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| .  |n~oducfion 

The bond additivity or localized bond model has been extremely useful in under- 
standing and rationalizing much of chemistry [1,2]. The observations that bonds 
between pairs of atoms can be classified as different types of qualitatively different 
bond order (single, double, and triple bonds) and that these bond types and their 
corresponding properties (such as bond energies and bond distances) can pass 
virtually unchanged from one molecule to another provide quick estimates of energy 
changes in chemical reactions, estimates of energies of activated complexes, and 
relative energies of structural isomers. Estimates of reaction energy changes based 
on values of average bond energies and numbers of different kinds of bonds lost 
and gained can be refined by incorporating corrections for various substituent 
groups. More substantial deviations from the bond additivity rule can be accounted 
for by introducing the concepts of strain and resonance. StructuraJ clues warn us 
when deviations due to these effects are likely to occur and, at least for a number 
of examples from organic chemistry, we have at hand rather well-established values 
of strain energies and resonance energies to apply as corrections to the additivity or 
localized bond results. This review summarizes recent progress in the estimation of 
strain and resonance energy parameters that apply to structures composed of the 
representative elements other than carbon. Our investigations have been restricted 
to the elements silicon, nitrogen, phosphorus, oxygen, sulfur and, to a limited extent, 
arsenic. We have chosen a set of benchmark struct,:~es that are well represented in 
organic chemistry. Although inorganic exampies of these structures are few, the 
comparisons with hydrocarbons and among themselves provide a basis tbr realizing 
and rationalizing trends as they operate differently among similar structures com- 
posed of different elements. 

Strain is a destabilizing effect that arises when the structural requirements in a 
molecule produce distortions from their preferred values of bond angles, bond 
distances, and rotational conformations about bonds [1,3-6]. Angle strain usually 
results when the ends of a chain of atoms are joined to form a ring or when large 
bulky groups attached to the same atom try to avoid each other, stretching bonds 
and distorting angles between bonds at individual atoms. Structural requirements 
might also displace substituent atoms or lone pairs of electrons at the opposite ends 
of a bond from optimal conformational orientations with respect to one another, 
perturbing preferred dihedral or torsional angles, in addition, the structural require- 
ments of a ring might move substituent groups or lone pairs together across the 
ring and into less favorable positions with respect to each other than are available 
to these groups on a chain-type structure. 

Resonance is another egpression of failure of the localized bond model. This effect 
is ascribed to the delocalization of electrons in the rc components of double bonds. 
Possibilities for delocalization are readily recognized; they usually occur in systems 
with conjugated double bonds. Resonance usually makes the molecule more stable 
than anticipated from the bond additivity model. Aromaticity is a particularly strong 
resonance stabilization due to the delocalization of ~ electrons around a ring [7-9]. 
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Significant extra stabilization can be expected in rings containing HUckel numbers 
of n electrons, 4n + 2, n = 0, 1, 2 . . . .  

2. Calculations 

Several methods have been proposed for the definition and calculation of strain 
energies [ 1,3-6]. The scheme we describe here can be conveniently based on experi- 
menta~ heats of formation or on total molecular energies obtained from ab irfitio 
molecular orbital (MO) calculations. Strain ener#es can be calculated as energy 
changes for reactions that convert rings and polyhedral structures into chains, 
thereby releasing or relieving strain. In a similar fashion, reactions that open aromatic 
rings, disrupting cyclic conjugation, can be used to estimate resonance stabilization. 
For many hydrocarbon molecules the heats of formation for reaction products and 
reactants are available and strain and resonance energies can be calculated directly 
from thermochemical data. Comparable experimental quantities for inorganic tings 
and clusters are not usually known, but we estimate the energy changes of appro- 
pilate reactions by taking differezlces in product and reactant total energies as 
obtained from geometry optimized ab initio MO calculations [ 10, I i ]. These energy 
changes are small differences between quantities of enormous magnitude which 
themselves contain huge errors due to choice of basis set and electron correlation. 
The results summarized here were obtained with basis sets at least as good as 
6-31G**, which includes a split valance or doubte-~ representation of valence shell 
atomic orbitals and contains a set of three p-type polarization functions on each 
hydrogen atom and a set of six d-type polarization functions on each main-group 
atom. The d-type polarization functions are known to be essential for the accurate 
description of the structures of molecules containing elements such as silicon, phos- 
phorus, and sulfur. Total energies calculated at the restricted Hartree-Fock (RHF)  
level have been corrected for electron correlation to second order by Moller-Plesset 
perturbation theory (MP2). The resulting total energies still have basis set and 
correlation errors. Strain energies are calculated as energy differences for chemical 
reactions and we can hope to make inherent errors in total energies largely cancel 
when energy differences are taken if we choose reactions that involve minhnal 
differences in the electronic structures of reactants and products. A reaction is said 
to be homodesmotic if it conserves bond types and maintains the valence environ- 
ment around each atom [ 12-14]. These conservation properties suggest that localized 
basis set and correlation errors in total energies of reactants and products are more 
likely to be about the same and therefore should approximately cancel when energy 
differences are taken [ 15]. 

Because the homodesmotie reaction conserves bond types, the bond additivity 
model predicts the corresponding energy change to be zero. However, if the reaction 
converts cyclic molecules into chains, thereby releasing strain energy, we would 
expect the reacti: n to be exothermic by an amount equal to the strain energy. We 
have chosen to r~present strain energy, a destabilizing quantity, as positive with sign 
opposite to that of the calculated energy change for the strain-releasing reaction. 
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Resonance energies can also be represented as energy changes that accompany 
homodesmotic reactions that convert aromatic rings into chains that might them- 
selves involve some delocalization [16]. Since resonance usually provides extra 
stabilization for the cyclic structure, we anticipate the corresponding homodesmotic 
reaction to be endothermic. We report resonance energy as a negative quantity. 

3. Strain energies of homoatomie rings 

3.1. Rings of single bonds only 

Eq. (1) is a general reaction that converts rings of sulfur atoms into chains: 

S, (ring) + nHSs+ 1H (chain)--, nHS~ + 2H (chain) ( 1 ) 

One can think of this process as disassembling the Sn ring into n individual sulfur 
atoms, each of which is then inserted into a chain, HS-..SH, to make the chain one 
atom longer. The parameter s = - 1 ,  0, + 1 . . . .  determines the length of the chain 
and gives special properties to the reaction. For s = + 1, the reaction is homodesmotic, 
conserving bond types and the valence environment at each atom [12-14]. For 
s = 0, the reaction conserves bond types but not atomic valence environments and 
it is said to be isodesmic [ 10]. With s =  - 1, neither bond types nor valence environ- 
ments are conserved but numbers of electron pairs are conserved and the reaction 
is called isogyric [ 10]. Obviously, a long chain should be able to incorporate an 
additional atom with less disruption to its electronic structure so large values of s 
would appear to be preferred. How long must the chain be to give reaction energy 
changes that are indeDendent of the parameter s? Fig. 1 shows trends in calculated 
strain energies as energy changes for Eq. (1) for sulfur rings of ring size n and chain 
length parameter s. For s >_ + 1, strain energies for the same size ring differ from 
each other by no more than 1 or 2 kcalmol  -~ [17]. Experience with comparable 
processes for the ring systems (CH2)n, (SiH2),, (NH), ,  (PH)~, and On shows the 
same requirement of s_> + 1 [ 18-22]. 

How well do strain energies calculated as energy changes for Eq. ( 1 ) using ab initio 
total energies agree with values obtained with experimental data? Thermochemical 
heats of formation are available for sulfur rings, n ~6,  and chains [23-25] and tbr 
alkanes and cycloalkanes, n_>3 [ 1]. Strain energies based on ab initio calculated 
total energies and on experimental data agree to within a few kilocalories per mole. 
Fig. 2 compares strain energies of the cycloalkanes calculated as energy changes for 
the hydrocarbon analog of Eq. ( 1 ), s = + 1, using experimental heats of formation 
and using ab inifio total energies calculated at the MP2/6-31G** level. The ab initio 
results lie about 4 kcal tool - t  above the experimental track and show parallel trends. 

To what extent does the choice of chain-terminating group affect the strain energy? 
In Eq. ( 1 ) the sulfur chains are terminated by hydrogen atoms. The effect of terminal 
groups might conceivably be significant. It is recognized, for example, that the O - O  
bond in HOOH is quite different from that in FOOF. Calculations of On ring strain 
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Fig. 1. Strain energies of  sulfur rings Sn as functions o f  ring size n and the chain length parameter s. For 
s >__ + t, strain energies for the same n differ by at most 1 or  2 kcal tool -~. 

energies using oxygen analogs of Eq. (1), but employing H, F, and C1 as chain- 
terminating atoms, give essentially the same results for each ring size n [19]o The 
choice of chain-terminating group does not significantly influence the calculated ring 
strain energy. 

We have reported strain energy calculations following analogs of Eq. ( I )  for 
(CHe),, (Sill2),, (NH)m, (PH)~, On, and S. [17-22]. Results are collected in Table 1 
and summarized in Fig. 3. 

The cycloalkanes (CH2)~ are familiar compounds. Silicon and phosphorus are 
known to form rings, although perhaps carrying substituents other than hydrogen 
[26,271. Sulfur forms rings for n >__5 [28-37]. O, and (NH)~ tings are unknown, but 
it is instructive to include them for comparisons. Fig. 3 reveals several interesting 
similarities and differences among the various series. First, one would expect that 
strain would be relieved as the ring expands from n = 3 to n = 4  as bond angles open 
from 60 ° to something near 90 °, an angle much closer to the 109.5 ° value anfidpated 
for bonds around an sp 3 hybridized ring atom. A sizable decrease in strah~ actually 
occurs only for the cyclosilanes [38]. Among the hydrocarbons, the strain energy of 
cyclobutane is only slightly less than that of cycloptopane, and not the large drop 
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Fig. 2. Strain energies (kcal mol - t) of the cycloalkanes (CH.,), calculated as energy changes for a homodes- 
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Table 1 
Strain energies (kcal mol -  t) of monocycles containing all single bonds; results are for the lowest energy 
ring conformations 

Ring size (CH2), (SiHz), (NH) .  (PH }. O. S~ 

3 30.8 38,3 30.1 10.8 23.0 32.0 
4 28.5 17.0 37,2 14.0 44.7 46.7 
5 8.3 6.0 10,2 - 3.5 18,1 20.0 
6 1.4 1,4 10.8 0.0 9.1 9.1 
7 29.9 19,2 8.9 8.6 
8 29.1 8.4 1.6 2.2 

the figure shows between (Sill2) 3 and (Sill2)4. We think this points to an unusual 
stability for cyclopropane. The nitrogen, phosphorus, oxygen, and sulfur series all 
show a strain energy maximum at n = 4, with the peaks for sulfur and oxygen being 
much higher than those for nitrogen and phosphorus. We attribute the n = 4 maxi- 
mum for rings from Groups 15 and 16 as the results of non-nearest-neighbor |one- 
pair-lone-pair repulsions that occur in four-membered rings but not ~n three-memb- 
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Fig. 3. Strain energies (kcal mol - t) of  all-single-bond monocyc[es as functions of  ring size n. 

ered tings. Structures 1 and 2 represent the arrangements of lone pairs in the lowest 
energy conformers of (NH)3 and (NH)4. 

1 2 

For n>_4, several d:fferent conformers are possible for each n in (NH)~ and 
(PH) ,  rings. Relative energies of the different conformers can be rationalized on the 
basis of the 'gauche effect', which specifies that lone pairs at opposite ends of a 
bond prefer to be approximately 90 ° apart [39]. It is possible to obtain strain 
energies of high energy conformers from results reported previously, and those 
quantities are useful in specific instances. The ring atoms in O~ and S~ have twice 
as many lone pairs as those in (NH)~ and (PH)~ and therefore should have even 
higher peaks at n = 4, as demonstrated in Fig. 3. 

Fig. 3 also shows that, with the exception of (Sill2)3, strain energies of Si and P 
rings fall well below those of rings of the same size for C and N. Lower strain 
energies for rings composed of elements from lower rows of the periodic table would 
appear to be consistent with the electronic structures of those tings being described 
by valence MOs composed of valence AOs of larger principal quantum number, 
orbitals that are larger and more diffuse and which form bonds that are weaker and 
have lower angular preference. But what about the tings of sulfur and oxygen? The 
strain energy curves for these two series lie almost on top of each other. 

Different families of elements achieve minimum strain energies at different ring 
sizes. For Group 14, (CH2), and (Sill2),, lowest strain energies are for the s/x- 
membered rings. For Group 15, minimum strain occurs for n = 5 and 6. For Group 
16, eight-membered rings have the least strain. 
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Table 2 
Strain energies (kcal tool- !) of monocycles containing one double bond; also included for nitrogen and 
phosphorus are values for the higher energy conformers, 4b and 5b, that occur as fragments of poly- 
hedral clusters 

Ring size CnH2n- z Si.H2._ 2 N.H. _ 2 P,,H._ 2 

3 54.5 37.2 40.5 7.9 
4 30.6 12.6 31.9/40.1 7.4/16.2 
5 6.8 2.1 12.9/32.3 4.5/3.6 

3.2. Rings containing one double bond 

Eq. (2) is a homodesmotic reaction that relieves the strain in cyclopropene. The 
double bond is transferred to the product 2-butene while the methylene group of 
cyclopropene ends up in the middle of  the propane product. 

/ C • H 2  + 2 H3C--CHa--,-~ HaC~HC=CH-CH3 + H3C-CH2-CH 3 
HC=CH 

(2) 

Comparable reactions can be written for the other cycloalkenes and the cyclosilenes, 
C , H z , - z  and Si,H2,-z,  and for the one-double-bond-containing rings N,H,_2  and 
P ,H,-2 .  Strain energies for these four series, n = 3 - 5 ,  appear in Table2. Fig. 4 
displays the trends. 

The eycloalkene strain energies were calculated from thermochemieal heats of  
formation [ 1 ] following homodesmofic reactions comparable with Eq. (2). The other 
strain energies are based on ab initio total energies. Nitrogen and phosphorus are 
each represented by two curves corresponding to different conformations of  the 
four- and five-membered rings that involve different relative orientations of  substitu- 
ent hydrogens and lone pairs. Only one conformation, 3~ is possible for the three- 
membered rings of N and P. Structures 4a and 5a represent the low energy conform- 
ers of the four- and five-membered rings. Higher energy conformers 4b and 5b are 
of interest because they approximate the arrangements of bonds and lone pairs in 

3 H 

H H 
4b 5b 

H 
4a h 
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Fi~, 4. Strain energies (kcal tool - :) of tings containing one double bond. For N and P, two curves fo|lo~v 
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fragments of nitrogen and phosphorus polyhedral clusters to be considered in the 
next selection. 

Fig, 4 shows that  strain energies of silicon and phosphorus rings are much smaller 
than those of carbon and nitrogen. The differences between curves (a) and (b)  for 
different conformations of  nitrogen and phosphorus rings give an idea of  energy 
differences that  must be attributable to differences in lone-pair-lone-pair  repulsions, 
10 to 20 kcal too l -  i in the case of  nitrogen and considerably less for phosphorus. 

4. Strain e n e r g ~  of some p o l y ~ ' a l  homoatonfic clusters 

Many of our ideas of structure and bonding in the representative elements come 
from the enormous variety of compounds in which a set of  carbon atoms forms the 
structural framework of  the molecule. These hydrocarbon structures establish our  
expectations of plausible structures for homoatomic clusters of  other main-group 
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elements. In this section we compare relative energies and strain energies of proposed 
homoatomic clusters of (SiH)z,, N2,,, P2,,, and As2, with those of well-established 
or imagined isoelectronic benchmark hydrocarbon clusters (CH), , ,  n = 2, 3, and 4. 
These are the hydrocarbon valence isomers in which 2n CH unite are connected by 
CC single and double bonds according to normal valence rules to form polyhedral 
structures. They have been enumerated by Bataban [40]. We will consider only a 
limited set of these structures, 6-14. 

! I l l !  ! /  o o 

6 7 8 9 10 

\ . . . . .  :/ 
0 ~ 0  

11 12 18 14 

For computational convenience, optimization of structural parameters usually 
takes place assuming a structure of a particular symmetry point group. If the 
calculated vibrational frequencies for the structure turn out to be all real numbers, 
then the structure corresponds to a minimum on the energy surface. If one or more 
vibrational frequencies is imaginary, then the structure is not a minimum. Structures 
that are found to be minima on the RHF energy surface may not be minima on the 
MP2 surface. The questions of energy surface minima invite elaboration. Although 
the planar rectangle 7 is a minimum at both RHF and MP2 levels of theory for 
(CH)4 [41] and N4 [42], this structure is not a minimum on either surface for 
(Sill)4 [43]. The tetrahedron 6 is a. minimum for (S iHh on the RHF surface but 
not for MP2. Relaxing Ta symmetry constraints for MP2 calculations for ( S i l l ) 4  

leads to a non-planar, puckered square minimum of Dz symmetry that is tens of 
kilocalories per mole below tile energy of the regular tetrahedron [43,44]. Neither 
(CH)4 n o r  N 4 has a puckered square minimum at either level of theory. The regular 
planar hexagonal D6h form 8 of N 6 iS a minimum under the RHF approximation 
but not at the MP2 level for which the less constrained D 2 structure is a minimum 
and only 2.5 kcal tool t lower than planar 8 [45-47]. In these and other structures, 
silicon shows the largest number of deviations from our expectations based on the 
benchmark hydrocarbons. For (Sill)6 the planar benzene structure 8 is not a mini- 
mum on either RHF or MP2 energy surface. At the MP2 level the energy minimum 
for a slightly less constrained Dad structure lies only 4 keal tool-  ~ below that of 8 
[48,49]. The benzvalene structure 9 of N6 is a minimum for RHF calculations but, 
on optimization under Czv symmetry at the MP2 level, this structure attempts to 
dissociate into the fragments Nz and bicyclobutane N4 [45-47]. The (Sill)6 Dewar 
benzene 10 is not a minimum under C2v symmetry constraints on the MP2 surf,%"~ 
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[22]. We think this is a computational artefact, because calculations under reduced 
symmetry constraints led back to 10. Furthermore, preparation of (SIR)6 10 has 
been reported as a thermally labile compound that readily converts to i1 [50]. Could 
substituents R induce an energy minimum for a structure where none existed for 
the parent compound? An example of such behavior has been studied for another 
silicon cluster, tetrasilabicyclobutane, Si4R 6 [51 ]. Although some of the structures 
6-14 may not correspond to energy minima for several specific clusters, we have 
considered them all here anyway because these structures are pervasive in our 
thinking about molecular properties. 

For total energies and strain energies of (CH)6 8-12 we have used values reported 
by Schulman and Disch [52]. Hess and Schaad have published total energies of 6 
and 7 [41]. We use estimates of strain energy of (CH)4 6 calculated by Schulrnan 
and Venanzi [53]. Strain energies of N4 6 and 7 and N0 8 - | 2  are based on ab initio 
total energies reported by Glukhovtsev and Schleyer [42,45] and by Engelke [46,47]. 
Nagase has calculated strain energies of 6, 11, and 13 for the Group 14 hydrides 
(C, Si, Ge, Sn, and Pb) [54]. 

4.1. Four-atom ctusters 

Although the (CH)4 parent hydrocarbons tetrahedrane 6 and cyclobutadiene 7 
have eluded attempts at preparation, compounds containing the four-carbon atom 
tetrahedral and planar rectangular core structures have been realized by stabilizing 
them with bulky substituent groups [55,56]. Ab initio calculations for (CH)4 give 
bond distances in 7 that correspond to pairs of C-C single and C = C  double bonds 
of lengths within established norms for such bonds for carbon. At the MP2 level 
the rectangle 7 is higher ~a energy than the tetrahedron 6 by 12.4 kcal tool -~ [41]. 

The structures of the Group 15 clusters I)4, As4, Sb4, and Bi4 have long been 
known to be tetrahedral 6 [57-60]. No planar rectangular isomeric structures have 
been reported. At the level of the bond additivity model, the energy difference 
between 6 and 7 is the result of different numbers of different kinds of bonds; 6 
is connected by six single bonds, whereas 7 consists of two single and two double 
bonds. Therefore, the energy difference between 6 and 7 is just 2d, where 
d = 2 D ( X - X ) - - D ( X = X )  is the difference between the energies of two single bonds 
and one double bond. Table 3 contains values of average bond energies of the ran/n- 
group elements we consider here. The values for carbon are taken from a convenient 
source [61 ]. 

We obtained the remaining values by assuming standard bond energies for N----N, 
Si-Si, P-P, and As-As and calculating the energies of the corresponding bonds 
(N-N, Si=Si, P=P ,  and As=As) by applying a value of A calculated from ab inifio 
total energies as the energy change for an isogyric reaction analogous to the one 
involving phosphorus in Eq. (3): 

2 H2P~PH2 + I'~P-~-P==P~PH2 ~ 2 H2P'--P~PH2 

PN2 
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Table 3 
Average bond energies (kcal m o l - t )  for homoatomic single and double bonds. D(X-X)  and D ( X = X )  
and the quantity J = 2D(X-X)- -  D(X = X  ) 

Bond Energy zf Bond Energy d 

C-C 83 N-N 43 
20 - 14 

C = C  146 N = N  t00 

Si-Si 74 P-P 55 
47 24 

Si=Si 101 P = P  86 

As-As 43 
26 

As=As  60 

Double bond energies of Group 14 and 15 elements from the lower periods are 
not established. These choices make the ab initio calculated strain energies of the 
benchmark structures consistent with the calculated relative energies of these struc- 
tures. The energy differences among benchmark isomers are just energy changes for 
isogyric isomerization reactions. 

For C, Si, P, and As, two single bonds are stronger than a double bond and zt is 
positive. The reverse is true for nitrogen; d is negative. For P4, the bond additivity 
model predicts 6 to be more stable than 7 by 2J = 48 kcal tool - t. Experience suggests 
that both structures will be destabilized by strain, probably to different extents. The 
strain energy of tetraphosphorus cyclobutadiene 7 can be calculated as the energy 
change for a homodesmotic reaction that can be written in analogy to Eq. (2). 
Eq. (4) is a homodesmotic reaction that relieves the strain in tetraphosphorus 
tetrahedrane 6: 

,•p'•P + 6 HaP--PH 2 -~- 4 H a P ~ P ~ P H  a 
I 
PH2 

(4) 

The conservation of bond types in Eq. (4) gives an energy change of zero for this 
reaction from the bond additivity model, but the reaction can be expected to be 
exothermi¢ as a result of the release of strain in tetrahedral P4- Keep in mind, 
however, that the product P(PH2)3 is a branched molecule that might still include 
some strain compared with the unbranched chains that result from the opening of 
monocycles in Eqs. (1) and (2). Table 4 collects strain energies of these and other 
polyhedral clusters [62-65]. 

Fig. 5 compares relative energies and strain energies of tetrahedral 6 and planar 
rectangular 7 structures fbr N4, P4, and As4. For each element, level A represents 
the relative energies of the two structures based on differences in average bond 
energies only. For P~ and As4, the cyclobutadiene structure is higher than the 
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Fig. 5. Relative isomer energies (kcal mo1-1) as determined by A, the bond additivity model and energy 
differences 2A of average bond energies; and B. by ab initio calculations of total molecular energies. 

As4 ,  the strain energies are much smaller than the energy gaps between the two 
structures at the A level, with the result that strain energies do not alter the relative 
energies at the ab initio level B; 7 lies above 6 for both As4 and P4. 

Fig. 6 compares the energies of tetrahedrane and cyclobutadiene structures for 
(CH)4 and (Sill)4. At the bond additivity level, A, stronger single bonds give greater 
stability to the tetrahedron. However, the strain energy of (CH)4 tetrahedrane is 
enormous, 141 kcalmo1-1, compared with the energy gap, 2,~=40kcalmo1-1,  
between 6 and 7 and even compared with the strain energy of cyclobutadiene, 
79 kcal tool -1. 

Thus, at the ab initio level, (CH)4 tetrahedrane 6 lies above cyclobutadiene 7. For 
silicon, 2d is large (94 kcal tool - 1), the strain energy of (SiH)a 7 is modest, but the 
strain energy of (Sill)0 tetrahedrane is about the same as that for (CH)4. The result 
is that for (Sill)4 the energies of 6 and 7 are quite close at the ab initio level B. 

4.2. Six-atom clusters 

The benchmark hydrocarbon structures we have chosen for hexatomic homo- 
atomic cluste~'s are the five valence isomers of benzene: the planar regular hexagon 
or benzene 8, benzvalene 9, Dewar benzene 10, triangular prismane 1 I, and bieyclo- 
property! t2. AJI five structures have been prepared and characterized, 12 as recently 
as 1989 [66-70]. The substituted hexasilapolyhedra (SIR)6 ,  where R is a large 
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Fig. 6. Relative isomer energies (kcal mol -  t) as determined by A, the bond additi'dty model and energy 
differences 2,.4 of average bond energies; and B, by ab initio calculations of total molecular energk:s. 

protecting group, are represented by l0 and 11 [50,71]. Homoatomic examples of 
8-12 involving N, P, or As are unknown. 

Fig. 7 displays the relative energies of (CH)s and (Sill)6 in the forms of the 
valence isomers of benzene 8-12; Fig. 8 does the same for N6, P6 and As6. 

In Fig. 7, the isomers of (CH)6 are arranged in order of increasing energy, with 
the planar hexagon or benzene 8 at lowest energy at the left and bicyclopropenyl 
12 with highest energy on the fight. The (Sill)6 structures do not follow this 
pattern at all. The lowest energy silicon structure is prisanane 11, not benzene 8. A 
structure involving a silicon prismane core has actually been prepared, while among 
carbon isomers, pfismane has one of the highest energies. Compared with (CH)6, 
the ",ilicon isomers span a rather small energy range. Even the hexasilabicyclopro- 
penyl isomer 12 (at just under 60 kcal tool-  t and l~gh compared with the other 
isomers in this set) has a lower relative energy than any of the higher hydro- 
carbon isomers. 
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Fig, 7. Relative energies (kcal tool- t )  of the valence isomers of benzene as established by ab initio 
calculations. 

The relative energy profile of the N 6 isomers in Fig. 8 has some similarity to that 
for (CH)6 in Fig. 7, except that the nitrogen forms of Dewar benzene l0 and 
bicyclopropenyl 12 turn out to have low energies. What these two isomers have in 
common is a pair of double bonds, reminding us that, in nitrogen systems, double 
bonds are energetically favored over pairs of single bonds. Indeed, the rule ordering 
stabilities of N6 isomers appears to be the number of double bonds, with 8 (three 
double bonds, at least in the Kekul6 form) most stable and 11 (all single bonds) 
highest in energy. The P6 and As6 isomer sets span a small range of relative energies 
(less than 30 kcal tool-  1) compared with those of (CH)6 and N6. 

The planar hexagonal structure 8 should have sp 2 hybridized ring atoms and 120 ° 
bond angles, exactly the value required to establish a planar hexagonal ring. 
Therefore, we expect 8 to be perfectly strain free. However, benzene is the prototypi- 
cal example of an aromatic system, with six e|eetrons delocalized around the ring 
in a set of n MOs conferring resonance stabilization on this structure. The resonance 
energy of 8 can be calculated as the energy change for a homodesmotic reaction 
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Fig. 8. Relative energies (kcal reel- t) of N6, P6, and As6 analogs of the valence isomers of ben~n¢ as 
determined by ab initio c~Iculadons. 

that breaks up cyclic delocalLzation and replaces it by delocal/zation along a chain. 
Eq. (5) is such a reaction involving planar hexagonal N6: 

I II 
N ~ N , ~ N  

+ 3 HN=NH - - ~  3 HN=N--N'=NH (5) 

However, structures calculated for 8, of whatever composition, consist of six 
equivalent ring bonds, not the alternate system of single and double bonds of the 
Kekul6 structure included in Eq. (5). Therefore, this reaction is not strictly homodes- 
motic. The product H N = N - N = N H  admits the possibility of n elecu-on delocal/za- 
tion along the conjugated double bonds in an attempt to approximate the pattern 
of delocalization in the ring. 

Resonance stabilization of 8 should make Eq. (5) an endothermic reaction, and 
the corresponding energy change is the resonance energ~ of 8. Because we report 
destabil~ing strain energies as positive ql.antifies, we give resonance stab'fl/zafion 
energies (Table 4) negative signs. Indeed, results for planar hexagonal forms of 
(CH)6,  (Si l l )6 ,  P6, and AS6 all show resonance stabil/zation. However, Gh~d:ovtsev 
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and Schleyer [45] have reported that Eq. (5) for N 6 iS exothermic; the resonance 
energy of N6 8 is destabilizing or positive. The structures chosen for H N = N H  and 
H N - - N - N = N H  in Eq. (5) were those of lowest energy: t r a n s - H N N H  and cis-trans- 
c i s - H N N N N H .  In these forms, each HNNH should have a pair of trans lone pairs 
and each H N N N N H  should carry a pair of lone pairs trans to each other across 
the central N - N  single bond and two pairs of eis lone pairs on the two N = N  double 
bonds. Since each side of Eq. (5) therefore contains six pairs of cis lone pairs and 
three pairs of trans lone pairs, the exothermicity of Eq. (5) for N6 is not a result of 
different kinds of tone-pair-lone-pair interactions in reactants and products. 

Fig. 9 displays the strain energies and resonance energies of the valence isomers 
8-12 of (CH)6 and(Sill)6 [22,52]. Although the planar hexagonal isomers 8 of 
carbon and silicon are both resonance stabilized (by 25 and 15 kcal tool -~ respec- 
tively), the magnitudes of these quantities are quite modest compared with the 
destabilizing effects of strain (64-150 kcal moI-  ~ for carbon, 26-110 kcal tool-  1 for 
silicon) experienced by the other isomers 9-12. 

if the strain and resonance energy profile of silicon isomers in Fig. 9 is just a 
damped version of that for the carbon isomers, then why do the two series have 
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Fig. 9. Calculated strain energies and resonance energies (kcal tool - ~) for the valence isomers of benzene. 
The silicon clusters have strain energies that are diminished versions of those for carbon. 
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such different patterns of relative energies (Fig. 7)? The bond additivity or l o c a l ~  
bond model arranges the relative isomer energies in order of increasing number of 
double bonds, I 1 < 9  < 10, 12 <8,  separated by energy increments of d. For carbon, 
A = 20 kcal tool - 1 and the range of isomer energies would be 3A. The strain e n e ~  
of (CH)6  isomers are all larger than 3A, and benzene 8, though indeed stabilized by  
resonance, would have the lowest energy in the set even if it had no resonance 
stabilization at all. When corrected for strain, the energies of isomers 9-12 are all 
pushed far above 8. For silicon bonds A =47 kcal tool-  ~, over twice the value for 
carbon. At the bond additivity level, the (Sill)6 isomer energies should span over 
140 kcal tool-1, with the planar hexagon 8 at the top and the triangular prism~ll 
at the bottom. This order is perturbed when strain and resonance energies are 
included. These quantities are all smaller than the corresponding values for (CH)6. 
Bicyclopropenyl 12, with a rather large strain energy (73 kcal too l - t )  and a t  the 
bond additivity level, lying only 47 kcal tool-  1 below the planar hexagon 8, gets 
pushed to the top of the ab initio energy order. Prismane 11 and benzene 8, 
140 kcal too l - i  apart according to the localized bond model, are reposidoned to 
within 15 kcal too l - t  of each other when prismane is destabilized by strain 
(+ 1 l0 kcal tool -1) and benzene is resonance stabilized ( -  15 kcal tool - i) .  

Fig. 10 displays strain and resonance energies of Group 15 dusters N~, P6, and 
As6 in the isomeric forms 8-12 [63-65]. These quantifies (recorded in Table 4) have 
the same profile, with curves at lower energies for elements from the lower rows of 
the periodic table. 

The effects of strain and resonance energies diminishing down a column of  the 
periodic table are what one might expect from electronic structures determined by 
valence MOs formed from valence AOs of larger principal quantum number, AOs 
that are larger and more diffuse and which make bonds that are weaker and have 
lower directional dependence. Even the destabi l~ng value of the resonance energy 
of planar hexagonal N 6 s e e m s  t o  fit appropriately into the profile patterns of Fig. 10. 

The average bond energy model predicts N 6 isomers to have energies in the order 
8 < 10, 12 < 9 < 1 I. As A = - 14 kcal tool -1, structures with larger numbers of double 
bonds are energetically favored. After corrections with resonance and strain eneegies, 
8 remains at the bottom even though it is resonance destabilized by 20 kcal ~ - i  
a value much smaller than the strain energies of all the other isomers 9-12. In f~ct, 
the strain energies increase roughly with the number of single bonds, leaving unper- 
turbed the isomer energy order established by the bond addifivity model. For P6 
and As6, the average bond energy ordering of isomer energies is U <9<10 , :  | 2 < 8  
and energy increments, d ~ 2 5  kcalmol  -I ,  give an energy range of 3A,~75 
kcal tool - 1. Resonance stabilizations of benzene forms 8 of P6 and A% are ~ t ,  

ca. 15 kcal tool-  ~, and even the largest strain energy is much less than 3zl. These 
effects produce the rather narrow energy ranges obtained from ab initio calculations 
for P6 and As 6 isomers. 

4.3. Eight-atom clusters 

The benchmark structures we have chosen for eight-atom clusters are cubane 13 
and cyclooctatetraene 14. For (CH)8 both structures have been prepared and ch,~'ac- 
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Fig. 10. Calculated strain and resonance energies (kcal tool - t) for N6, P6, and As6 analogs of the valence 
iosmers of benzene. 

terized [72]. The substituted octasilacubane (SiR)s has been synthesized and its 
structure determined by X-ray diffraction [73]. Thermochemical heats of formation 
for (CH)8 reveal that 14 is more stable than 13 by 77.6 kcal m o l -  t [1 ]. Ab initio 
calculations show the reverse order of stabilities for (SiH)8 isomers; 13 is more 
stable than 14 by 89.7 kcal tool-  t [22]. From the bond additivity model we would 
expect the cubane forms 13 of both (CH)s and (SiH)8 to have lower energies than 
their corresponding cyclooctatetraenes 14 because the cubanes contain single bonds 
only. With four C = C  double bonds, (CH)s should be 421 = 80 kcal tool -1 higher in 
energy than 13. For silicon bonds, 21 is more than twice that of carbon bonds and 
the bond additivity rule predicts (SiH)8 14 to be 4A=188kca l  tool - t  above 13. 
Strain energies of cyelooctatetraene forms 14 are negligible for both (CH)a and 
(SiH)a. However, the cubane structures have large strain energies, 165 kcal tool - t  
for (CH)8 and 94.5 kcal tool -1 for (SiH)s. Strain in (CH)s 13 raises the energy of 
this structure by more than 421, and therefore well above the energy of 14, to give 
the observed energy order for the carbon isomers. The strain energy of (SiH)s 
cubane is smaller than that for the hydrocarbon analog, while 421 is much larger. 
Strain destabilization of (Sill)8 13 is not enough to push the energy of eubane above 
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that of cyclooctatetraene and the relative isomer energy order set by the bond energ), 
differences is maintained. 

Ab initio calculations for N8 place 14 lower in energy than 13 by 
180.6 kcal tool " 1 [65]. This order is qualitatively consistent with the bond additivity 
model that favors 14 by 4A = 56 I~al tool - t. The N8 cyclooetatetraene structure 14 
has a large strain energy, 92.8 kcal tool-  1, and the strain energy of cubane 13 is 
even larger, 219.4 kcal tool - ~. In the structure calculated for 14, N N N  bond angles 
do not deviate widely from the value of 120 ° preferred by sp z hybridized nitrogen. 
We attribute the large strain energy of Ns 14 not to angle strain but to dihedral 
angles that do not allow optimal conformational arrangement of the nitrogen 
electron lone pairs. Relative sizes of strain energies and bond type energy differences 
both favor 14 for N8. 

Leininger et al. have proposed the N8 structure 15, which they found to have 
considerably ~ower energy than either 13 or 14 [74]. Structure 15 is not an analog 
of one of the (CH)8 valence isomers. Instead, N8 ~5 should be compared with the 
isostructural, isoelectronic pentalene dianion, CsHZ6-, which is known to be aromatic 
[75,76]. Indeed, ab initio calculations for 15 yield a stabilizing resonance energy of 
- 2 0  kcal tool-1 [65]. Recall that N 6 8 has a calculated resonance energy that is 
destabilizing, + 20 kcal tool - i [45]. 

N ~  j N  

15 

Fig. 11 compares the calculated resonance energies of N 6 8 and Ns 15 with the 
same quantities for the aromatic hydrocarbons (CH)6, benzene, and CsH~-,  penta- 
lene dianion [77]. This figure reveals two significant differences between the hydro- 
carbon and nitrogen systems: (i) the hydrocarbons are much more effectively 
stabilized by resonance than are the nitrogen clusters; (ii) the gap between resonance 
energies of the two nitrogen molecules is twice that between the comparable aromatic 
hydrocarbons. We propose the following arguments to rationalize these differences. 

Among carbon systems, pairs of single bonds are energetically preferred to double 
bonds. An electronic structural reorganization that shifts away from double bonds 
should be favorable. The reverse is true for nitrogen, with the result that resonance 
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Fig. 11. Resonance energies (kcal mol-l) for aromatic hydrocarbon and nitrogen clusters. Resonance 
stabilization of the hydrocarbons is much greater than that for the hypothetical nitrogen analogs. The 
energy gap between 8 and 15 is much larger for nitrogen clusters than for the hydrocarbons. 

in conjugated nitrogen systems might not be stabilizing. The large energy gap 
between resonance energies of N6 8 and N8 15 may be due to differences in numbers 
and effectiveness of lone-pair-lone-pair repulsions. Each structure, 8' and 15', has 
six lone pairs, but 15' has only four sets of nearest neighbor lone-pair-lone-pair 
repulsions, and 8' has six sets. Furthermore, smaller interior angles in the five- 
membered tings of 15' point the lone pairs farther apart than those around the six- 
membered ring 8'. These effects should produce a larger splitting between resonance 
energies of N 6 8 and Na 15 compared with benzene and the pentalene dianion which 
have no lone pairs. 

5. Additivigy rule for ring strain energies 

The ring strain additivity rule states that the strain energy of a polycyclic or 
polyhedral molecule can be estimated by summing the strain energies of the indivi- 
dual rings that comprise the larger structure [3,78,79]. The rule has been quite 
successfully applied in organic chemistry where strain energies of rings and clusters 
are widely known. For example, the strain energies of the cycIoalkanes (CH2)3 and 
(CH2)4 are 30.6 kcal tool - i  and 28.3 kcal mo1-1 respectively. Tetrahedrane 6 is 
composed of four three-membered rings. Therefore, the strain energy of (CH)4 6 
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should be 4 x 30.6 = 122.4 kcs.l mol -1; a result that is within about t0% of the value 
141 kcal tool -~ calculated directly as the energy change of a homodesmotic reaction, 
comparable with Eq. (3), that converts tetrahedrane into branched chain products. 
The strain energy of cubane 13, whh six square faces, should be approximately 
6 × 28.3= 170 kcal tool - t  ~ quite close to the value 166 t~:cal tool- t  for (CH)6 13. 
Prismane 11 has two triangular faces and three square faces. The ring additivity rule 
estimate of the prismane strain energy is 2 x 30.6 + 3 x 28.3 = 146. t kcal tool - t, com- 
pared with the value 149 kcal tool - i  as calculated directly. The rule works wetl for 
clusters with tings containing double bonds. Bicylopropenyl 12 should have twice 
the strain energy of cyclopropene: 2 x 54.5= 109 kcal tool- t ,  compared with the 
direct value of 107 kcal tool - t .  Dewar benzene t0 should have twice the strain 
energy of cyclobutene: 2 x 30.6=61.2 kcal tool - 1  compared with 63.6 kcal tool- 
from Table 4. Benzvalene 9 can be considered to be composed of two cyclopro- 
panes and two cyclopentenes: 2 x 30.6+2 x 6.8=75 kcal tool-x, compared with 
81.3 kcal tool -~ from a homodesmotic reaction energy change. Bicyclobutane 16 
consists of two three-membered rings; the additivity rule gives 2x30.6=61.2  
kcal tool - 1 as the strain energy compared with the direct value of 66.5 kcal tool - 1 

H H 
m t 

;c--o-'-\. 
1 8  

Benzvalene 9 contains a bicyclobutane fragment 16, and the strain energy of 9 
can be calculated alternatively as the strain energy of 16 plus twice that of cyclopen- 
tene: 66.5 +2  x 6.8--80.1 kcal mol -  1; an even closet" approximation to the directly 
calculated value of 81.3 kcal mol - t .  These examples demonstrate the extent and 
level of applicability of the ring strain add ;tivity rule, as least for hydrocarbons. We 
now have available enough data to show how well the rule works for inorganic 
homoatomic clusters. 

5.1. Strain energy additivity in silicon chtsters 

The polyhedral silanes provide the closest inorganic comparisons with the hydro- 
carbon e×amples for the use of the strain energy additivity rule. For (Sill)4 tetra- 
hedrane 6, the strain energy rule gives 4 × 38.3 = 153 kcal mol - t; olfly 10% larger 
than the energy change for a strain energy releasing homodesmotk: reaction, 
139 kcal mo~- ~ *Tzib|e 4L For (SiH), cubane 13, the rule gives 102 kcal tool-~ 
compared wilh ~. kcat tool- t dir~tly. Prismane I1 can be approximated by an 
additivity rule v~duc ~,f 128 kcal tool - ~ ( 120.3 kcal tool - t, Table 4). For bicyclopro- 
penyl 12 and L ~ , a r  benzene 10, the additivity rule gives strain energies for silicon 
clusters tha~ are quite close to those directly calculated (in parentheses). 74.4 
(72.5) kcM tool- a and 25.2 (26.2) kcal tool-1 respectively. Less satisfactory is the 
addifivity estimate for S]4H 6 bicyclobutane t6: 2x38.6=77.2kca~mol  -I  (vs. 
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54 kcal mo1-1). Two estimates of the strain energy of (Sill)6 benzvalene 9 rather 
widely bracket the directly calculated value, 68.7 kcal m o t -  1. For 9, two cyclopro- 
panes plus two eyclopentenes give 80.8 kcal tool-  ~, while bicyclobutane plus two 
cyclopentenes yield 58.2 kcal tool - i .  These examples demonstrate that the ring strain 
additivity rule applies to silicon clusters, though perhaps with some reservations. 

5.2. Strain energy additivity in Group 15 clusters 

In analogy to (CH)4 tetrahedrane 6, we would expect to be able to estimate the 
strain energy of N4 tetrahedrane as four times the strain energy of the (NH)3 ring. 
Taking the value from Table 2, we get 4 x 30.1 = 120.4 kcal tool-  1, a quantity that 
is unacceptably large compared with the directly calculated result of 
56.1 kcal tool -  i in Table 4. Similarly, the strain energy of N8 cubane 13 should be 
6 x 37.2 kcal me~ - t ,  a result that is again too large. In selecting ring strain energies 
from Table 2 we have neglected to consider appropriate conformations of the three- 
and four-membered rings that represent faces of the polyhedra. Fig. 112 shows the 
disposition of lone pairs around tetrahedral N4 and cubic N8 and the corresponding 
rings (NH)3 and (NH)4 that have the same lone pair and bond orientations as the 
polyhedral faces they are expected to represent. 

Compared with 1 and 2, the conformations of three- and four-membered rings in 
Fig. !2 have even higher strain energies (42.0 kcal tool - 1 and 57.8 kcal mol - 1 respec- 
tively). These values give even higher strain energy estimates for tetrahedral N4 and 
cubic N8. The error comes from counting too many lone-pair-lone-pair repulsions. 
The tetrahedron has six edges and therefore six sets of lone-pair-lone-pair repulsions. 
Each three-membered ring of the conformation featured in Fig. 12 has three sets of 
lone-pair-lone-pair repulsions and four such rings introduce 12 sets of repulsions; 
twice the number present in the tetrahedron. The cube has 12 edges and 12 sets of 

63 

Fig. 12. Disposition of lone pairs of electrons around tetrahedral N4 and cubic Ns and their corresponding 
(NH)3 and (NH)4 rings. The monoeycles are not in their lowest energy conlbrmations. 
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nearest neighbor lone pair repulsions, and six four-membered rings of the conforma- 
tion of Fig. 12 present 24 sets of nearest neighbor repulsions. 

An alternative approach to ring strain additivity for Group 15 clusters is to apply 
the additivity rule in reverse [63]: take the strain energy of a regular polyhedron, 
divide it by the number of faces, and get a cluster component ring strain energy. 
Thus, the strain energy of each of the four three-membered rings of the N4 tetrahe- 
dron is 56.1 + 4 = 14.0 kcal mol - ~. Similarly, the strain energy of each four-memb- 
ered ring in the N8 cube is 219.4 + 6 = 36.6 kcal tool -~. With these cluster component 
ring strain energies, the additivity rule can be used again to estimate the strain 
energy of the N6 triangular prism 11 as composed of two three-membered tings and 
three four-membered rings: 2 x 14.0 + 3 x 36.6 = 137.8 kcal tool -1; a result that com- 
pares quite favorably with the value 144.1 kcal mol-1 as calculated directly and 
reported in Table 4. Similar decompositions of phosphorus and arsenic tetrahedra 
and cubes give cluster component three- and four-membered ring strain energies 
that yield good estimates of strain energies for the corresponding triangular prisms. 
We conclude that the additivity rule applies to Group 15 polyhedra if, for individual 
rings, we use cluster component ring strain energies that average the effects of lone 
pair repulsions over contiguous polyhedral faces. 

The choice of strain-free reference structures might also contribute to making 
cluster component ring strain energies smaller than those obtained for individual 
monocycles. Homodesmotic reactions comparable with that in Eq. ( i )  convert 
monocyeles into unbranched chains. Homodesmotie reactions, such as that in 
Eq. (4), relieve the strain of polyhedra~ clusters by converting them into branched 
chain products which might themselves be somewhat strained, giving smaller energy 
changes to these homodesmotie reacfic,ns. Group 15 branched reference structures 
must involve deviations from preferred bond angles, as well as the spatial orientation 
of nearest neighbor and non-nearest-neighbor lone-pair-lone-pair repulsions. 

The additivity rule gives acceptubl~: estimates of strain energies in N6 and P6 
clusters 10 and 12 using the strain energies of rings in conformations 3 and 4b 
(Table 2). 

6. Summary 

According to the bond additivity or localized bond model, the relative energies 
of homoatomic structural isomers are arranged and spaced by energy differences 
between double bonds and pairs of single ,bonds. Carbon, silicon, and nitrogen are 
examples of elements that present quite different bond parameters that determine 
the energy order and energy spacing among structural isomers. Ab initio calculations 
and experiment (in the case of hydrocarbons) reveal energy order and spacing of 
isomers quite different from that expected from the bond additivity model. 

Strain and resonance have been important concepts in organic chemistry, correct- 
ing for failures of the localized bond model. Only recently have estimates of the 
corresponding parameters become available for isoelectronic and isostructural inor- 
ganic analogs. Cluster strain energies are invariably destabilizing quantities. In the 
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examples presented here, cluster strain energies range from negligible to over 
200 kcal tool -1. In comparison, resonance energies are much more modest, providing 
no more than 25 kcal tool-  ~ in stabilization and, for planar hexagonal N6 6, the 
resonance energy is destabilizing but by only 20 kcal tool-  ~. Among a set of struc- 
tural isomers that exhibit both strain and resonance, strain dominates. The results 
reviewed here show that homoatomic clusters of elements of the lower rows of the 
periodic table have strain energies that are smaller, and usually much smaller, than 
those of the isostructural hydrocarbon and nitrogen clusters. 

Calculated strain energies of inorganic monocycles are now available for compari- 
son with those for cycloalkanes and cycloaikenes. The ring strain additivity rule 
appears to operate for inorganic clusters as well as it does for hydrocarbons, although 
for inorganic examples the effects of lone pair repulsic, las are large and must be 
considered. However, once such differences are appreciated, the strain energies of 
monocycles or cluster component rings can be used to correct the bond additivity 
energy order and rationalize the relative stabilities among sets of isomeric structures. 

Although few inorganic clusters have been prepared in the forms of the benchmark 
hydrocarbon structures considered here, many examples of polyhedral, homoatomic, 
but ionic, clusters have been prepared from Group 14 and 15 elements of the lower 
periods. Calculations of strain and resonance energies for ionic species are more 
complicated because they involve energy changes for reactions that separate charges 
or distribute charges over product fragments of different lengths or arrangements. 
How strain and resonance energies determine the relative stabilities of homoatomic 
ionic clusters is a subject of continuing research. 
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