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Abstract: The molecular structures and energies of hydrocarbons containing very short 

nominally single C-C bonds were calculated by high-level ab initio calculations. The “squeeze 

energies” (SqE) pertaining to the shortening of central C-C bonds are found to correlate very 

well with central short C-C bond lengths.  
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    The existence of short, nominally single C-C bonds the length of which are less than 1.54 Å 

has been the subject of ongoing computational and experimental investigations.
1-2

  Such 

investigations address the fundamental concept of chemical bonding and open the possibilities 

for generating new molecular architectures. Two questions in particular were addressed by 

several workers: how short a single C-C bond can become and what are the fundamental causes 

or energy costs when the bond becomes very short.  

   Two main explanations have been proposed to account for very short single C-C bonds 

(VSCCB): structural strain and electronic/hybridization effects. The VSCCB length is controlled 

mainly by σ-bonding interactions; π-bonding and antibonding interactions tend to cancel out and 

thus exert only a small influence on the C-C bond length. 1,3-butadiyne and cyanogen (NC-CN) 

are other examples where the central, nominally single C-C bond is considerably shortened. The 

values of single and triple bonds in cyanogen are 1.3848 Å and 1.1566 Å, respectively
3a

 while in 

1,3-butadiyne they are 1.3727 Å and 1.2085 Å, respectively.
3b

 One would expect that this 

particular C-C bond shortening stems  from π-conjugation and delocalization between single and 

triple bonds.  Surprisingly, in 1,3-butadiyne there was little thermodynamic evidence of expected 

conjugation stabilization.
3c

 Rogers et al.
 
have pointed out that conjugation stabilization is a 

thermochemical property which can not be assessed solely via structural parameters.
3c

  In this 

communication a series of hydrocarbons is described which possess VSCCB (Figure 1).  We 

wished to determine the enthalpy cost related to bond shortening, and in particular, to the 

intramolecular strain associated with the C-C bond shortening step. Such energy costs are crucial 

because the energy/standard enthalpy of formation is a key factor which determines whether a 

molecule is stable enough to exist at all. These energies could be determined computationally, 

but surprisingly they have not yet been calculated.  
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    The quantum chemical calculations were performed using the Gaussian 03 program.
4
 The total 

electron energy for each molecule was computed using the composite, high-level 

G3MP2/B3LYP method
5
 which has root-mean-square deviation in energy of approximately 4 

kJ/mol. This method includes full geometry optimization at the B3LYP/6-31G* level followed 

by single point QCISD (quadratic configuration interaction single and double) type calculations. 

All the optimized structures corresponded to minima on their potential energy surfaces as was 

inferred from the absence of negative values of vibrational force constants. The VSCCB 

molecular geometries calculated at B3LYP/6-31G* level were in good agreement with the 

molecular structures reported previously.
1-2

 

    In this work the energy changes which result mainly from shortening of the central C-C bond 

(“squeeze energy”; SqE) were calculated by judicious choice of precursors in isodesmic 

reactions (Scheme 1). Calculation of the SqE values was achieved by using high-level 

computational methods and isodesmic reaction schemes. The SqE in this work is defined as the 

enthalpy of the corresponding isodesmic reaction. There are several ways in which such reaction 

schemes can be set up for any particular molecule, i.e. the reaction schemes are not unique. 

However, it has been shown that group equivalent schemes work best
6
 and these were used in 

this work. Such schemes preserve the number and type of functional groups present on going 

from reactants to products. There is another important consideration which needs to be taken into 

account when studying total energies in alkanes. The existence of 1,3-carbon carbon 

nonbonding interactions (protobranching) has been debated for some time and is the subject of 

controversy. Some researchers have claimed that the interactions are stabilizing while others 

argued that they are destabilizing.
7
 The isodesmic reactions in Scheme 1 have been set up in such 
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a way that the total number of 1,3-nonbonding C-C interactions is equal in the reactant and 

product  molecules and the interactions thus approximately cancel out in each reaction.
8
 

    Inspection of the results presented in Scheme 1 and Table 1 shows that the hydrocarbons 

studied can be classified into two groups: A and B. The group A contains molecules 1-5 and 9 

which have SqE values <50 kJ/mol and whose central C-C bond length is >1.4 Å (Table 1). The 

group B contains molecules 6-8 where SqE values are >400 kJ/mol and whose central C-C bond 

length is <1.4 Å indicating that the energy cost of shortening the central C-C bond substantial 

(Table 1).  

1 1a 2 2a 

3 3a 4 4a 

5 5a 6 6a 
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7 7a 8 8a 

 

 

9 9a 

 

Figure 1 Structures of hydrocarbons with short central C-C bonds and their open ring precursors  

(labelled with suffix “a”) 
 

 

 

2C8H12 (1a) → C8H6 (1) + C8H18                                         SqE= 34.7 kJ/mol 

 

2C9H16 (2a) → C10H14 (2) + C8H18                                      SqE = 31.3 kJ/mol 

 

2C12H16 (3a) → C16H14 (3) + C8H18                                     SqE = 31.3 kJ/mol 

 

2C9H16 (4a) → C10H14 (4) + C8H18                                      SqE = 29.3 kJ/mol 

 

2C11H18 (5a) → C14H18 (5) + C8H18                                     SqE = 22.4 kJ/mol 

 

C14H18 (6a) + 3C4H10  → C14H12 (6) + 6C2H6                    SqE = 870.2 kJ/mol 

 

C17H24 (7a) + 3C3H8 → C17H18 (7) + 3CH4 + 3C2H6        SqE = 628.8 kJ/mol 

           

C16H14 (8a) + 3C2H6 → C16H8 (8) + 6CH4                        SqE = 412.5 kJ/mol 

 

C19H20 (9a) + 3C3H8 → C19H14 (9) + 3C2H6 + 3CH4         SqE = 39.5 kJ/mol 
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Scheme 1. Simple isodesmic reactions involving the hydrocarbons depicted in Figure 1 which 

were used to calculate the SqE generated due to the compression of the central C-C bond. C8H18 

is (CH3)3CC(CH3)3 and C4H10 is n-butane.  
 

 

     The SqE energies in group A are related mostly to rehybridization effects on carbons which 

comprise the shortened C-C bond.
2
   The shortening of C-C bonds in group B was explained by 

the change in CCC bond angle which occurs to minimize the strain in cages and thus offset the 

strain in the bridges which connect two cage fragments of the molecule.
2
 We have used the 

approximation formula proposed by Martinez-Guajardo et al.
2
 to estimate %C2s character in the 

central pair of carbon atoms of 1-9 (Table 1). We did not find clear correlation between %C2s 

character, C-C bond length and SqE values. We only noticed that in Group A, in spite of C-C 

bond shortening, there is little difference in %C2s character and CCC bond angle between 

molecule containing “squeezed” C-C bonds and their analogues containing “non-squeezed” 

bonds (Table 1).        

    On comparing the SqE values with C-C bond lengths we readily observe why there is an order 

of magnitude difference between the two groups SqE values of Table 1. In the group A the C-C 

bonds are >1.4 Å while in the group B they are <1.4 Å.  The shortening of C-C bonds naturally 

leads to destabilization of the molecule vs. its corresponding precursor. On the other hand, 

stretching of C-C bond on going from 6 to tetrahedryl tetrahedrane (1) leads to stabilization as 

can be seen from the following isodesmic reaction:  6 + 6CH4 → 1 + 3C4H10 . The enthalpy of 

this reaction is -713.8 kJ/mol. The stretching of central C-C bond from 1.314 Å in 6 to 1.428 Å 

in tetrahedryl tetrahedrane is stabilizing by the same amount.      

Our SqE values are related to thermodynamic stability and thus encompass different models used 

to rationalize VSCCB, e.g. rehybridization, redistribution of steric strain, etc. However, SqE 

values represent a better guideline concerning the probability that such compounds can be 
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synthesized than do the models discussed above.  We recall that SqE represents enthalpic cost 

which is additional to any pre-existing strain in molecular precursors before the VSCCB is 

formed; for example in tetrahedrane or cubane fragments. Large SqE values (e.g. in 6) would 

therefore make the synthesis of such compounds difficult. On the other hand, the small SqE 

values calculated for structures 1-5 suggest that at least from a thermodynamic point of view the 

compound should be amenable to synthesis. 

   In summary, we have studied the energy cost of shortening nominally single C-C bonds and 

found that electronic/hybridization effects can be clearly distinguished on energy terms from the 

steric strain effects; the electronic effects entail much lower energy cost for bond shortening than 

does the intramolecular strain. However, the former effects are much less effective in reducing 

the C-C central bond length than the strain.  

 

Acknowledgements 

    I. N. thanks the Faculty of Science, Charles Sturt University for financial support of this work 

through Grant OPA4838.  



 9 

Table 1. “Squeeze energies” (SqE), total energies (E) and percentage of C2s character 

in C-C bonds at the G3MP2/B3LYP level for the hydrocarbons shown in Figure 1
a,b

. 

Molecule SqE 

(kJ/mol) 

E (a.u.) % C2s  

 

RCC(Å)  

1  34.7 -307.571863 

(-311.326712) 

42 (42) 1.428 (1.496) 

2  31.3 -388.622423 

(-351.851329) 

36 (36) 1.492 (1.529) 

3 31.3 -616.684718 

-465.882484) 

35 (35) 1.478 (1.523) 

4 29.3 -464.716828 

(-389.898146) 

39 (39) 1.458 (1.513) 

5 22.4 -543.198527 

(-429.137684) 

38 (38) 1.462 (1.519) 

6 870.2 -539.138919 

(-543.014230) 

39 (42) 1.314 (1.430) 

7 628.8 -657.113058 

(-660.909867) 

32 (36) 1.369 (1.481) 

8 412.5 -613.013051 

(-616.740355) 

34 (37) 1.364 (1.478) 

9 39.5 -731.057997 

(-734.630320) 

30 (31) 1.455 (1.552) 

a
the percentage of C2s character in the central C-C bond had been estimated using the 

formula from reference 3: (% s composition= 0.35xbond angle – 8.58) 

The values in brackets correspond to “non-squeezed” structures: 1a-9a in Figure 1. 
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