l a p  h y b r i d s  a n d  b o n d  o v e r l a p s  

Bond Bond 
Bond t Iybr id  overiap Bond Hybr id  overlap 

Cyelobutane 1,3-dimethyl bicyelobutane 

C -  C Y~22 = s P  4"2s 0.6177 y ~  = s p  ~.2~ 0.5952 
C -  H V2H = sP s'ss 0.7139 VII~ = 8/) TM 0.7046 

C - H ~o2~ = s p  2"~ 0.7t84 
1,3-dimethyl cyclobutane 

Bieyelo(l . t . l)pentane 
C - C ~023 = 8 p  4"2s ] 

~Oae = s P  a's6 I 0.6220 C -  C ~ 3  = s P  4"~5 I 
~o31 = sp 3"17 / ~g32 = sp4.V2 J 0.6027 
Y~a = s P  a'~s I 0.6304 C -  H ~o~ = sp ~.~ 0.7153 

C -  t t  ~ o ~  = s p  T M  0.7046 y~3~ - s p  ~'~~ 0.7409 
~o~ = sp ~.~ 0.7139 
~fa~-~ = s p  ~'s7 0.7223 Tricycl~ A'0"0~'~)but~ane 

C - C Y~a3 = s P  ~'~~ 0.5542 
Bicyclobutane C - H y~a~ = s p  ~ . ~  0.7387 

C - C  ~23 = s P  ~'s9 I 
~fla2 = spa.66 ~ 0.5914 Cubane 

~Pa~ = s P  ~ '~  0.5917 C -  C ~oa~ = sp a.9~ 0.6t96 
C - H ~ = S p  2"~ 0.7184 C - -  H ~/)3H = s p  ~'~s 0.7294 

~OSI-I = Sp 1"59 0.7291 
Tetracyelo(3.3.1.0. 2,s0~,~)nonane 

1,3-dimethyl bieyclobutane C - C ~2a = s P  ~'7~ I 

C - C Y;~4 = 8Pa'6s I Sp2.85 ~ 0.6435 
~f~  s P  2.~1 [ 0.6456 Y~ = = ~%~ = s p  4 .~  0.5881 
Y~2~ = s P  ~'s9 I C -  H ~f2~ = s p  T M  0.7086 
Y ~  = 8P T M  i 0.5960 y~3~ = s p  ~'s5 0.7226 

t o w a r d s  t h e  h y d r o g e n  a t o m  (Fig.  l ) .  T h e  mo lecu l e  is n o n - p l a n a r  ( s y m m e t r y  p o i n t  

g r o u p  D2g), t h e  e x p e r i m e n t a l  d i h e d r a l  ang le  be ing  )p = 160 ~ [7]. T h e  m a x i m u m  
o v e r l a p  m e t h o d  c a n n o t  a c c o u n t  for  non-  

p l a n a r i t y  o f  t h e  ca rbon  r ings  since t h e  

ang le  b e t w e e n  t h e  t w o  ~0cc h y b r i d s  on 

t h e  s a m e  a t o m  is s t i l l  t o o  sma l l  c o m p a r e d  

w i t h  t h e  c o r r e s p o n d i n g  ang le  in t h e  s t r a in  Bond Hybrid Bond 
f ree  s y s t e m  (aeyel ic  molecu le ) .  S imi la r ly ,  overlap 

t h e  s imple  h y b r i d i z a t i o n  m o d e l  c a n n o t  Cyelobutane (7 = 160 ~ 

d i s t ingu i sh  b e t w e e n  t h e  ax ia l  a n d  e q u a t o -  C - C ~0ce = sp 4.a5 0.6161 
I i a l  C R  bonds .  I n  Tab .  t a re  g i v e n  t h e  C - H ~c~ = s p  2.19 0.7145 

resu l t s  o f  m a x i m u m  o v e r l a p  ca l cu la t ions  
o b t a i n e d  fo r  a p l a n a r  mode l ,  a n d  t h e  re-  Bieyelobutane (7 = 126~ 

s u l t s f o r a n a s s u m e d n o n - p l a n a r ( ) ~  = I60  ~ C - C ~2a = s p  T M  ] 0.5901 
m o d e l  a re  g i v e n  in  T a b .  2. T h e  d i f ference  ~a2 = s P  T M  J 

Y~3 = s P  4"55 0.5885 
b e t w e e n  t h e  b o n d  ove r l aps  o f  t h e  p l a n a r  C - H ~02~ = s p  ~.o~ 0.7182 
a n d  a n o n - p l a n a r  m o d e l  is v e r y  sma l l :  ~f3~ = s p  1.46 0.7324 
CC-ove r l ap  has  s l i gh t ly  d e c r e a s e d  whi le  

Table 2. H y b r i d s  a n d  b o n d  o v e r l a p s  / o r  

c y c l o b u t a n e  a n d  b i c y c l o b u t a n e  / o r  e x p e r i -  

m e n t a l l y  o b s e r v e d  g e o m e t r i e s  

C H - o v e r l a p  has  i n c r e a s e d  b y  a p p r o x i m a t e l y  a s a m e  a m o u n t .  T h e  overa l l  change  

in  (scaled) o v e r l a p  pe r  C-CH~ g r o u p  is t h e r e f o r e  a l m o s t  zero,  in  sp i te  t h a t  a depar -  

t u r e  f r o m  p l a n a r i t y  is cons iderab le ,  a b o u t  20 ~ This  c lea r ly  ind ica t e s  t h a t  o t h e r  
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interactions (even if small), must be dominant in causing non-planarity of the 
molecule. Non-bonded repulsions make a dominant contribution in determining 
conformations in acycHc and larger cyclic systems (e. g. ethane, cyclohexane), 
and they favour staggered arrangements of CH-bonds. In a planar model of 
eyelobutane all hydrogen atoms are in eclipsed positions, this is a cause of addi- 

7 

( 

i 

/ 

g \ h 
Fig. 1. Schematic diagrams of molecular geometries and numbering of atoms: a) cyclobutane, b) 1,3-dimethyl- 
cyclobutane, c) bicyclobutane, d) 1,3-dimethylbicyelobutane, e) bicyclo(1.1.1)pentane, f) tricyclo(1.1.0.0~,4)butane, 
g) cubane, It) tetraoyclo(3.3.1.0u,s04,~)nonane 

tional strain and is energetically less favourable. A relieve is obtained by bending 
the skeleton of the molecule, since the CH bonds are then approaching a staggered 
conformation. A compromise is reached for an intermediale geometry, (here 
y = 160~ in a complete analogy with the similar situation in biphenyl and related 
molecules where direct non-bonded t I  . . . . . .  H repulsions are opposed by a 
decrease of the ~-electron overlap. 
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1,3 Dimethyl Cyclobutane 

There are three nonequivalent carbon atoms in 1,3-dimethyl cyclobutane 
(Fig. i b), and ff we assume that  the hybrids describing the CC bonds are known, 
it remains only to determine the hybridization ratios of the remaining C - - H  
bonds. 
Assuming a planar model the following parameters to be varied were chosen: 
[. the angle 01 characterizing the hybridization within the methyl  groups, 2. the 
angle t giving the orientation of the methyl  group relative to the plane of the ring, 
3. the angle ~23", giving bent hybrids of the non-substituted carbons, 4. the angle 
~3~ describing bending of the hybrids of the methyl  substituted carbons, and 5. the 
angle ~b2 which describes small changes in the geometry of the C 4 ring in order to 
obtain some insight into effects of the possible deformations of the square. Com- 
mencing with parameters which are based on the results for eyelobutane and for 
the methyl  group in substituted cyclopropane O1 = t13 ~ t = 120 ~ and 32a = da2 = 
6 ~ the opt imum is obtained when: O1 = t t2~ t = 1t6 ~ ~23 = 7~ and da2 = 7~ 
The hybrid composition and bond overlaps are given in Tab. t. The opt imum 
values of all parameters considered are to a large degree, independent of each 
other, except, to some extent, for t and ds2 what should be expected since both 
describe hybrids on the same atom. Once the best hybrids were obtained the angle 
q)2 was changed, and a slight increase in the total  (scaled) overlap was found when 
~2 : 9i~ 

Bieyelobutane 

Bicyclobutane consists of two fused three-membered rings for which a high 
degree of strain could be expected. By comparing its vibrational spectra and mole- 
cular structure investigations [11] with those of cyclopropane differences in the 
details of their bondings are expected. For example, a t tempted normal coordinate 
calculations show tha t  the transfer of force constants from cyclopropane is not 
possible. We therefore expect larger differences of the hybrid composition between 
the corresponding hybrids in cyclopropane and bicyclobutane. The molecule is 
also related to cyclobutane, but  however, its lower symmetry  (Cev) permits devia- 
tions of the ~occ-hybrids from reflection planes, adding to the complexity of the 
calculations. There are three different CC-hybrids in this molecule, the s-p content 
of which determines uniquely the hybridization of the remaining CH-hybrids. We 
start  by  assuming tha t  all C - - C  hybrids are in the planes of their respective 
Cs-rings, except for the pair forming the C - - C  bridge, which, because of the 
symmetry  of the system has to be in the vertical plane containing the C 2 rotational 
axis (Fig. 2). The parameters which are varied are the deviation angles O2a and 
~82 which determine the hybrids ~02a and ~032. The maximum overlap for 1~ = 126 ~ 
(experimental value) is obtained when O2 = 102 ~ with 6~a = 7~ and ~3a = 38~ 
The hybrids and bond overlaps are: 

~~ = sP 4"7s, ~3~ = sP2"S9; $23 = 0.6082 

~3a = sPl~ S3a = 0.4595 . 

Comparing the C - -  C bond overlaps one notes a considerable decrease in the 
magnitude of tha t  of the C - - C  bridge. This indicates tha t  the assumptions 

* The indices are referred to primary, secondary and tertiary carbon atoms. The orbitals 
are directed from the atom named by the first index to that named by the second. 
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employed need revising, namely, the results have been constrained by forcing the 
Vcc hybrids to lie in the planes of the corresponding cyclopropyl rings, which, 
in fact, restricts V83 to unnecessary high values. That  this is the case is demon- 
strated by the results obtained when this restriction is lifted. By letting the Vcc 
hybrids deviate from the cyclopropyl plane we obtain twisted bonds, i.e. bonds 
ben~ not in a plane, but in space. The numerical calculations are now considerably 

A 

C s 

~ 8 

a 

A1 b & 

Fig. 2. a) cyclobu~ane skeleton imbeded in a square prism, b) the two reflection planes which contain hybrids 

complicated, not only because of the increased number of parameters, but  also by 
rather complex relations between them (details are given in the appendix). By 
rotating the hybrids at carbon atom /9 about an axis passing through D and 
parallel to A B  (Fig. 2a) the overlap (V23, V32) will slightly decrease (since it is at a 
maximum for the non-rotated case), while the overlap (V33, V33) will considerably 
increase, thus leading to a greater total overlap. For the observed geometry of the 
molecule (? = 126 ~ the angle of rotation, 9~ = 25 ~ increases the total overlap 
from 969.04 to 976.74. The deviation angle ~s3 is then (44 ~ - -  25 ~ = ~9 ~ which is 
close to those values found in other three-membered ring molecules. In Tab. 3 
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Table 3. Optimum parameters and bond overlaps/or different geometries o] bicyclobutane 

overlap 
7 ~ z ~0 e~3 S (Cs - C~) S (C~ - C~) S (C3 - It) S~ot~l 

126 ~ 3 ~ 44 ~ 25 ~ 2�89 ~ 0.5885 0.5901 0.7324 976.14 
(experi- 
mental) 

130 �89176 1~ ' 46~ 27~ ' 23 -~ 0.5915 0.5912 0.7296 976.91 
~31 ~ t~ ~ 46~ 27~ 3 ~ 0.5917 0.5914 0.7291 

S (C~ - H) = 0.7182; z - ~v = 6ss = 19~ and 62a = 21 ~ 
practically do not depend on dihedral angle y. 

are given the op t imum parameters  and  bond overlaps for a geometry with the 
observed dihedral  angle (y = 126~ and  for a geometry which give the best total  
overlap. The m a x i m u m  is reached at  y = i30~ to 13i ~ as a results of the com- 
pet i t ion between the opposing contr ibut ions  of the C - -  C and  C - -  H overlaps at  
the te r t ia ry  carbon atom. 

1,3-Dimethyl Bicyclobutane 

Among the several derivat ives of b ieyclo( tA.0)butane  recent ly synthetized,  
1,3-dimethyl b icye lo( i . l .0 )bu tane  (l~ig. l d )  is of special interest  in view of the 
unusua l  reac t iv i ty  exhibi ted by  its central  1,3 carbon-carbon bond [6]. The s t rain 
energy is one of the molecule's most  significant properties, and  a calculation of its 
hybr id iza t ion  is of par t icular  interest .  Besides the three different CC hybrids  of 
bicyclobntane,  an addi t ional  parameter  is necessary to characterize the hybrids  
of the CC bonds a t  positions I and  4. These four hybrids  then  determine unique ly  
the s-p content  of the remaining  Cg-hybr ids .  The numerical  calculations proceeded 
similarly as for bicyclobutane,  since the hybr id iza t ion  of the methy l  groups does 

Table 4. Optimum parameters and bond overlaps ]or 1,3-dimethylbicyclobutane 

7 ~ z ~ 8 ( 0 2 - 0 ~ )  8 ( 0 4 - 0 ~ )  8 (O4-OD 8~ot,~ 

1351~ 1~ 50~ ' 31~ ' 0.5960 0.5952 0.6456 1531.43 

The following parameters do not depend on y (in the interval t32 ~ < y < 137 ~ : ~2~_ = 21~ 
e2~ = 3 ~ , O~ = 1t2 1/4 ~ , S (C 2 - H) = 0.7184, S (C~ - H) = 0.7046 

not  depend strongly on their  surroundings.  The dihedral angle 7 was assumed to 
be between t32 ~ and  i37 ~ since the exper imental  value of y is not  known.  The 
m a x i m u m  in tota l  overlap is obta ined  for the geometry with 7 = 135~ The 
op t imum parameters  and  bond overlaps are listed in  Tab. 4. Again, the CC bonds 
in  the cyclobutane r ing are twisted. The angle of twist  ~ can be obta ined from 
and  F using relationships between the angles and  the sides of a spherical t r iangle 
(see appendix).  

I t  is in teres t ing to compare the results for b icyclobutane and  t,3 d imethyl  
b ieyclobutane  (ef. Tab.  1). As expected, hybrids  at  secondary carbon a tom remain  
the same. A ra ther  surprising result  is t h a t  3033 and  ~f4~ differ only very little, i.e., 
the effect of the d imethyl  subs t i tu t ion  at  the bridge carbon a tom produces the 
same increase in  the s content  of all the CC bonds. I n  actual  fact, all the hybrids  
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at the substitution site appear to take a similar amount of the available s-content. 
Although the bridge and the ring bond orbitals are so close in magnitude for both 
bicyclobutane and dimethyl bicyclobutane there is a significant difference in the 
s-content of the bridge and ring hybrids at the bridge head, the bridge hybrids 
having a smaller s contribution. This comparison is made for the different geome- 
tries, the dihedral angle being 131 ~ and 135~ for bicyclobutane and dimethyl 
bicyelobutane respectively. When a comparison for the same dihedral angle is 
made, the difference between ~044 and ~0ss is slightly increased as is also that  be- 
tween ~vds and ~03~. I f  bond overlap is taken as an approximate index of bond 
strength then the results in Tab. I indicate that  all C - -  C bonds in bicyclobutane 
are approximately of similar strength, and similarly (but with a slightly greater 
bond strength) are those in dimethyl bicyclobutane. 

Tricyclobutane and Cubans 

Tricyelo(i.l.0.0s,4)butane is possibly the most highly strained system which 
can be built from fused three membered rings, and is only a hypothetical struc- 
ture, not yet synthetized. Nevertheless, it is of interestto find the hybridization 

Table 5. Bond overlaps/or tricyctobutane 

03 Scc Sc~ STot~I 

29 ~-~ 103~ r 0.555i 0.7375 825,10 

Table 6. Bond overlaps/or cubans 

08 Scc Sc~ �88 S~ot,1 

11 �89176 104~ r 0.6i96 0.7294 433,72 

parameters for this structure as they present the limit for molecules containing 
cyclopropyl groups. Similarly, cubans [pentaeyelo-(4.2.0.0.2,50.3,s04,~)oetane], 
built from fused cyclobutane rings is expected to be highly strained. Recent- 
ly, a few eubane derivatives have been synthetized [8], as well as cubane it- 
self [9, 10]. The results are useful for comparing cyelobutane-containing molecules. 
Tricyclobutane and cubane possess high symmetry, belonging to Tg and Oh point 
groups respectively. All CC and CH bonds are equivalent, so only a single varia- 
tional parameter is needed for the description of their hybridizations. The calcu- 
lation is simple and the results are given in Tab. t. The angle describing the 
deviation of a CC bond from a straight CC line is 29 1/2 ~ and t l  t/2 ~ for tricyclo- 
butane and cubane respectively. This is indeed greater than calculated~ for other 
three and four membercd carbon rings. Similarly CC bond overlaps are smaller 
than in cyclopropane and cyclobutane, indicating an additional decreasein the 
CC bond energies due to greater strain in the former. I t  is somewhat surprising 
that  the difference between cyclobutane and cubane is not greater. 

Bicyclo( f . i . f  )pentane. 

Bicyclopentane (Fig. i e) is another member of the bicyclic small ring 
compounds synthetized in recent years, and is of some interest for the interpre- 
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tat ion of the effects of bond angle deformation on the properties of these com- 
pounds [28]. The molecule belongs to the D3h point group, although the exact 
geometry of the skeleton is not known. We assumed itherefore that  angle ~52 
was in the region 70 ~  t00 ~ and varied ~23 and ~32 until the max imum was 
obtained. I t  is interesting tha t  maximum overlap always occurs (irrespective of 
the assumed value of q~2) with O~ = 102 ~ and O~ = i03 ~ and only ~23 and 582 
depend strongly on ~.  When ~5 = 78 ~ (the geometry with overall maximum 
overlap) 523 and 532 become very similar in magnitude, but with ~2 = 90~ they 
differ considerably: (~23 = 7~ and ~32 = 19~ So it appears therefore tha t  on in- 
creasing the overlap (by varying ~52) there is a tendency for the angles of deforma- 
tion for bent bond hybrids to approach the same value. This, together with the 
f~ct tha t  the max imum is always obtained for O~ ~ ~03 ~ (providing one uses 
Slater orbitals in the calculations) may  considerably reduce the work as it permits 
a fairly close initial estimate of other parameters.  

Tetracyclo(3.3.1.O.2,sO.a,6)nonane. 
Tetracyclononane, C9H12, (also called asterane, [lJ) consists of two cycle- 

propane rings bridged by methylene groups. The molecule belongs to symmetry  
D3h, with two non-equivalent CC and CI-I bonds. The exact geometry of 
the molecule (bond angles and bond lengths) however, is not known. The 
maximum overlap hybrids are calculated for various geometrical angles, 
covering a wide range: 9 5 ~  q)2 < ~20~ As ia nortrycyclene [20], which 
is related to this molecule, it is difficult to assume any particular value for q~2, 
since the methylene CH 2 bridge is expected to be described by bent bonds. The 
maximum was found for a geometry ~b 2 = i i 4  i/2 ~ and the deviation angles ~3e 
and 523 are approximately minus 4 1/2 ~ The interorbital angle O2 is then 105 1/2 ~ 
a value not far from those usually obtained at the maximum for other molecules. 
I t  is rather  surprising tha t  opt imum value for 02 differ so little in very dissimilar 
structures (cf. nortrycyclene: O2 = i04 ~ q)2 = 96~ (~2~ = 3~ and 5'2~ = 5~ The 
methylene CC bonds in C9}I1~ arc therefore bent towards the center of the molecule, 
the bending being small but significant. A similar situation (with negative ~) 
arises in some other molecules, such as the planar model for cyclopentane [5], 
and adamantane [13], although in these cases the angle is smaller and less signifi- 
cant. That  is to say, the hybrids depend to some extent on the choice of orbitals 
used in the overlap calculation, and it is likely that  another choice will affect bond 
overlaps and (5-angles. In  the calculations on cycloalkanes based on double-zeta 
orbitals recommended by C L E ~ ] ~ I  [2] one sees a decrease of negative (~ for 
cyclopentane [14]. 

Discussion 
The results in Tab. I and Tab. 2 together with those for cyclopropane and 

related molecules [20, 24] give the calculated hybridization and bond overlaps for 
more than fifteen highly strained molecules. We can t ry  therefore by comparison 
to find some trends and regularities in the hybridizations of these molecules. Bond 
overlaps seem to be a good index when comparing C - -  C bonds in such different 
environments as cyclopropyl and cyclobutyl, or bicyclie groups. In  the following 
table a list of bond overlaps for the highly strained molecules is given : 
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Table 7. B o n d  O v e r l a p s  a n d  h y b r i d s / o r  s e v e r a l  h i g h l y  s t r a i n e d  m o l e c u l e s  

Bond Overlap Molecule ttybrids 

0.5542 tricyclobutane s p  4.5 - s p  ~.~ 

0.5762 cyclopropane, spiropentanc s p  ~ - s p  5 

0.5832 nortricyelene s p  4.5 - s p  4.5 

0 . 5 8 5 2  dimethylcyclopropane sp~. 7 - s p  5 

0.5908 spiropentane sip ~ - s p  5 

0.5914 bicyclobutane, (bridge) s p  4.9 - s p  8. 7 

0.5917 bicyclobutane, (ring) spd.  ~ - s p  4.4 

0 . 5 9 5 2  dimethylbicyclobutane, (bridge) s p  4.~ - s p  ~.~ 

0 . 5 9 6 0  dimethylbicyclobutane, (ring) s p  ~.9 - s p  a.i 

0.6027 bicyclopentane s p  ~.~ - s p  ~.v 

0.6177 cyclobutane s p  4.a - s p  ~.3 

0.6196 cubane s p  a.9 - s p  3.9 

0 . 6 2 2 0  dimethylcyclobutane, (ring) s p  4.a - s p  ~.9 

0 . 6 3 0 4  dimethylcyclobutane, (methyl) s p  ~.2 - s p  4.~ 

0.6314 nortricyclene s p  a.5 - s p  4 

0 . 6 4 0 3  dimethyleyclopropane s p  ~.7 - s p  2.5 

0.6435 tetracyclononane spa.  7 - s p  ~.9 

0 . 6 4 5 6  dimethylcyclobutane s p  a.7 - s p  ~.i 

The smaller the overlap the larger strain is to be associated with bent bonds. 
A glance at the above list reveals a rather surprising fact tha t  cubane, as far as 
the overlap criterion is concerned, contains approximately as much strain as 
eyclobutane (of course, other factors besides "bending" of bonds contribute to the 
total  strain energy, such as t t  . . . . . .  H repulsion etc., and this will have different 
contributions in eyclobutane and cubane). The most  strained four-membered 
ring molecule is clearly bicyclopentane, the bond overlap being close to 0.6000 as 
compared with a value 0.6400 for a normal acyclic C - -  C bond. The C - -  C bond 
overlaps below 0.6000 characterize three-membere4 ring molecules, falling to 
0.5760 (eyclopropane), those for tricyclobutane being exceptionally low. Bieyelo- 
butanes have slightly higher C -  C overlaps, close in magnitude to methyl  substi- 
tuted cyclopropanes. The bond overlaps above 0.6300 signify normal C - -  C bonds. 
Not too much weight should be given to these numbers, however, as the results 
depend to some extent on the assumed forms of the atomic orbitals employed. We 
used Slater orbitals, which are an approximate set of functions, and by  changing 
to a better  set the above figures will be revised. However, one hopes tha t  the 
trends will remain. 

A comparison with experimental data  is possible for some of the molecules 
considered. According to the theoretical interpretation of spin-spin coupling 
constants in high resolution N M R  spectra [ 1 7 ]  J should be proportional to the 
fractional s character. In  the following table we list J(cps), the fractional s-charac- 
ter and the CH bond overlaps for three and four carbon atom ring systems. 

I t  is seen tha t  the molecules form groups with secondary and tert iary cyclopro- 
pane and cyclobutane carbons which are characterized by  different experimental 
J constants and with corresponding s %  or CH overlap. The Ctt  overlaps increase 
with J as expected [ 2 9 ] .  
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Table 8. C13-H Spin.spin coupling constants, s% and CH bond overlaps 
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Molecule J (cps)** s% CIt overlap 

cyclopropane secondary 161 33.1 0.7185 
bieyelo(l A.0)butane carbon 161" 33.0 0.7184 
bicyclo(t A.O)butane tertiary 202 38.6 0.7291 

carboII 

cyelobutane secondary 134 3i.t 0.7139 
bieyclo(1.1 .l)pentane carbon 144 3t .6 0.7t53 
eubane tertiary 160 38.8 0.7294 
bieyelo(l.l.l)pentane carbon 164 47.6 0.7409 

* Average of axial and equatorial coupling constants 
** Ref. [22] and [29]. 

Other experimental data are very seance and are in general less direct in their 
interpretations. Thus for example chemical shifts for bicyelopentane: 8.16 ppm 
and 7.55 ppm indicate much higher s-content than in cyclopropane (4.5 ppm) or 
methane (4.1 ppm), which agrees with the data in Tab. 1. However, factors other 
than carbon hybridization determine the chemical shifts of eyelopropyl hydrogens, 
as a comparison between the chemical shifts of i , l -d imethyl  cyclopropane, 
spirohexane and spiropentane indicates [18]: as the external C -  C -  C bond 
angle is decreased, ~he resonance is shifted to lower field, despite the fact tha t  the 
theoretical models indicate the opposite. 

Comparison with more accurate calculations is instructive as it indicates the 
limitations of this and other methods more clearly. There are several calculations 
of hybridization for highly strained molecules. Besides those of COTZLSO~r and 
){O~r~TT for the cyeloalkanes (CH~)n (n = 3, g, 5), ~here is the equally ambitious 
work on "aeetylenie" strained hydrocarbons (i.e. trieyclobutane and eubane) by 
WELTNE~ [27]. When our results are compared with his (Tab. 4 in ref. [27]) a 
consistently higher s ~o is found in our calculations. A better  agreement could 
be expected with Clementi or some other more realistic wavefnnetions. HOFF- 
mANN considered among many  aeyelic hydrocarbons a few cyclic systems, for 
which an extended ttiickel-type calculation [12] was employed, in which over- 
lap integrals and all interactions are included. With the same parameters 
for over 60 saturated or unsaturated molecules considered, he calculated, 
among other things,the resistenee to internal rotation, ring conformations 
and geometrical isomerism. Although he could not predict strain energies, the 
geometries of the molecules appear to be reliably predictable, t~or cyelobutane 
the most stable conformation found was planar, albeit the potential curve was 
quite flat for bent forms with a dihedral angle up to 15 ~ This is then in agreement 
with our results, -where similarly a slow change in energy on puckering was noted. 
There are a few other methods, such as that  of SAgDORF~C and KLOPNAX [21, 15] 
or the ~r method of PoPLE and S~T~Y [19], which have so far only been applied 
to paraffins and acyelie systems. 

To concluded we wish to emphasize that  the results of maximum overlap 
calculations provide hybrids, in~erorbital angles, deviations of "bent"  bonds, 
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b o n d  over laps ,  a n d  even  prov ide  i n f o r m a t i o n  on  " t w i s t e d "  b o n d s  for m a n y  mole-  
cules, for which  more  accura te  me thods ,  (such as t he  above  m e n t i o n e d  semitheore-  
t i ca l  m e t h o d s  or even  more  soph is t i ca ted  approaches)  m a y  n o t  easi ly  y ie ld  resul ts .  
More re l iable  resul t s  will be  p r o b a b l y  o b t a i n e d  wi th  more  real is t ic  wave  func t ions ,  
b u t  t he re  is a l imi t  to  the  m e t h o d  as such,  a n d  i t  c a n n o t  be  succes ively  i m p r o v e d  
as i t  lacks  a correct  f u n d a m e n t a l  basis.  So do several  o the r  v e r y  usefu l  empi r i ca l  
approaches  such as t h e  f ree-e lec t ron mode l  a n d  the  Hi ieke l  theory .  

Acknowledgment: We express our thanks to Prof. T. H. GooDwI~, who was kind to read 
this paper in manuscript. 

Appendix 
Trigonometric relationships between various angles in the eyclobutane and bieyelobutane 

skeletons are given. The angle (~) between two symmetrical planes (ABD and ACD) in eyclo- 
butane is related to the geometry by:  

• ] / s i n  (s - ChilD) _" sin (s  _-- ~AD) 
s i n  

2 [ sin ~bH------~ �9 sin ~bA D 

Here 2s = t~)HD -~ ~AD "t- ~AH, where ~)HD, {~)AD and ~Ar~ are defined as: 

H F  A F  A F  
cos  ~ = ~ - ,  cos  ~ = - ~ - ,  cos  ~ A .  = H---~ 

The angle Occ, between two hybrids which deviate from a straight CC line by d, is given 
by:  

sin Occ = s i n ( : ~ - - - ~ s i n ( ~ S A F + d )  
2 \ ~ /  

where 

Using 

A D  
COS (2bAF = - -  

FD 

the relationship between Occ, 7 and d is obtained: 

sin Y~ 
Occ 2 t 

cosd + - ~ s i n d  . sin 2 ] / i  Y 
+ sin 2 ~-  

In  bicyclobutane the situation is more complicated in so far as A B  ~ CD. Hybrids ~aa and 
~0aa with the interorbital angle O~c are related through: 

where 

sin ~,cc_ = sin Y-- �9 sin (60 ~ + ds~ ) , 
2 2 

is the angle between the plane formed by two ~oa2 hybrids and Ca - C a bond, and ~ is the 
angle between YJ33 and the C 3 - C a bond: 

tan ;t = (1 + sin~ ~-)  ~ �9 tan (60~ + ~2) . 
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To obtain the angle of twist of a C 2 - C 3 bond (by rotating the hybrids ~%3 and ~o32 at D by 
and angle ~0), and to calculate the ~ - g overlap for twisted bonds, additional relations are 
needed. These can be obtained from the known components of the unit vectors: 1. along the 
C 2 - C 3 bond: 

( 1  _ ~,  - 1/3 cos ? V 3  sin 
2 2 '  2 ' 

2. along hybrid YJ32: 

[ sin (d32 - 3 0 ~  c~ (c~ae - 30~ cos ~2 '  s i n O ]  

where O is the interorbital angle <2 ~f32, t,%2; and 3. along the hybrid ~fa2 after rotation by an 
angle ~v about the z-axis. These later are obtained with the help of the rotation matrix: 

( cos~0 - s i n q )  ) 
sin ~ cos ~o 

The coordinate system is oriented as in Fig. 2. I f  coa~ is the angle between the hybrid ~o~a and 
the line joining atoms C2, Ca, then: 

cos co32 = -  �89 (da~- 30~ s i n ~ o  c o s  (c~aa - 3 0 ~  c o s  ~ - ]  - 

+ l / 3  sin 7 sin O - -  o 
2 2 2 

Similarly from the components of a unit vector perpendieular to C 2 - Ca, but in the plane 
A F E :  

' 2 " 2 /  

and the components of Y~2 (~32 after the rotation by ~v) we obtain for the angle zae, the angle 
between them: 

- � 8 9 1 7 6 1 7 6  + 

+ 1. sin ~Y sin O .  
2 2 

The angle of : ' twist" can be obtained from the differenee 

T ~ Cr 3 - -  CX 2 

where 

COS Y~32 COS ~'~23 
COS o~ 2 ~ C o s  ~x 3 . . . .  

sin con2 sin coaa 

Alternatively z can be obtained from the known values of e, d and co as the difference 

v = Z32  - Z~a 

where Z~ are the angles between the plane containing the bond C~ - C~ and the hybrid y~,  
and a reference plane (for example the plane of Q-ring (AFE) )  : 

COS E ~  - -  COS (~i7c COS c o i k  
COS Z ~ e  

sin ~ sin co~ 

20* 
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