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1. lnfroducfion 
It is part of both the art and science of organic chemistry to 

ascertain the stability of any arbitrary organic  compound^.*^^ 
Stability is somehow a simpler concept than reactivity since we 
need not have to ask "reactivity with what?" However, even if 
a study were restricted to stability and reactivity were neglected, 
the resultant review would be so long as to be both unreadable 
and unwritable. We therefore aim to present a relatively broad 
treatment, neither superficial nor exhaustive. Our purpose is to 
bridge the gap between an individual chapter in a graduate or- 
ganic textbook and the many excellent review articles con- 
cerning relatively specific topics which will be cited herein when 
relevant. Most sections of this review can be read independently 
of the others, and the reader may indulge his specific interests. 

Stability is always relative: we can only speak of "stabilization 
energy" (e.g., resonance, conjugation, or delocalization energy: 
steric attraction) or "destabilization energy" (e.g., strain or steric 
energy; negative resonance, conjugation or delocalization en- 
ergy: steric repulsion) derived through comparison of the mol- 
ecule in question with appropriate reference or model com- 
pounds. We have decided to focus this article on hydrocarbons 
and will consider substituted and hetero analogs only when they 
are needed to extend or verify a concept. Comparison with the 
thermodynamic standard states of graphite and gaseous hy- 
drogen (i.e., the component elements in their most stable, nat- 
urally occurring, and standard states) provides insufficient in- 
tuitive understanding of the relationships between structure and 
energetics. (Any other single reference state such as atomic 
carbon and hydrogen would be of little use.) So as not to confuse 
inter- and intramolecular effects, we consider the molecule in 
the ideal gaseous state. Since most compounds of interest are 
either solids or liquids under standard temperature and pressure 
(25 OC, 1 atm), it is necessary to determine the heat of subli- 
mation or vaporization of these species. For many compounds 
of interest, these data are nonexistent, although admittedly ex- 
tensive compendia for hydrocarbons are a ~ a i l a b l e . ~ - ~  Let us 
assume that data exist for the compound as an ideal gas at 25 
OC and 1 atm. 

Unfortunately, even given data there are still conceptual 
problems. Cyclopropane, (CH& or is an archetypal de- 
stabilized molecule while benzene, (CH)6 or &He, is an ar- 
chetypal stabilized molecule. The experimental heats of for- 
mation of cyclopropane and benzene under the above conditions 
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TABLE I 

AH;(gas, 2 5  "C), Increment ,  
Compd kcal/mol kcal/mol 
___ 

-20.24 
-24.83 
-30.36 
-35.10 
-39.92 
-44.85 
-49.86 
-54.66 
-59.62 

-4.59 
-5.53 
-4.74 
-4.82 
-4.93 
-5.01 
-4.80 
-4.96 

are 12.7 and 19.8 kcal/mol, respectively.'(We remind the reader 
that the heat of formation, AHfo, of a compound is defined as 
the heat absorbed or released upon formation from the standard 
states of the elements composing it.) These figures naively 
considered suggest that cyclopropane is the more stable. Are 
our archetypes misleading or misassigned? In accord with our 
labels of stabilized and destabilized, we note benzene is the most 
stable C6H6 isomer and a fortiori, the most stable (CH)6 valence 
isomer. (Benzene and its valence isomers will be further dis- 
cussed in section IX.) Likewise, cyclopropane is less stable than 
its isomer propene. (Cyclopropane will also be discussed later 
in this article; see section Ill.) Must we then limit our definition 
of stability to a set of chemical isomers' If so, we can never 
compare cyclopropane and benzene. Indeed, such common 
compounds as methane, ethane, ethylene, acetylene, and pro- 
pane would be outside our understanding as they have no iso- 
mers unless we say that propane and an equimolar mixture of 
methane and ethylene are isomeric. 

One possible solution to this problem is to use the molecule 
itself as part of its own reference state. That is, we consider the 
molecule as composed of either a collection of bonds, say C-C, 
C=C, and C-H, or as a collection of groups, say CH3-, -CH2-, 
-CH< and >C<.8-io As such, we have two fundamental models 
for molecular energetics, bond energies, and group increments. 
Both models are customarily used, although rarely together in 
the same paper. We will break precedent in that we will employ 
both. Let us consider cyclopropane and consider a variety of 
simple models for it. Admittedly, more sophisticated analogs of 
each model exist but they will not be discussed here. The first 
treatment considers cyclopropane as being composed of three 
C-C bonds and SIX C-H bonds. If it were to be neither stabilized 
nor destabilized caused by the above-mentioned effects, the total 
bond energy (or atomization energy as it is more commonly 
called) would equal the sum of the individual bond energies.loa 
For this, we need to know the normal C-C and C-H bond energy: 
we must have reference states but since C-C and C-H bonds 
are nearly ubiquitous in organic chemistry, this is a small price 
to pay Admittedly somewhat naively, we may estimate the 
(normal) C-C bond energy as the energy required to dissociate 
C2fl6 into two CH3 groups, i.e., D(C-C) = 2AHf0(CH3) - 
AHt0(C,H6) = 2(34 - (-20) = 84 k ~ a l / m o l . ~  Likewise, we may 
estimate the (normal) C-H bond energy as the energy required 
to dissociate CH4 into CH3 and H, i.e., D(C-H) = AHfo(CH3) + 
AHfo(H) - AHfo(CH4) = 33 + 52 - (-18) = 103 k ~ a l / m o l . ~  
Accordingly, the atomization energy of cyclopropane is com- 
puted to be 3(84) + 6(103) = 870 kcal/mol. The heat of forma- 
tion and atomization energy AHa of a hydrocarbon CcHh are 
interrelated by AHa = cAHfo(C(g)) + hAHfo(H(g)) - 
perimental heat of formation of cyclopropane, we thus find 
AHa(C3H6) = 843 kcal/mol, a discrepancy between the calcu- 
lated and experimental heat of formation of some 27 kcal/mol. 
That is, we find cyclopropane to be 27 kcal/mol less stable than 
calculated Corresponding, but slightly more refined calculations 
give discrepancies less than 1 kcal/mol for propane. Clearly, 

AHfo(C,Hh(g)) = 171 C -k 52h - Akffo(ccHh(g)).9 From the ex- 

there is some stabilization found in propane, not found in cy- 
clopropane, or, equivalently, there is some destabilization found 
in cyclopropane not found in propane. 

Alternative related analyses include heat of combustion, hy- 
drogenation, hydrolysis, and, in general, heat of r e a c t i ~ n . ~ - ~ , ~ , ~  
For example, one may compare the amount of energy liberated 
on hydrogenating cyclopropane to form propane with the cor- 
responding quantity for converting ethane into two methanes. 
The fact that the former is rather trivially accomplished while 
the latter is not does not preclude this approach. Indeed, it 
probably facilitates it since any experimental assembly that 
converts ethane to methane would probably convert propane 
sequentially to ethane and methane. We would then compare 
the cyclopropane to methane and ethane to methane conver- 
sions. From the experimental data derived in other ways, we may 
compare all of these possibilities. The conversion or hydroge- 
nation of cyclopropane to propane is accompanied by a release 
of 38 kcal/mol while the corresponding C-C bond cleavage in 
ethane and propane liberates only 16 and 13 kcal/mol, re- 
spectively. Again, we conclude there is some destabilization in 
cyclopropane, worth either 22 or 25 kcal/mol. The reader should 
note that these figures of 22 and 25 kcal/mol, indeed the above 
27 kcal/mol, are not contradictory. We can only say that results 
are model dependent and that there is no unique best C-C or 
C-H bond strength. 

Despite the above assertion, we now define a method that 
purports to give such a value, the method of group incre- 
m e n t ~ . ~ - ~ , ~ , ~  Carbons and hydrogens may be put together to form 
groups such as CH3, CH2, CH, and Cas noted before. No claim 
is made that the C-H bond in each of these groups is equivalent 
to that of another, and indeed in more complicated versions of 
what follows corrections exist for what is bonded to what. Let 
us consider a particularly simple example, cyclopropane again. 
It is made of three CH2 groups or fragments. The heat of one 
such methylene fragment (not to be confused with the triatomic 
molecule CH2 itself) may be obtained from the series of 
straight-chain alkanes (see Table I). Somehow, we associate 
these species with being normal, and we hope for more reliable 
reasons than the prefix "n-" that is so often used. What value 
is to be chosen for the CH2 increment? The increments all vary, 
and the heats of formation themselves are uncertain to a few 
tenths of a kcal/mol. The preferred value is clearly around -5 
kcal/mol where the exact value depends on the exact literature 
reference used. The set of values that we will use gives -5.13 
kcal/mol; the corresponding values for CH3, CH, and C are 
-10.05, -2.16, and -0.30 kcal/mol.1i*i2 These values should 
be viewed as qualitatively correct as the differences in the 
quoted  value^^^-'^ are usually of little consequence. We thus 
predict the heat of formation of cyclopropane to be about 3 X 
( -5 )  kcal/mol. This calculated value of - 15 kcal/mol is in 
contrast to the experimental value of 4-12.7 kcal/mol. This 
calculation thus shows cyclopropane to be destabilized by 28 
kcal/mol. Again, the precise number should not be relied upon 
as group increment methods of varying complexity give some- 
what different numbers. However, note that all of our methods 
of estimating heats of formation suggest cyclopropane is highly 
destabilized relative to our model compounds. 

Qualitatively, organic chemists usually recognize a strained 
molecule when they see one. When structural features of the 
molecule (bond angles, bond lengths, torsional angles, non- 
bonded distances) depart from their optimal values, the molecule 
is said to be strained. Often, functional units are the standards 
of choice and, for example, nonlinear carbon-carbon triple 
bonds, twisted olefinic linkages, and nonplanar benzene rings 
are features indicating molecular strain. While strain is quali- 
tatively an intuitively simple subject, a good deal of complexity 
(and confusion) enters when quantitative results are desired or 
when comparison between formally unrelated molecules is at- 
tempted. For example: 
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(1) Are there unstrained molecules? Alternatively, must one 
simply attempt to define molecules, bonds, or group increments 
of minimum strain? 

(2) Is ethylene an unstrained olefin or highly strained “cy- 
cloalkane”? 

(3) Is tetrafluoroethylene a strained or an unstrained olefin? 
(4) To what extent is benzene strained? The strain is, of 

course, hidden in the apparent stability of the molecule. 
(5) In a molecule in which there are several features connoting 

strain, what are the relative contributions to the destabilization 
energy (and are these contributions additive)? Again, only a 
single number representing the total destabilization energy is 
available, although molecular mechanics is useful here. 

(6) In a molecule such as bicyclobutane, how should one 
apportion a measured strain energy between different types of 
bonds and/or atoms? 

(7) How should one compare the strain in the central bond in 
bicyclobutane to the bridgehead-bridgehead bond in a small 
propellane? 

(8) The strain per carbon and the strain per bond in tetrahe- 
drane are quite different. Which value best allows understanding 
of its instability? 

Thus, we do not expect to introduce the reader to any unknown 
molecular features of strain. We intend to point out some of the 
complexities inherent in their careful analysis and in interrelating 
them. In the above discussion, data have been cited for the un- 
remarkable purpose of establishing that cyclopropane is de- 
stabilized. To say that cyclopropane is “strained” is not the end 
of the problem; indeed it marks the beginning of our study. 

11. Nature of Strain in Organic Molecules 
A. Thermodynamics and Symmetry 

In this article, we will consider only those compounds that are 
destabilized relative to the model compounds. Moreover, we will 
disregard those species characterized by negative resonance, 
conjugation, or delocalization energy. Thus we will consider 
aromaticity and antiaromaticity only in very special circum- 
stances. With the scope of our article accordingly delineated, 
we label all destabilization effects as molecular “strain” although 
strain has neither a single origin nor a single effect. 

The reader may have noted that we spoke of energies but 
wrote AH or enthalpies. The former is more intuitively conve- 
nient while the latter is more experimentally thermodynamically 
convenient. Interrelated by PAV terms, usually the errors in- 
volved in these terms are small under the conditions of interest: 
25 OC (298 K) and 1 atm pressure. We do not claim accuracy 
better than 1 kcal/mol or so: both the data and our concepts are 
usually too ill-defined to do any more than this. We omit dis- 
cussion of zeropoint vibrational energies. These corrections are 
generally small and nonconstant but are otherwise usually un- 
known. We admit we are not rigorous thermodynamicists. As 
such, emphasis in this article will be placed ondifferences in 
strain energy as measured by differences in enthalpies. The 
reader should realize that it is the free energy (AG) which truly 
determines relative stability: 

A G =  AH- T A S =  -RTlnK, (1) 
From this equation, it is evident that the free energy is composed 
of an enthalpy (or energy) term as well as an entropy term. 
Whereas AH is essentially temperature independent, increasing 
the temperature increases the entropy term. In most cases near 
ambient temperature, the enthalpy term dominates. As such, 
it is usually safe to consider differences in AH and consider this 
equivalent to the differences in AG. In any case, it is AH dif- 
ferences that define strain energy and AGdifferences that define 
relative thermodynamic stability. 

However, some interesting phenomena may be noted when 
the magnitudes of the enthalpy and entropy among a set of 

compounds are nearly equd. Two examples should suffice. 
Consider the set of isomeric bicyclooctanes, 1, 2, and 3. It may 

1 2 3 
be shown that 2 has the greatest strain energy while 1 and 3 have 
essentially equal strain energies.l5 However, at 298 K,16 2 is 
more stable than 1 while 3 is the most stable of the three iso- 
mers. At this temperature, compound 2 gains stability from the 
entropy advantages of molecular flexibility. Both the cis ring 
junction and the two five-membered rings are unique to this 
isomer, and indeed at temperatures greater than 378 K isomer 
2 becomes the most stable of the three isomers. Analogously, 
isomer 3 is more stable than 1 because of the low entropy of the 
latter. This may be attributed to the symmetry of both species: 
compound 3 has only one plane of symmetry, i.e., C,, while 
compound 1 has both threefold and mirror symmetry, 4,,.” 
(This obvious symmetry assignment is admittedly simplistic: the 
structure of this and related compounds will be discussed later 
in section IV of this article.’’) The lowering of the entropy of 1 
relative to 3 is quantitatable in terms of their respective sym- 
metry  number^.^^,^^ Compound 1 has a symmetry number u of 
6 while 3 has u = 1. The entropy difference is R In (6) - R In (1) 
or 3.6 eu (gibbs), which equals approximately 1.1 kcal/mol at 
298 K. The reader should note that this number is absolutely 
known to the extent that our symmetry assignments are valid and 
the numerical constant R is determined. 

The second example involves equilibration2’ of the two di- 
amantanols 4 and 5.22 Although discussion of this type of 

OH 
I 

4 5 

compound is deferred until section V, it should be clear that the 
carbocyclic framework of both enforces molecular rigidity and 
differences in flexibility should be negligible. If we neglect the 
asymmetry induced by the bent C-0-H group,23 then the higher 
symmetry of 5 (CsW, symmetry number of 3) should result in a 
lower entropy than that of 4 (C,, symmetry number of 1) by R 
In (3) or 2.2 eu. Drawing 6 is an alternate representation of the 

6 

diamantane structure where both the darkened and dotted lines 
are C-CH2-C “bonds” while the normal lines are C-C bonds. 
The HO and the arrow point to the symmetry axis, thereby 
“synthesizing” compound 5 and justifying the C3, symmetry. 

B. Components of Molecular Strain 
We now return to the normal case where the entropy effects 

are small compared to the enthalpy or energy effects. As such, 
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we will refer to strain (or steric) energy and not strain free energy 
and tacitly assume that information about AH is conceptually 
equivalent to that about AG. Let us now turn to a discussion of 
the origin and nature of strain in organic molecules. We initially 
partition strain into three  component^,'^^^^ all expressible in 
terms of classical, i.e., not quantum, chemical language. The 
first component is torsional: ideally (for lowest energy and thus 
a logical reference state), all C-C-C-C fragments will be trans 
or ~ i g - z a g . ~ ~  This constitutes the idealized "strain-free'' alkane 
geometry, although at room temperature alkane molecules also 
occupy other conformations or geometries. We may attribute 
those to an entropic effect. Although the differences are rela- 
tively small for alkanes, this choice of reference state is of both 
numerical and conceptual importance in the understanding of 
polycyclic hydrocarbons.' Considerable experimental interest 
has been shown in torsional and rotational  barrier^.'^ Theory far 
from mute is filled with apparent conceptual conflicts.26 It may 
be argued that the preference for trans or staggered geometry 
is a special case of nonbonded repulsion.27 (Literature mention 
of this usually treats torsional effects separately when quanti- 
tation is desired.) That is, two groups not attached to each other 
will usually repel each other. Nyholm-Gillespie or valence shell 
electron pair repulsion theoryz8 similarly appears to be a special 
case.29 Although intuitively understandable and visualizable from 
space-filling models, quantitation of the torsional component 
remains a major computational problem in predicting molecular 
structures.12-14~23~zg~30 We wish to note that nonbonded at- 
tractions have also been recently discussed in the l i t e r a t ~ r e . ~ l - ~ ~  
Conformational applications are, however, rarely made. 

The second contribution to strain is bond angle distortion, a 
concept long labeled as Baeyer strain. One may argue there are 
"natural" bond angles such as tetrahedral (109.5') for tetra- 
coordinate ( T d )  carbonz8 or trigonal planar (120') for tricoordi- 
nate ( 4 h )  carbon,28 and indeed suggest that these angles 
minimize nonbonded  repulsion^.^^^^^ Although it was originally 
applied to -CHz- angles in c y c l o a l k a n e ~ , ~ ~ ~ ~ ~  application to 
>CH- and >C< angles is a logical consequence of our under- 
standing. In one form or another, angle distortion and resultant 
strain energy will be found throughout all of our subsequent 
sections since angle opening and/or compression seems un- 
avoidable in molecules. 

The third contribution to strain to be discussed is linear bond 
stretching or compression. Intuitively, a chemical bond may be 
envisioned as a spring, and thus there is a "natural" bond length. 
Whereas bond angle variation is common, there is surprisingly 
little variation in bond length.12 As such, little mention of this type 
of strain appears in the literature. We cannot immediately con- 
clude that bond stretching or compression is disfavored because 
of the high-energy expense. From the bond stretching expression 
in Engler, Andose, and Schleyer's "molecular mechanics" 
calculations, one finds a 10 % or 0.15 A C-C bond stretch from 
1.54 to 1.7 A is accompanied by an energy increase of only 3.1 
kcal/m01.~' Alternate bond stretching expressions in the liter- 
ature give different, but similarly small, distortion energies. We 
note that angle strain for distorting a C-C-C, C-C-H, or H-C-H 
molecular "fragment" is usually less energetically disfavored 
than bond stretching. This result supports the earlier mentioned 
conclusion, but it is also important to note that "merely" 
stretching bonds hardly lessens most other molecular destabi- 
lization such as torsional or nonbonded  repulsion^.^^^^^ 

We wish to emphasize that the various contributions to mo- 
lecular strain are essentially inseparable and interdependent and 
indeed model dependent. l2 One molecule that exemplifies this 
is tri-ter?-butylmethane, ((CH&J3CH (2,2,4,4-tetramethyl-3- 
(2-rnethyl-2-pr0pyl)pentane).~~-~' Enormous nonbonded inter- 
actions in the "undistorted" hypothetical compound are relieved 
by a compression of the H-C-C(t-Bu) angle to 101.6' and an 
outward stretching of the C-C(f-Bu) single bond to 1.6 1 1 A, the 
longest single bond recorded for an acyclic hydrocarbon. The 
strain energy was computed by Engler, Andose, and SchleyerlZ 

using the "force fields" of Allinger13 and Boydi4 as well as their 
own. The results were 31.48, 40.40, and 49.61 kcal/mol for the 
Allinger, Boyd, and Engler-Andose-Schleyer force fields, re- 
spectively. Significantly different partitioning of the molecular 
strain was also found. Owing to different group increment 
schemes, the calculated heats of formation are in considerably 
better agreement, -57.07, -55.80, and -53.08 kcal/mol, re- 
spectively. Two points need to be made. First of all, "it would 
not be expected that the different blends of strain components 
and group contributions would always balance out when tested 
over a wide range of molecules".42 As such, careful experi- 
mental determination of the heat of formation of this compound 
would be of great interest. Secondly, we should compare the 
heat of formation of tri-tert-butylmethane, presumably ca. -55 
kcal/mol, with that of the straight-chain isomer.12 This value is 
computed to be -76.53 kcal/mol, resulting in apparent strain 
energy of only 20 kcal/mol or so. Molecular crowding and sta- 
bility relative to the straight-chain isomer do not directly correlate 
as the experimental heats of formation of pentane, isopentane, 
and neopentane decrease in that order. This may be related to 
our assertion that there is no normal C-C and C-H bond. Indeed 
we note the energy for two CHz group increments is more than 
that of one CH3 and one CH. That is, we would expect R- 
CH2-CHz-R' to be less stable than R-CH(CHs)-R' no matter what 
R and R' are. The greater the number of CH and C groups, the 
greater the "strain-free'' stability but also the greater the strain. 
These clearly are in opposition but quantitation is indeed pos- 
sible. 11-14,30 Unfortunately, both intuition and understanding are 
harder to acquire. 

We now describe two more types of strain in molecules. The 
first arises from rotation or twisting of double bonds and will be 
further discussed in sections X through XIII. The final type is 
"electrostatic strain",43 found in such species as 1,4-bicy- 
clo[2.2.2]octyl d i ~ a t i o n ~ ~  (42), and cyclooctatetraene dianion, 
CgHg2-.44 Much as the first three types of strain have their an- 
alogs in classical mechanics, this type relates to electrostatics. 
Two positive (or negative) charges repel each other, and hence 
the aromaticity gain on formation of the d i ~ a t i o n ~ ~  or d i a n i ~ n ~ ~  
must be balanced against this repulsion.45 This type of strain is 
sufficiently rare that intuition is absent as to its magnitude. For 
example, no gas-phase thermochemistry data are available on 
either diion. Even given these data, one could not delineate the 
contribution. For example, the C-C-C angle in cyclooctatetraene 
is 127°,46 while in the dianion it is opened to 135°.47 The hardest 
term to disentangle is the aromaticity of the diions and the re- 
sultant molecular stabilization. We will rarely consider aromatic 
systems (except in sections VIII.B, IX, XII, and XIII) and so are 
largely absolved from the problem. Nonetheless, it remains a 
major lesson that theoretical and thermochemical quantitations 
seem more achievable than qualitative intuition and under- 
standing. 

In the next section we rediscuss cyclopropane, the simplest 
strained system. The introductory section of this article intro- 
duced the reader to this molecule and easily demonstrated that 
cyclopropane is destabilized or strained. In our return to it, we 
take what is essentially a theoretical diversion into fundamental 
organic chemical bonding theory. Many conceptual problems 
and paradoxes arise, most of which are indubitably parallelled 
in larger molecules. However, since neither the data nor un- 
derstanding extends to these systems in general, we may take 
an "ignorance is bliss" attitude. We have thus written the re- 
mainder of this review article in such a way that the forthcoming 
section may be disregarded by the reader with no loss of conti- 
nuity or intelligibility. 

111. Cyclopropane 
A. Propane vs. Cyclopropane 

Let us briefly compare propane and cyclopropane in an effort 
to understand the origin of the strain energy in the latter. What 
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molecular properties reflect this destabilization? The answer 
is of both theoretical and experimental interest. One would like 
to estimate molecular strain energy without burning and/or hy- 
drogenating the compound as this is not only wasteful but also 
often impossible for lack of the necessary sample. In Fergu- 
son's48 review of cyclopropane, he presents a comparison of 
the properties of the C-H bond in cyclopropane and in the un- 
strained alkanes. The former C-H bond is shown to be shorter, 
of higher force constant in stretching frequency, and has a higher 
I3C-H NMR coupling constant. These results are consistent with 
the thermochemical observation that the C-H bond in cyclo- 
propane is indeed stronger than either the primary or secondary 
C-H bond in propane.49 We note that all of the hydrogens are 
in an eclipsed conformation. Energetically, this costs approxi- 
mately 73-3/1.2.6 kcal/mol: the 2.6 is the rotational barrier of 
ethane while the 73 arises from considering only two hydrogens 
per carbon rather than three, and the 3 corresponds to three sets 
of CH2-CH2 repulsions rather than one. Admittedly, the carbons 
contribute to the torsional strain, but the quantitative contribution 
is harder to intuit. This 5-kcaVmol effect, although relevant, is 
clearly not responsible for all of the strain in cyclopropane. Thus, 
intuitively one suspects that the destabilization of cyclopropane 
is to be found in the C-C bond framework. The C-C bonds in 
c y c l ~ p r o p a n e ~ ~ ~ ~ ~  are shorter than in propane,52 and the vi- 
brational frequencies for the former are higher than the corre- 
sponding ones in the latter.53 Analogous to the above analysis 
we would conclude that the cyclopropane C-C bonds are 
stronger and we deduce that cyclopropane should be more stable 
than propane! While there is no reason to expect that bond 
strengths will correlate with vibrational frequencies, this logic 
appears implicit in numerous published studies. We may also 
in part rationalize this contradiction by citing that the C-C bonds 
in cyclopropane are bent and thus r(C-C) is not the measured 
internuclear distance. We will discuss bent bonds later but 
merely note that quantitative thermochemistry or stability does 
not arise from this argument. Additionally, the C-C stretching 
modes considered above should also be considered as, or at 
least coupled strongly to, angle compression. If we argue cy- 
clopropane is strained, then the angle compression will be more 
energetically unfavored than in propane since the angle is al- 
ready abnormally compressed: i.e., we are worsening a bad 
molecular situation. We may assume that the energy of angle 
bending is quadratic, i.e., E = '/2K0(109.5 - e)2. It may then be 
shown a vibration that corresponds to a 5' variation in a normal 
compound; i.e., 105-1 15', is less energetically "expensive" 
than 5' in cyclopropane (60°), i.e., 55-65', However, this 
argument is somewhat cyclic and in any case does not give us 
the numerical data we need. 

Let us see what chemical bonding theory says about cyclo- 
propane. We know not to ask for quantitative results (see the 
computational complexities of ref 54 through 57). Instead we 
want qualitative indications of molecular strain. Cyclopropane 
has been actively studied via molecular orbital calculations, and 
indeed no less than 18 ab initio calculations have been re- 
ported5* One interesting qualitative finding is that d orbitals seem 
to stabilize strained compounds over open-chain analogs.59 

B. d Orbitals and Hybridization 
Bonding in organic compounds, in particular hydrocarbons, 

is usually implicitly assumed to involve only 2s and 2p orbitals 
on carbon and 1s orbitals on hydrogen. When numerical 
agreement with experiment is desired, higher orbitals such as 
the carbon 3d are ~ n a v o i d a b l e . ~ ~ - ~ ~  Qualitatively the use of 
carbon 3d orbitals in S N ~  reactionsso and carbonium ion rear- 
rangementssl has been suggested, but for the case of the former 
there is quantitatively little effect.62 Carbon 3d and 4f orbitals 
have also been invoked as the origin of rotational barriers in 
ethane-like molecules.63 (Part B of section II provides relevant 
discussion of this phenomenon.) However, we will maintain the 
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Figure 1. (a) A bent bond picture of cyclopropane, (b) bent bond con- 
necting two CHp fragments where 0 is the angle of bending, and (c) a 
normal bond. 

chemical "myth" of the total irrelevance of these higher orbitals. 
As such, we will consider the idea of hybridization of orbitals 

and assume that tetrahedral carbon arises from sp3 hybrid or- 
bitals. (Although extensive use of hybrid orbitals will be made, 
a general discussion is deferred to part G of this section.) We 
nonetheless feel obligated to acquaint the reader with a recent 
quantum mechanical study of CH464 that showed that the pres- 
ence of s orbitals was unnecessary to acquire a tetrahedral 
geometry for this species. Numerical values of total energy and 
energy differences upon molecular distortion or strain were, 
however, dependent on the presence of carbon 2s orbitals. It 
is also often implicitly assumed that hybrid orbitals derived from 
carbon 2s and 2p atomic orbitals may not have an interorbital 
angle of less than 90'. One may argue that the natural angle for 
p orbitals is 90' while s admixture merely increases the angle. 
We wish to note this assertion is false if we are allowed to use 
the most general form of hybridization or linear combination of 
atomic orbitals, i.e., the use of complex coefficients.65@ 
However, it may be shown that these more general orbitals 
cannot be pictorialized and that there is ambiguity as to their 
"dire~tionality".~' Using the definition preferred by Coulson and 
White,67 the need of complex orbitals for strained compounds 
vanishes: the ideal complex orbitals for cyclopropane are almost 
identical with the real (not complex) orbitals suggested by the 
conventional bonding picture to be described below in part C of 
this section. In any case, since we believe organic chemistry 
is essentially a pictorial and not mathematical science, we will 
consider solely the normally used real orbital. 

Let us now return to the conventionally simplest unavoidably 
strained molecule, cyclopropane. (We use the term "unavoid- 
ably" to denote there is no mode of bond rotation or stretching 
that stabilizes the molecule. As such, the eclipsed rotamer of 
ethane is thus not unavoidably strained.) Cyclopropane, (CH2)3, 
has a C-C-C angle of precisely 60' as the molecule has the 
geometry of an equilateral triangle.50,5' This seems self-evident 
that three identical groups would combine in such an arrange- 
ment. However, ozone, 0 3  (isoelectronic to cyclopropane) has 
an 0-0-0 angle of 1 17°.66 A cyclic form of O3 with an equi- 
lateral triangle geometry has been d i s c u s ~ e d , ~ ~ ~ ~ ~ - ~ '  and rea- 
sons for the preference of the acyclic or open form given. Ex- 
tension to general three-membered rings was g i ~ e n , ~ ~ - ~ l  for 
these results appear to be of insufficient extrapolative or pre- 
dictive value for rings not discussed. We seemingly must content 
ourselves with the experimental geometry for cyclopropane. 

C. Bent Bonds 
A particularly simple model for cyclopropane uses meth- 

ane-like sp3 hybrids.72 Three such units are joined cyclically and 
the orbitals overlap outside the ring, i.e., nuclear perimeter (see 
Figure 1). That is, the maximum overlap is not along the line 
connecting the two nuclei, and so the term "bent" bonds has 
been i n t r ~ d u c e d . ~ ~ - ' ~  The molecule chooses a compromise 
between the maximum nuclear-electron attraction which 
suggests high electron density along the bond and maximum 
conformity with the intrinsic shell structure or natural hybrid- 
ization which suggests a tetrahedral interorbital angle.75 As such, 
molecular geometry is a sensitive quantity to small changes and 
the earlier noted c o m p l e x i t i e ~ ~ ~ - ~ ~  become understandable. 

By considering hybridization other than sp3 (ref 76). we may 
quantitate the intuitive notions of "bent" bonds by valence 
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Flgure 2. (a) Synthesis of cyclopropane form three CH2 groups and (b) 
corresponding synthesis of ethylene from two CH2 groups. 

Flgure 3. The three Walsh orbitals for cyclopropane: b means bonding; 
a means antibonding. comes from the u “pool” while the degenerate 
pair $* and q3 come from the ?r “pool”. 

bond,67,72 molecular orbital (e.g., ref 77 and 78), or maximum 
o ~ e r l a p ~ ~ - ~ ~  calculations. All of these calculations yield an in- 
terorbital angle of approximately 104’ for cyclopropane and a 
corresponding angle of bending of 21’. This is to be contrasted 
with methane where the interorbital and internuclear angles are 
equal to the natural 109.5’ (c0s-l (-%)) for strictly tetrahedral 
carbon. We remind the reader that the internuclear angle in 
propane is 112’ (ref 50 and 51), but we admit ignorance as to 
the interorbital angle. Maximum overlap criterion calculations 
probably are the simplest conceptually of the computational 
approaches to understanding molecular strain. The greater 
the overlap between two orbitals,82 the greater the bond 
~ t r e n g t h ~ ~ - ~ ~  and the more stable the compound. Little work has 
been done on compounds that do not contain only carbon and 
hydrogen,86 but this provides few problems for the authors in 
our survey of strained compounds. 

We do note, however, an interesting complexity in the liter- 
ature. We cited above the reason for molecular strain of cyclo- 
propane in the current model. This is compatible with the strain 
in ethylene, i.e., cycloethane. Two bent or banana bonds are 
drawn and analogous logic67~88 may be given. However, when- 
ever C-C double bonds appear in any of the compounds dis- 
cussed in this approach, they are always drawn as conventional 
u and x bonds. We personally prefer the u and x bond formu- 
lation of double bonds although the pictures are quantum me- 
chanically interconvertible. Perhaps, there are essentially in- 
variant units or collections of bent bonds other than C-C double 
bonds. Connection with “superstrain” discussed in our later 
section XV seems apparent, although the mathematical details 
are involved enough for the authors to merely mention but not 
ascertain the validity of our assertion. We will return to bent 
bonds and maximum overlap considerations when discussing 
other strained species in depth. 

D. Walsh Picture 
Another picture for cyclopropane is the so-called Walsh 

Analogous to the formal synthesis of ethylene from 
two CH2 groups,92 cyclopropane is “synthesized” from three 
CH2 groups. These, with their accompanying sp2 hybridization 

Flgure 4. A closer examination of the lowest lying Walsh orbital of 
cyclopropane, $1. $4 is the corresponding two-center orbital, a bent 
sp2-sp2 u bond, while IC.5 is the normal sp2-sp2 u bond. 

Flgure 5. A closer examination of one of the degenerate pair of Walsh 
orbitals, in particular $2. $6 is the corresponding two-center orbital, 
strictly $,, the x bond of an undistorted olefin, and $*, the u bond 
formed from two unhybridized carbon 2p orbitals. 

and u and ir orbitals are combined to form six molecular (su- 
permolecular) orbitalsg3 (see Figure 2). Not surprisingly, these 
six orbitals consist of two sets of three. The molecule “chooses” 
the lowest energy three which in fact consist of one from the u 
and two from the x “pool” (see Figure 3). We note that in studies 
of general ring sistems, the terms u and x have not been used 
p a r t i c ~ l a r l y . ~ ~ - ~ ~  Few applications to polycyclic ring systems 
have been made,lo0-lo2 and indeed a unique Walsh orbital set 
is not always c o n s t r ~ c t i b l e . ~ ~ ~  

Let us now consider the Walsh model and try to understand 
where the strain in cyclopropane arises. The lowest lying orbital 
corresponds to a closed three-center bondlo4 and thus con- 
tributes to increasing the molecular stability.lo5 One may im- 
mediately recall the increased ir orbital resonance energy of 
cyclopropenyl cation over the open-chain allyl cation.lo6 This, 
however, is somewhat deceiving and overestimates the stabi- 
lizing influence of this orbital. In both the cyclopropenyl and allyl 
cations, all of the x orbital overlaps are essentially normal, Le., 
unchanged from ethylene. For cyclopropane, the individual C-C 
c orbital overlaps are reduced from the normal ethane-like sit- 
uation since they are severly bent (see Figure 4). Admittedly, $ 
is a relatively low-energy molecular orbital and some restabili- 
zation is found so that the C-C bonds involve sp2-hybridized 
carbonslo7 and so are relatively strong. However, it is doubtful 
that this compensates. (We may generalize this model to use 
other than sp2 hybridization and so form a equivalent 
to that of the bent bonds treatment.) Quantitation can be at- 
tempted, but we feel meaningful numerical results are unlikely 
to arise. Let us now consider the next and indeed highest oc- 
cupied molecular orbitals, a pair of degenerate ones. The first 
one can be viewed either as the x bond of a highly distorted 
olefin or as the highly distorted u bond formed from two unhy- 
bridized carbon 2p orbitals (see Figure 5) .  In either case, little 
stabilization arises. The second orbital can be viewed as having 
two of the above weakened u or ir bonds but also a corre- 
sponding antibonding u* or x *  bond. Again, little stabilization 
arises. 
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TABLE II 

Label of 
hybrid 

No. of equiv 
orbitals Example Geometry Angle 

SP3 4 = 3 + 1  109.5" = C O S ( - 1 / 3 )  CH, = CH3+, Tetrahedral 
5P2 3 = 2 + 1  120" = COS (- 1 / 2 )  BF, = BF2+1 Trigonal 
SP (SP') 2 = 1 + 1  goo= c o s ( - l / 1 )  co, = co1+1 Digonal 

E. Delocalized Molecular Orbitals from Group 
Orbitals 

Another model for describing cyclopropane entails the for- 
mation of delocalized molecular orbitals from group orbitals.'08 
Both the C-H and C-C bonds have been so treated, but as we 
are interested primarily in the strain energy of the carbocyclic 
framework (or ring), we will consider only the latter. Three C-C 
bond orbitals are combined to form three new orbitals. Not 
surprisingly, these three orbitals have the same symmetry or + 
sign and - sign arrangement as the three Walsh orbitals. After 
all, two essentially correct descriptions of a molecule should be 
conceptually interrelatable. In the current model it is perhaps 
easier to locate some of the origin of molecular strain. All three 
orbitals are bonding in a localized or two-center C-C bonding 
description. However, only the lowest lying orbital has no nodes, 
or sign changes, between all three atoms. The small internuclear 
or C-C-C angle markedly increases the antibonding character 
of the next two orbitals and so the molecular is destabilized. This 
situation is analogous to the u and x where the former has one 
fewer node in the bonding region. Although this approach is 
useful for cyclopropane, we feel in general it will be difficult to 
apply as considerable complexities arise In systems of lower 
symmetry such as substituted derivatives of polycyclic systems 
in general. (This charge may also be leveled at the other con- 
ceptual models in this section.) 

F. Cyclopropane vs. Ethylene 

Many of the models we presented for the understanding of the 
bonding and energetics of cyclopropane interrelated this species 
with ethylene. Extensive chemical documentation of the validity 
of this comparison  exist^,^^*'^^ and the reader is referred to 
these compendia just cited. We will concentrate here on physical 
characteristics: we tacitly assume that what is true of cyclo- 
propane and ethylene likewise applies to their substituted de- 
rivatives although corresponding data are usually absent. The 
archetypal, i.e., unsubstituted, species have comparable C-H 
bonds as manifest by bond length, force constant, and ir 
stretching frequency and 13C-H coupling constant.48 While the 
C-H bond strength of cyclopropane is less than ethylene, the 
C-H bond strengths of both species are significantly greater than 
those of p r ~ p a n e . ~ '  The reader may be wary of such compari- 
sons from the earlier discussion of cyclopropane and propane. 
Comparing the C-C bonds of cyclopropane and ethylene, we 
find no surprise that the C-C bond of the latter is considerably 

l o  Comparison of bond strengths is a little subtle since 
each CH2 in ethylene is bonded to only one other CH2 while in 
cyclopropane it is bonded to two: however, classical chemical 
formulas draw a double bond between the CH2's in ethylene but 
only a single bond in cyclopropane. It appears simplest to give 
the bond strength per CH2. That is, set it equal to (1/ 
n)(nAHf"(CH2) - AHf"(CH,),). Using this definition, we find that 
cyclopropane is more bound than ethylene. Though initially 
surprising, this may be simply explained by recalling our de- 
scription of ethylene as cycloethane. One might also say that 
while cyclopropane contains normal but distorted single bonds, 
ethylene contains one normal and perhaps strengthened single 
(CJ) bond and another weaker ( x )  bond. Indeed, the total bond 
strength has been partitioned into 106 kcal/mol for the CT bond 
and 60 kcal/mol for the x bond.' li As apparent support for this, 

we find removal of a x electron in ethylene costs less energy 
than a u electron in ethane (1O.5lii2 vs. 11.54 eV,ii3 respec- 
tively.) Furthermore, the bond strength in ethane is nearly halved 
in the radical cation as measured by D(CH3-CH3) = 2AHfo(CH3) 
- lHf"(C2He) and D(CH3+-CH3) = AHfo(CH3+) + AHfo(CH3) 
- AHf0(C2H6+). We may recast these expressions as 

D(CH3-CH3) - D(CH3+-CH3) = IP(CH3-CH3) - IP(CH3) (2) 

where IP is simply the ionization potential. Using analogous 
expressions for ethylene and acetylene and the experimental 
ionization potentials of C2H4,114.115 CHp,"' C2H2,1i5,i17 and 
CH,'18 we find the surprising result that ionization of a x electron 
is without effect as to the binding of C2H4 and is of relatively little 
importance for C2H2. We may argue that the molecular geometry 
of the radical cations formed by ionization and the more normal 
neutral species are quite different.llg As such, our earlier 
comparisons and our attempts at partitioning u and x energies 
are perhaps futile. We thus are thwarted in our attempts to un- 
derstand why cyclopropane radical cation is more bound than 
the neutral.'20 Indeed, we pessimistically conclude that while, 
qualitatively, intuition may be used in an estimation of strain 
energy, only experimentally determined or rigorously computed 
heats of formation or reaction allow its quantitation. 

G. Orbital Hybridization 
We now turn to the general question of orbital hybridization 

in cyclopropane and in other strained compounds. Depending 
on the model discussed for cyclopropane, the orbital hybrid- 
ization explicitly considered was either sp2 or sp3 although sp5 
has also been enthusiatically ~uggested. '~ Before discussing 
general hybridization, we wish first to define our terms. Histo- 
rically, at least in the organic chemical literature and tradition, 
hybridization referred to atoms and not individual orbitals per se. 
In this context, sp" was limited to n = 1, 2, and 3. Table II pre- 
sents this outlook. There is no meaning to sp5 in this approach. 
From the additional awareness that sp3 hybrids are "synthe- 
sized" from one "part" s orbital and three "parts" p, we may 
conclude sp5 hybrid may be likewise "synthesized" from one 
"part" s and five "parts" p. With this assignment, the n in sp" 
may take on any value between 0 and 03, where n = 0 is a pure 
s orbital and n = m is a pure p orbital. (Equivalently, an orbital 
is said to be an sp" hybrid if it is 100(l/n + 1)) % s, synonym- 
ously 100(n/n + 1) % p.) From the above discussion, it might 
appear that orbital hybridization would be solely of interest to 
theoretical chemists, and indeed the theoretical literature con- 
tains many references to it (see, for example, ref 80, 81, 121, 
and 122 as well as the later citations in this review). However, 
there are additionally extensive experimental correlations of 
hybridization, or, as usually expressed, % s character, with 13C 
NMR coupling constants.i23 In general, good qualitative corre- 
lations of % s character and bond strengths were found: the 
more s character in the C-H bond, the stronger; the more p 
character in the C-C bond, the more acetylenic or olefinic. 

It should be noted that there is not always agreement between 
theory and experiment. For example, for cyclopropane, the 
i3C-H coupling constant value suggests 32% s ~ h a r a c t e r . ' ~ ~  
Quantitative theoretical studies of this species give values be- 
tween 30 and 45% s character with the more rigorous calcu- 
lations12',122 giving the higher values. In contrast, the C-H bond 
in ethane has been calculated'21s122 to have between 20 and 



318 Chemical Reviews, 1976, Vol. 76, No. 3 J. F. Llebman and A. Greenberg 

TABLE I l l  

Total ring size, Strain per  carbon,  
Ring size kca l /mol  kcal/mol 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

22.6 
27.6 
26.2 
6.5 
0.0 
6.3 
9.6 

12.6 
12.0 
11.0 
3.6 
5.2 
0.0 
1.5 
1.6 

-3.4 

11.3 
9.2 
6.5 
1.3 
0.0 
0.9 
1.2 
1.4 
1.2 
1.0 
0.3 
0.4 
0.0 
0.1 
0.1 

-0.2 

27 % s character of the C-C bonds for either compound since 
all of the carbons are equivalent. This would seem to be irrele- 
vant since it would appear that the sum of the YO s character for 
all bonds to a given carbon is 100% or an average of 25% in 
a closed-shell compound. That is, all octets are filled and there 
are two 2s and six 2p electrons occupying the single sand three 
p orbitals. We wish to emphasize that this assumption is false 
as shown by chemical t h e ~ r y , ’ ~ ~ - ’ * ~  quantum chemical calcu- 
l a t i o n ~ , ~ ~ ~ - ~ ~ ~  and seemingly e ~ p e r i m e n t . ~ ’ ~ ’ ~ ~ ~ ‘ ~ ’  

From all of our paradoxes, we suggest that we are much more 
ignorant as to the origin and indeed nature of molecular strain 
than we thought. 

IV. Cycloalkanes 
A. Cyclobutane 

We will now discuss cyclobutane having described cyclo- 
propane in the previous section. Our current treatment need not 
be as extensive since our earlier conceptual models are appli- 
cable to both species.132 Not surprisingly, cyclobutane is con- 
siderably less reactive and thus more “saturated” than cyclo- 
propane, 133 although olefinic features such as conjugation with 
carbocationic or other unsaturated centers remain.96j134 

Let us sequentially consider the C-H bonds and the carbon 
skeleton of cyclobutane. It is instructive to compare the relative 
C-H strengths of ethylene, cyclopropane, cyclobutane, and the 
acyclic and saturated propane. Using hydrocarbon data from ref 
4 and free radical data from ref 49, we find the numerical values 
to be 109, 100, 97, and 95 kcal/mol, respectively. This trend in 
decreasing methylene X H - H  bond strengths is systematic: 
‘‘highly strained rings have a proclivity commensurate with the 
degree of internal stresses present for acidity, . . . [the] resis- 
tance to H-atom abstraction, and large J(13C-H) coupling con- 
stants”. 135 Turning to structural considerations of the carbon 
skeleton, intuitively, cyclobutane and its derivatives would appear 
to be simple. Any deviation from planarity would further com- 
press the already small C-C-C angle away from the idealized 
tetrahedral, 109.5’ geometry. We remind the reader that the 
C-C-C angle in propane and other alkanes is 1 12°.36 However, 
planar cyclobutane has considerable 1,2 and 1,3 nonbonded 
repulsion.136 As such, cyclobutane is definitively nonplanar,13’ 
but the inversion barrier is only ca. 1 kcal/mol due in part to 
residual nonbonded repulsions. 138 Substituted derivatives are 
clearly more complicated, and a variety of geometries have been 
cataloged. 138 

We wish to note a recent quantitative regularity,139 “the 
principle of minimum bond tortuosity”, that interrelates the 
flexing of the ring, orientations of the hydrogens or other nonring 

atoms, and the directions of the bonding orbitals. Qualitatively 
employed by Stewart and E ~ r i n g ’ ~ ~  for a large number of general 
chemical problems and labeled “the principle of minimum 
bending of orbitals”, applications remain surprisingly rare.139*140 

B. Cycloalkanes in General 

We now proceed from cyclobutane to cyclopentane and so 
find a classically nearly strain-free molecule. Planar cyclopen- 
tane has an angle of 108’, nearly identical with the idealized 
tetrahedral geometry. However, as with cyclobutane, the pres- 
ence of 1,2 and 1,3 C-C and H-H nonbonded repulsion causes 
n ~ n p l a n a r i t y . ‘ ~ ~ . ‘ ~ ~  Strain is not eliminated, merely lessened, 
and the strain energy is 6.5 kcal/m01.’~~ Table 111 presents the 
experimental strain energy of the lower cycloalkanes, where 
for completeness we have also included ethylene or cyclo- 
ethane. 

The next cycloalkane, cyclohexane, is essentially ~ t ra in less ‘~~ 
in its natural chair c~nformat ion . ’~~  However, it has numerous 
alternative structures, and thus even more numerous studies 
have been made on cyclohexane and its  derivative^.'^^ Besides 
their inherent interest, six-membered rings are a very common 
component of polycyclic hydrocarbons. For example, the most 
common conformers of cyclohexane, the chair (7), boat (E), and 
twist boat (9), are amply found in adamantane (4 X chair) ( lo) ,  
bicyclo[2.2.2]octane (3 X boat) (l), and twistane (4 X twist boat) 
(1 1). Although the relationships between the strain energy of the 

7 8 9 

10 11 

polycyclic hydrocarbon and its component rings will be largely 
deferred until section XV, the reader is not to be dissuaded from 
seeking these rings. This mental exercise provides pictorial, 
organizational, 13,14,146 and even synthetic146 frameworks for 
the compounds of interest. 

Analogous considerations apply to aromatic or polynuclear 
hydrocarbons although we will largely neglect this class of 
compounds (see section XIII). We briefly note that the strain 
energy of benzene, the building block analogous to cyclohexane, 
is surprisingly nonzero. Benzene may be visualized as a reso- 
nating cyclohexatriene. Although resonance contributes con- 
siderable molecular stabilization, the three formal double bonds 
still are strained as in ethylene or cycloethane. Another source 
of strain is due to stretching the three double bonds and com- 
pressing the three C-C single bonds to the uniform distance 
found in b e n ~ e n e . ’ ~ ’ . ’ ~ ~  Finally, the equilateral, equiangular, 
planar geometry148 forces all of the C-C-C and C-C-H angles 
to be 120’. However, there is no reason why the unstrained 
angles in a C-C(H)-C fragment should have these values. Indeed, 
the C-C-C angle in propylene is 124°.149 (Allyl radical is an even 
better reference compound, but no experimental structural data 
are known.) We will, however, usually consider the benzene ring 
as a unit and consider it without strain. Deformations of the ring 
will be considered (section XIII) but whether the benzene ring 
mimics chair, boat, or twist-boat cyclohexane is immaterial now. 

We now turn briefly to the higher cycloalkanes. Not surpris- 
ingly, these species are nonplanar. The “conflicts” between 
angle distortions of the C-C framework and C-C-H and H-C-H 
angles, torsional barriers, and nonbonded repulsions result in 
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apparently random strain energies (see Table Ill.) There are also 
a plethora of c o n f o r r n a t i ~ n s ’ ~ ~ ~ ~ ~ ~  and intriguing transannular, 
i.e., ir~tra-ring,’~’ interactions. Although further mention will 
rarely be made on cycloalkanes per se, derivatives such as 
cycloalkenes (sections VIII, IX, X, and XI), allenes (section XI), 
alkynes (section XII), cumulenes (section XII), and polycyclic 
analogs (most sections subsequent to this) will be actively dis- 
cussed. While we note all of these species are dehydrocyclo- 
alkanes, we feel little is to be gained by noting cyclodecyne and 
adamantane (or twistane) are isomers. 

The strain energy of ethylene or cycloethane was found by 
setting it equal to the difference of twice the strain free energy 
of a CH2 group and the heat of formation of C2H4. All of the strain 
energy values were taken from E. L. Eliel, N. L. Allinger, S. J. 
Angyal, and G. A. Morrison “Conformational Analysis”, Inter- 
science, New York, N.Y., 1965, p 193. We note that other ref- 
erences give different but comparable numbers. 

V. Adamantane and Adamantoids 

The ideal tetrahedral angle is perfect only for CX4 molecules 
such as methane and carbon tetrachloride and virtually perfect 
for diamond [there is no cental carbon in adamantane ( lo) ,  
neopentamantane (five fused adamantane units having Td 
symmetry), or diamond]. One of the sources of strain in ada- 
m a n t a ~ ~ e ’ ~ ~  is the occurrence of near-tetrahedral geometry at 
carbons of lower symmetry. 

Adamantane was discovered in petroleum in 1933,’54 syn- 
thesized in a low-yield, multistep sequence in 1941,’55 and 
obtained in quantity in 1960 through rearrangement of isomeric 
 hydrocarbon^.'^' It possesses tetrahedral symmetry with bond 
angles around 109.5’ and bond lengths of 1.54 A.157-159 Orig- 
inally considered to be strainless because of its “perfect” ge- 
ometry, adamantane is currently estimated to be destabilized 
by 8.8 kcal/mol relative to strain-free increments. 153 In addition 
to producing the bond angle strain which is noted above, the rigid 
cage structure of adamantane forces the presence of significant 
nonbonded repulsions which are much less prominent in more 
flexible molecules such as cyclohexane. These nonbonded re- 
pulsions have been primarily attributed to carbon-carbon in- 
teractions’ ’ or to hydrogen-hydrogen interactions; ”’ the as- 
signment is dependent upon the particular repulsion potential 
functions employed.” 

Adamantane may be regarded as (1) a structure composed 
of four rather rigid fused cyclohexane chair faces (the total strain 
of four separate cyclohexane molecules is 5.7 kcal/mol;12 the 
strain in the isomeric molecule twistane ( l l ) , ’ ”  which has four 
cyclohexane twist-boat faces, is about 33.3 kcal/mol’2); (2) the 
unsubstituted central unit of diamond (termed the “infinite ada- 
mantylogue of adamantane” I“); (3) the methane analogue in 
an homologous series of adamantoids in which diamantane 
(“congressane”) ( 12)’‘’ and triamantane ( ~ 3 ) ’ ‘ ~  are analogues 

12 

13 

of ethane and propane; the three isomeric tetramantanes have 
yet to be 0 b ~ e r v e d . l ~ ~  

The ubiquitous appearance of adamantane in acid-catalyzed 
rearrangement reactions is, at least in part, explained by its 
relatively low strain energy which is fairly uniformly distributed 
throughout its symmetric skeleton. (Obviously, high symmetry 
introduces an unfavorable entropy component to the free energy 
of this molecule.) Diamantane’62 and triamar~tanel’~ are also 
obtained by acid-catalyzed rearrangement of isomeric hydro- 
carbons. The mechanisms of rearrangements leading to ada- 
mantane have been e ~ a m i n e d , ’ ~ ~ - ’ ‘ ~  and the importance of 
relative energies on the corresponding carbonium ion manifold 
has been stressed. 167 Rearrangement manifolds for even rela- 
tively small hydrocarbons such as adamantane are enormously 
complex. The crucial importance of the particular pathway 
traversed on such surfaces (Le., the choice of starting material) 
is emphasized by (1) difficulties in detecting intermediates en 
route to adamantane when 14 is the starting material, in contrast 
to the identification of intermediates when 15 is the starting 

14  15 

material; 167 (2) isolation of the isomer bastardane rather than 
the more stable compound tetramantane when another 
isomer is rearranged;i64 (3) difficulties in approaching iceane 
(section XIV) from the Ci2Hi8 manifold, on which ethanoada- 
mantane occupies the energy minimum for the tetracyclic series. 
The diamantane rearrangement manifold (hydrocarbons and 
cations) has also been calculated, providing likely pathways to 
the most stable species.’67a 

The strain energies of adamantane (8.8 k ~ a l / m o l ’ ~ ~ ) ,  di- 
amantane (10.69,12 11.9 kcal/mol’68), and triamantane (13.45 
kcal/mol’’) suggest that the strain energy per carbon in these 
three is about equal. The calculated strain energies” of [ l ]d i -  
adamantane (16)169,’70 and [2]diadamantane (17)”’ exceed 
the sum of the strain energies of two adamantanes. 

L k 7  
16 

17 

VI. Small-Ring Bicyclic and Spiro Compounds 
A. Cis-Bicyclic Systemsi7* 

Cyclopropane and cyclobutane have a single angular con- 
straint per carbon, and molecules such as bicyclo[ 1.1 .O] butane 
(18), bicycle[ 1.1.1] pentane (19), and spiropentane (20) contain 
one or more carbons having two independently constrained 
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TABLE IV .  Strain Energiesa of Some Cis-Bicyclic 
Small-Ring Compounds 

Compound Strain energy, kcal /mol 

Bicyclo[ 1.1.01 b ~ t a n e ’ ~ ~ ’ ’ ~ ~  
Bicyclo[2.1 .O] pentane’87 
Bicycl0[3.1.0] hexane 
Bicyclo [4.1 .O] heptane 
cis-Bicyclo[2.2.0] hexanezz3 
cis- Bicyclo [ 3.2.01 heptane 
cis-Bicycl o [3.3.0] octane 
Bicycle[ 1 .l. l l ~ e n t a n e ’ ~ ~  

Bicyclo [ 2.1.11 
Bicyclo[3.1.1 ]heptane 
Bicyclo[2.2.2] octane 
Bicycle[ 3.2.1 ]octane 
Bicyc l0 [3.3.3]undecane”~~’~~ 

66.5‘’ 
57.3“ 
33.9” 
30.312 
50.7” 
30.5” 
12.5’’ 
60-64’’’ (est) 
92.513 (calcd) 
41.2” 
35.9’’ 
13.0” 
12.1’’ 
25.3” 

a Experimental standard heats o f  format ion may be obtained f r o m  
specific footnotes i n  ref 1C-12 o f  this article, as well  as f r o m  foot -  
notes cited in s. W. Benson, F. R. Cruickshank, D. M. Golden, G. R. 
Haugen, H. E. O’Neil, A. S. Rodgers, R.  Shaw, and R. Walsh, Chem. 
Rev., 69, 279 (1969). 

angles.173 Strain in these compounds is explicable in the same 
terms as for cyclopropane and cyclobutane. 173 

18 19 20 21 
The first authentic derivative of bicycle[ 1.1 .O] butane174 was 

reported in 1959,175 and the parent compound appeared in the 
literature in 1963.1761177 If it is assumed that the strain energy 
(Table IV) of a bridgehead carbon in 18 is about twice that of a 
bridging carbon, then each of the former is destablized by about 
22 kcal/mol. This value may be compared with the 9.4 kcal/mol 
of strain per carbon in cyclopropane. Another view would be that 
the central bond in bicycloll. 1 .O] butane has 22 kcal/mol of 
destabilization energy compared with 9.4 kcal/mol for each bond 
in cyclopropane. (See section XV for a discussion of strain per 
carbon and strain per bond.) Comparison of the strain energies 
of cyclopropane and 18 discloses that “conceptual” fusion of 
the two cyclopropane moieties produces an extra destabilization 
increment of over 10 kcal/mol relative to the two separate rings. 
To what may this extra degree of strain be attributed? Molecular 
orbital  description^^^^^'^^^^^^ of bicyclo[ 1.1 .O]  butane, which 
calculate significant differences between the 1,2 and 1,3 bonds, 
contrast with the findings of a microwave study that these bonds 
are virtually the same length (although shorter than those in 
cyclopropane by about 0.02 A).1793180 An indirect determination 
of the hybridization of the central bond in bicyclo[ 1.1 .O] butane 
indicated about 90% p character,lsl consistent with predictions 
of high p character by semiempirical and ab initio methods.122 
This finding was obtained through use of J(13C-H) of the 
bridgehead carbons, Ji3C-13C) between the bridgehead and 
bridging carbons, and assumption of unit s character at each 
carbon. There is no theoretical basis for this last assumption (see 
section MG), so often taken for granted by chemists, and direct 
determination of 413C-13C) between bridgehead carbons of 
1-cyanobicyclo[ 1.1 .O] butane indicates about a 6 % departure 
from unit s character.l3O The coupling constant correlates with 
about 83% p character for the central bond, about the same 
hybridization as in cyc l~propane. ’~~  The bridgehead carbon- 
hydrogen bond is shorter than the bridge carbon-hydrogen bond, 
consistent with its greater s character, indicated by a higher value 
of 413C-H), as well as the more acidic nature of the bridgehead 
protons. Much of the chemistry of bicycle[ 1.1 .O] butane 
proceeds through the central bond in a manner reminiscent of 

reactions of x bonds.172a,174~182-186 The chemical, physical, and 
especially thermodynamic properties of this compound make 
it a “unique chemical unit” in the sense that model compounds 
do not allow adequate prediction of its behavior. In contrast, the 
strain energy of bicycl0[2.1.0]pentane’~~ is a simple sum of the 
strain energies of the component rings. Electron diffraction188 
and microwave‘89 studies of this compound are somewhat 
contradictory; the former finds a rather short central (1,4) bond 
(1.44 A) and a very long 2,3 bond (1.62 A), while the latter study 
finds more normal bond lengths.189a Bicyclo[ 1 .I 
and bicyclo[2. 1.0]pentane’90-192 are both attacked by unsat- 
urated compounds upon their electron-poor undersides. Bicy- 
clo[3.1.0]hexane (21) and its heterocyclic analogues are most 
stable in the boat conformation, since the chair conformation 
maintains destabilizing vicinal hydrogen eclipsing interactions. lg3 

Calculated strain energies of a number of cis-bicyclic com- 
pounds are listed in Table IV. 

According to gas-phase electron diffraction studies, the 
bridgehead carbons in bicyclo[ 1.1. llpentane (19)Ig4 are sep- 
arated by only 1.885 A.lg5,1g6 This feature is also qualitatively 
reproduced by molecular orbital calculations. lg7 The molecular 
structure of 19 has been discussed in terms of near sp2-hybri- 
dized bridgeheads and p overlap between these formally non- 
bonded atoms.195,197 The large value of 4JHH (18 Hz,le2 between 
bridgehead protons) has been cited as evidence supporting this 
view.Ig5 An estimated value of 60-64 kcal/mol for the strain 
energy in bicyclo[ 1.1. llpentane, obtained through bond-addi- 
tivity methods,lg7 may be employed to calculate approximately 
11 kcal/mol of strain per carbon-carbon bond in this compound. 
A higher value for the total strain energy,I3 ca. 93 kcal/mol, 
calculated by force field methods, implies about 15.5 kcallmol 
of strain per bond. In either case, the bonds are more strained 
than those of cyclopropane and considerably less stained than 
the central bond of bicycle[ 1.1 .O] butane. In larger bicy- 
clo [ /.m.n]alkanes there is a general trend to decreased strain 
(Table IV and references cited) with increased bridge size: bi- 
cyclo[2.1.1 ]hexane (41.2 kcal/mol); bicyclo[2.2.1] heptane 
(17.0 kcal/mol); bicyclo[2.2.2]octane (13.0 kcal/mol); bicy- 
clo[3.3. llnonane (9.6 kcal/mol). However, there are discon- 
tinuities in this trend because of the unique balance of strain 
contributions in each hydrocarbon. There is also a reversal in 
trend as sufficiently large bridges force the bridgeheads to as- 
sume near planarity. An appreciable factor in the rather large 
strain energy of bicyclo[3.3.3]undecane (25.3 kcal/mol) is the 
forced planarity of the bridgehead carbons. Its analogue, 1- 
azabicyclo[3.3.3]undecane, has a virtually planar bridgehead 
nitrogen atom, a factor reflected in its singular properties as a 
base.i98~199 Large bicyclic bridged compounds permit the 
bridgehead carbons to be “inverted” relative to those in the 
smaller compounds. Isomeric bicyclo [8.8.8] hexacosanes 22 
and 23 have this feature.200 Conformational interconversion of 
23 and the as-yet-unknown 24 (predicted to be less stable than 
23) is not observed, and such a process is said to be feasible only 

H 4  H 4  

22 
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in larger homologues (bridges of ten or more carbons).200 
Macrobicyclic bridgehead diamines undergo the analogous 
(in-in)-(out-out) isomerization via nitrogen inversions.2o2 

While hydrocarbons 25,203 26,204 and 272051206 have been 

25 26 27 

obtained, only substituted derivatives of 28207,208 and the related 
ketone 29209-21i are known. A novel aspect of 28 is the sug- 

28 28a 29 
gested presence of a “bond stretch isomer”, 28a, separated by 
a tangible energy barrier (due to the predicted symmetry-for- 
bidden interconversion).212 Derivatives of compound 29 have 
been investigated as potential precursors of substituted tetra- 
hedranes (see section VII). No compounds related to 30 are 
known; only derivatives of 31 have been ~ h a r a c t e r i z e d , ~ ~ ~  and 
hydrocarbon 32 is a stable The long-range 

30 31 32 
bridgehead proton coupling constants in the 31 series are vir- 
tually identical with those in the bicycle[ 1.1. llpentane com- 
p o u n d ~ . ~ ’ ~  Strained bridgehead nitrogen compounds 33’15 and 
34216 are known although the latter has not been obtained in a 
pure state. Azabicyclic [ 1.1 .O] butanes217 and azabicyclic 

33 34 

[2.1 .O]pentane~~ ‘~  are unreactive to dienophiles which readily 
attack the analogous hydrocarbons. Fused hydrocarbons 35,219 
36,220 and 37221 as well as numerous derivatives have been 
described. Compound 38 is the first compound isolated which 
has a single carbon atom at the hub of three fused cyclobutane 
rings.222 

35 36 37 38 

B. Strained Bridgehead Carbonium Ions 
Small bicyclic molecules have well-defined spatial relation- 

ships within them which allow their employment as “chemical 
tweezers” 228 in studies of various chemical and physical 

TABLE V.  Calculated Strain Energies of Some 
Bridgehead Carbonium Ions‘ 

Cation 

Strain 
Strain, difference,= 

kcallrnolb kcal/mol 

1 - B ic ycl o [ 4.4.01 decy I 
l-Bicyclo[3.3.2] decyl 
1- Bicyclo [ 3.3.3 ] u ndecyl (1 -rnanx y I)  
l-AdamantylZ3“ 
3-Horn0adarnantyl~~~ 
1-Noradamantyl 
1-Bicyclo[3.3.1] nonyl 
l-Bicycl0[3.2.2] n 0 n y 1 ’ ~ ~  
l-Bicyclo[2.2.2] octyl 
1-Tricyclo [4.4.0.0499] decyl 

l-Bicyclo[3.2.l]octyI 
1-Bicyclo[2.2.1] heptyl 

1 0- Per h y d roq u i nac y I 
4-Tricyclo[2.2.1 .0296]  heptyl 

(1-twistyl-) 

(1-norbornyl-) 

(4-nortricyclyl) 

6.7 
16.4 
18.7 
19.2 
21.1 
38.9 
17.9 
22.0 
29.3 
43.7 

30.8 
40.5 

25.0 
75.5 

4.8 
-2.8 
-6.8 
12.3 
6.5 

18.8 
8.3 
6.6 

16.3 
17.6 

18.7 
23.5 

9.3 
28.5 

a A reference is included where a carbonium ion has been observed 
in solution. bs t ra in  energies are obtained f rom the calculated differ- 
ences in strain between the carbonium ion and corresponding hydro- 
carbon a s  listed above and the strain energies of  the hydrocarbons 
(cf. ref 1 2 ) . C  ( ion) - (hydrocarbon). 

properties that are geometry dependent. Reactions which 
generate bridgehead carbonium ions228,229 have been exten- 
sively investigated and some of these intermediates have ac- 
tually been observed in solution (see Table V). Incorporation at 
the bridghead of a small bicyclic skeleton usually prevents a 
tricoordinate carbon from attaining the planar structure preferred 
by acyclic species. (Planarity at the bridgehead would induce 
even more severe distortion in the remainder of the molecular 
framework.) Deviation from coplanarity is calculated to be the 
single greatest source of strain in these carbonium ions.229 
However, the bicyclo[3.3.3]undecyI system prefers planarity 
at the bridgehead, and the derived carbonium ion is less strained 
than the hydrocarb~n. ’~~ An excellent correlation has been found 
between the logarithm of the solvolysis rate constant of a given 
bridgehead derivative, and the difference in calculated strain 
energies between the bridgehead carbonium ion and its corre- 
sponding h y d r o c a r b ~ n . ~ ~ ~ ~ ~ ~ ~  The calculated enthalpy difference 
is used here to approximate the enthalpy of activation assuming 
constant entropy and solvent  effect^.^^^,^^' Notably, bicyclo- 
[ l . l . l ]pentyl  and bicyclo[2.l.l]hexyl derivatives (39 and 40) 

A 

39 40 41 

solvolyze much more rapidly than one would anticipate on the 
basis of these calculations alone.229 This may be attributed to 
rearrangement accompanying solvolysis, or resonance stabili- 
zation by the cyclobutyl system or by the backlobe of the other 
bridgehead carbon’s C-H orbital. The 1 0-perhydroquinacyl 
system (41) also deviates very markedly from the above corre- 
lation. Its solvolysis is about 10’ ’ slower than expected, and this 
is attributed to replacement of three carbon-carbon hypercon- 
jugative interactions by less stabilizing carbon-hydrogen hy- 
perconjugative  interaction^.^^^,^^' Table V lists the calculated 
strain energies of some bridgehead carbonium ions. Although 
the l-bicyclo[2.2.2]octyI cation has not yet been observed in 
solution because of its rapid rearrangement,232 the strikingly 
stable 1,4-bicyclo[2.2.2]octyl dication (42) has been charac- 
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Figure 6. Overlap of the strained central bond in cis- and trans-bicy- 
d o [  n. l . O ] a l k a n e ~ . * ~ ~ ~ * ~ ~ .  

terized by NMR.43 The stability of this species arises from its 
resemblance to the aromatic cyclobutadiene dication, as well 
as to (calculated) delocalization of positive charge on the 12 
hydrogen atoms, thus minimizing electrostatic destabil i~ation.~~ 

b3 
42 

C. Trans-Fused Bicyclic Systems 
The cis-fused cyclopropane (or cyclobutane) ring is sym- 

metrically distorted in a geometrical plane. However, in suitably 
small bicyclic systems, trans-fused cyclopropane (or cyclobu- 
tane) is distorted in two planes. The resultant overlap of the 
central bond is smaller than in cis-fused molecules, and in- 
creased reactivity is anticipated.237 The overlaps in cis- and 
trans-fused bicyclic systems are depicted in Figure 6. Chemical 
effects originating from the presence of highly strained trans- 
fused bonds are assumed to be significant for compounds in the 
43 or 44 series where m and n are four or less.237 Some rep- 
resentatives of 43 ( n  = 4) have been obtained,238 while no 
similarly strained examples of 44 have been reported. 

.H 

43 
( n 5  4) 

44 
(n 5 4; m 5 4) 

Derivatives in the frans-bicyclo[5.1.O]octane series (45) are 
k n ~ ~ n . ~ ~ ~ s ~ ~ ~ - ~ ~ ~  The liquid-phase enthalpy difference favoring 
a cis-bicyclo[5.1.0]octane over the trans isomer is about 9 
kca l / rn01.~~~ If this value is assumed to be about the same in the 
gas phase, then the strain energy of 45 is about 40 kcal/mol. The 
strain within the central bond of 45 is evidenced, for example, 
by its abnormally high sensitivity to The difference in 
free energy between 46245,246 and its cis isomer is about 2.9 kcal 
favoring the latter.244 It is thus apparent that a cyclopropane ring 
tolerates trans fusion better than does an olefinic linkageZ4la (see 

45 46 47 48 

section X.B). Compounds 47247 and 48248 as well as many 
trans-fused bicyclic [n.2.0] compounds24g (e.g., 49 and 50) have 
also been characterized. 

49 50 

D. Small-Ring Spiro Compounds 
The strain energy of spiropentane (20)250 is about 65 kcaV 

mol," which exceeds the sum of the strain energies of two 
cyclopropane rings by about 10 kcal/mol. Thus, it is a "unique 
structural unit" in the same sense that bicyclo [ 1.1 .O] butane is. 
A Coulson-Moffit-type view of bonding in this compound might 
assume that the central carbon is sp3-hybridized. The deviation 
of the interorbital angle (109.5') from the internuclear angle 
(62' 251) is greater than that in cyclopropane, where the inter- 
orbital angle is calculated to be 104.5' (section Ill). However, 
spiropentane does not possess tetrahedral symmetry, and four 
sp3-hybridized orbitals are not a requirement. A Walsh-type 
orbital picture of spiropentane is comprised of an sp-hybridized 
central carbon and four sp2-hybridized peripheral carbons.76 
Strain in this compound contributes to its relatively facile thermal 
epimerization as well as thermal rearrangement to methylene- 
c y ~ l o b u t a n e . ~ ~ ~ - ~ ~ ~  Some other small spiro systems include 

52,256 53,257 54 and 55,258 56,259 57,260 and 58.261 

51 52 53 

D 

54 55 56 

57 58 59 
Heterocyclic analogues of spiropentane have about the same 
strain energy as the hydrocarbon but are also readily attacked 
by electrophiles and nucleophiles. Oxaspiropentane 5gZ6' and 
some substituted derivatives are stable,263-265 as is the aza 
compound 60,266 but 61 (R1 = R2 = R3 = R4 = CH3) is a short- 
lived intermediate.267a Substitution of a fed-butyl group imparts 
kinetic stability to the dioxaspiro nucleus and a derivative of 61 
(R1 = H; R 2  = f-Bu; R3 = R4 = CH3) has been isolated and 
characterized.267b Spirocyclopropane rings in 62 appear to af- 
ford some conjugative stabilization (perhaps through donation 
to empty silicon 3d orbitals) and this compound is more stable 
than hexamethylsilacyclopropane.268 

60 61 62 



Strained Organic Molecules Chemical Reviews, 1976, Vol. 76, No. 3 323 

“Rotanes” (e.g., 63,269,270 64,271,272 and 652731274) have the 
potential for cyclic delocalization of bent bond orbital electrons. 
In line with expectations (based solely on geometrical consid- 
erations), [3]rotane (63) exhibits negligible d e l o c a l i ~ a t i o n , ~ ~ ~  
while [5]rotane (65) displays an ultraviolet spectrum consistent 

63 64 65 

with significant delocalization of this type.274 
The spiropentane system has been further destabilized 

through introduction of a “twist” by incorporation in cyclic 
systems as exemplified by 66275 and 67.276 This distortion will 
be treated further in section XI. 

66 67 

Vll. Tefrahedrane 
If tetrahedrane [bicycle[ 1. 1.0.0234] butane, 681 is indeed a 

discrete molecular entity, it is the possessor of enormous in- 
herent thermodynamic instability due to strain. The most recent 
estimates of the strain in this molecule are between 129 and 137 

On a per bond (C-C) basis, a calculated de- 
stabilization of ca. 22 kcal/mol might suggest reactivity similar 
to that which characterizes the central bond of bicyclo- 
[ 1.1 .O] butane. However, the strain per carbon (ca. 33 kcal/mol) 
is far greater than in any known compound (see section XV for 
further discussion). Tetrahedrane is predicted to be much less 
stable than its unstable valence isomer279 1,3-cycIobuta- 
diene280z281 (70-84 kcal/mol calculated enthalpy differ- 
ence277.278.282). Although concerted thermal rearrangement 
between these valence isomers is “symmetry forbidden”,279 
ground-state conversion of tetrahedrane to cyclobutadiene is 
quite facile.281 Similarly, concerted fragmentation of tetrahe- 
drane to acetylene is thermally forbidden279 but is calculated to 
occur readily283-286 with release of 20-30 k ~ a l / m o 1 . ~ ~ ~ , ~ ~ ~ , ~ ~ ~  

68 68a 68b 

However, the greatest source of pessimism concerning the 
isolation of this molecule is that the strain energy released in 
forming a biradical (68b) is very near the dissociation energy of 
a parafinic bond. The biradical is estimated to be only about 12 
kcal/mol higher in enthalpy content.277b Obviously, this inter- 
mediate, once formed, will be highly reactive. Another cause 
for pessimism is that all substituents should stabilize the birad- 
i ~ a 1 , ~ ~ ~ ~  and attempts at destabilization through incorporation 
of the tricoordinate carbon atoms at geometrically constrained 
bridgeheads should not be successful since radical inversion 
barriers are low.228 Before proceeding to a discussion of the 
evidence implicating a “tetrahedrally symmetric intermediate”, 
a brief caveat on tetrahedral molecules is presented below. 

Just as tetrahedrane is unstable relative to two molecules of 
acetylene, the hypothetical molecule N4 (tetrahedral) is calcu- 
lated to be well over 100 kcal/mol less stable than two nitrogen 

 molecule^^^^^^^^ (this is due to what may be termed “anomalous 
stability” of the nitrogen molecule as well as to the instability 
of tetrahedral N4). However, white phosphorus consists of tet- 
rahedral P4 molecules which are considerably more stable than 
diatomic phosphorus. Comparison of single bond strengths 
[QN-N) N 38 kcal/mol; D(P-P) N 51 k c a l / m 0 1 ~ ~ ~ ]  and triple 
bond strengths [QN-N) N 226 kcal/mol; D(P-P) N 116 
k c a l / m 0 1 ~ ~ ~ ]  clarifies the above observations. Furthermore, the 
strain in tetrahedral P4 is only about 20 k c a l l m 0 1 , ~ ~ ~  due in part 
to decreased angular distortion (bond angle in PH3 is about 
94’ 289 and the C-P-C angle in P(CH3)3 is about 99’ 291). Tet- 
rahedral (SiH)4 is to date unknown. The relatively strong sili- 
con-silicon single bonds and very weak multiple bonds2” may 
allow the tetrahedral compound to be more stable than (SiH)2. 
(Characterization of these compounds is complicated by the 
extreme lability of the silicon-hydrogen bond in the presence 
of air or water.) The tetrahedral compound (BC1)4 is difficult to 
synthesize in quantity but is i ~ o l a b l e . ~ ~ ~  

Early claims for the existence of tetrahedrane derivatives have 
appeared in the l i t e r a t ~ r e ~ ~ ~ z ~ ~ ~  [we note early claims of many 
simple, highly strained systems also exist (Ring Index) most of 
which have also been later shown to be incorrect]. During the 
past decade a published of a diphenyltetrahedrane was 
later w i t h d r a ~ n . ’ ~ ~ ~ . ~ ~ ~  To date, the existence of 68 has not been 
established experimentally. Evidence implicating the existence 
of a tetrahedrally symmetric intermediate283-286 is consistent 
with the existence of 68 in a potential minimum or its existence 
as an activated complex for interconversion of diradicals 68a 
or 68b. Of course, singlet-triplet interconversion is spin for- 
bidden and should presumably occur less frequently than isotopic 
labeling studies appear to indicate. The most encouraging the- 
oretical prediction, concerning the potential isolability of 68, is 
made in a recent ab initio study278 in which it is predicted that 
the barrier to formation of the biradical is greater than 18 kcall 
mol (singlet more stable than triplet at a point on the energy 
surface at which the CI-C2 distance is about 1.81 A). This would 
indicate that tetrahedrane should be observable via vibrational 
spectroscopy even if it is not isolable. Evidence for the actual 
trapping in a matrix at -196 OC of either tetramethyltetrahedrane 
or a biradical has recently been presented.281 Combination of 
these last experimental observations with the theoretical cal- 
culations cited immediately above implies that tetramethylte- 
trahedrane has a finite existence in a matrix at -196 ‘C. We 
note in passing another potential approach to tetrahedrane 
through compound 69 in which sterically crowded triple bonds 
are held in a rigid and favorable orientation for photochemically 
allowed c y c l ~ a d d i t i o n . ~ ~ ~  

69 

We may ask if there is a discrete molecular entity, tetrahe- 
drane, and if so, is it observable? Similar questions were posed 
concerning cyclobutadiene in the very recent past. Not only has 
cyclobutadiene been monitored spectroscopically (although 
under markedly unearthly ~ o n d i t i o n s ) , ~ ~ ~ - ~ ~ ~  but tri-fert-cyclo- 
butadiene has been monitored in solution at room temperature 
by NMR.303 Not only have electronically perturbed “push-pull” 
cyclobutadienes been isolated,304 but also two essentially un- 
perturbed cyclobutadienes have likewise been purified and 
c h a r a c t e r i ~ e d . ~ ~ ~ . ~ ~ ~  Without claims of prophecy, it may well 
be that in a few years from now observations of tetrahedrane 
intermediates will appear frequently in the literature. 
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TABLE V I .  Calculated Strain Energiesa-c of  Some Cycloalkenes, Methylenecycloalkanes, and Bicycloalkenes 

Compound Strain, kcal /mol Compound Strain, kcal /mol 

Ace t y I ene (c ycl oet h ene ) 
Cyclopropene 
Cycl obutene 
Cycl opentene 
Cyclohexene 
cis- Cy c I oh e p t ene 
cis- Cy c I ooc t e ne 
cis-Cyclononene 
cis-Cyclodecene 
Methylenecyclopropane 
Methylenecyclobutane 
Methylenecyclopentane 

9.1 ;d 58e 
54.5a.c 
30.6;a 34.0C 

6.8 ;a 6.9b 
2.5;a 2.66 
6.7;a 7.35b 
7.4;a 8.8b 

11.5a 
11.6b 
41.7;a 40.8C 
28.8a 

6.3;a 5.2C 

Bicycle[ 21.1 ] h e ~ - 2 - e n e ” ~ - ~ I ~  
Bicyclo[2.2.1] hept-2-ene 
Bicyclo[2.2.1] heptaV2,5-diene 
Bicyclo [ 2.2.21 oct-2-ene 
Bicyclo[2.2.2] octa-2,5,7-triene 

1,3-Cycl opentadiene 

(Bismethy lene)cyc l~propane~~’  
( T r i s m e t h y l e n e ) c y ~ l o p r o p a n e ~ ~ * ~ ~ ~ ~  
M e t h y l e n e c y c l o p r ~ p e n e ~ ~ ~  

(bar~e lene)~ ’~  

Est 50f 
27.2;a 23.6b 
34.7;a 31.6b 
16.0b 
25.6b 

2.9 ;a -0.9c 

aSee ref 11. bSee ref 312.c Heats of  format ion calculated in  N. C. Baird and M. J. S .  Dewar,J. Chem. Phys., 5 0 ,  1262 (1969), and strain- 

Relative t o  t e ”straln” in  ethylene: (ZAHf(ethy1ene) - AHf(ethane)). eComparison of  AHf(acetylene) w i t h  the sum o f  t w o  
less heats of  format ion (cf. ref 11). For  M I N D 0 / 3  calculations, see R. C. Bingham, M. J. s. Dewar, and D. H. L o , J .  A m .  Chem. SOC., 97, 
1294 (1975) .  
strainless (CH) increments. ?Obtained b y  adding ca. 10 kcal/mol t o  the strain energy of  b icyc lo [2 . l . l l hexane (cf. ref 12). g The Calculated 
destabilization energies appear t o  be too  l o w  and perhaps include an overestimate o f  resonance stabilization. 

Vlll. Normal Alkenes with u Strain 
A. Cycloalkenes, Bicycloalkenes, and Related 

Compounds 
The extra strain energy present in molecules such as cyclo- 

propene, cyclobutene, methylenecyclopropane, and norbornene 
relative to the saturated compounds may be attributed to in- 
creased strain in the u framework. The strain energy in cyclo- 
propene307 is about 54.5 kcal/mol (Table VI), and it is logical to 
assume that part of this might be due to a weak x bond. The 
extreme reactivity of this bond (e.g., cyclopropene is a highly 
reactive d i e n ~ p h i l e ~ ~ ~ )  supports this view. However, the double 
bond appears to be an abnormally strong one if judged by the 
criteria of bond length (1.30 A307-308) and vibrational frequency 
[however, see discussion in section 111 (and indeed warning) 
concerning the vibrational frequency and bond strength of cy- 
clopropane]. The u framework, then, is the source of the strain. 
energy, and if the x bond is abnormally strong, strain in the u 
framework exceeds 54.5 kcal/mol. Increased angular strain at 
C-3 relative to a methylene group in cyclopropane (C1C2C3 angle 
in cyclopropene is about 51’ 307-308), and increased angular 
strain at the trigonal C-1 and C-2 carbons, relative to the tetra- 
coordinate carbons in cyclopropane, is responsible for part of 
the destabilization. The molecule’s geometrical constraints 
impose increased deviations of the internuclear axes from the 
regions of maximum orbital overlap, relative to the deviations 
in cyclopropane. Addition across the double bond in cyclopro- 
pene is a mechanism for releasing at least 26 kcal/mol strain 
in the u framework. Calculated strain energies for a number of 
cycloalkenes, methylenecycloalkanes, and bicycloalkenes are 
to be found in Table VI. Discussion of benzocyclopropene and 
benzocyclobutene is deferred until section XIII. One might note 
that numerous 3Kdiazirine derivatives, 70, are known309 and 

70 71 72 

that the parent (R = R’ = H) has been found experimentally to 
be less stable than diazomethane by 1-15 k ~ a l / m o l . ~ ~ ~  (Cy- 
clopropene is less stable than propyne or allene.) One aspect 
of the stability of many diazirines is the “thermally forbidden” 
nature of concerted nitrogen evolution. However, some of these 
explode upon impact. Photochemically, they are useful carbene 
precursors. 1-Azirine derivatives (71) have been isolated since 
the early 1 9 6 0 ’ ~ . ~ ”  Discussion of the unstable 2-azirine system 
is deferred until section VIII.B. 

Annelation of a small cycloalkene ring may introduce addi- 
tional strain. Bicyclo[2. 1.0]pent4ene (“homocyclobutadiene”, 
72321) has a half-life of about 2 h at ambient temperature and 
manifests its strain energy in thermal rearrangements (see 
discussion in section VII1.C). Another aspect of the instability of 
72 is the calculated destabilizing orbital interaction between the 
“separated” cyclopropane and ethylene fragments which 
conceptually comprise it.322 Thus, experimentally determined 
destabilization energies for this molecule would include this 
factor as well as the sum of the strain energies. This again il- 
lustrates the difficulties in apportioning destabilization energy. 
(The as-yet-unknown 2,3-dimethylenebicycIo[2.1 .O] pentane 
is predicted to have a stabilizing interaction between the cy- 
clopropane and 1,3-butadiene moieties).322 The central bond 
in 72 is long (1.56 A), but normal for a c y c l o b ~ t e n e . ~ ~ ~  The u 
system of a x bond may be appreciably distorted by its incor- 
poration as the bridge of a small fused bicyclic system. 
Bicyclo[3.3.0]octene (73) has been known for some time and 
is quite stable324 (74325 and 75326 have been characterized more 
recently), while A1.5-bicyclo[3.2.0] heptene (76),327 the related 
(more strained and reactive) molecule 77,328 and A1s4-bicy- 
clo[2.2.0]hexene (78)329 have also been isolated. This last 

73 74 75 

76 77 78 

compound disappears over a period of hours in solution at room 
temperature.329b Similarly, while 79330933i and 80332.333 are 
stable, isolable compounds, 81 has only been observed in so- 
lution at -60 0C.330*331 Attempts at isolating 82 have 
failed,332*333 but methyl substitution affords kinetic stability, and 

79 80 81 8 2 , R = H  
83, R = CH, 
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83 is stable for 5 h at 100 0C.334 (Cyclopropenone is discussed 
in section VII1.B.) Additional constraints imposed upon methy- 
lenecyclopropane systems lead to instability, notably by making 
the corresponding trimethylenemethanes (section VII1.C) more 
accessible. Thus, while 6-methylenebicyclo[3.1 .O] hexane (84) 
is quite stable,335 attempts at isolating 85 have failed.336 

84 85 

It is perhaps appropriate to mention at this time the compelling 
evidence for the existence of 86.337 This is a substituted di- 
benzologue of bicyclo[4.1 .O] hepta-2,4,6-triene (this last species 
has been advanced as an intermediate in the phenylcarbene- 
cycloheptatrienylidene rearrangement, but it has not been 
trapped or even observed spectros~opical ly~~~).  The existence 
of the bicyclohexadiene 87 has been deduced from deuterium- 
scrambling studies.339 Similar studies implicate the discrete 

H 
87 

/ 
H 

D 

\ 

h 
J \  
/ 

\ 
H 

existence of 1 ,Cdehydrobenzene (pbenzyne) (88) (o-benzyne 
is discussed in sections XI1 and XIII). Flash photolysis of 1,4- 
benzenediazonium carboxylate yields a C6H4 species, presumed 
to be 88, which is stable enough to be monitored for as long as 
2 min in the gas phase.341 mBenzyne (89) has been generated 

n "& 41 

H J . D  
'D 88a 

88b H' 88c 

from 1,3-benzenediazonium carboxylate by flash photolysis342 
as well as by thermal means.343 Published ab initio calculations 
of the three benzyne isomers assume normal benzene geom- 

Recent MINDO/S calculations,345 which include ge- 
ometry optimization, do not allow a clear choice between singlet 
(88a) or triplet (88c) as the ground state of pbenzyne. They do 

89a 89b 89c 

predict appreciable 1,4-bonding in 88a and the potential pres- 
ence of an unstable bonhstretch isomer 88b. These calculations 
also predict the structure of mbenzyne to be 89c (central 1,5 
bond length of 1.97 A), and that this species and sbenzyne are 
of comparable stability. Apparently, bicyclo[3.1 .O] hexatriene 
(89c) has actually been generated and trapped.345a The central 
bond is not the most reactive one in agreement with an ab initio 
prediction of 1.5 A for its length.345a However, the simplifying 
assumption of CZv symmetry made for the calculation might be 
too restrictive. The similarity of 89c to azulene should be noted. 

B. Strain Opposing Aromatic Stabilization or 
Reinforcing Antiaromatic Destabilization 

A discussion of aromaticity and antiaromaticity is completely 
beyond the scope of this review.346 However, we wish to con- 
sider very briefly some simple aromatic and antiaromatic 
compounds in which there is appreciable strain. The cyclopro- 
penium cation (90) is the best and simplest example of a system 
for which sizable aromatic resonance stabilization dominates 
strain-induced destabilization and renders the subject stable.347 

90 91 92 93 

The increase in strain upon transformation of a cyclopropane 
derivative to the corresponding ion is estimated at about 20 
kcal/mol, but this is more than compensated for by about 40 
kcal/mol of resonance stabilization.347 The ion is stable enough 
to be observed as well as isolated.348 In contrast, cyclopro- 
penium anion347,349,350 combines strain energy of similar 
magnitude with appreciable antiaromatic destabilization. Cy- 
clobutadiene (91) is estimated to have about 20 kcal/mol of 
antiaromatic de~tab i l i za t ion .~~~ A rather conservative estimate 
of the strain in this compound would be about 35 kcal/mol (twice 
the strain of cyclobutene minus the strain of cyclobutane; this 
obviously does not consider the multiplicity of the ground state 
or second-order Jahn-Teller distortion in a singlet ground state). 
The net destabilization energy of at least 55 kcal/mol has made 
this compound highly elusive, and it is only very recently that it 
has actually been observed in rare gas matrices at 'exceedingly 
low  temperature^.^^^-^^^ Substituted cyclobutadiene dications 
(92) have been observed by NMR.3511352 Evidence implicating 
the intermediacy of cyclobutadiene dianion (93) has also ap- 
peared recently.353 Both ions are destabilized owing to elec- 
trostatic strain. 

Oxirenes (94) have been postulated as transient intermediates 
in peroxy acid oxidation of alkynes354,355 as well as in photo- 
chemical Wolff  rearrangement^,^^^-^^' but none of these have 
been observed even spectroscopically. Similarly, 1 Kazirines 
(95) have also been proposed as intermediates but never ob- 

(R = CH,; C6H5) 

R 
I 

0 
II 

94 95 96 97 
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s e r ~ e d . ~ ~ ' . ~ ~ '  Strain and antiaromatic destabilization contribute 
to the lability of these species. Thiirene (96, R = H) has been 
generated photochemically, monitored, and has a half-life of 
about 2 s in the gas phase (dimethylthiirene has a half-life of 
about 7 s).363 Compound 97, however, is quite stable (d-orbital 
participation would lend some aromatic character).365 

In contrast to methylenecycl~propene,~~~ cyclopropenone 
(98) has been characterized and is i ~ o l a b l e . ~ ~ ~ - ~ ~ ~  In fact, the 
di-fer?-butyl derivative is quite stable.369 Cyclopropenones do 
not form hydrates in aqueous solution as cyclopropanones 
Such observations of reduced reactivity, supported by theoretical 

suggest that cyclopropenone is aromatic. However, 

0 0- 

98 
it appears that cyclopropenone is essentially no more aromatic 
in its ground-state properties than cyclopropene is.371,372 Aro- 
maticity appears to be a feature of cyclopropenone's reactivity 
rather than its ground-state properties. Experimental data on the 
heat of formation of this compound are unavailable at present 
for practical reasons. Dihydroxycyclopropenone (deltic acid) has 
been obtained and is a strong acid as anticipated.372a 

101,377 and 102378) have 
the potential for cyclic delocalization of T electrons. They ap- 
pear, however, to be essentially normal An 

"Radialenes" (99,373-375 

99 100 101 102 
evaluation of the strain energy in [4]radialene (100) might be 
useful in estimating this parameter for cyclobutadiene. While 
no thermochemical data are available for 100, the experimentally 
determined destabilization energy of biphenylene (103) is about 
60 kcal/mol and is largely attributable to the four-membered 
ring381 (however, distortion in the aromatic ring is also a factor; 
see section XII1.A). 

103 
Small-ring, spiro-connected cycloalkenes have been studied 

in line with predictions of spiroconjugation in them or in their 
 derivative^.^^^,^^^ Although spiropentadiene (104) is unknown 
(its strain has been calculated at 145 kcal/m01~*~), derivatives 
of 105 have been isolated,365 and hydrocarbon 106 has been 
c h a r a ~ t e r i z e d . ~ ~ ~  Spectral evidence has been cited for spiro- 
conjugation in 106,366 107,387 and 108.386 Although the ion 109 
,is potentially "spiroaromatic", no such special stability is re- 
ported for it.389 

104 105 106 

107 108 109 

Ultraviolet,390 NMR,391 and photoelectron studies392 of spi- 
ro[2.4] hepta-l,3-diene (1 10) indicate considerable cyclopro- 
pane conjugation with the diene system which might lend this 
compound some aromatic stability. However, gas-phase electron 

110 1 1 1  

diffraction studies do not support this view.393 Some conjugation 
of the cyclobutane ring in 11 1 is also indicated by its ultraviolet 
absorption spectrum.394 Thermochemical data on these com- 
pounds are, unfortunately, unavailable. 

C. Relief of Strain with the Formation of Unstable 
Intermediates 

Strain in many cyclic molecules combined with resonance 
stabilization of the corresponding acyclic species allows the 
occurrence of numerous facile ring-opening reactions. (Con- 
certed ring-opening reactions to stable molecules, e.g., cyclo- 
butene to 1,3-butadiene, have been treated extensively.395) For 
example, rearrangements of various methylenecyclopropanes 
appear to proceed by way of singlet trimethylenemethane di- 
radicals (perpendicular geometry 1 12).396-400 Photolysis of 
4-methylene-A1-pyrazoline (1 13)401 or 3-methylenecyclobu- 
tanone (114)402 yields the more stable planar ( 1 3 3 ~ )  triplet 
1 15.4009403-405 The triplet diradical is stable for several months 

A H  
112 

0 
114 

N=N 
113 H H  

115 

at - 196 OC and has been monitored by ESR spectroscopy.404 
The highly strained fused bicyclic molecule 85 forms a strained 
trimethylenemethane diradical, 116, which rapidly dimerizes 
before it can be isolated.336 Scrambling of deuterium labels in 
1,2-dimethyIenecyclobutane (1 17) proceeds via tetramethy- 
leneethane (1 18).4063407 This diradical may also be obtained 

116 
- 

121 

through thermally induced isomerization of 120 or 121.406 Ad- 
ditional strain (relative to that in 117) in 122 lowers the energy 
barrier to 123.409 

u[ o( 
122 123 

Substituted cyclopropanones (124)410-412 rearrange and 
undergo cycloaddition reactions through intermediate oxyallyl 
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TABLE VI  I. Historical, Theoretical, and Experimental Data Colicerning Bonzene Valence Isomers 

Chemical Reviews, 1976, Vol. 76, No. 3 327 

Relative enthalpies, 
Publication dates kcal /mol 

Thermal stabi l i ty 
Isomer Substd Parent E ~ p t l ' ~ ~  ExptlU3' T h e o ~ ~ ~ '  of parent compound 

( 1  32)  1962444 1 963445 +59.5a +28.0b +49.5 ty2RT 2 days445,446 
( 1  3 3 )  196444' 1967448 +34.4b +58.9 tyZRT - 10 days4" 
( 1  3 4 )  

( 1  35)  1959451 d 

Benzene 1825 0 0 0 

1965C 1973451 +91.2a +59.0b +80.9 Stable ( R T ) 4 S '  
1966449,4 5 0  t1/,900 = 11 hr451 

a Hexamethyl  series. b Hexakis(tr i f luoromethy1) series. C A tr i- terr-butylprismane was obtained in  82% pur i ty  (see ref 460). Estimated 
group incremental schemes to  be about 1 5  kcal/mol less stable than prismane. 

isomers (125) (rearrangement of cyclopropanone to allene oxide 
(126) without the intermediacy of oxyallyl has been suggest- 
ed413). Although an early calculation predicted that oxyallyl was 

n- R 
0 
II 

d k k A  1 I 

R 
124 125 126 

more stable than cyc lopr~panone,~~~ subsequent work, including 
a microwave study of the parent,415 has disproven this view. 
Cyclopropanone itself has thus far eluded reactions character- 
istic of o ~ y a l l y I . ~ ~ ~ - ~ ' ~  S e m i e m p i r i ~ a l ~ ' ~  and ab initio417 mo- 
lecular orbital calculations predict enthalpy differences of 66 
and 83 kcal/mol between cyclopropanone and oxyallyl. Incor- 
poration of configuration interaction should significantly lower 
this energy difference since oxyallyl is calculated to have a 
slightly bonding unoccupied molecular orbital.417 A calculated 
enthalpy difference of 54 kcal/mol has been obtained through 
application of bond-additivity The barrier to ring 
opening of di-tert-cyclopropanone is about 27 k c a l / m ~ l . ~ ~ ~  Al- 
lene oxides, 126, isomers of the cyclopropanones, have been 
isolated only when afforded kinetic stability through substitution 
by bulky groups.419,420 In sharp contrast to cyclopropanones are 
the 0-lactones 127, which open very readily, presumably to 
highly reactive dipolar species (128).42'-423 Only the bis(triflu- 
oromethyl) derivative has been isolated.424 Recently, evidence 
has been presented which implicates the intermediacy of CY- 

sultine (sulfur analogue of o ~ - t a c t o n e ) . ~ ~ ~ ~  

127 128 

A novel aspect of some strained molecules is their ability to 
generate excited-state species when they rearrange or de- 
compose upon heating. For example, the thermally induced 
rearrangement of bicyclo[2.1 .O] pent-2-ene (72) is thought to 
yield 1,3-cyclopentadiene in a vibrationally excited state425-427 
(ca. 63 kcal/mol above the ground state425). Rearrangement of 
vibrationally excited cyclopentadiene appears to be competitive 
with its collisional d e a ~ t i v a t i o n . ~ ~ ~ - ~ ~ ~  Thermal generation of 
molecules in electronically excited states is the basis for phe- 
nomena termed "photochemistry in reverse" 428 or "photo- 
chemistry without light".42g The numerous theoretical, practical, 
and esthetic aspects of these processes include the potential 
understanding of b i o l u m i n e ~ c e n c e . ~ ~ ~ ~ ~ ~ ~  For example, tetra- 
methyl-l,2-dioxetane (129) generates triplet acetone thermal- 
ly428 as does the trimethyl compound.429 The first derivative of 
a 1,2-dioxetan-3-one, 120, has been characterized and lumi- 
nesces upon heating.430 This molecule is similar to the reactive 

129 
portion of the presumed intermediate responsible for firefly Iu- 
m i n e ~ c e n c e . ~ ~ ~  Bond-additivity calculations suggest the discrete 
intermediacy of 131 in the reaction of hydrogen peroxide with 
various oxalates, and its decomposition to form a molecule of 
triplet carbon dioxide.43' Thermal production of excited-state 
benzene derivatives from the corresponding valence isomers 
will be discussed in section IX. 

130 131 

IX. Valence Isomers of Benzene and Related 
Systems 

Valence isomers279 (132-135 in Table VII) of b e r ~ z e n e ~ ~ ~ - ~ ~ ?  
are of historical435 as well as modern theoretical and conceptual 
interest. The recent isolation of these compounds and their 

132 133 134 135 
derivatives is a triumph of modern synthetic artistry. These 
compounds have provided some of the most spectacular ex- 
amples of reactivities which are contrary to intuition yet in accord 
with the theory of the conservation of orbital symmetry.395 As 
the result of their significant strain energies, many valence 
isomers are higher in energy than some of the excited states of 
the corresponding benzenoid compounds. Thus, "photochem- 
istry without light" 428 has also been studied in some of these 
compounds. 

In Table VI1 e ~ p e r i m e n t a l ~ ~ ~ , ~ ~ ~  and theoretically calculated438 
relative enthalpies and observed thermal stabilities in the ben- 
zene valence isomer series are listed along with historical data. 
Two ab initio calculations have a p ~ e a r e d , ~ ~ ~ ~ ~ ~ ~  but the agree- 
ment between experimental and calculated enthalpy differences 
between isomers is rather poor although the ordering of relative 
stabilities is consistent with other work. "Dewar benzene" 
[bicyclo[2.2.0] hexa-2,5-diene, 1321, "benzvalene" [tricyclo-. 
[3.1 .0.02,6] hexene, 1331, and "prismane" [tetracyclo- 
[2.2.0.02.6.03r5]hexane, 1341 as well as benzene have been 
viewed topologically as multigraphs resulting from pairwise 
connections of hexagon vertices440 or equivalently having a 
"maxi-ring'' of six (see section XV). The isomer 3,3'-bicyclo- 
propenyl (135) is topologically distinct by this definition. It is 
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interesting to note in Table VI1 that the first valence isomer 
isolated was a derivative of 135, the latter compound being the 
only unsubstituted valence isomer to elude synthesis.441 Fur- 
thermore, a very reasonable estimate442 of + 122 kcal/mol for 
the standard heat of formation of 135 predicts that it is the least 
stable benzene valence isomer even though it is less strained 
than prismane. The strain in 135 may be taken as 107-108 
kcal/mol (the strain of two cyclopropene rings) and that of 134 
may be estimated at 127-129 kcal/mol from the standard heat 
of formation of hexamethylprismane (4-70.4 kcal/mol based 
upon the data in Table VI1 and the standard heat of formation of 
hexamethylbenzene) and group incremental schemes. The strain 
in prismane is very nearly equal to the sum of the strain energies 
of three cyclobutane rings and two cyclopropane rings, just as 
the strain in cubane is about equal to the strain of six cyclohutane 
rings.443 Thus, neither prismane nor cubane appears to be 
“unique units” in the sense that bicyclobutane and spiropentane 
are. 

The first unsubstituted benzene valence isomer reported was 
bicyclo[2.2.0] hexa-2,Miene (commonly referred to as “Dewar 
benzene”), 132.445 The positions of the carbon atoms of 132 
are very similar to those in benzene, and one might expect facile 
conversion to the most stable isomer. The half-life of 2 days at 
room temperature is attributed to a “thermally disallowed” in- 
terconversion having a high activation carrier. Hexamethyl- 
(Dewar benzene) is the most readily available benzene valence 
isomer hydrocarbon due to the facile catalyzed trimerization of 
2 - b ~ t y n e . ~ ~ ~  The central single bond in this compound measures 
1.63 A.454 Decreased steric repulsion between groups in the 1 
and 2 positions of Dewar benzene compared to the ortho posi- 
tions in benzene suggest a means of stabilizing the former. This 
approach was utilized in the first synthesis444 of a Dewar-type 
derivative (137) as well as other ~ o m p o u n d s . ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~  Similarly, 
the peri interaction in 138 facilitates the synthesis of 139.457 A 

136 137 

138 139 

140 141 

142 143 

SCHEME I + 

+ k 

dH 
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novel method of stabilizing a Dewar-type structure is the bridging 
of the 1 and 4 positions with a suitable short chain. This approach 
was successful in obtaining 140,458 whose corresponding 
benzene isomer would be a considerably less stable [4]para- 
cyclophane derivative (see section XIII.C). The unsubstituted’ 
analogue of 140 has been r e p ~ r t e d ~ ~ ~ ~ ~ ~  as has its shorter 
bridged homologue 141.459c The equilibrium between the as- 
yet-unknown compounds 142 and [5] paracyclophane should 
be of considerable interest since these two may have compa- 
rable stabilities (section XII1.C). An attempt446 at synthesis of 
143 from [2.2]paracyclophane was unsuccessful. 

Benzvalenes have been shown to be intermediates in a 
number of interesting chemical reactions including those de- 
scribed below. However, a word of caution has appeared in the 
literature warning against the postulation of benzene valence 
isomer intermediates in cases where other mechanisms have 
not been eliminated.460 It would appear that the necessary de- 
gree of substitution required to substantiate a mechanism might 
invalidate conclusions on the parent systems (see Scheme I). 
In each of these cases, proof of the mechanism involved 
subjecting the benzvalene in question to prevailing reaction 
conditions. The initial photochemical preparations of benzval- 
ene448*465,466 were limited to 1 % yield. A recent multistep 
synthetic route provides 24% yield, although the authors note 
the necessity of small-scale preparation of benzvalene due to 
its explosive nature.463 

Prismane has been likened to “an angry tiger unable to break 
out of a paper cage”.395 That is, in spite of an excess of greater 
than 90 kcal/mol of energy relative to benzene it is stable at 
room temperature and has a half-life of 11 h at 90 0C.451 This 
latter figure corresponds to an additional input of over 25 kcal/ 
mol in order to affect thermal decomposition. This high activation 
barrier is explained in terms of a “thermally disallowed” path- 
way.395 

The most stable and readily accessible groups of benzene 
valence isomers are those in the p e r t r i f l u ~ r o m e t h y l ~ ~ ~ ~ ~ ~ ~  and 
perpentafluoroethyl series.468 A published explanation cites 
dipolar destabilization of the benzene isomer as the primary 
basis for the accessibility of these isomers.437 “Dewar(CC2F5)6” 
is, in fact, actually more stable than the distorted benzene isomer 
at temperatures over 280 OC, although the latter is more stable 
at lower temperatures.469 

Novel “mixed” valence isomer compounds include 144,470 
145,471 146,472 147,463 and 148.473 Numerous valence isomers 
of heterocyclic nitrogen compounds have been reported474-477 
and ~ x o n i a b e n z v a l e n e s ~ ~ ~ ~ ~ ~ ~  and an oxonia(Dewar benzene)479 
have been proposed. 

The destabilization of Dewar benzene relative to benzene has 
been utilized to generate, by thermal means, an excited elec- 
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nature to that in e b e n ~ y n e . ~ ~ ~  The remainder of this section will 
deal with double bonds having appreciable torsional character. 

144 145 146 

147 148 

tronic state of benzene.J80a Heating of Dewar benzene provides 
this molecule with energy comparable to that of the lowest triplet 
state of benzene (85 kcallmol higher than the ground state), but 
not enough energy to obtain the first excited singlet state (1 15 
kcal/mol higher than the ground state). Quenching of benzene 
triplet states, generated in this manner, by anthracene derivatives 
has been observed.480a However, an attempt at obtaining by 
thermal means, energetically feasible excited states of an- 
thracene from 149 failed.48’ A discussion of the electronic states 
of benzene and their relationship to the valence isomers, as well 
as some novel aspects of benzvalene photochemistry is in the 

149 

X. Torsionally Disforted P Bonds 
When four groups attached to an olefinic linkage deviate 

significantly from coplanarity with the trigonal centers, the T 

bond is weakened due to poor overlap to a first approxima- 
tion.482,483 Such distortions may be induced by constraining the 
double bond in certain cyclic, bicyclic, or polycyclic systems or 
in the presence of crowded bulky substituents. Two highly in- 
teresting examples of compounds having strained olefinic 
linkages are 9,9’-didehydrodianthracene ( 150)484 and 
9,9’, 10, 10‘4etradehydrodianthracene ( 151).485 The four sub- - 

150 

151 

stituents attached to double bonds in these compounds are “tied 
back” below the plane of the olefinic linkage (deviation of 
19.7°).485 There is no torsion in the double bond as in trans- 
cyclooctene or the other compounds discussed in this section, 
but it is obvious that pure p orbitals would have less than optimal 
overlap. Actually, the imposed distortion mixes idealized sp2 and 
p orbitals, and the T orbital has considerable s character.485 One 
should also note that the distortion in 150 and 151 is similar in 

A. Sterically Crowded Double Bonds 

The most stable conformation of propene has a methyl hy- 
drogen eclipsing the double bond, and two such eclipsing in- 
teractions are present in t r a n s - 2 - b ~ t e n e . ~ ~ ~  However, in cis- 
2-butene maintenance of two such eclipsing interactions would 
place nonbonded hydrogens only 1.80 A apart in an ideal ge- 
ometry. This potentially destabilizing interaction is in large 
measure relieved by slight opening of the C=C-C angles to 
about 127’, 1 4 8 3 4 8 6 * 4 8 7  and the strain in cis-Bbutene, relative to 
trans, is only 1.24 kcallmol. The situation is more extreme in 
the series of tert-butyl-substituted ethylenes. For example, 
1,l-di-tert-butylethylene and cis-l,2-di- tert-butylethylene may 
relieve a substantial portion of their repulsive nonbonded in- 
teractions by widening bond angles. Calculations suggest a 
(C=C-C) angle of about 135’ in the latter compound, but in- 
dicate slight distortion (ca. 5’) about the double b ~ n d . ~ ” , ~ ~ ‘  
Calculated strain energies for this compound (10.36,312 11.6 
k c a l l m 0 1 ~ ~ ~ )  are in good agreement with the experimental value 
(10.7 kca l /m01~~~) .  The calcLilated strain energy of 1,l-di-tert- 
butylethylene is 12.05 k c a l l m 0 1 . ~ ~ ~  Tri- terf-butylethylene 
(152)489 also may, in principle, relieve nonbonded repulsions 
without disturbing T overlap. However, the molecule is calculated 
to have an olefinic torsional angle of 16’ accompanying 
(C=C-C) angle opening,487 and this is consistent with the low 
olefinic vibrational frequency489 and long ultraviolet absorption 
wavelength490 observed for this compound. Its strain energy is 
calculated at about 32 k c a l l m 0 1 . ~ ~ ~  Interestingly, the weakened 
double bond in 152 adds bromine slowly because of steric hin- 
d r a n ~ e . ~ ’ ~  Tetra-ter?-butylethylene (153) has not yet been re- 
ported.491a Steric repulsion in this compound might be relieved 

152 153 153a 
by a totally unrealistic stretch of the double bond or by substantial 
torsion. Calculations suggest a 75’ which would give 
this compound substantial diradical character. Ironically, once 
obtained, 153 may be surprisingly stable in analogy to the ster- 
ically hindered tri-terf-butylmethyl Compound 153a 
(or its cis isomer) has, however, recently been ~haracterized.~”~ 
Ultraviolet spectral data for a number of neopentyl-substituted 
ethylenes are in the literature.493 Biadamantylidene (154)494 
maintains a planar double bond in spite of the presence of sig- 

154 

155 
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TABLE VI1 I. Experimental and Calculated Thermodynamic and Kinetic Parameters of 
Sma I I a nd Med i u m trans- C y cloa I k en es 

AG ira, 
Compound (trans - cis) (trans - cis) kcal /mol kcal /mol 

Strain," AGO, kcal /mol &, kcal /mol 

trans-C y c I oh e p te  ne 
trans-Cycl ooctene + 9 . 2 C  +16.7 3 6d 
trans-C yc  I o nonene +4.04a +2.9a*c +14.4 2 Od 
trans- Cyc  I od ecen e +1.86a +3.6;a +3.3C 1 O d  
trans-Cycloundecene -0.6 7 -0.12a 
trans- C ycl od odecene -0.49 +0.4 l a  

a A. C. Cope, P. T .  Moore, and W. R. Moore, J.  Am. Chem. Soc., 82, 1744 (1960). 

Calcd + 20.33'2 - + 2 7 b  

A d d  strain in cis-cycloheptene (6.7 kcal/rnol, c f .  ref 11) 
R. B. Turner and W. R .  Meador, J .  Am. Chem. Soc., 79, 4133 to  calculated (trans - cis) enthalpy difference o f  +20.3 kcal/rnol (cf. ref 312). 

(1957). d A .  C. Cope and B. A. Pawson, ibid., 8 7 ,  3649 (1965). 

nificantly repulsive nonbonded hydrogen interactions (1.95 A 
separation).494a T e t r a c y c l ~ p r o p y l e t h y l e n e ~ ~ ~ ~ ~ ~  and tetraiso- 
p r ~ p y l e t h y l e n e ~ ~ ~ ~ ~ ~  have been isolated. The latter exhibits a high 
barrier to isopropyl group rotation due to the operation of the 
"gear" or "cogwheel" A double bond torsional angle 
of 16' has been found for 2,3-bis( cis-4-chloro-1-methylcyclo- 
hexylttrans-2-butene (155)496 in fair agreement with a calculated 
twist of 22' in di-tert-b~tyl-frans-2-butene.~~~ 

An idealized coplanar bifluorenylidene, 156 (R = H), would 
maintain nonbonded carbon-carbon and hydrogen-hydrogen 
distances of 2.5 and 0.7 A, respectively. The associated repul- 

156 (trans) 15Sa (trans) 156b (trans) 

sive interactions could be relieved by torsion around the double 
bond or folding in opposite directions at the olefinic termini. 
[ Newman projection of the twisted conformation (156a) and the 
folded conformation (156b), respectively]. Early X-ray results 
favor 156b,497 but more recent studies on a derivative of 156 
[R = CO&H(CH&], for which structure 156a (torsional angle 
40') was deduced, indicate that the twisted conformation is best 
for b i f l ~ o r e n y l i d e n e . ~ ~ ~ ~  This expectation appears to be con- 
firmed and a torsional angle of 43' is reported.498b Barriers to 
cis-trans isomerism in these compounds are quite low [ 156 (R 
= CO&H(CH&), 20-21 k c a l / m 0 1 ; ~ ~ ~  156 (R = CH3), 19 kcal/ 
mol;500 157, 23.5 k ~ a l / m o l ~ ~ ~ ] .  This is attributed to steric de- - 

157 
0 

stabilization of the ground state and resonance stabilization of 
the diradical transition state. Octachloropentafulvene ( 158)502 
is a stable (in marked contrast to the hydrocarbon), blue-violet 
substance having a 41' torsional angle about the olefinic link- 
age.503 In an ideal coplanar arrangement, nonbonded chlo- 
rine-chlorine distances of 2.2-2.3 A (1.2-1.3 A less than the 
sum of the van der Waals radii) would be maintained. Torsion 
increases the nonbonded distance to 3.2 A.503 Bianthrone (159) 
and its derivatives are fascinating compounds because they 
exhibit thermochromism (heat-dependent color changes). The 
A isomer (A, B, and C refer to distinct isomers of decreasing 
stability504) maintains a folded conformation similar to 156b.505 
The B isomer is photostable but thermally labile and is respon- 
sible for the thermochromic properties of 159.506 It exists in a 
twisted conformation, having a torsional angle calculated at 57', 
and is less stable than the A isomer by 5 k c a l / m 0 1 . ~ ~ ~  (The C 
isomer has not yet been observed for 15g506). 

B. frans-Cycloalkenes 
Small- and medium-sized trans-cycloalkenes also suffer 

twisting of their double bonds and concomitant rehybridization. 
Poor 7r overlap, strained cr systems, and nonbonded repulsions 
make some of these compounds highly reactive and often very 
difficult to isolate. To date, no experimental evidence has been 
found implicating the existence of f ranscyc l~hexene .~~~  
trans-Cycloheptene has been generated and trapped, but not 
yet observed spectrophotometrically.5os The smallest stable 
compound in this series is transcyclooctene (160), first isolated 
by Cope and his coworkers in 1953. The strain energy of 
franscyclooctene is 16.7 kcal/mol (Table VIII) and may be 
largely attributed to the twisted double bond. While X-ray de- 
termination of a platinum complex of a franscyclooctene de- 
rivative indicates a crossed conformation (160a) for the ring,509 
gas-phase electron diffraction studies of franscyclooctene in- 
dicate a distorted chair conformation (160b) in which there is 
a 23' "twist" angle.510 However, recent X-ray on 
trans-2-cyclooctenyl 3',5'-dinitrobenzoate as well as more re- 
cent electron diffraction data510b on the parent compound favor 
160a with an 18' "twist". The twist nature of this compound 

160a 160a' 

158 159 160b 160b' 
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makes it dissymmetric, and it has been optically resolved.51 
Furthermore, the inherently dissymmetric chromophore of 
trans-cyclooctene is responsible for its very high specific 
rotation.512 [Hexahelicene (see section XIII) exhibits a similar 
property.] trans-cyclooctene retains full optical activity after 
heating at 61 OC for seven days.513 This high barrier to race- 
mization results from steric destabilization of the transition state 
caused by hydrogens forced into the interior of the ring en route 
to a 180’ rotation around the double bond. Table Vll l lists ex- 
perimental free energy differences and experimental and cal- 
culated enthalpy differences between some cis- and trans- 
cycloalkenes, as well as strain energies of trans-cycloalkenes 
and experimental free energies of racemization for these 
compounds. Increased ring size allows more facile passage of 
vinylic hydrogens through the center 3f a ring. Thus, at room 
temperature trans-cyclononene racemizes as it is formed, and 
observation of optically active transcyclononene is feasible by 
polarimeter only at temperatures of 0 OC and lower.513 The strain 
imposed by incorporation of a trans olefinic linkage in a cyclic 
structure decreases with increasing ring size. As is evident from 
Table VIII, transcycloundecene and trans-cyclododecene are 
more stable than the cis isomers. 

One might imagine that in a small-ring transcycloalkene, the 
triplet state may be more stable than the corresponding triplet 
in the cis isomer, because of decreased repulsions in the former, 
between electrons of like spin.514 This principle has been applied 
in the photogeneration of trans-2-cyclooctenone (161) from the 
cis isomer.514 trans-2-Cycloheptenone (162) has likewise been 

161 162 163 164 

generated but, in contrast, not i s ~ l a t e d . ~ ~ ~ , ~ ’ ~  cis,trans-l,3- 
Cyclooctadiene (163),517 cis,trans-1 ,4-cyciooctadiene (164),518 
cis,trans-l,5-cyclooctadiene (165),519s520 and trans,trans- 
1,5-~yclooctadiene (166)521 have been obtained. The NMR data 

165 166a 166b 

on 166 do not allow assignment of structure a or b to trans,- 
trans-l,5-~ycIooctadiene.~~~ This compound has been cited as 
a possible intermediate in the photochemical rearrangement of 
cis,cis-l,5-cyclooctadiene to 32,521*522 much as the photo- 
chemical conversion of 167 to all ciscyclooctatetraene (168) 
is thought to proceed through 169.523 Attempts at observing 169 
via NMR at -60 OC were U ~ S U C C ~ S S ~ U ~ . ~ ~ ~  Dimers of trans,cis- 
2,4-cyclooctadienone (170) were obtained by irradiation of the 
cis,cis isomer.524 The compound 171 has also been obtained.525 
The presence of cis,cis,cis, trans-l,3,5,7-~yclooctatetraene has 
been suggested526 and the tetraphenyl derivative, 172, has been 
isolated and has a half-life of 18 h at 25 oC.52f The intermedi- 
acies of 173,5281529 174,530 and 175531 have been suggested, 
and &,cis, trans,cis-cyclononatetraene (1 76) has been 
trapped.532 TWO highly strained isomeric trans,trans- 

J7 c6H5?Tc6H- 
170 171 172 

R 

173 174 175 

176 176a 

bicyclo[6.1 .O] non-4-enes have been obtained.533 The “parallel” 
isomer (176a) exhibits an unprecedented facile thermal con- 
version of an isolated trans to cis olefinic linkage.533 

C. Bridgehead Olefinic Linkages 
The distorted bridgehead double bonds of small bicyclic 

systems (/,m,n # 0 in 177; compounds having m = 0 will be 
considered in section XI) are similar to those in small trans- 
c y c l ~ a l k e n e s . ~ ~ ~ . ~ ~ ~  Bicyclo[3.3.l]non-l-ene (178),5343535 
A1.8-bi~y~lo[4.2.1]nonene (179),536 and A1.2-bicyclo[4.2. 11- 
nonene (180)538 each contain a transcyclooctene ring and are, 

177 178 

179 180 

in an analogous way, the smallest isolable members of the 177 
series. The strain energies in franscyclooctene and 178 are 
rather similar in magnitude (9.2 and 12 kcal/mol for the double 
bond in 178). However, one should note that the conformation 
of transcyclooctene is not yet firmly established (section X.B) 
and comparison with 178 is not obvious. 

The strain in molecules such as 178-180 was recognized by 
Bredt during his investigations of camphor and pinane derivatives 
between 1900 and 1924. His original formulation538 of the rule 
presently bearing his name might be interpreted as an absolute 
“prohibition” of bridgehead olefinic linkages,482 or “prohibition” 
of these double bonds in small and medium-sized ring sys- 
t e m ~ . ~ ~ ~  Systematic investigations of the limits of Bredt’s rule 
were undertaken during the late 1 9 4 0 ’ ~ , ~ ~ ~  and a review was 
published in 1950.540 In this review a stability parameter (S = 
I + m + n) was defined for which the smallest observed value 
at the time was 9. Later, recognition that the determining factor 
was the size of the smallest ring containing a trans linkage535 
replaced the S criterion for stability. in a recent review5’’ it has 
been noted that this second criterion does not allow prediction, 
for example, of the relative stabilities of A1,2-bicyclo- 
[4.3.l]decene and A’~9-bicyclo[4.3.1]decene, each of which 
has a transcyclononene ring and an S value of 9. The chemical 
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manifestations of Bredt's rule have been s u m m a r i ~ e d . ~ ~ ~ ~ ~ ~ ~  An 
example is the exclusive presence of the norcaradiene 181541 
(cycloheptatriene valence isomers are normally more stable,542 
and the norcaradiene homologue of 181 is considerably less 
stable than its isomer 182541). Similarly, 183, rather than its 

181 182 183 
valence isomer, is observed exclusively.543 One may note that 
the aromatic compound 1 ,g-methano[ lO]annulene (184)544 
obviously maintains distorted bridgehead overlap. The standard 

184 

& &  185 186 

heat of formation of this compound has been measured recently, 
and difficulties in properly apportioning strain and aromatic 
stabilization have been discussed.545 Relatively slight pertur- 
bation of this system, as in 185, is enough to favor the nor- 
caradiene structure and this is also the case for 
186.547 

In addition to 178-180, compounds 187,548 188,549 189,550 
190,551 and 191552 have been isolated. All of these molecules 

187 188 189 

190 191 
are thought to exist in the zusammen conformation shown in 
which the double bond is trans in the larger of the two rings in 
which it is e n d o ~ y c l i c . ~ ~ ~  The formally conjugated molecules 
187-190 all exhibit spectral properties very different from those 
of their acyclic  counterpart^.^^^-^^^ 

A1-2-Bicyclo[3.2.2]nonene (192) and A 1 , 7 - b i ~ y ~ l o -  
[3.2.2]nonene (193), each of which contain franscycloheptene 
rings, have been observed by NMR at -80 OC and their dimers 
isolated at higher temperatures.554 A1.2-Bicyclo[3.2. l loctene 
(194) and A'~7-bicyclo[3.2.1]octene (195) have been generated 
and trapped with diphenylisobenzofuran but not observed.555 

&&  192 193 

194 195 

A 12-Homoadamantene (196) has been generated and its di- 
mers ~ h a r a c t e r i z e d . ~ ~ ~  The intermediacies of 197,557 198,558 
and 199559 have also been implicated. 

196 197 

198 199 

As stated previously, no experimental evidence for even the 
transient existence of franscyclohexene has been presented.507 
Bicyclo [2.2.2]0ct-l-ene (200)560*581 has been generated and 
trapped as has adamantene (201)562-564 and A1.7-homoadam- 
antene (202).565 These compounds all contain franscyclohex- 
ene rings. The brief existence of 1-norbornene (203) has been 
established by its trapping with furan.566 Interestingly, substitution 

200 201 202 

of a fluorine atom at the 4 position (opposite bridgehead carbon) 
of 203 has a somewhat stabilizing effect567 (section XV1.B). The 
only compound, isolated to date, having a trans six-membered 
ring is 204.568 

so2 

203 204 

Inclusion of an extra double bond in small bicyclic systems 
introduces additional constraints. Thus, while 205 is isolable, 
only dimers of 206 and 207 have been obtained.569 

C D C D q  205 206 207 

Bridgehead amides such as 2-quinuclidone (1-azabicy- 
clo[2.2.2]octan-2-one, 208) are of interest as potential indicators 
of stability of the analogous olefins. 2-Quinuclidone is isolable 
and displays an infrared spectrum atypical for an amide and 
explicable in terms of reduced contribution from resonance 
contributor 208b.570 A failed attempt at synthesis of 1-azabi- 
cyclo[3.3.l]nonan-2-one is reported,571 although in light of the 
stability of both 178 and 208 it should also be isolable. The 
bridgehead amides 209 and 210, neither of which has been re- 
ported, should have virtually zero resonance stabilization of the 
dipolar type. These compounds may help to shed some light on 
the question of the role of resonance in the thermodynamic and 
chemical stabilities and physical properties of amides. 
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-0 
208a 

\ 

0- 
208b 

209 210 

XI. “Bredt Compounds” and Cyclic Allenes 
Kobrich has coined the term “Bredt compound”, defined as 

“. . . bicyclic (and polycyclic) systems (alicycles and hetero- 
cycles) that, in addition to a strained a-bond skeleton, have a 
twisted x-bond at a bridgehead, and purely because of this ring 
strain, in contrast with compounds having the same structure 
but without this x-bond, are unstable at room temperature”.48z 
According to this definition, 178 is not a “Bredt compound” since 
it is isolable at room temperature, while 192 is a “Bredt com- 
pound”. Twistene (21 1)572 has a torsionally distorted non- 
bridgehead double bond, is isolable at room temperature, and 
therefore is not a “Bredt compound”. 9,9’-Didehydrodianthra- 
cene (150) and 9,9’,10,10’-tetradehydrodianthracene (151) are 
not “Bredt compounds” since they are isolable and also because 
their olefinic linkages are not twisted. Kobrich also postulates 
the similarity in torsion, strain, and stability in the series of 
molecules 212-215.482 Thus, knowledge of the physical and 
chemical properties of one may allow reasonable expectations 
of the properties of the others.482 An idealized (C=C=C) angle 
of 180’ and torsional angle of 90’ dictates the requirement for 
relatively large rings in the cyclic allene (212) series. Geometrical 

21 1 21 2 21 3 

21 4 21 5 
constraints opposing ring incorporation are less severe for 213 
and 214, and even less so for 215.482 This relationship is suc- 
cessful in predicting the observed stability of 11.2-bicy- 
clo[5.1.0]octene (213, n = 4),335 since 1,2-cyclononadiene 
(212, n = 4)573,574 and tricycl0[4.1.0.0’~~]heptane (215, n = 
4)575 are stable. It would appear that i11,2-bicyclo[5. 1. llnonene 
(214, n = 4) should also be i s ~ l a b l e . ~ ~ ~  The bicyclic diene 216 
has also been ~ h a r a c t e r i z e d . ~ ~ ~  Compound 217 has a half-life 
of about 70 h at room temperature577 and is also considered to 
be a “Bredt compound”.482 Only dimers of 218 have been iso- 
lated, and at temperatures of -40 OC and higher this compound 
forms a strained, highly reactive trimethylenemethane inter- 
mediate similar to 116.482 The fact that 219 could not be gen- 
erated under conditions which are feasible for 218482 casts 
considerable doubt on a claimed isolation of 220.578 On the basis 
of these findings, moderate and short lifetimes at room tem- 
perature may be predicted for l’~2-bicyclo[4. 1. lloctene (214, 
n = 3) and A’~2-bi~y~lo[3.1.1]heptene (214, n = 2), respec- 

21 9 220 

t i ~ e l y . ~ ~ *  Related work includes the findings that while 
bicyclo[6.l.O]nonene (213, n = 5) is more stable than 8- 
methylenebicyclo[5.1.O]octane (221, n = 5), 7-methylenebi- 
cyclo[4.1.0]heptane (221, n = 4) is more stable than 11a2-bi- 
cyclo[5.1.0]octene (213, n = 4) largely due to the rigidity (and 
lower entropy) of the latter.335 Since 217 has some stability at 
room temperature, perhaps a similarly substituted (for purposes 
of enhanced kinetic stability) 1,2-cyclooctadiene might behave 
in a like manner. Unsubstituted 1,2-cyclooctadiene has thus far 
only been observed spectroscopically at low tempera t~re .~~ ’  
1 ,2-Cycloheptadiene and 1,2-cyclohexadiene are both transient 
intermediates that have been The allenic groups 
in these small cycloallenes are assumed to be distorted both by 
bending of the (C=C=C) angle and twisting of the C1-C2 link- 
age.585 1,2-CycIohexadiene has also been discussed in terms 
of a planar allenic linkage having either singlet (222a) or triplet 
(222b) c h a r a ~ t e r . ~ ~ ~ , ~ ~ ~  Intermediacy of the homoaromatic 

221 222a 222b 
carbene 223, related in a formal sense to the bicyclic (and en- 
ormously distorted) allene 224, has also been p ~ s t u l a t e d . ~ ~ ~ , ~ ~ ~  
The structure 1,2,4,6-~ycloheptatetraene (225) is calculated to 
be more stable than singlet ~ycloheptatr ienyl idene,~~~ and the 
related bicyclic allene 226 has been trapped.588 meso- 

223 224 

225 226 

1,2,6,7-Cyclodecatetraene (227) is known, but the dl isomer 228 
has yet to be c h a r a c t e r i ~ e d . ~ ~ ~ . ~ ~ ~  The possible intermediacy 
of 229 has been ~onsidered.~” 

227 228 229 
Bridgehead olefinic linkages in suitably small bicyclo- 

[ m.n.O]alkenes possess considerable torsional character. While 
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A1~2-bicyclo[4.2.0]octene (230),591 bicyclo[3.3.0]oct-l-ene 
(231),592 and A1~2-bicyclo[3.2.0]heptene (232)593 are isolable 
at room temperature, bicyclo[3.2.0] hepta-l,3,6-triene (233) is 
not5941595 (half-life at 25 O C  of 3 h in dilute solution) nor is its 
benzologue 234.596 Indications are that bicyclo[2.2.0] hex-1-ene 
(235) is probably not i ~ o l a b l e . ~ ~ ~  The novel Dewar benzene 236 
has a half-life of 58 min in solution at room temperature,459a3b 
while 236a was generated but could not be detected.459c3597 

2 30 231 232 233 

234 235 236 236a 

XII. Cycloalkynes, Benzyne, and 
Cyclocumulenes 

The deformations present in cyclooctyne (237), benzyne (238), 
and 1,2,3-~yclodecatriene (239) (and other cyclic cumulenes 

237 

239 

238 

having an odd number of cumulative double bonds) are some- 
what similar in nature. In each instance a relatively weak and 
reactive A bond is formed by orbitals perpendicular to an es- 
sentially normal ir system. The bending in each case is asso- 
ciated with mixing of s character into the reactive ir bond. A 
comprehensive review of the chemistry of these compounds 
has appeared.598 A discussion of the strain energy of ebenzyne 
is deferred until section XII1.A. 

The smallest unsubstituted cyclic alkyne isolated to date is 
c y c l o ~ c t y n e . ~ ~ ~  The strain in this molecule’s triple bond, relative 
to that in 4-octyne, is about 10 kcal/mol (i.e., the difference in 
monohydrogenation enthalpies).600 The corresponding strain 
energy in cyclononyne is about 2.9 kcal/mol, and cyclodecyne 
and higher homologues have essentially normal triple bonds.600 
Cycloheptyne has been generated and trapped.601 Steric hin- 
drance afforded by the methyl groups in 2,2,6,6-tetramethyl- 
cycloheptyne (240) enhances the kinetic stability of this isolable 
compound.602 Even greater stability is observed for 241 due in 

/s\ 

240 241 

part to the long carbon-sulfur bonds which mitigate the imposed 
angular distortion of the acetylenic linkage.603 Nevertheless, this 
compound is more reactive to cycloaddition reactions than is 
c y c l o ~ c t y n e . ~ ~ ~  The intermediacies of cyclohexyne and cyclo- 
pentyne have been inferred through trapping of these tran- 
sients601 as well as by radioactive-labeling studies.604 Attempts 
at deducing even the transient existence of cyclobutyne have 
been u ~ s u c c ~ s s ~ u ~ . ~ ~ ~ ~ ~ ~ ~  Photoelectron spectroscopic studies 
indicate that in small cyclic alkynes, the strained A bond is much 
higher in energy than the essentially normal H bond perpendic- 
ular to it.605 

1,5-CycIooctadiyne (242) is a crystalline material that is stable 
at 0 OC under an inert atmosphere.606 The heat of hydrogenation 

242 243 244 

245 246 
of 1,6-cyclodecadiyne indicates the presence of essentially 
normal triple bonds in this compound (although the complexities 
in assigning strain in this molecule have been discussed).600 
Compound 243 has been ~haracterized,~” while 1,3,5-cy- 
clooctatrien-7-yne (244) has eluded isolation or even spectro- 
scopic observation.608 Both 245 (a dibenz-annelated derivative 
of 242) and 246 (a dibenz-annelated derivative of 244) have been 
isolated.609 Both compounds are destabilized by strain as well 
as by antiaromaticity associated with the presence of planar 4n 
ir systems.6o9 The intermediates 247,610 248,”O and 24g6” 

0 

247 248 249 

have been trapped. The relative rates of elimination to form 250 
again reflect the relatively low strain in compounds having long 
carbon-sulfur bonds.612 

,JBr 

ax@ - products 

250 

relative rate = 1 (X = CR2) 
relative rate = 1 O5 (X = SO,) 

The smallest cyclic cumulene isolated is 239.613 Recalling 
the analogy discussed in section XI, isolation of 239 suggests 
potential stability for 251, 252, and 253, the last of which has 
been observed s p e c t r o s ~ o p i c a l l y . ~ ~ ~ ~ ~ ~ ~  The higher cumulene 
254 has also been characterized.616 

251 252 253 254 

Xlll. Distorted Aroma tic Rings 
Various structural features induce distortion in aromatic rings 

and these will be considered in this section. The apparent 
measured destabilization of distorted aromatic molecules is not 
only a composite of bond stretching, angular distortion, torsional 
effects, and nonbonded interactions, but also decreased reso- 
nance stabilization. This last feature may result from deviations 
from coplanarity, which would decrease ir overlap, as well as 
from partial bond fixation (alternation). 
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A. 1,2-Bridged Aromatic Rings 
Benzyne (238), benzocyclopropene (255), and benzocyclo- 

butene (256) constitute a series of 1,2-bridged derivatives of 
decreasing strain and increasing stability. Benzyne is normally 

255 256 

a transient intermediate598 that has, however, recently been 
observed using infrared spectroscopy of a matrix at 8 K.617 The 
most recent experimental value for the heat of formation of this 
species is 100 kcal/mol.618 One may calculate a "lower limit" 
for the heat of formation of benzyne by "conceptual combina- 
tion" of benzene and a normal triple bond: 

AHf(benzyne) = AHf(benzene) + AHf(2-butyne) 
- AHf( cis-2-butene) 

The calculated value (4-56 kcal/mol) would indicate the presence 
of about 44 kcal/mol of destabilization energy. (If an ortho di- 
radical were chosen as an "upper limit" model, benzyne would 
appear to be resonance stabilized.) The destabilization energy 
in benzyne may be divided between poor overlap of the reactive 
bond, distortions in the aromatic nucleus, and decreased aro- 
matic character resulting from partial bond fixation. The infrared 
evidence appears to favor an increased contribution of the 
structure having a short 1,2 bond (i.e., appreciable triple bond 
character) relative to the other Kekule resonance contributor, 
and the relatively low frequency for out-of-plane distortion of 
benzyne is also consistent with reduced aromatic ~ h a r a c t e r . ~ ' ~  
Before returning to other 1,2-bridged aromatics, a very brief 
discussion of bond fixation is presented below. 

The concept of bond fixation has been under active investi- 
gation since 1930 when Mills and Nixon explained predominant 
CY substitution in 257 and 0 substitution in 258 in terms of the 
bond-fixated structures shown.61g Although the experimental 

I, 

257 258 

data upon which these investigators based their conclusions 
have been substantially corrected, there remains ample evi- 
dence for some bond fixation in certain molecules (e.g., benzyne 
as noted above). The Mills-Nixon effect is often used today as 
a term denoting nonequivalence of bonds in a substituted ben- 
zene ring arising from the distortion of bond angles in ortho- 
ring-anellated aromatic derivatives. The reduced reactivity of 
the CY hydrogen in 258 has been explained both in terms of 
strain620,621 and hybridization.622 

The first substituted b e n z o c y ~ l o p r o p e n e ~ ~ ~  was reported in 
1964624 and the parent compound, generated by a clever 
Diels-Alder-retro-Diels-Alder sequence, appeared in the lit- 
erature during the following year.625 The strain in benzocyclo- 
propene626 (ca. 68 k c a l / m 0 1 ~ ~ ~ )  is evidenced by its facile ring 
opening under conditions of electrophilic substitution.623 The 
excess of 15 kcal/mol destabilization energy relative to cyclo- 
propene may, at least in part, be attributed to distortions in the 
aromatic ring and the accompanying reduced resonance stabi- 
lization. X-Ray data on a substituted benzocyclopropene628 as 
well as naphtho[ b ] c y c l o p r ~ p e n e ~ ~ ~  are not readily interpretable 
in terms of bond-fixated structures since both of these contain 
three consecutive short bonds. Semiempirical calculations 
predict bond localization in 255-258.629a The decreased aro- 
matic character associated with bond fixation is not evidenced 
by the observed diamagnetic ring current of 255 which would 

indicate a normal aromatic system.629b However, facile addition 
of iodine across the central z- bond of benzocyclopropene may 
be taken as evidence of reduced aromaticity.625 The apparent 
discrepancies arise from differences in ground-state and tran- 
sition-state properties. The compound 1,4-dihydrodicycIopro- 
pa[ b,g] naphthalene (259) has been isolated and characterized 
as a true naphthalene.630 Its strain energy (considerably greater 
than 100 kcal/mol) is manifested in a tendency to decompose 
explosively, behavior which leads the investigators to be pes- 
simistic about future isolation of 1,3-dihydrodicyclopropa- 
[ a d ]  benzene.630 

0 

8 
259 260 261 

CI 
I 

262 263 

Benzocy~lobutene~~' also has a tendency to ring open under 
electrophilic substitution conditions, but it is considerably less 
reactive than benzocyclopropene. The x-ray structure632 of 
cis-l,2-dichlorobenzocyclobutene indicates that there is no 
significant bond fixation. Similarly, 260633 does not appear to 
be appreciably bond fixated.634 X-Ray635 and gas-phase electron 
diffraction636 studies on biphenylene (103) indicate marked bond 
localization strongly favoring the resonance contributor shown. 
This is a distortion which decreases the antiaromatic character 
of the central ring. The experimental heat of formation of bi- 
phenylene may be compared with that of a model (2AHf(bi- 
phenyl) - 2AHf(benzene)) in order to obtain a value of about 68 
kcal/mol destabilization energy attributable (although not readily 
apportionable) to a four-membered ring strained by the presence 
of four trigonal carbons, some antiaromaticity of this ring, dis- 
tortion of the benzene rings, and some decreased aromatic 
character in these rings resulting from bond fixation. 

Some additional 1,2-bridged species having unique features 
include benzocyclopropenone (261), apparently detected by 
infrared spectroscopy at 8 K in an argon matrix,617 and the 
carbonium ion 262 observed in solution and isolated as the 

These two are more strained than benzocyclopro- 
pene but also benefit from resonance stabilization incorporating 
the additional trigonal carbon. Benzocyclobutadiene is a short- 
lived intermediate280 (only a 1,2-diphenyl derivative of benzo- 
cyclobutadiene has been isolated638), while 263 is isolable.280 
The strain in 264 allows the corresponding spiro-conjugated 
diradical to be relatively accessible.639 Although compound 265 
is not 1,2-bridged, the distortions introduced by the four-mem- 
bered ring are reminiscent of those discussed in this section. 

264 265 266 

267 268 269 
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The peri-bridged naphthalene 265,640a the related 
related sulfone,640b and 1,8-methanonaphthalene (266)640c have 
all been isolated and characterized. Evidence has appeared in 
the literature supporting the transient existence of 267.641 
Acenaphthene (268) experiences angle pinching due to the 
presence of the five-membered ring, accompanied by corre- 
sponding opening of the opposite angle as The heat 
of formation of 268 indicates a strain energy of about 9 kcal/mol 
[relative to 1,5-dimethylnaphthalene (or a hypothetical un- 
strained 1,8dimethylnaphthalene) and 1,2diphenylethane] ,643 
which is only about 2 kcal/mol greater than that actually found 
for 1,8-dimethylnaphthalene.644 The symmetric nature of py- 
racene (269) precludes the cooperative angular distortion ob- 
served in acenaphthene, and the corresponding bond angle is 
1 15°.645 

B. Aromatic Systems Destabilized by Steric 
Strain 

Steric repulsions are often the origin of distortion in aromatic 
rings. Although o-di-ferf-butylbenzene derivatives had been 
claimed for many years, the first such authentic compound, 
1,2,4-tri-tert-butyIbenzene (136), was reported in 1961 .646 

Shortly thereafter, compounds 270,647,648 271,649 272,650,651 
and 273652 appeared in the literature. The strain energies of 136 

OH 

270 271 272 

273 274 
and 270 (relative to the meta or para isomers) are both about 22 
k c a l / m 0 1 . ~ ~ ~  With the exception of relatively facile acid-cata- 
lyzed "de-terf-butylation", the reactivity and spectra of these 
two compounds indicate that they are essentially normal aro- 
matics. In spite of the presence of about 30 kcal/mol of strain 
energy, 272 is known to be planar.654 The inter ferf-butyl angles 
are widened to about 130' and abnormally long benzene-terf- 
butyl bonds further decrease steric repulsions.654 Steric inter- 
actions inhibit resonance in 274 and cause the olefinic bonds 
to be unreactive.655 

Peri (1,8) interactions in naphthalene derivatives are greater 
in magnitude than ortho interactions."' For example, x-ray 

of 3-bromo- 1,8-dimethylnaphthalene (275) indicate 
considerable distortion of the bond angles in the ring containing 
bromine and some buckling in the other ring. In this compound 
the nonbonded methyl groups are about 0.5 A closer than the 
sum of the van der Waals radii. The strain energy (actually the 
value found for 1,8-dimethylnaphthalene644) is about 7 kcal/mol 
(the steric destabilization of c-methyl groups is approximately 
1 kcal/mol). The propeller-like nature of 2766571658 and 
2776591660 has been disclosed and results from bending which 
places the repelling groups above and below the molecular 
plane. A number of 1,8di-tert-butylnaphthalenes (e.g., 138) have 
been synthesized.661 The interacting bulky groups are also 
constrained above and below the plane of the ring system.661,662 
Likewise, as the result of ring skewing, two isomers of 278 are 
observable via NMR at low temperatures.663 Steric destabili- 
zation in 279 (12.6 kca l /m01~~~)  is more severe than the peri- 
dimethyl interaction, but still smaller than that in 280 (15 kcal/ 

275 

**. 

277 

279 

w 
281 
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CI CI 
276 

OH 
278 

280 

282 
mol, attributed in part to "buttressing" by the peri hydrogen 
shown664) or in 281 where steric repulsions produce dissym- 
metry by skewing and which has been optically resolved.665 The 
racemization enthalpy of activation for hexahelicene (282) is 
about 35-36 The racemization is apparently 
a conformational process, and its relative ease compared to the 
extremely high-energy predictions of molecular models serves 
to demonstrate how readily a large molecule distributes strain 
among its many component atoms or bonds.667 The racemiza- 
tion barrier for pentahelicene is not as high (A# = 23 kcal/ 

since the overlap between the terminal aromatic rings 
is smaller than that in hexahelicene. The six bonds on the inner 
periphery of hexahelicene average 1.437 A and those on the 
outer periphery average 1.334 A.667b 

C. Paracyclophanes, Metacyclophanes, and 
Related Compounds 

P a r a c y c l ~ p h a n e s ~ ~ ~ - ~ ~ ~  283,672 284,"' 285,6721673 
286,6741675 287,676,677 and 288678 have been isolated and are 
all quite stable. In fact, [6]paracyclophane (288), in spite of a 

283,n=12 286,n=8 289 
284,n= 10 287,n=7 
285,n = 9 288, n = 6 

calculated deviation of 22' from coplanarity of the benzene 
ring,67g and a calculated strain energy of 29 is 
aromatic by the ring current criterion.678 It would appear that the 
as-yet-unknown [5] paracyclophane681 may (a) define the limit 
of aromaticity in the [n]paracyclophane series, (b) define the 
limit of isolability in this series, and (c) denote the crossover 
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TABLE I X .  Strain Energies and Distortions of the Aromatic Rings of Some Paracyclophanes (or Substituted Derivatives) 

Compound  Strain energy, kcal/mol Bending (CY), deg 

[ 8 ]  Paracyclophane (286) 
[ 71 Paracyclophane (287) 
[6 ]  Paracyclophane (288) 
[ 51 Paracyclophane (289) 
E2.21 Paracyclophane (290) 
[3.3] Paracyclophane 
[2.2] Metaparacyclophane (292) 

[ 1.81 Paracyclophane 
[ 2.21 Pa rac y c I o p h a ne- 1,9-d i ene (2 93) 
[2.2] Metaparacyclophane- 

1,g-diene 

boundary between stability of benzene and Dewar benzene 
valence isomers. The strain energy of [5] paracyclophane has 
been calculated at about 39 k c a l / m 0 1 , ~ ~ ~  which would make it 
over 25 kcal/mol more stable than the corresponding benzylic 
diradical,682 and over 25 kcal/mol more stable than the Dewar 
isomer (see Table VII). It may be most appropriate to depict 
[ 51 paracyclophane as the bond-fixated structure 289. The Dewar 
isomers of [4]- and [3] paracyclophane have been isolated,459 
but no corresponding paracyclophanes have been detected. In 
medium and small [ n] paracyclophanes benzene rotation is 
hindered, and an asymmetric derivative of [ 1 O]paracyclophane 
has been resolved.683 

The highly strained compound [ 2.21 paracyclophane (290) was 
first obtained in trace amounts in 1949 from reaction products 
of the unstable intermediate p ~ y l y l e n e . ~ ~ ~  X-Ray data685-687 
indicate that the aromatic ring has a boat-like shape which de- 
viates from coplanarity by 12-13' (see Table IX). The benzene 
rings are held much more closely than the 3.4-3.5 A predicted 
from the sum of the van der Waals radii. Skewing of the rings 
partially relieves the resulting coulombic repulsion. The strain 
energy of 31-33 is due to nonplanarity of the 
aromatic nucleus, deformation of the benzene-bridge bond angle 
(@ in Table IX), coulombic repulsion between the aromatic rings, 
and partial eclipsing of bridge methylene Although 

3 093 A @=@=Q 2 778 A 

290 
290 is a stable compound, increased steric strain produced by 
the methyl groups in 291 make this species unstable.69' The 
acid-catalyzed conversion of [2.2] paracyclophane to 
[ 2.21 metaparacyclophane (292)692 proceeds because the strain 
in the latter is only 23 k~a l /mo l . "~  This is a result of decreased 
eclipsing of the aromatic rings in 292 and substantially reduced 
distortion in the meta-substituted ring (however, the para-sub- 
stituted ring is even more deformed than those in 290). One 
should note that 292 was, in effect, the first [ 71 paracyclophane 
system to be characterized. The "classically conjugated but 
orbitally unconjugated" compound [ 2.21 paracyclophane-l,9- 
diene (293)694 features aromatic rings that are more distorted 
than those in 290, but it also maintains a greater nonbonded 
distance between aromatic rings.6g5 [ 1.71 Paracyclophane 
(294)696 is the smallest known member of a series of compounds 
having a one carbon bridge. Table IX lists experimental or cal- 
culated strain energies for a number of paracyclophanes as well 

Calcd 16.86'9 
Calcd 20.9679 
Calcd 28.76-9 
Calcd 39679 
31 ; 6 8 8  33689 
12693 
24693 

2693 
Estd 39695  

Q 0 

291 

@ 293 

9;689 calcd 12.5679 
15-17;660 calcd 18.2 
Calcd 22.46'9 
Calcd 26.5679 
1 2.668" 
6.4695 

14'" 
(para ring) 

13.5''' 
18.4'02 
(para ring) 

@ 292 

294 

as distortions of the aromatic rings. Theoretical evaluations of 
1,4-bending distortions of benzene have appeared.697.698 Par- 
acyclophanes have been extensively studied for their interesting 
stereochemistry, transannular-directing chemical effects, 
inter-ring interactions, and the resulting effects upon basicity 
and charge-transfer complexes and ~ p e c t r a , ~ ~ ~ - ~ ~ '  as well as 
for their specific use as "chemical tweezers". An example would 
be the published studies of the effect of syn and anti orientation 
in an intramolecular redox reaction.703 

295 296 

297 

The border between stability and instability in [nlmetacy- 
clophanes (295) appears to be reached when n is 5.  Thus, while 
the series of compounds 296 including n = 6 have been ob- 
t a i r ~ e d , ~ ~ ~  only the tautomer 297 has been ~haracter ized.~'~ 
Similarly, 29E706 and 299'07 have been isolated while 300 has 
been generated as a transient intermediate.707 The relatively 
low strain in [2.2]metacyclophane (301) (12 k c a l / m 0 1 ~ ~ ~ )  re- 
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298, n = 8; X = Br, CI 
299,n = 6 
300, n = 5 

301 

flects slight distortion of aromatic nuclei and staggering of the 
aromatic rings (only the anti form is known).670 Although 
8,16-dialkyl[2.2]metacyclophane-l,9-dienes (302) sponta- 
neously isomerize to the corresponding trans-1 5 , l  6-dihydro- 
pyrenes (303), the parent compound (302, R = H) is stable and 
i s ~ l a b l e . ~ ~ ~  The diazo analogue 304 is also i s ~ l a b l e . ~ ~ ~  

302 303 304 
Cyclophane compounds having more than two bridges often 

exhibit interesting properties. For example, the aromatic rings 
in [2.2.2]( 1,3,5)cyclophane (305) are closer than in [2.2]par- 
acyclophane and also more distorted.710 [2.2.2]( 1,3,5)Cyclo- 

305 306 307 308 
phane-1,9,17-triene (306) exhibits a novel inversion in the order 
of the chemical shifts of the vinylic and aromatic protons as a 
combined result of strain and the forced proximity of the two 

The benzene rings in 306 are constrained into chair-like 
 conformation^.^'^^ Photoelectron spectra of 305 and 306 are 
consistent with decreased nonbonded benzene distances relative 
to [2.2]para~yclophane.~' The distortion produced by a third 
ethano bridge in [2.2.2](1,2,4)cyclophane (307) is manifested 
by some polyolefinic reactivity not observed in its homologue 
[3.2.2](1,2,4)cyclophane or in [2.2]para~yclophane.~'~ The 
compound [2.2.2.2](1,2,4,5)cyclophane (308) has also been 

Other examples of novel multibridged compounds 
include 309 and 310,713 311 which has a five-carbon meta 

312,715 313,716 and 314 in which severe crowding 

309 31 0 31 1 

31 2 31 3 

31 4 
of the bridging methylene groups allows only concerted motion, 
thus producing a high barrier to bond rotation in these bridges.717 
A number of stacked p a r a c y c l ~ p h a n e s ~ ~ ~ , ~ ' ~ - ~ ~ ~  have been 
outlined and their stereo~hemistry~'~ and cumulative basic 
properties713 studied. A series of stacked metacyclophanes has 
also been described.724 Finally, it should be noted that a rather 
severe nonbonded interaction between two almost perpendicular 
aromatic rings in 315 forces skewing of the aromatic rings which 
comprise the [2.2] paracyclophane moiety.725 

31 5 
Severe distortion of the aromatic ring in 316 is sufficient to 

endow this compound with the spectral properties of a cyclo- 
he~a t r i ene .~ '~  Its chemical properties, which include facile 
hydrogenation, reaction with atmospheric oxygen, and rapid 
reaction with perbenzoic acid, are suggestive of an olefin.726 
Model compounds 317726 and 318727 are normal aromatic 
systems, but 319 may also have considerable polyolefinic 
character.728 The localized structures 316 and 319 are meant 
to emphasize cyclohexatriene-like character and do not imply 
absolute bond fixation nor a bias toward the particular Kekule 
form shown. 

31 6 31 7 31 8 31 9 
Other novel distorted aromatics include the cup-like coran- 

nulene (319a)728a.b and the (presumably) saddle-shaped 1,16- 
didehydrohexahelicene (319b).728c The compound 4,8-dihy- 
drodibenzo[ cd,gh] pentalene ( 3 1 9 ~ ) ~ ~ ~  is (surprisingly) planar, 
is estimated to have about 66 kcal/mol of strain, and has a 
number of unique structural The compound may 
also be regarded as a [5]metacyclophane as can 266. Benzod 
~ a r b o r a n e ~ ~ ~ g  appears to have a benzene ring sharing a 1.65-A 
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Figure 7. Occupied x molecular orbitals of benzene 

-P 3 

carbon-carbon bond with a carborane skeleton. However, it is 
questionable whether one can actually classify the attached ring 
as benzenoid.72eh 

31 9a 31 9b 31 9c 

D. Secondary Orbital Interaction in 
[m.n]Paracyclophanes and Related Species 

As indicated earlier in this section, many [m.n]paracyclo- 
phanes and related species are highly strained. Considerable 
destabilization arises from the contact of two benzene rings at 
distances less than the sum of the van der Waals radii (ca. 3.4 
A). We may explain the repulsion of the two rings also through 
the use of simple molecular orbital logic. If the occupied 7r or- 
bitals of benzene are examined, we find a low-lying orbital and 
a degenerate pair of higher lying ones (Le., of equal energy) (see 
Figure 7). Para substitution, ring bending, and interaction with 
the methylene bridges, all found in paracyclophanes, split the 
degeneracy of $2 and $3.729 However, for our simple discussion, 
we will neglect this splitting. We note that the unoccupied orbitals 
of benzene consist of another pair of "degenerate" orbitals, also 
split, and a still higher lying nondegenerate orbital. 

Let us consider a symmetric, Le., m = n, paracyclophane. 
Because of the interaction of the two rings, the bonding and 
antibonding combination of all of the benzene orbitals are formed 
(see Figure 8). As we had started with six doubly occupied or- 
bitals, we wind up with six doubly occupied orbitals. As such, 
all of the six orbitals in Figure 8 are thus occupied. Since anti- 
bonding is usually more antibonding than bonding is bonding, we 
expect a net destabilization. Analogous, but admittedly more 
complicated, effects arise in the asymmetrically bridged com- 
pounds such as [ m.n] paracyclophanes, metaparacyclophanes, 
and those containing two different ring systems. 

TO alleviate some of this destabilization, the two rings may 
be slid as to be not parallel or superimposed. Indeed, a geometry 
may be drawn that has the two + regions in $& overlapping, 
and thus the molecule would be stabilized. Whereas this cor- 
responds to the geometry for [3.3] paracyclophane, argu- 
m e n t ~ ~ ~ ~  have been given why this structural choice is not 
governed by x orbital effects. Alternatively, some stabilization 
may be achieved by removal of an electron from either the 

or $3-IC3 orbital. This may be accomplished either by 
ionization to the radical cation or complexation with a strong 7r 

acid. Not surprisingly, the ionization potentials for paracyclo- 
phanes are low7" and strong complexes with tetracyanoeth- 
ylene are easily formed.730 

What about removal of two electrons? We do not expect to 
form dications of our species; few molecular dications are 
known. However, electron pair removal may also be accom- 
plished by protonation. That is, we go from benzene to a 
homocyclopentadienyl cation,731 from a 67r to a 4x species (see 
compounds 320-322). Experimentally, this is manifest in the high 

Figure 8. Occupied x molecular orbitals of symmetric [m.n]paracy- 
clophanes (rn.n). 

stability of protonated [ 2.21 p a r a ~ y c l o p h a n e ~ ~ ~  and the extreme 
facility of electrophilic substitutions of p a r a c y c l ~ p h a n e s . ~ ~ ~  ( p+p -pQ 322 

H "H H H  
320 

321 
All of the results we have described are also compatible with 

the Goldstein-Hoffmann topological description of (three-di- 
mensional) aromaticity.346c That is, we consider the highest 
occupied molecular orbital of one ring, HOMO, and the lowest 
unoccupied molecular orbital of the other ring, LUMO. When the 
HOMO and LUMO are of the same symmetry, stabilization is 
expected, while if they are of different symmetry, destabilization 
may be expected. The HOMO of a benzene ring is q2 and $3 

(recall the degeneracy). The LUMO of a homocyclopentadienyl 
cation is $3, by analogy to both the open-chain pentadienyl and 
cyclic cyclopentadienyl cations. As such, stabilization is ex- 
pected. The odd-electron species such as the above-mentioned 
paracyclophane radical cations are harder to describe. We 
suspect that a radical will mimic the compound with one more 
electron but be neither as stabilized nor as destabilized as the 
corresponding electron rich species.734 As such, the radical 
cation will be stabilized relative to the neutral paracyclophane. 
This argument may be used to explain the facile formation of 
paracyclophane radical anions,735,736 a most surprising result 
when discussed solely in terms of 7r-electron repulsion effects. 
We note the thermal instability of these radical anions has been 
ascribed to the formation of the d i a n i ~ n , ~ ~ ~  an even more sur- 
prising species, that subsequently decomposes by simple 
CH2-CH2 bond cleavage.737 

We may reconcile a seeming paradox in paracyclophane 
chemistry via the HOMO-LUMO aromaticity analysis. Analogous 
to the high stability of protonated [2 .2 ]paracy~ lophane,~~~ 
solvolytic formation of the PC-CH2' and PC-(CH2)2+ ions is very 
facile.73e The charge on the CH2+ groups is delocalized into the 
ring by benzylic resonance (or ethylenephenonium ion forma- 
tion), and then these cations are further stabilized by transannular 
C-C bond formation. However, formation of the PC-0- species 
by deprotonation of the phenol is seemingly inhibited "primarily 
reflect[ing] the loss of resonance stabilization of the anion due 
to the bent nature of the adjacent benzene ring".739 While no 
data on the C-H acidity of PC-CH3 are known to us and the 
acidity of PC-NH3+ confused by solvent e f f e ~ t s , ~ ~ ' , ~ ~ '  it is 
nonetheless surprising that ring deformation does not affect 
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PC-CH2+ - PC+ = CH2 resonance while PC-0- - PC- = 0 
resonance is greatly impeded. We merely note that delocaliza- 
tion in the cation converts the 67r benzene into a derivative of 
the 57r homocyclopentadienyl cation. However, delocalization 
of the anion converts the 67r benzene into a derivative of the 67r 
homocyclopentadienyl anion. No HOMO-LUMO stabilization 
ensues. 

We derive one additional benefit from our HOMO-LUMO 
analysis in that we predict some new paracyclophanes of high 
stability. The first is that formed from benzene and cyclohepta- 
trienide, 6-7-, which is expected to gain stability relative to the 
6-7' compound.74i The second are the rather initially disturbing 
4-4 and 8-8 species, and we additionally note that the 42+-42- 
and 82+-82- resonance structures contain aromatic rings; see 
compounds 323a-c. Lest the reader dismiss this compound until 
it is synthesized, please recall cyclobutadiene largely dimerizes 
to form the syn, i.e., face-to-face, product.742 

323a 323b 323c 

XIV. Polycyclic Hydrocarbons: Cumulative Strain 

Polycyclic hydrocarbons may be viewed as being comprised 
of some of the "building blocks" (e.g., small bicyclic molecular 
frameworks) described in earlier sections of this review. Alter- 
natively, they may be examined in any number of unique ways 
which bear no resemblance to the "building block" approach 
(e.g., adamantane may be viewed as being topologically related 
to cyclooctane as further (but briefly) discussed in section XV). 
Although the "building block" method is perhaps the approach 
that is most conventional and thus frequently employed, there 
seems to be at present no "correct" way of viewing polycyclic 
molecules and relating their properties to those of models. When 
the strain in a polycycle is greater than the sum of its "parts", 
the extra increment is usually attributable to either or both 
geometrical constraints imposed by "building blocks" upon the 
frameworks of other "building blocks", or by the presence of 
steric repulsions between the "building blocks". Section XV will 
consider methods of viewing polycyclic molecules and postu- 
lation of appropriate conceptual models. The present section 
will, of necessity, only consider a very small sampling of strained 
polycyclic hydrocarbons (we remind the reader of the multivol- 
ume compendium "Ring Index"). Small-ring propellanes and 
paddlanes will be considered in section XVII. 

Many polycyclic molecules (characterized or theoretically 
feasible) are appealing objects for study because of their actual 
or anticipated chemical and physical properties as well as their 
esthetic nature.743 Foremost in these features are tetrahedrane 
(section VII), cubane (pentacyclo[4.2.0.02~5.03~8.04~7]octane, 
324), and dodecahedrane (325) which are topologically equiv- 

and Esthetics 

324 325 326 327 

alent to the platonic solids tetrahedron, hexahedron (cube or 
square prism), and (pentagonal) dodecahedron. The remaining 
platonic solids, the octahedron and icosahedron, are not likely 
to have hydrocarbon equivalents (see section XVII). Examples 

of these two polyhedra are known when mostly other atoms are 
present at the vertices.744 The first authenticated derivative of 
cubane (this and other (CH), are reviewed in ref 279) was re- 
ported in 1964,745 and the parent hydrocarbon appeared shortly 
thereafter.746-748 The strain energy of cubane (1 57 kcal/mol) 
may be considered to represent the sum of the strain energies 
of six cyclobutane faces.443 This figure translates as 20 kcal/mol 
per carbon or about 13 kcal/mol per carbon-carbon bond 
making these bonds more strained than those of cyclopropane 
but less so than the central bond of bicyclobutane (section VI). 

Dodecahedrane (325) has thus far eluded synthesis. It is 
theoretically obtainable through ("photochemically allowed") 
concerted dimerization of triquinacene (326).749 One may ap- 
proximate a standard heat of formation for triquinacene (as- 
suming no homoaromatic stabilization) of about f 5 5  kcal/mol 
[ 1 Hf( pe r h y d r oq u i n ace n e) - 
3AHf(cyclopentane)] and compare this with calculated heats 
of formation for 325. Unfortunately, there is a large discrepancy 
between the calculated values: -0.22 kcal/mol (Schleyer et 
al,);i2 4-45.28 kcal/mol (Allinger et a1.)I3 (the discrepancy is 
discussed in ref 12). It would appear that the formation of do- 
decahedrane from two molecules of triquinacene should be 
exothermic by 55-1 10 kcal/mol. The problem would appear to 
be the slow rate of this reaction relative to rates of competing 
reactions. Concerted cycloaddition reactions normally exhibit 
sizable negative entropies of activation due to losses in trans- 
lational and rotational degrees of freedom as well as highly 
specific alignments in the activated complex. The extreme re- 
quirement for precise orientation is partially reflected in the 
enormous increase in symmetry upon transformation of triqui- 
nacene (C,,, symmetry number = 3) to dodecahedrane ( / b ,  

symmetry number = 60).17 Perhaps the answer to the orientation 
problem may be solved through dimerization of triquinacene 
under enzyme-like conditions (e.g., in a micelle or in the cavity 
of a suitable cyclodextrin under aqueous conditions) where the 
two rings might be constrained in a face-to-face orientation while 
occupying a small hydrophobic volume. A more conventional 
synthesis of dodecahedrane through a derivative of peristylane 
(327) is in progress.750 The calculated increase in strain upon 
transformation of 327 to 325 is between 4 and 27 kcal/mol.l* 

Another group of esthetic strained polycyclic species are 
those comprising the prismane family.743 The proposed no- 
m e n ~ l a t u r e ~ ~ ~  for this group of compounds would refer to the 
compound tetracyclo[ 2.2.0.0236.03~5] hexane (134) (usually and 
in section IX termed "prismane") as triprismane. Cubane is, then, 
tetraprismane. An unsuccessful attempt at obtaining penta- 
prismane (328) has been recorded.751 Homopentaprismane 

4- 3 1 Hf (c y c I ope n t e ne) 

@ k n  328 329 330 

(329)752 and bishomopentaprismane (330) (also termed "bird- 
cage hydrocarbon")753 have been isolated. Similar homologues 
of prismane (triprismane) include quadricyclane (331)754,755 
(experimental strain energy of 95 kca l /m01~~~) ,  bishomopris- 
mane 332,757 and triasterane (333) which has three cyclohexane 
boat faces.756 Derivatives of homoprismane 334759 and 
bishomoprismane 335760 (dihydrocubane) have also been 
characterized. Homocubane (336)761 and bishomocubanes in- 
cluding 337762 as well as tetrasterane (338)763 are known, and 
pentacyclo[6.3.0.02~6,03~io.05~g] undecane (339) is a trishomo- 
cubane which may be viewed as a fusion product of six equiv- 
alent cyclopentane rings764 (adamantane may be thought of as 
hexahomotetrahedrane 153), Trishomocubane 339 (4 symmetry) 
is the only CirH14 pentacycle without a three- or four-membered 
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331 332 

345 346 

n 
333 334 

335 336 337 

338 339 

ring, and its relative stability allows its formation via rear- 
rangements of In addition to cubane, numerous 
other strained (CH), exist (we do not discuss bullvalene and other 
fascinating fluxional molecules; see ref 279 for discussion). 
Among these are cuneane (340),765 basketene (341),766*767 
diademane (342),768 as well as 343,76g 344,770 342a770a and 
344a.770b 

340 34 1 342 

342a 343 

344 344a 

lceane (345) has only recently been won from the C12H18 
manifold through judicious choice of starting material.771 This 
rigid symmetric molecule features two cyclohexane chair faces 
and three boat faces and rearranges via acid catalysis to etha- 
noadamantane (346), the most stable C12H18 isomer, with the 
release of 6-7 k ~ a l / m o I . ~ ~ ’ , ~ ~ ~  lceane is the first member of an 
hexagonal diamond family.773 The novel hydrocarbon 347 has 
bicyclo[2.2.2]octane as its building unit and maintains eclipsed 

347 348 

interactions between all pairs of nonbonded The 
strain energy of perhydro[2.2]paracyclophane (348),774 a highly 
crowded molecule, is 26 k c a l / m 0 1 . ~ ~ ~  “Superstoichiometric” 
poly(carbon monofluoride) is composed of sheets of chair cy- 
clohexane rings and is remarkably stable.775 Some other novel 
species include [ 81 ditwistane (349) and bisnortwistane (350),776 
bisnoradamantane (351) which is a lower homologue of ada- 
mantane having four cyclopentane f a ~ e s , ~ ~ ~ , ~ ~ ~  and the novel 
cage hydrocarbon 352.779 2,4-Didehydroadamantane (353),780 

349 350 

35 1 352 353 

2,4,6,9-tetradehydroadamantane (354),78’ and 2,4-dehydroho- 
moadamantane (355)782 have been isolated as has 356.783,784 
Dibenzoequinene (357a), a derivative of equinene which is ob- 
tainable in principle from a twofold intramolecular cycloaddition 
of [2.2]paracyclophane, contains two highly puckered cyclo- 
butane rings.785,786 

354 355 356 
As stated previously, polycyclic species may add an extra 

increment of strain to the sum of the strain energies of the 
“building blocks” by maintaining repulsive steric interactions 
between parts. As one illustration, we consider the molecule 
endo,endo-tetracyclo [6.2.1. 13~6.02~7]dodecane (357b).787 In 
an idealized geometry the nonbonded hydrogens shown are 
separated by only 0.2 The resulting distortions which re- 
lieve this interaction are associated with a calculated strain 
energy of about 112 kcal/mol,’2 and this may be compared to 
a total of 34 kcal/mol calculated strain energies for two isolated 



342 Chemical Reviews, 1976, Vol. 76, No. 3 J. F. Liebrnan and A. Greenberg 

357a 

357b 
norbornanesi2 (the “building blocks”), yielding a sterically in- 
duced increment of about 78 kcal/mol. When the nonbonding 
hydrogens are removed and the corresponding pairs of carbon 
atoms connected by single bonds, “bird-cage hydrocarbon” 
(330), having a calculated strain energy of 57.5 kcal/mol,’2 is 
the result. The strain energy of 330 is not very different from that 
calculated through summation of the strain energies of two 
norbornanes, one cyclobutane, and two cyclopentanes. 

XV. Sfrain Energy Reference Sfafes for Lafer 
Reference 

In this article, the reader has seen many strained, and indeed 
strange, organic compounds. We have tried to present accom- 
panying strain energies, that single number which denotes the 
instability of the molecule of interest relative to a well-defined 
reference state. We now wish to present some other possible 
indices of molecular strain energy. Their usefulness will nor be 
evaluated here; rather the reader should consider them in the 
context of those species of personal research interest. This 
section is highly speculative and perhaps has no immediate 
applications. The reader may omit it with no discontinuity in the 
review. 

First, we recall the group increment scheme which fragments 
the molecule into the CH3-, -CH2-, -CH<, and >C< groups. 
So far, we have largely neglected substituted derivatives. As 
such, we can disregard the CH3 group except when discussing 
alkanes and other acyclic species. However, we are not limited 
to the three remaining groups. Other groups we could introduce 
include -CH=CH-, -CH=C< and >C=C<.3 We thus tacitly 
admit cycloethane is not really as meaningful or as useful as 
ethylene (note that in principle -CH=CH- is synthesizable from 
two -CH<). Likewise, the isomeric phenylene groups may also 
be considered since aromaticity remains too subtle for our 
treatment.766 Hence, taking a general, pragmatic approach 
suggests any hydrocarbon of interest may be written 

(C), (CH)p (CH2)y (CH3)a (-CH=CH-), . . . (PCGH4-), . . . 

Several immediate benefits arise from this analysis. First of all, 
intermolecule comparisons are greatly simplified by limiting 
discussion only to sets of compounds with the same values of 
a ,  @, y, . . . . For example, while adamantane and twistane re- 
main interrelatable as both are (CH)4(CH2)6 species, we are 
exempt from having to consider 1,2-~yclodecadiene, 3,3,7-tri- 
methylcycloheptyne (3,3,7,7-tetramethylcycloheptyne is 

known602), and all monoterpene hydrocarbons with the formula 

Secondly, we may generalize the notion of strain energy. We 
have usually referred to strain energy (SE) per se, i.e., per 
molecule, although the strain energies per (carbon) atom (SEc) 
and per bond (SEb) were also employed in this article. These 
latter two notions appeared useful but also distinct and even 
contradictory. We note for unsubstituted, saturated polycyclic 
hydrocarbons such as adamantane and twistane, SEc equals 
SE/(a + + y) while SEb equals SE/(2a + 3/2p + y). Both 
quantities may be expressed as SE/(acu + bp + cy) where 
(a,b,c) are ( l , l , l )  and (2,3/2,1), respectively. We are not limited 
to the choice of these two triplets. Indeed, the earlier assertion 
that the strain energy of a bridghead carbon is twice that of a 
bridging atom (section VI.A, on bicyclobutane) IS equivalent to 
(a,b,c) = (1,1, %). We suspect specific classes of compounds 
will suggest special values of a, b, and c although admittedly the 
triplets ( l , l , l )  and (2,3/2,1) have a certain conceptual “unique- 
ness”. If we additionally view (a,b,c) as a vector, we know there 
are (only) three linearly independent vectors. That is, we can 
have (only) three linearly independent strain indexes. One simple 
option is thus to choose the above (1,1,1) and (2,3/2,1) and one 
of the user’s own choice. We emphasize that while SEb and SEc 
may seem contradictory, they are not mutually exclusive. 

Related to the previous approach and first employed with 
bicyclobutane is the term “superstrain”. It attempts to help 
answer the question of how many kcal/mol of energy of a given 
polycyclic hydrocarbon is due “merely” to the component rings. 
For example, we had earlier shown that while the strain energy 
of cubane was essentially the sum of the six square faces or 
cyclobutane rings, the strain energy of bicyclobutane was in 
noticeable excess of that of the two-component cyclopropane 
rings. This strain excess was labeled “superstrain”. However, 
left unasked and unanswered was how do we incorporate the 
four-membered ring in bicyclobutane or the six- and eight- 
membered rings in cubane? Several essentially unedited options 
exist. The first is to consider all of the component rings. This 
severely overcounts both the (carbon) atoms and bonds although 
the results for cubane seem satisfactory. Alternatively, we can 
attempt normalization of either atoms or bonds. That is, the 
calculated strain energy in bicyclobutane (4 atoms) would be the 
sum of two cyclopropanes (3 atoms each) and one cyclobutane 
(4 atoms) multiplied by the correction factor 4/(2.3 + 4). The 
bond normalization has the multiplicative factor W(2.3 + 4) since 
bicyclobutane, cyclopropane, and cyclobutane have 5 ,  3, and 
4 bonds, respectively. 

A second option, already computationally implemented for 
a different chemical problem, suggests two criteria for the set 
of rings146: (1) it “must contain all the bonds which are members 
of any ring” and thus contain all of the atoms: (2) “the sizes of 
the individual rings are as small as possible”. Again, there is both 
atom and bond overcounting and a similar choice with regard 
to normalization must be made. We strongly suspect that the 
sizes of the individual rings can be chosen by other criteria such 
“as large as possible” or “as close to six-membered, i.e., strain 
free, as possible” with but little change in the existent literature 
a1g0rithm.l~~ 

Presenting another approach, we choose some framework 
atoms and bonds and then ”suture” this species to the desired 
compound. By means of bond additivity considerations, strain 
energies may be deduced. For example, cubane (324) may be 
obtained from cyclooctane by: 

C10H16. 

(CH)B = (CH,), f 4[CH3-CH3 - (CH3-H f H-CHS)]. 

However, the carbons in cyclooctane that are “stitched” to form 
cubane are bound to two other carbons while those of methane 
that form ethane are not bound to any other. This is easily cor- 
rected for by the modified “synthesis”: 
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TABLE X 

i / m n  ~ f " [  su tu re  1 llmn AHfo[ su tu re  1 

0122 -7.05 1/33 -7.02 
0/2 3 -8.37 2/22 +3.52 

1/22 -1.45 2/33 +3.36 
1 /23 -3.70 

0 / 3 3  -10.99 2/23 i3.47 

(WE = (CWs 4[(CH3)2CH-CH(CH& 
- ((CH3)zCH-H + H-CH(CH&)]. 

The strain energy of cubane is thus 

AHfo(CH)8(exptl) - AHf0(CH),(calcd) 
= Ak/fo(CH)e(eXptl) - AHfo(CH2)8 
+ 41 AH,' [(CH3)2CH-CH(CH3)2] 

- [AHrO((CH&CH-H) + AHfo(H-CH(CH3)2]I 
= AHfo(CH)s(exptl) - AHfo(CH2)8 

+ sum of AHf' [sutures] 

The general suture is a polymethylene chain of length or number 
of carbons I, connecting two carbons, bound to m and n other 
carbons, respectively. As such, in the cubane case, the rec- 
ommended sutures are thus all labeled as 0/22, i.e., I = 0, m = 
2, n = 2. Likewise, hornocubane (336) could be synthesized from 
either cyclooctane, three 0122 and one 1/22 sutures or cyclo- 
nonane and four 0122 sutures. Table X presents some common 
sutures and the accompanying thermochemical increments of 
AHfo [sutures]. Al l  of the necessary thermochemical data 
needed for the sutures were obtained from Cox and P i l ~ h e r , ~  
except for 2,2,5-trimethylhexane in the 2/23 and 2,2,5,5-te- 
tramethylhexane in the 2/33 sutures. These were obtained from 
"Physical Constants of Hydrocarbons C1 to Cl0", ASTM Special 
Publication No. 109A, American Society for Testing and Mate- 
rials, Philadelphia, Pa., 1963. 

We admit somewhat belatedly that the component rings rarely 
have the same geometry in the compound of interest as in the 
"free" one-ring species. This is the primary origin of "super- 
strain", but factoring out individual ring effects is difficult. Several 
options exist, all of which seem worthy of further exploration: 
first of all, simply cataloging the strain energy increments or 
"superstrain" associated with a given ring in all conceivable 
environments. For example, four-membered rings are common 
to cyclobutane, cubane, and tetrahedrane (listed in increasing 
strain energy per atom or per bond). Secondly, the analogous 
catalog of energies associated with the various I/mn sutures 
would be of use, as would more complicated sutures such as 
HC(CH2-)3 (which is found in adamantane, but not twistane). 

Finally, in an approach that can be employed in either or even 
both directions, how does the energy of a v-cyclic species 
compare with a related w-cyclic one? For example contrast the 
following compounds: cubane (324), dihydrocubane (325), tri- 
cycle [ 4. 2.O.O2q octane (37), bicyclo [ 4.2.0]octane, and cy- 
clooctane. Cornputationally, energies for all of these species 
can be obtained in either the idealized or the minimum energy 
geometry. For the former, subtracting out "irrelevant" hydro- 
gen-hydrogen interaction, e.g., compounds 335 and 37, redrawn 
as shown below where the H' are the "irrelevant" hydrogens, 
should prove instructive. 

This final approach, in any of its three modifications, can be 
furthered systematized to allow still more intermolecule com- 
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Flgure 9. The maxi-ring hierarchy of bicyclobutane, adamantane, 
twistane, and a hexamethylene derivative of bicyclobutane. The number 
besides the various structures is the chain or ring size. 

parisons. We take a polycyclic compound and cut enough bonds 
(i.e., replace enough C-C bonds by C-H bonds) to make it acy- 
clic. (It is simply shown that a v-cyclic compound requires vsuch 
cuts.) By decree, we ask that the acyclic compound have as long 
a chain as possible with minimal substitution.789 This species 
constitutes the zeroth member of our hierarchy of reference 
states. Two carbons are then rejoined via a bond that has two 
constraints. First, this bond must appear in the v-cyclic com- 
pound, and, secondly, the new ring formed must be maximum 
in size.790 This just synthesized mono or 1-cyclic compound is 
the first reference state of our hierarchy. A second ring so 
constrained is then formed, then a third, and so on yielding the 
second, third, and so on reference states. The molecule of in- 
terest is finally formed when v bonds have been made. For 
convenience, the chain (O-ring or 0-cyclic) 1-ring (or 1-cyclic 
or monocyclic), 2-ring (or 2-cyclic or bicyclic) . . . reference 
states are labeled maxi-O-ring (maxichain), maxi-1-ring (max- 
iring), maxi-2-ring , . . . Alternatively, we could have asked for 
the smallest chain or rings or those closest to six as before. We 
then have the mini and midi hierarchies. Our biases suggest the 
use of the maxi series. Excessively hindered acyclic hydrocar- 
bons and small rings are most probably treated poorly by cal- 
culational methods (cf. the discussion on tri-tert-butylmethane) 
and additionally are much harder to experimentally synthesize 
for confirmation. 

As exemplary of the maxi-ring hierarchy, we show the results 
for the isomeric (3 = 4, y = 6, adamantane, twistane, and a 
hexamethylene derivative of bicyclobutane in Figure 9. 

Regarding the usefulness of this final concept and those be- 
fore it, we again admit this "will not be evaluated here; rather 
the reader should consider them in the context of those species 
of personal interest". We hope these methods provide links 
between compounds as bonds provide links within compounds. 
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XVI. Substituted Derivatives of Strained 

A. Noneffect? 
Numerous strained molecules have been chronicled in this 

article. Almost all of these species contained only hydrogen and 
carbon, yet it is obvious that substituted derivatives amply exist, 
at least in principle. (We used the term ”substituted derivatives” 
to include replacement of skeletal carbon by some polyvalent 
atom. We therefore implicitly include hetero analogs of the 
species of interest.) For example, while the AHf’ values are 
known for the set of isomeric bicyclooctanes 1, 2, and 3, what 
can we say about the 1- (or bridgehead) halo derivatives? What 
about the I-aza compounds? l-Azabicyclo[2.2.2]octane is well 
known as quinuclidine, but its isomers enjoy no such corre- 
sponding popularity. One assumption seems to have been made 
with regard to the effect of interest: the AAHfo of a pair of iso- 
mers is essentially unchanged if a carbon group is replaced by 
another of the same covalence.791 For example, CH3 may be 
replaced by H or Br, -CHp- by -0-,792 >CH- by >N- and >C< 
by >Si<. We may, in agreement with the literature, assume that 
in general substitution is without effect on relative thermo- 
chemical stabilities. Equivalently, isomerization of monosub- 
stituted hydrocarbons793 is considered equivalent to the less 
selective and often more difficult Lewis acid catalyzed with 
unsubstituted hydrocarbons.794 

We might expect substituent effects to be maximized when 
the substituent (a) strongly conjugatively interacts with the rest 
of the molecule, (b) is large and so introduces considerable 
additional strain, and (c) is extremely electron withdrawing or 
donating. These effects are rarely quantitatively separable. For 
example, let us contrast the of the isomeric 2-substituted 
allyl and 1-substituted cyclopropyl cations. Taking a composite 
of theoretical results, we find the stability of the cyclopropyl 
species increases in the order H, CH3, F, OH, NHp, and 0-.795 
For another example, recall the dimerization of the triphenyl- 
methyl radical and its substituted and annelated analogs.796 We 
merely note that planar CH3 has been theoretically shown to 
have no tendency to dimerize.797 

Molecules 

B. Fluorine Substitution 
One superficially simple case is fluorine substitution. The 

fluorine atom is small and the C-F unit has comparable steric 
requirements to C-H.798 It has also been argued that conjugative 
interaction of fluorine with a benzene ring, and therefore by in- 
ference with other x systems, is Finally, as fluorine 
is the most electronegative element, we expect considerable 
electron withdrawal from the atom it is attached to.800 We now 
present several examples of fluorine substitution and its effect 
on molecular strain energies. Our first example has already been 
cited: I-norbornene, a highly strained bridgehead olefin, is 
seemingly stabilized by fluorination at the other bridgehead.567 
We expect that the C=C bond will have considerable biradical 
and dipolar character. As carbanions tend to be pyramidal while 
carbonium ions prefer planarity, we anticipate the following 
major resonance structures for both compounds, 358a, 358b, 
and 358c. As the carbon in a C-F bcnd is markedly positive, 
coulombic attraction between the olefin C- and the C+-F- di- 

358a 358b 

pole is expected. In other resonance structures, such as the 
propellane 358d, stability is also predicted to be favored by X 
= F. We thus conclude correctly that bridgehead fluorination 
increases the stability of I-norbornene. Varying the bridgehead 
subtituent to CH30, (CH&N, and aryl would prove useful in the 
determination of the relative importance of the various reso- 
nance structures. 

358c 358d 
Let us now turn to polyfluorinated compounds. We acknowl- 

edged that a series of increasingly fluorinated derivatives would 
be useful but thermochemical data are generally lacking. By 
analogy to our treatment of strained hydrocarbons, we will 
commence with the simplest series, the perfluorocycloalkanes, 
(CF,),. A reference -CF2- has been constructed (2d-/f0(-CF2-) 
= -98.1 kcal/mol) and the strain energy per CF2 group de- 
rived.801 Unlike the hydrocarbon case, only the values for n = 
2, 3, and 4 have been measured and are 20.6, 22.9, and 8.0 
kcal/mol, respectively.80‘ While these values are uniformly 
higher than for the corresponding hydrocarbons, we are unable 
to explain why C3Fe has a higher strain energy per CF2 than CpF4, 
It has been suggested that the x bond in CpF4 is relatively weak 
in comparison to that in C2H4 and that fluorine does not “like” 
being on formally sp2 hybridized carbon.802 However, we note 
that removal of a x electron from CpF4 requires approximately 
the same energy as from CpH4, while removal of a u electron 
from cpF4 requires much more energy than from CpH4.803 This 
would naively suggest that the x bond in C2F4 is of comparable 
strength to that in CpF4 while the bond of the former is stronger 
than of the latter. Accordingly, C2F4 should be less, not more, 
strained than CpH4. The reader may recall related arguments 
when comparing CpHp, CpH4, and CpH6 in section 1II.F. Common 
to both cases is the finding that ionization potential logic seems 
to provide only frustration at our ignorance. 

While we cannot explain the trends in strain energies, we may 
still present some other differences between hydrocarbon and 
fluorocarbon thermochemistry (see Table XI) and recommend 
ref 804 through 806 as thorough reviews of general fluorine 
chemistry. 

Turning to the heavier halogens, we find little information 
exists on the thermochemistry of derivatives of strained com- 
p o u n d ~ . ~ ~ ~  It has been found that tetrachlorocyclobutadiene is 
relatively stable and resistant to d i m e r i z a t i ~ n . ~ ~ ~ ~ ~ ~ ~  While this 
has been explained in terms of “push-pull” resonance,808 steric 
hindrance in either the transition state or product dimer itself may 
also provide an explanation. Steric hindrance reasons are almost 
always creditable, but we note that CC12 gives a higher yield of 
cyclopropane with C2HC13810asb than with C ~ S - C ~ H ~ C I ~ ~ ’ ~ ~  or 
C2C14810b,C which in turn is higher than with C2H4.810C’d Intuitively, 
we believe (CCI2)3 or (CCIp)&HCI is more strained than 
(CHCI)&C12 or (CH2)2CC12. However, recalling our ignorance 
as to the origin of the relative strain in C2H4, CsH6. and C3F6, we 
abstain from predicting the relative strain energies in chloro- 
carbons.81oa As with fluorine containing compounds, data on 
partially substituted compounds are sorely lacking. 

Let us now consider other electron-withdrawing groups. We 
earlier noted that CF3 and C2F5 groups destabilize the Kekule 
or ordinary benzene valence isomer relative to the Dewar form 
(see section IX). As this letter form and other valence isomers 
allow more rotational freedom and have less crowding than the 
former, one would predict both the C2F5 and C2H5 derivatives 
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TABLE XI  

Carbon skeletons Relative Stability 

Compd A Compd B H case F case Ref 

c=c=c 
2c=c 

B 
c=c-c=c 
c=c-c=c 
c=c-c-c=c 
c=c-c-c=c 
c-c-c=c=c 

C-C=C 

A 
rn 
UI 
c-c-c-c 
c-c-cec-c 
c-c=c=c-c 
c-c-c=c-c 

,d 
a d 

c=c-c-c-c=c 

A <  B 
A <  B 

A >  B 
A <  B 

A <  B A >  B 

A >  B A <  B 
A <  B A >  B 
A >  B A <  B 
A >  B A <  B 
A >  B A >  B 

A <  B A <  B g 

A >  B A <  B h 

a R. E. Banks, M. G .  Barlow, W. D. Davies, and R. N. Haszeldine, J. Chem. SOC. C, 1104 (1969). b The reader should recall the earlier strain 
energy per CH, vs. Per CF, discussion o f  ethylene, cyclopropane, and cyclobutane and their perf luorinated analogs. 
Chem. soc., 96, 927 (1974). d J .  L. Anderson, R .  E. Putnarn, and V. H. Sharkey, ibid., 83, 382 (1961). These authors addit ional ly showed 
that  F,C=CHCH=CF, i s  less stable than the cyclobutene. I n  addit ion, F,C=C(CF,)C(CF,)=CF, i s  almost thermoneutral w i t h  respect t o  
p r n e r i z a t i o n  t o  the cyclobutene: J. P. Chesick, ibid., 88, 4800 (1966). e W. T. Miller, W. Frass, and P. R .  Resnick, ibid., 83, 1767 (1961). 

R. E. Banks, A. Braitwaite, R. N. Haszeldine, and D. R. Taylor, J.  Chem. SOC. C, 454 (1969).g Dr. Bruce Smart, personal communicat ion.  
The same t rend i s  a150 found for  H and F cases of rnethylenecyclopentane and 1-rnethylcyclopentene ( f o o t n o t e n .  A. H. Fainberg and W. T. 
Mil ler, J. A m .  Chem. SOC., 79,  4 1 7 0  (1957) .  

of Kekule benzene to be relatively destabilized. Numerical 
thermochemistry data are largely lacking; the apparently marked 
stabilizing effect of CF3 and C2F5 groups has been labeled the 
“perfluoroalkyl effect”.437 The electron-withdrawing power of 
CF3 and C2F5 would be expected to be between F and H. As 
such, we would expect some destabilization of C=C bonds by 
these groups. If so, we may explain the facile conversion of 
Kekule c6(cF3)6 into the Dewar form (relative to C6(CH3)6) in 
terms of converting three double bonds and their accompanying 

B. E. Smart, J. Am. 

and R’-. Equivalently, the differences in solvation energy for the 
hydrocarbon pair R-H and R’-H must be essentially equal to that 
of the carbanion pair R- and R’-. While we would have expected 
the hydrocarbon differential solvation energies to be small, as 
the individual solvation energies are, it is not expected that the 
differential solvation energies of the carbanions would also be 
small. While this is possible,815 we cannot disprove the hy- 
potheses that the carbanions are solvated solely by one amine 
molecule R-: -.H-N< of constant hydrogen bond energy. Ap- 

aromatic stabilization into two double bonds and two four- 
membered rings. The highly desirable thermochemistry on 
simple CF3 containing compounds is largely absent.812a While 
we earlier noted that the interconversion d 
F2C=C(CF3)C(CF3)==CF2812b and its corresponding cyclobutene 
is essentially thermoneutral, no data seem available on the re- 
lated F2C=C(CH3)C(CH3)==CF2 or H2C=C(CF3)C(CF3)=CH2. 

C. Carbonium Ions and Carbanions: Are Vacant 
Orbitals and Lone Pairs Idealized 
Substituents? 

We now wish to consider idealized electron donating and 
withdrawing groups. If we have a strictly covalent 3C-X bond, 
then both the 3 C  and X species have one eledron each. If X is 
strongly electron donating, then C has nearly two electrons. As 
such, the idealized electron donating group would correspond 
to the carbon having exactly two electrons. As such, the model 
compound for electrondonating substituents with a given carbon 
skeleton is thus the carbanion X : - .  Analogously, reversing this 
logic suggests that the idealized electron-withdrawing model 
causes the carbon to have no electrons, and the model com- 
pound for electron-withdrawing substituents is the carbonium 
ion 3C+.813 We realize that carbonium and carbanions contain 
three-coordinate carbon and hence the above should be con- 
sidered with dire caution. 

Without considering all of the earlier discussed compounds, 
let us briefly discuss a few select carbanions and carbonium 
ions. Hopefully without boring the reader, we requote “highly 
strained rings have a proclivity commensurate with the degree 
of internal stresses present for acidity . . . and large J(13C-H) 
coupling  constant^".'^^ Despite the empirical success of this 
r e l a t i ~ n , ’ ~ ~ . ~ ~ * ~ ~ ’ ~  we now present some iconoclastic remarks. 
Implicit in the success is the tacit assumption that differential 
solvation effects are small. That is, we expect the differences 
in solvation energy of any hydrocarbon, R-H, and its carbanion, 
R-, to equal that for any other hydrocarbon and carbanion, R’-H 

parently the carbanion is only weakly solvated. The intrinsic, Le., 
gas phase, basicity differences have not yet measured. 

Isoelectronic comparisons with amines and ammonium ions 
may also be made. It is known from gas-phase studies that 
strained small ring amines such as azetidine are poorer bases 
than the unstrained analogs such as piperidine.816 As such, the 
isoelectronic cyclobutyl anion is predicted to be a poorer base 
than the cyclohexyl anion. Equivalently, cyclobutane is correctly 
predicted to be more acidic than c y c l ~ h e x a n e . ’ ~ ~ ~ ~ ~ ~ * ~ ~ ~  While 
this appears eminently simple and reasonable and even suggests 
another way of obtaining hydrocarbon acidity data, considerable 
caution is recommended. First of all we note the surprising 
finding that the gas-phase basicity of aniline is higher than that 
of ammonia.815 This suggests, most definitely erroneously, that 
toluene is less acidic than methane. While ammonia and 
methane are atypical since they are unsubstituted, how do we 
reliably predict the “atypicality” of other species and/or other 
comparisons?818 We also note that considerable discrepancies 
arise in the general comparison of gas-phase and aqueous ba- 
sicity of Gas-phase and aqueous reaction con- 
ditions are most antithetical: how do we interpolate for the pure 
or mixed solvents that are usually used in organic chemical 
s t u d i e ~ ? ~  

We also recall that l-azabicyclo[2.2.2]octane (quinuclidine) 
is a stronger Lewis base than the acyclic analog triethylamine 
even though they are of comparable Bronsted basicity.820 The 
customary explanation argues there is less steric hindrance in 
the former for complexation. A proton (solvated or not) is further 
assumed to be sufficiently small that this effect is irrelevant for 
differentiating the basicity of the two amines. If we return to 
hydrocarbon analogs, we thus must compare bicyclo[2.2.2]- 
octane (R,H), l-methylbicyclo[2.2.2]octane (RcCH3), 1,1,1- 
triethylmethane (3-ethylpentane, R,H), and l,l, l-trieth- 
ylethane (3-ethyl- 3-methylpentane, RaCH3).821 From isoelec- 
tronic and isosteric arguments, we would conclude AHfo(R,-H) 
- AHfo(Rc-CH3) > A&o(Ra-H) - AHfo(Ra-CH3). However, from 
the earlier postulated equivalence of substituents of equal co- 
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valence, an equal sign replacing the ">" is in order. We must 
seemingly sacrifice either the isoelectronic and isosteric 
equalities or else the substituent's effect (or lack of it). Alter- 
natively, we forego quantitation and admit that, even qualitatively, 
intermolecule comparisons are often ill-defined and uncertain. 
Investigation of a series of hydrocarbons and amines of various 
ring sizes and numbers would prove instructive. For example, 
a systematic study of bicycle[ m.n.p]alkanes and their nitrogen 
and methylated analogs would help in our understanding. Indeed, 
interpolation via the monocyclic compound ethylcyclohexane 
and (e.g., Kethylpiperidine in the above [2.2.2] case)8z1 also 
seems essential in this study. We now note an additional com- 
plication based on Nyholm-Gillespie or valence shell electron 
pair repulsionz8 logic. Lone pairs are considered to be larger than 
bond pairs, and the lone pairs of anions are still larger. As such, 
we conclude the steric requirements of the lone pair in 3C:- 
will be considerably larger than the corresponding bond pair in 
the neutral hydrocarbon 3C-H. In most of the strained ring 
systems of interest, the groups bonded to the carbon bearing the 
acidic hydrogen are tied back. As such, the lone pair has "nat- 
urally'' more room, the carbanion is thus more stable, and the 
hydrocarbon is more acidic. No correlation of lone-pair room 
and hybridization seems apparent. Indeed we note that cubane 
has been found to be approximately l o 3  times more acidic than 
cyclopropaneezz despite the same formal C-H hybridization. 
While we remain too ignorant as to how to quantitate the lone- 
pair room and so compare cubane and cyclopropane, it is in- 
ituitively obvious that either species (as well as ethylene) should 
be more acidic than propane or cyclobutane. Recent quantum 
chemical calculations have been performed on the effect of 
structural distortion on the acidity of methane, ethylene, and 
ethane.8z3 Greater geometry variation, a systematic study, or 
CH3-H,8z3a CH3CHz-H,8z3b (CH3)&H-H, and (CH3)3C-H, and 
interrelation with theoretical conformational analysis methods151 
should be able to provide the above desired quantitation. As of 
now we must conclude that the correlations between hybrid- 
ization, J(13C-H) and acidity remain highly useful but also highly 
theoretically suspect. 

All of the above complications also arise when considering 
carbonium ions. These positive ions are produced in consider- 
ably more polar media than corresponding anions with the same 
carbocyclic skeleton. As such, solvation energies are expected 
to be much higher for the carbonium ions of interest. Further- 
more, when comparing bridgehead carbonium ions with the 
acyclic fert-butyl  ati ion,^^^-^^' two opposing trends arise. In 
bridgehead carbonium ion, only one face of the cation may be 
solvated while for the fert-butyl cation, both faces may be. 
However, to the extent that bridgehead carbonium ions are rel- 
atively pyramidal, we would anticipate solvation to be stronger 
because there is more room for the solvent and because the 
positive charge would classically be assumed to be more lo- 
~ a l i z e d . ~ ' ~  Quite surprisingly, good correlations are found with 
the calculated difference in strain energy of the hydrocarbon and 
cation (see section V1.B). Analogous correlations exist between 
the gas-phase appearance potential of the cation (as derived 
from the bromide) and the above calculated difference."' 

It would thus appear that solvation is either unimportant or 
constant for closely related (e.g., bridgehead) carbonium ions 
of i n t e r e ~ t . ~ ~ ~ , ~ ~ ~  This parallels the conclusion for carbanions, 
but we have corresponding warnings. First of all, we cited the 
assumption of equivalence of CH3, H, and Br792 on the grounds 
that they are all univalent groups. However, the univalent p 
nitrobenzoates and bromides often show meaningful differences 
in relative solvolysis rates.8z6 Secondly, appearance potential 
data are often deceiving. While it is simply defined as AP(R+) 
= D(R-X) + IP(R+), we must assume that R-X bond strengths 
are equal within a series of compounds for appearance potential 
and ionization potential data to be numerically parallel. Even 
within this assumption, the gas-phase ion R+ might not have the 

structure derived from R-X merely by "deleting" X-. For ex- 
ample, the allyl cation but not the cyclopropyl cation is "syn- 
thesized" from c y c l o p r ~ p a n e - H - . ~ ~ ~  Does l-bromobicyclo- 
[2.2.1] heptane yield the bicycloheptyl cation or does the 4- 
methylenecyclohexyl cation form immediately instead? Solution 
results should not be assumed by rather individually tested. 

It is also well established that hydrocarbon and carbonium ion 
stabilities are not always parallel for a set of isomers. For ex- 
ample, while C(CH3)4 is more stable than CH3CHzCH(CH3)2, it 
comes as no surprise that the primary (CH3)3CCH~+ is consid- 
erable less stable than the tertiary CH3CH2C(CH3)z+. Even 
comparison among a set of all primary or tertiary carbonium ions 
can be deceiving; for example, let us return to compounds 1, 2, 
and 3, the isomeric set of bicyclooctanes. We had noted very 
early in our article that the [2.2.2] and [3.2.1] species 1 and 3 
were of essentially equal strain energy while the cis [3.3.0] 
isomer 2 was considerably higher in energy (see section I). If we 
consider bridgehead carbonium ions, it would be highly doubtful 
that 1' and 3' are the most stable. Carbonium ion 2+ should be 
the most stable as it has the most planar, and therefore classical, 
geometry at the cationic center. If we are allowed to use sol- 
volysis data and parallel them to ion stability, this is confirmed: 
derivatives of 2 solvolyze over l o4  faster than those of 1 or 3.229 
But how much (if at all) is the 2-Br or tosylate the most stable? 
Or is solvolysis so rapid because these species are the least 
stable of the three bromides or tosylates in our series? 

Let us consider bridgehead dicarbonium ions. Among the very 
few molecular dications is the 1,4-bicyclo[2.2.2]octyl dication 
(42).43 Despite the extreme "electrostatic strain", it is highly 
stable and has been labeled aromatic by the original authors.8z8 
Dications corresponding to either 2 or 3 remain unknown and 
are highly unlikely in both cases. Comparison of doubly bridge- 
head substituted derivatives of 1, 2, and 3 is again impossible 
as the necessary thermochemistry remains undone. Indeed, we 
may summarize substituent effects in general by noting the 
general absence of the necessity thermochemical data. 

D. Rearrangements, Unstable Intermediates, and 

Molecular rearrangements are usually characterized by 
converting one "reasonable" structure into another through the 
intermediacy of unisolated, unobserved, and often unprece- 
dented species. These unstable intermediates may likewise be 
characterized b\y relatively low kinetic barriers to reaction and 
high internal energy. These attributes are shared by numerous 
strained molecules, although the valence isomers of benzene 
provide legendary contradictions. This suggests that the literature 
on rearrangements is a rich source of strained species. Let us 
chronicle some possibilities. The first is the reaction of a-halo 
ketones with base to yield a contracted carboxylic acid, the 
Favorskii rearrangement.8z9 Long hypothesized to proceed 
through cyclopropanone  intermediate^,^^^ the parent ketone 
has only recently been isolated.418 The two carbons "holding" 
the -CO- group may be part of a cyclic or bicyclic ring system. 
Bicyclic or tricyclic cyclopropanones may thus be hypothesized, 
the latter including derivatives of the elusive [2.2. I ]  propellanes 
(see section XVI1.B). While other reaction mechanisms have 
been written (e.g., the "semibenzilic" shown applicable for 
cyc lobutan~nes) ,~~~ no data are known to the authors for the 
above case of interest. 

The second possibility involves cycloalkynes. While the 
smallest isolated unsubstituted cycloalkyne remains cyclooctyne 
(see section XII), we believe I-azonia analogs of smaller rings 
should prove directly observable if not isolable. These seemingly 
esoteric cationic hetero derivatives are "merely" intermediates 
in the Beckmann rearrangement of cyclic oximes.831 While 
admittedly no data exist as to the ease of bending -CEC- and 
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-C-N+-, intuition armed with the alternative resonance 
structure -+C=N- for the latter suggest small ring l-azonia- 
cycloalkynes will enjoy greater stability than the neutral carbo- 

The third possibility relates to bridgehead olefins and again 
we capitalize on cationic hetero analogs. For example, N- 
chloroadamantylamines facilely rearrange with AIC13 to form 
endo-7-aminomethylbicyclo[3.3.1] nonan-3-ones through the 
probably intermediacy of 2-az0nia-A’~~-homoadamantene de- 
r i v a t i v e ~ . ~ ~ ~  While no direct thermochemical comparison has 
been made with the corresponding all-carbon system,834 we 
recall the isoelectronic synthesis of A’,z-homoadamantane 196 
from adarnanty l~arbene.~~~ 

Our final example correlating unstable intermediates and 
strained compounds returns us to carbonium ions. Let us 
“merely” consider the simple C3H7+ ions.835,836 While the 
isopropyl cation is well defined as (CH3)2CH+, no such simplicity 
exists in the discussion of the “normal” propyl cation. Should 
it be viewed as (1) CH3CH2-CH2+, i.e., ethylmethyl cation; (2) 
CH~+-CH~=CHZ, i.e., methyl cation i- ethylene; or (3) 
(CH&-H+, i.e., protonated cyclopropane? These structural 
options suggest different models and accompanying strain 
energies. The first structure is perhaps the simplest as it relates 
the cation with ethylmethane or propane. There is some addi- 
tional complexity in that there are two fewer 1,2 hydrogen- 
hydrogen repulsions and three fewer 1,3 hydrogen-hydrogen 
repulsions in the cation than in the neutral hydrocarbon. The 
second structure is rather simple except that the ’‘...’’ is,quite 
vague. What kind of methyl carbon-ethylene carbon interactions 
(both attractive and repulsive) do we anticipate? Are the free 
“solute” CH3+ and “solvent” CZH4 suitable models? The third 
structure suffers from the same ambiguities as the second but 
still further problems arise. First of all, there are the corner, edge, 
and face protonated cyclopropane, of which CH3+-CH2=CH2 
is an example of the corner possibility. Secondly, electron 
transfer from cyclopropane to Hf is exothermic. While 
(CH&+.-H is also an acceptable model for C3H7+, the con- 
ceptual complexity of cyclopropane (section Ill) bodes poorly 
for simple understanding of its radical cation. We thus cannot 
simply ascertain whether C3H8, C2H4, or (CH2)3 is the best model 
for the “normal” propyl cation. To answer “consider resonance 
contributions from all of the above structures and all of the above 
model compounds” is no answer. Decoupling resonance and 
strain energies of organic compounds is where we commenced 
the review article. 

(see section X.C). 

XVII. A Potpourri of Pathologies 
A. When Is Tetracoordinate Carbon Tetrahedral? 

Few of the strained species we have discussed have the 
possibility of containing any strictly tetrahedral carbon atoms. 
We know enough to ask for four identical groups on such a 
carbon (see section V) and yet automatically exclude such 
species as spiropentane (21). Even with such awareness, we 
are ill-prepared to explain the results of highly accurate crys- 
tallographic investigations on tetraphenylmethane; there are 
small distortions from tetrahedral symmetry around the central 
carbon that are not attributable to intermolecular interactions.837 
Analogous studies of a series of substituted tetraphenylmethanes 
would prove instructive.838 

Moveover, methane itself is not strictly tetrahedral.839 How- 
ever, as the distortion is negligible in magnitude to that in other 
organic compounds, and is inexplicable in terms of conventional 
structural and bonding models,839 we will now ignore this most 
surprising fact. Instead, let us ask the obvious question-why 
is methane tetrahedral? The simplest answer is that carbon is 
sp3 hybridized, but our earlier discussions of hybridization 
(sections I and 1II.G) dismiss this answer as both naive and 

false.840 We may also cite valence shell electron pair repulsion 
theoryz8 which predicts tetrahedral geometry in methane. While 
WSEPR also correctly predicts that the methylene H-C-H angles 
in propane52 and c y c l ~ p r o p a n e ~ ~ ~ ~ ~  are respectively less and 
more than the ”natural” 109.5’, little else can be said about 
neutral hydrocarbons. Although no means of achieving quanti- 
tation seems apparent, we acknowledge this defect is shared 
by other qualitative geometry predictors. Recently, it was shown 
that nuclear repulsion between the hydrogens is the determining 
factor for the tetrahedral geometry of methane.841 This clearly 
cannot be a general conclusion about molecular geometry since, 
if it were, the isoelectronic ammonia and water would have tri- 
gonal planar84z and linear geometries. While the problems with 
such a hydrogen repulsion scheme are obvious, a simple solution 
evades us.843 

B. Propellanes, Paddlanes, and Inverted 
Tetrahedra 

Let us now leave methane and return to polycyclic species. 
In particular, consider a selected a select group of hydrocarbons, 
the [ m . n . p ] p r o p e l l a n e ~ ~ ~ ~ - ~ ~ ~  359. These species may be 

“defined as tricyclic systems conjoined “in” or “by” a car- 
bon-carbon single bond”.847 For sufficiently large values of m, 
n, and p (m, n 2 4, p 2 2), these species behave essentially 
normally as chronicled in the initial a r t i ~ l e s ~ ~ ~ - ~ ~ ~  and by 
Ginsburg, a founder of and the major historian of these.846,847 
Idiosyncracies admittedly remain such as the pink color of the 
[4.4.2] p r~pe l lad iened ione~~~ 360. In contrast, the saturated 
dione like most a-diketones is Regrettably, there 
appears no way of interrelating strain to the above-mentioned 
phenomenon nor with the use of “propellanes as substrates for 
stereochemical Let us thus consider only the 
smaller propellanes. We will commence with the smallest pro- 
pellane, m = n = p = 1, 361 (i.e., tricyclo[l.l.l.0‘~3]pentane). 

361 
This species is experimentally unknown. Nevertheless, several 
features of general interest may be suggested. Firstly, all four 
bonds lie in the same hemisphere, i.e., “with the structural for- 
mula taken literally, . . . [it would] contain four carbon-carbon 
bonds to the molecule side of a plane containing the bridgehead 
carbon”.’97 Alternatively, one may speak of “ ‘inverted’ tetra- 
hedral geometry at a bridgehead carbon”,849 a feature experi- 
mentally observed via low-temperature x-ray crystallography 
on a [3.2.1] propellane derivative.849 Secondly, the possibility 
of bond stretch isomerism has been discussed for this and other 
small propel lane^.^^^^^^' This possibility was discounted for the 
[ 1.1.1 ] propellane (and indeed all others except for the 
[2.2.2]850). However, we may still consider the bond stretched 
form and describe it as an excited state. The geometry of this 
biradical or excited state mimics bicyclo[ 1.1. l l ~ e n t a n e , ~ ~ ’  and 
so conforms to the general rule that the geometry of a mono (or 
bi) radical usually is approximately the same as the species with 
one (or two) more electrons or hydrogen atoms appended to it.852 
Thirdly, on the basis of the above cited quantum chemical cal- 
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culations and bond energy analyses,85’ it was concluded that 
the strain energy of [ l.l.l]propellane (361)853 lies between 
bicyclobutane (18) and tetrahedrane (68). That is, [ l . l . l ]pro-  
pellane interpolates an experimentally welldocumented species 
(section V1.A) and one that continues to evade synthesis (see 
section VII). Fourthly, we may likewise conclude from these 
calculations and bond energy analyses that [ 1.1.1 ]propellane 
lies ca. 30 kcal/mol higher in energy than its isomer 1,2-di- 
methylenecy~lopropane.~~~ We recognize the propellane as a 
bridged bicyclobutane and this isomerization as an “allowed” 
bicyclobutane-butadiene in terconver~ ion.~~~ As such, this bodes 
poorly for the isolation of simple [n. 1 .l]propellanes in general 
except for those having n sufficiently large as to be without in- 
terest here.856 Finally, the length of the C-C bond in 
[ 1.1.11 propellane that joins the bridgehead carbons is calculated 
at 1.6 A. Although only 0.06 A longer than a normal C-C bond,38 
it is apparently a “nonbonding, or possibly antibonding interac- 
t i ~ n ” . ‘ ~ ’ , ~ ~ ~  While this has been explained in terms of charge 
density, orbital occupancies, and nonbonded repulsions, it 
suggests subtleties untreatable by normal methods as normally 
applied. We doubt that “empirical force field” or “molecular 
mechanics” calculations are properly calibrated for species 
such as these [ n. 1.13 propellanes. As such, we are thus forced 
to conclude that they and, indeed, many other compounds to be 
discussed in this terminal section of our review may well evade 
simple understanding. Let us now consider [ n.2.11 propellanes. 
The value n = 1 will be neglected as [1.2.1]-and [2. l . l ]pro- 
pellane are synonymous. The next member of this series, 
[2.2.l]propellane, (362) remains unknown although the evidence 

362 
is highly s u g g e ~ t i v e . ~ ~ ’ - ~ ~ ~  The estimated strain energy is 85 
kcal/mol: equivalently, 12 kcal/mol per carbon atom and 9-1 0 
kcal/mol per bond. These values correspond to those values 
given for bicyclo[ 1.1. l l ~ e n t a n e . ~ ~ ~  As such, this propellane 
represents an eminently reasonable species, although of course, 
this does not mean synthesis and isolation will prove easy. An 
organometallic analog with the ”1” bridge replaced by platinum, 
i.e., an olefin-platinum R complex 363, has been isolated.329b 

363 
We remember that the original Walsh model for cyclopropane 
described this species as a complex of ethylene and CH2 (see 
section 1II.D where this approach is cited, but left undiscussed 
and apparently obsoleted by the more “usual” pictures). This 
suggests a possible correlation between cyclopropanes such 
as the propellane of interest and olefin-platinum complexes. 
It has been found that both A1.4-bicyclo[2.2.0] hexene (78) and 
cyclopropane give stronger x complexes with platinum than 
does ethylene.329b Owing to the absence of thermochemical data 
on 78, we cannot discuss the strength of the x complex with CH2 
from ethylene to cyclopropene (exothermic, i.e., cyclopropane 

+ cyclopropane + ethylene + bicyclobutane), and we conclude 
such a relative stability correlation cannot be dismissed. 

Let us now turn to the [3.2.l]propellane and its 
As earlier noted, the crystal structure of 

only the 8,8dichloro derivative has been determined,849 and the 
expected structural features have been found. Despite a strain 
energy in excess of 60 k c a l l m 0 1 , ~ ~ ~  the half-life for decompo- 
sition in diphenyl ether at 195 OC is 20 h.8583860b Multiple reasons 
for this surprisingly high thermal (kinetic) stability have been 
given:860b “Fragmentation of the cyclobutane ring to two double 
bonds in a concerted process is electronically forbidden [while] 
because of the rigid structure involving first the central bond 
would probably have the electronic characteristics of a con- 
certed process. Similarly, cleavage of the central bond to a di- 
radical cannot be followed by a hydrogen migrations found with 
most cyclopropanes because this will lead to a double bond at 
the bridgehead. Cleavage of one of the other cyclopropane 
bonds would have to be followed by an alkyl shift and such shifts 
are not common in free radical reactions”. In accord with this, 
[3.2.l]propellane thermally polymerizes in the liquid state.860b 
In the vapor it is forced to decompose intramolecularly and the 
“forbidden” product, 1,3dimethylenecyclohexane, is formed.86’ 
Exemplary of the thermodynamic instability of this species is the 
spontaneous reaction with oxygen to form a copolymer860c and 
rapid reaction with bromine even at -60 oC.86’a The hetero 
analog, 8-oxa[3.2.l]propellane has likewise been reported to 
be highly thermally stable.860a Few reactions have been de- 
scribed, but like other epoxides formed from tetrasubstituted 
olefins it is highly resistant to reductions: after 12 days of reaction 
with LiAIH4 in ether, only a 41 YO yield of alcohol was formed.860a 
A 1,3-ethano bridged [3.2.l]propellane (364) has recently been 

364 
reported862 as has the 9-oxa analog.328 While they may also be 
formally described as methano[4.2.1]propellanes as well, their 
reactivity coincides more with what may be expected of 
“[21/2.2.1]propellanes”.863 As n gets larger, we may expect 
[ n.2.11 propellanes to be decreasingly reactive. However, these 
compounds remain bicyclo [ 2.1 .O] pentane derivatives (strain 
energy bicyclo[2.1.O]pentane) = 57 kcal/mol; see Table IV). 
As such, it is not unexpected that the olefinic [4.2.l]propellane 
365 reacts three times more rapidly at the bridging C-C bond 
than at the double bond.864 More surprising is the spontaneous 
rearrangement of the dichloro analog of 365, 365a, to the 

365 
bridgehead olefin 366 via the doubly-Bredt-violating alkyl cation 
366a.865 The authors estimated this rearrangement is exother- 

G I 2  CI- 

365a 366a &> - dimer 

366 
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mic by ca. 10 kcal/mol even though 366 is highly strained and 
immediately dimerizes under the reaction conditions. 

Let us now consider [n.2.2]propellanes and commence with 
n = 2. The earlier cited bond stretch isomerism for these 
species850,851,866 remains unproven but seems a good expla- 
nation for the failures in the i s o l a t i ~ n ~ ~ ~ - ~ ~ ~  of this propellane. 
The 2-carboxamido derivative of [2.2.2] propellane has recently 
been isolated,870 but no systematics of the role of substituents 
on propellane stability has been reported. While tribenzo- 
[2.2.2] propellane (dehydrotryptycene) remains unsynthe- 
s i ~ e d , ~ ~ ~ n ~ ~ ~  we hesitate to predict whether the annelated ben- 
zene rings on [2.2.2]propellane are stabilizing or destabilizing. 
Nonetheless, the isolation of tryptycene in this case and the 
general formation of the “saturated” bicycloalkane instead of 
paddlanes suggests a regularity. Most of the experiments in this 
subsection involved electrochemical or alkali metals reduction 
of dihalo derivative of the saturated bicycloalkane. We suspect, 
as did many of the original authors, that the propellane is indeed 
initially produced but subsequently reduced. It may appear sur- 
prising to find C-C bonds between saturated carbons cleaved. 
However, it is to be noted that the intermediate radical anion is 
isoelectronic with the much studied and usually stabilized radical 
cation of bicyclic diamines such as 1,4-diazabicyclo[2.2.2]- 
octane.873 From our knowledge of such species, we still know 
of no means to prevent this further reduction in propellanes of 
interest. While as such, electrochemical or alkali metal reduction 
suggest a “simple” synthesis of small propellanes (suggested 
in ref 856), we are somewhat doubtful of success. 

In contrast to the above complications on [2.2.2] propellanes 
and derivatives, the [3.2.2] and [4.2.2]propellanes are isolable, 
and indeed the Diels-Alder adduct of 78 and cyclopentadiene 
has been isolated and so constitutes a “21/2.2.2” ~ r o p e l l a n e ~ ~ ~  
stable to air (though not to Br2). Unsaturated analogs of 
[ n.2.21 propellanes may be recognized as Dewar valence iso- 
mers of [ n]paracyclophanes (see section IX). In particular, 
compounds 141 and 142 correspond to n = 3 and 5 ,  respec- 
tively. The n = 3 diene also appears in a simultaneously exotic 
and messy photoderivative of a tyrosine analog.875 

As may be expected [n.3.l]propellanes are more “normal” 
as the minimum value for n is 3. We recognize 1,2-didehy- 
d r ~ a d a m a n t a n e ~ ~ ~  (367, tricycle[ 3.3.1.1 ’~5.03~7]decane) as such 

367 368 
a [3.3,l]propellane, and thus we are unsurprised by relative 
stability to air (half-life = 6 h). As the strain energy is nearly 
identical with that of cyclopropane,876c it does not decompose 
at 100 ‘C, but reaction with Br2 is rapid at -70 0C.877 Crystal- 
lographic studies have been performed on the cyano deriva- 
tive878 (apparently more kinetically stable than other derivati- 
v e ~ ~ ~ ~ ~ )  and confirmed the qualitatively expected structure. 
Quantitatively, the “exotic” C-C bond length is 1.643 A. How- 
ever, the tetra-dehydro compound 368 has evaded synthesis to 
date;879 the reader is advised to compare this species with its 
isomer, 354, which although strained, contains no deformed 
quaternary carbons. Relatively little can be said about higher 
[n.3.l]propellanes. Both the dibromo[4.3.l]propellanes 
3698801881 and 370880,881 rearrange to form derivatives of 4- 
(bromomethy1ene)cyclononanone and bicyclo[4.3.1] nonane. 

369 370 

Turning to [n.4.1]- and [n.4.2]propellanes, we find they are 
relatively common. Compounds 181 and 185 are examples of 
the first class while 183, 186, and 360 are examples of the 
second. We refer the reader to our earlier section (X.B) for further 
discussion of most of these species. The major unique feature 
of these compounds appears to be the norcaradine-cyclohep- 
tatriene equilibrium. As this is essentially independent to pro- 
pellane chemistry, we so conclude our discussion of propellanes. 

We now consider “paddlane” (371)882 which may be char- 
acterized as two quaternary carbons joined by four polymethy- 
lene chains of varying lengths.883 Although the original authors 

f------7c\ 
(CH,), (CH,), (CH2)p (CH,), 
-C’ 

371 

failed at the synthesis of a [ 12.2.2.2.lpaddlane derivative, their 
“double paddlanes” 882 may alternatively be described as a 
[ 32.2.2.21 paddlane (i. e., tetracyclo [ 32.2.2.2 ,34] tetracontane. 
Generalized, but smaller, [n.2.2.2]paddlanes had been earlier 
suggestede60a as possible approaches to planar tetracoordinate 
carbon (see section XV1I.C). We note there are examples of other 
paddlanes in the literature. Through Diels-Alder reactions on 
the cyclophane analogs of anthracene and884a furan884b (see 
section Xlll.C), [8.2.2. llpaddlanes were synthesized while from 
a cyclopentadienone a [ 12.2.2.l]paddlane was formed.885 We 
recall that [6] paracyclophane (288) has been synthesi~ed,”~ 
and a [5] metacyclophane (300) (cf. furan or cyclopentadienone) 
has been observed as transient intermediate.707 This strongly 

372 372a 372b 

suggest that [6.2.2.1]- and [5.2.2.l]paddlanes are synthesi- 
zable.886 A [ 12.3.3. llpaddlane has earlier been synthesized,887 
372, which may additionally be described as a [3.3.2]propellane. 

As with propellanes, paddlanes also appear in hidden form 
elsewhere in our article. For example, the dibenzoequinene 357a 
may be reformulated as a derivative of [7.1.2.l]paddlane, 373. 

373 

Paddlanes are sufficiently unsystematically studied that we 
cannot deduce the limits of m, n, p, and q or even their interre- 
lations. For example, the [3.3.1.1]- and [4.4.l.l]paddlanes 374 
and 375 look normal. 

374 375 

In contrast, the “larger” [4.2.4.2]paddlane 376 appears 
considerably more strained as do the [3.3.1.1]- and 
[4.4.l.l]paddlanes 374a and 375a. We may, however, gain 
insight by considering alternate archetypes and conceptual 
hierarchies (although the warning in section XV applies here as 
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376 374a 375a 

well). The first realization is that a [m.n.p.O]paddlane is syn- 
onymous with a [m.n.p]propellane. In turn, a [m.n.O]propellane 
corresponds to a [ m.n.01 bicycloalkene where the bridghead 
carbons are additionally joined by a double bond, m = n = 2 (78) 
the smallest known member. (We would think m = n = 2 is 
smaller than m = 4, n = 1, in compound 79.) If we now consider 
[m.O.O.O]paddlanes or [m.O.O]propellanes, we have cy- 
cloalkynes, already chronicled in section XII. We remind the 
reader that m = 8, 237, is the smallest isolated unsubstituted 
compound, while 240 with m = 7 is the smallest isolated cy- 
cloalkyne of any type. While direct size and reactivity compar- 
isons among paddlanes, propellanes, bicyclic olefins, and cy- 
cloalkynes evades us, we note that the olefin, 377 corresponding 
to the [2$/,.2.1]propellane 364 is888 more reactive to atmo- 
spheric oxygen than the propellane itself. 

377 

The second picture show paddlanes as two methanes bridged 
by four polymethylene chains. This suggests we investigate the 
bridging of simple alkanes or c y c l ~ a l k a n e s . ~ ~ ~  For example, the 
above recipe for paddlanes also yields such spiro compounds 
as 50. Likewise, bridging cycloalkanes with a bridge for each 
carbon yield the rotanes 63, 64, and 65. We may even view 
adamantane 10 as cyclooctane with two bridges. Considerable 
mathematical890 and chemical research remains to be done on 
paddlanes and propellanes. 

C. Planar Methane and Its Derivatives 
Despite our seeming ignorance of the origin of tetrahedral 

geometry for methane (section XVII.A), we intuitively sense 
tetracoordinate (CX4) carbon is always essentially tetrahedral. 
(Recall the term “inverted tetrahedron” in the previous sub- 
section.) We usually scoff or perhaps superciliously sympathize 
with a student w,ho persists in drawing and visualizing methane 
as though it had all five atoms in a plane and all four hydrogens 
in a square around the central carbon. Nevertheless, planar 
methane ”merely” has another deformed (carbon) geometry and 
so is worthy of analysis in our study. While numerous theoretical 
studies have been made on planar methane, we will consider 
the numerical results of only the most r i g o r o u ~ . ~ ~ ~ , ~ ~ ~  Palalikit, 
Hariharan, and ShavittEg5 and Schleyer, Collins, Dill, Apeloig, 
and Popleeg6 found that the square-planar conformer of methane 
was less stable then the normal tetrahedral one by ca. 160 
kcal/mol. As this value exceeds the C-H bond strength in 
methane, planar methane itself may be disregarded. However, 
this does not preclude the possibility of suitable derivatives, and 
the rest of this subsection will chronicle the largely qualitative 
studies of such species. 

As unlikely as success i ~ , ~ ~ ’ s u c h  compounds were proposed 
and justified by both orbital symmetry analyses and semiem- 
pirical quantum chemical calculations.891 While it would be 
highly desirable to calibrate these calculations with the rigorous 
ones895r896 cited above, this is, unfortunately, nearly undoable. 
Almost all of the compounds (or racemization reaction inter- 
mediates) of interest involve either aromatic ring systems and/or 
extensively substituted derivatives. As such, they cannot be 
treated by most of the conceptual apparatus used elsewhere in 

our review. If we limit ourselves to strained polycyclic hydro- 
carbons, we come across the most intriguing “fenestrane”, 
378a, tetracyclo[3.3.1 .03,9.07,9]nonane.898 While this compound 

H 
378a 

remains unknown, it suggests a class of compounds, 378b, 
which we will label [m.n.p.q]fenestranes wherein m, n, p, qare 
the ring sizes.899 Small “fenestranes” such as 378a involve a 
symmetric bending mode (a > 109.5’) of the central carbon 
(spiropentane, a < 109.5°).841 Bicyclo[l.l.l]pentane has an 
umbrella made of distortion at the bridgehead carbon (a  > 
109.5’), while the umbrella distortion in [2.2.2]propellane has 
(a  < 109.5°).841 We thus label 379, used as a model for fen- 
estrane (i.e., [4.4.4.4]fenestrane) synthesis, a [6.6.5.4] fenes- 
trane d e r i v a t i ~ e . ~ ~ ~ . ~ ~ ~  (While the parent hydrocarbon 

wo 
379 

[5.5.5.5]fenestrane is unknown to us, 1,4,7,1O-tetraazatetra- 
cyclo[5.5.1 .04~’3.0’0*13]tride~ane has been synthesized and has 
been shown to “undergo a remarkable series of degenerate 
prototropic and conformational equilibria”.g01 

Strain energies, calculated or experimental, remain uneva- 
luated for any [m.n.p.q]fenestrane derivative. As such, we 
cannot deduce whether the most desired and initially cited 
[4.4.4.4]fenestrane is isolable or even if it is stable to sponta- 
neous homolytic C-C bond cleavage. However, several quali- 
tative conclusions may be deduced for this and related species 
from the results of the more rigorous calculations. First of all, 
square-planar methane is found to be unstable relative to the 
square-pyramidal form by ca. 26 kcal/mo1.895~902 The deviation 
from planarity is a nonnegligible 32’ 895 and suggests that the 
correct structure for [4.4.4.4]fenestrane is not 378a but 380. 

380 

If we excuse the oddity of square-pyramidal carbon, this species 
does not appear exceptionally strained beyond four cyclobu- 
tanes. Admittedly, most interested in this area have tacitly as- 
sumed planar tetracoordinate carbon rather than the square 
pyramid. lnsuff icient data are known about planar tetracoordinate 
carbon to evaluate if the isoelectronic equality in planar vs. 
tetrahedral geometry differences is meaningful: (CHp) 2 -  

N(CHp)p+(CHp)2C(CH2)2 = NH4+-CH4 (data from ref 896). We 
note that the energy needed to flatten spiropentane (20) was 
calculated to be some 80 kcal/mol less than for CH4.896 While 
this indicates that planar spiropentane would be unstable relative 
to the diradical formed from C-C bond cleavage, it nonetheless 
suggests an extension of the fenestrane concept. We may define 
a hierarchy where C-CHp bonds are sequentially cut and re- 
placed by C-H bonds. The [m] - ,  [m.n]-, and [m.n.p]fenes- 
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tranes, which may be spoken of as “broken windows”, have 
precedent absent for the smaller [rn.n.p.q]fenestranes. The [ rn] 
and [rn,n] members are easily shown to be cycloalkanes and 
spiroalkanes (sections IV and VI.D, respectively.) Some of the 
[rn.n.p] series have already been mentioned in this review but 
in a different context: compounds 66 and 67 are both [3.5.3]- 
fenestranes. Compound 236 is a [6.4.4] derivative. Additionally, 
the hypothetical compounds described by structure 44 would 
be considered ( n  + 2, 3, rn + 2)  derivatives, while 381, recently 
postulated in the literature,905 is a [3.4.3] derivative. 

381 

We finally note that in strictly square-planar or square-pyra- 
midal tetracoordinate carbon there is an “unused” lone 
pair.891i895 This suggests the possibility of Lewis or Bronsted 
basicity and pentacoordinate carbon, the topic of the next and 
final subsection on structural pathologies. 

D. Five- and Six-Coordinate Carbon 
Intermediates or transition states with five-coordinate carbon 

have long been postulated in connection with SNp6O and S G ~ ” ~  
reactions. Indeed, they are essentially inherent in the definition 
of these classes of reaction.907 In addition, surprisingly stable 
species containing five- and/or six-coordinate carbon have also 
been chronicled among the c a r b o r a n e ~ . ~ ~ ~  Among these com- 
pounds are to be found octahedral and icosahedral structures 
(e.g., B10C2Hiz), the two remaining platonic solids (regular po- 
lyhedra) needed to complete the story in section XIV. Although 
of considerable interest, we will largely neglect them here as 
they have too few carbon atoms to be treated in this re- 
view.9o9 

Numerous highly stable carbonium ions have been observed 
for which five-coordinate carbon has been fervently suggest- 
ed.905~9io Let us limit our discussion to those species which may 
be visualized as polyhedra with a carbon atom having at least 
four “bonds” to other carbon atoms. To date, there are but two 
observed polyhedral frameworks or structures that fit our cri- 
terion, the square and pentagonal pyramids 382 and 383, re- 
spectively. 

382a 382b 383a 383b 

The square pyramid, for which C5Hsf is the archetypal 
species, has stimulated extensive theoretical interestgi and 
indeed was proposedgi before any experimental studies were 
described. Alternative structures, such as the planar pentagon, 
cannot be dismissed.9i2~9i3 Experimentally it is found that the 
precise structure is determined by the substituents. The un- 
substituted speciesgi4 and the pen tach lor^^'^^^^ and penta- 
pheny19i5blc derivatives are found to be pentagonal: for com- 
pleteness, the unsubstitutedgi and pentachloro compoundsg i5a,b 

are ground-state triplets while the pentapheny1915b*c and other 
pentaaryl derivativesgi6 are ground-state singlets. In contrast, 
derivatives containing neither lone pairs nor multiple bonds 
appear to be square pyramidal in general. For example, the di- 
methylgi7 and various bishomo  derivative^^'^-^^^ appear to be 
square pyramidal.92i Likewise, some derivatives of the trisho- 
mocyclopropenyl cation have been reformulated9i9~920~gz2 as 
square-pyramidal C5HSf derivatives. Before leaving substituted 

C5H5+ ions, we remind the reader of the connection between 
fenestranes and the square-pyramidal ions. Experiments de- 
signed to test this have not yet been performed. We note that 
bishomo derivativesg l9 do not exchange the apical hydrogen in 
FS03D.9z3 While it is not unexpected that FS03- is too weak 
a base to abstract the proton, it also suggests that homocylo- 
butadiene dications (384 and 385) are either unstablegz4 and/or 
do not c i r c u m a m b ~ l a t e . ~ ~ ~  Less information is known about 

H 
I 

382b 

v7 
384 

385 

derivatives of the six-carbon CgH62f. It has been found that the 
hexamethyl species has the pentagonal-pyramidal geometrygz6 
while the hexachloro compound has the hexagonal ge~rnetry.~” 
Both results are compatible with the substituent effects in the 
C5H5+ case and with the finding that C&H6 has a pentagonal- 
pyramidal geometry while (CH)4(BF)2 has a quinone-like hex- 
agonal geometry.9z8~9z9 While it may simply be argued that 
fluorine stabilizes the vacant p orbital on boron,9z8 insufficient 
information is available to predict with any certainty when a given 
C6Re2+ or C&R6 species will be a pentagonal pyramid or a 
planar hexagon. While (CH)4(BF)2 cannot be a regular hexagon, 
we note that this is the geometry chosen by the triplet 

The monocation c&16+, in contrast, is not a regular hexa- 
g 0 r - 1 , ~ ~ ~  but Jahn-Teller reasoning simply explains this. No case 
is known where a C6R6+ cation is a pentagonal-pyramid in its 
ground-state conformation.930 Following the general logic pre- 
sented in section XIII.D, we expect that should mimic the 
corresponding anion, in this case neutral C6R6.929 While the most 
stable form for neutral C&?6 is hexagonal, we remind the reader 
of the benzvalene valence i s ~ m e $ ~ ~  (see section IX), which may 
be viewed as a distorted pyramid (i.e., not fivefold symmetry). 
We conclude by noting square-pyramidal C5H5+ can be viewed 
as a combination of CH+ and the antiaromatic C4H4911,919 and 
that the pentagonal pyramidal C 6 ~ 6 2 +  likewise can be viewed 
as a combination of C5H5+ and CH+.9193926a*c This suggests that 
trigonal-pyramidal C4H4, i.e., tetrahedrane, “can be viewed as 
the covalent representation of the product from HC:+ and the 
antiaromatic cyclopropenyl anion”.931 One may further deduce 
from “the simplest Huckel model, the stability order will be 
(CH)6’+ > (CH)s+ > (CH)4”.931,932 This returns us to three- 
coordinate carbon and normal chemical experience, although 
tetrahedrane would scarcely be considered normal otherwise 
(see section VII). We hope that such analogies will prove useful 
in the understanding of more general strained molecules.933 

XVIII. Conclusion 
In conclusion, we have chronicled a multitude of strained 

species and tried to organized them in terms of general structural 
features. In an attempt to present quantitative thermochemical 
data, we have included results from both experimental calo- 
rimetry and theoretical “molecular mechanics”. We have also 
suggested interrelationships both between and within classes 
of molecules using conceptual insights gained from chemical 

c6c162+.9z7 
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and mathematical reasoning. Despite the above, a major prob- 
lem remains: While it is easy to look at a molecule and conclude 
it is strained, a simple and unified understanding of strain still 
evades us. 

XIX. Addendum 
This section summarizes some contributions to the field of 

strained organic molecules appearing in the literature during the 
period from June through December 1975. These publications 
will be cited in an order consistent with that of the main body of 
this review. 

Some points have been made concerning the possibility of 
calculating erroneously symmetric molecules using force field 
methods if due caution is not exercised.934 To compensate for 
the absence of sufficiently accurate vibrational data,935 ab initio 
force fields have been computed for ethane to facilitate mo- 
lecular mechanics calculations.936 Corresponding studies on 
propane would be useful in order to provide information on 
C-C-C distortions. 

The entropy term TAS (section 1I.A) appears to be a significant 
cause of the low quantum yield of the chemiluminescent ther- 
mally induced rearrangement of Dewar benzenes to benzene 
derivatives and the high quantum yield of the thermally induced . 
cycloreversion of 1 ,2 -d io~e tanes .~~~  The infrared spectrum of 
the twist-boat conformation of cyclohexane has been obtained 
by the clever strategem of heating the compound to 800 K (at 
which the entropy term favoring the twist-boat is significant) and 
immediately transferring it to a cell at 10 K (where the rate of 
conformational conversion to the chair is slow).938 

A relatively high-yield directed synthesis of triamantane from 
a diamantane derivative holds the promise of obtaining “legiti- 
mate” members of the tetramantane group and higher adam- 
an to id^.^^^ Recent experimental determinations of the heats of 
formation of some adamantoids show that the Schleyer and 
Allinger force fields both slightly overestimate thermodynamic 
stability in this series.940 An experimentally obtained heat of 
formation of bicyclo[3.3.3]undecane (manxane) is lower by 
1 1- 14 kcal/mol than that calculated by the above methods.941 
The photoelectron spectrum of 1-azabicyclo[3.3.3] undecane 
(manxine) indicates coplanarity at the nitrogen bridgehead, 
consistent with high p character of the lone pair and presumed 
increased basicity; however, increased strain in manxinium ion 
dominates the hybridization effect and causes manxine to have 
a lower gas-phase proton affinity than tr i -n-pr~pylamine.~~~ We 
recall a study of deformed hydrocarbons and the corresponding 
carbanions.943 The 13C-’3C coupling constant between the 
bridgehead carbons of a bicyclobutane, enriched in 13C at these 
positions, is in excellent agreement with theory in contrast with 
an earlier study which relied upon natural isotopic abun- 
d a n c e ~ . ~ ~ ~  

An interesting group of ab initio calculations (including theo- 
retical thermochemical data) on C4 hydrocarbons including te- 
trahedranes, methylenecyclopropene, cyclobutadiene, cyclo- 
butyne, and A’~3-bicyclo[ 1.1 .O] butene has appeared.945 The 
first simple alkyl methylenecyclopropenes (see ref 320) have 
been generated and observed via NMR at -55 0C.946 The 
compound 2-carbonyloxirane has been generated and trapped 
with The methylenecyclopropane rearrangement 
has been monitored in a clever manner which sheds light on the 
energy difference between the corresponding, substituted singlet 
trimethylenemethanes. In agreement with most recent calcu- 
lations (see ref 405 and references cited), the orthogonal singlet 
appears to be more stable than the planar singlet (by ca. 2-3 
kca l /m01) .~~~ Another derivative of A1~*-bicyclo[4.1 .O] heptene 
(see compound 217) has been generated.949 Perfluoromethyl- 
cyclobutadiene has been generated (possibly via the corre- 
sponding tetrahedrane) and the syn dimer isolated.950 The ac- 
tivation parameters for the synchronous face-to-face dimeri- 

zation of tri-tert-butylcyclobutadiene are very interesting and may 
support arguments made in section XII1.D which suggest sec- 
ondary orbital stabilization of [4n.4n] cyclophanes. The entropy 
of activation for this dimerization is -47 f 3 eu, consistent with 
a severely sterically hindered activated complex, but the enthalpy 
of activation is only 7.2 f 0.9 kcal/mol, implying the presence 
of favorable electronic factors.951 

The intermediacy of dibenzobicyclo[4.l.O]heptatriene (see 
the monochloro derivative 86) has been established.952 Butalene, 
a 1,4-dehydrobenzene, has been generated and trapped at low 
temperature.953 This species exhibits chemistry distinct from 
that exhibited by a 1 ,4-dehydrobenzene generated at elevated 
temperature which is thought to be b e n ~ e n e d i y l ~ ~ ~  (88a or 
88c?). It can be noted that retro-Diels-Alder reaction of 140 
might yield dibenzobutalene and anthracene. Huckel molecular 
orbital calculations indicate that the binding energy per T elec- 
tron in an infinite linear acene (fused six-membered rings, e.g., 
naphthalene, anthracene) is less than that for the corresponding 
infinite linear fused four-membered ring (butalene is the first 
member).954 The compound 2,3,5,6-tetramethylenebicyclo- 
[2.2.1] heptane has been obtained.955 X-Ray crystallography 
indicates that hexamethyl[6]radialene has the shape of a chair 
almost as puckered as cyclohexane, largely due to nonbonded 
repulsions.958 Spiro[4.3]octa-l,3,5-triene, a potential precursor 
of a ( 2 s , 4 ~ )  spiroaromatic system, has a half-life in solution of 
90 min at -4.5 ‘C and perhaps reacts via a zwitterion having 
both allylic carbonium ion and cyclopentadienide character.957 
The first member of the [ 2 ~ , 6 ~ ] s p i r e n e  series has been re- 
ported.958 The study of rearrangements of benzene valence 
isomers continues to be an area of interest and contro- 
versy.959-963 

An excellent review of the methods for preparation of 
bridgehead olefins has appeared.964 In contrast to the relative 
thermal stability of 9,9-dibromotricyclo[4.3.1 .01~6]decane, in- 
creased strain causes 9,gdichlorotricyclo [4.2.1 .01~6]non-3-ene 
to thermally isomerize to the bridgehead olefin 6,9-dichlorobi- 
cyclo[4.2.l]nona-l(9),3-diene, which has been trapped with 
furan.965 The enormously strained tricyclo[3.2.1 .04v6]octa-2,5- 
(8)-diene appears to have a transient existence prior to rear- 
ranging to 5-ethynyl-l,3-cyclohexadiene.966 When tricoordinate 
nitrogen is in the 2 position of a l-halobicyclo[2.2.2]octyl sys- 
tem, resonance stabilization of the bridgehead carbonium ion 
produces a net 105-fold increase in solvolysis rate (a 105-fold 
decrease would normally be attributed to nitrogen’s inductive 
effect).967 This agrees with the results obtained for the l-aza- 
bicyclo[2.2.2]oct-2-yl cation,968 which is more stabilized than 
the l-azabicyclo[2.2.1] hept-2-yl cation.969 A 2,3-benzo-2- 
cis-4-transcyclooctadienone has been isolated.970 The com- 
pound syn-1,6:8,13-bismethane[ 14lannulene is aromatic in spite 
of nonbonded repulsions between inner bridge hydrogens.971 

The conformation of 1,2,6-~yclononatriene in solution appears 
to be the twist-boat-chair near room tempera t~re .~ ’~  Dimers 
of 1,2,5-~ycloheptatr iene~~~ and 1,2,4,6-~yclooctatetraene~~~ 
have been obtained. Molecular mechanics has been applied to 
obtain structures and energies of c y c l ~ a l k y n e s . ~ ~ ~  The calculated 
heats of hydrogenation (gas phase) agree with experimental 
heats of hydrogenation (solution) for the 8-IO-membered cy- 
cloalkynes: the strain in cycloheptyne is calculated at about 31 
k c a l / m 0 1 . ~ ~ ~  Norbornyne (a “41/2- or 5-(-)-cycloalkyne” if cy- 
clopentyne is a “5-cycloalkyne”) can be generated from 2- 
chlorobicyclo[2.2.1] hept-2-ene through use of n -b~ty l l i th ium~~~ 
but, surprisingly, not by m e t h y l l i t h i ~ m . ~ ~ ~  The compound 1,5- 
cyclooctadiyne (242) is remarkably stable considering that the 
( C s - C )  angles are less than 160’ and the two K systems are 
closer (2.60 A) than in any known cyclophanes, although not 
quite so close as those in compound 151 (2.42 A).978 

A force-field treatment of out-of-plane deformations of ben- 
zene rings has appeared.979 Benzocyclopropene (255) has been 
shown to have markedly different 13C-’3C coupling constants 
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from those of the higher benzocycloalkanes and Odiethylben- 
~ e n e . ~ "  The compound cyclopropa[4.5] benzocyclobutene has 
been isolated (it exhibits a greater bathochromic shift than does 
b e n z o c y c l o p r ~ p e n e ) ~ ~ ~ ~ ~ ~ ~  as has a derivative of dicyclobu- 
ta[ a,d] benzenega3 (only one derivative of benzocyclobutadiene 
has been c h a r a c t e r i ~ e d ~ ~ ~ ) .  The first example of a spirocyclo- 
propabenzene has been obtained.ga4 Interestingly, despite the 
anticipated electron withdrawal of the benzene ring, 7,7-diflu- 
orobenzocyclopropene has a much higher dipole moment than 
other geninal difluoro compounds.985 This result was attributed 
to a large resonance contribution of the ionic structure: 7-fluo- 
robenzocyclopropenium fluoridega5 (the ionic chloride of 261 
has been isolated). Dipole moments of difluoro derivatives of the 
above benzocycloalkenes and o-diethylbenzene remain un- 
measured. Recent examination of the hyperfinega6 splittings of 
the radical anions of 1,3,6,8-tetra-fert-butylnaphthalene (138) 
and 1,3,8-tri-fert&utyInaphthalene have indicated an outer plane 
distortion of the peri-fert-butyl-bearing carbons to be about 20'. 
Analogous studies of other sterically hindered aromatic species 
would be of interest: do the geometries of the neutral hydro- 
carbons and their radical anions correspond?987 

Although section XIII.C indicates that the borderline between 
stability and instability of the [n]metacyclophanes occurs at n 
= 5, the smallest known unsubstituted member of this series had 
been until recently [8] metacyclophane. Now, [7]metacyclo- 
phane and [6] metacyclophane have been isolated, are aromatic, 
but show bathochromic shifts relative to larger metacyclo- 
p h a n e ~ . ~ ~ ~  Compelling evidence for the generation of [ 5]par- 
acyclophane (289) from its Dewar isomer 142 has been pre- 
sented: most striking is the fact that 142 is less stable than the 
more highly strained trimethylene-bridged homologue, since the 
latter might be expected to yield the impossibly strained 
[ 31 p a r a c y c l ~ p h a n e . ~ ~ ~  Attempts to reduce l(4)-pentamethy- 
lenecyclooctatetraene to the corresponding bridged l o x  dianion 
have failed thus far.990 A spectacular cyclophane composed of 
two propeller-like triphenylmethyl units which are mutally dis- 
placed has been characterized and is one of the very few known 
compounds of 0 3  symmetry.991 The "super" cyclophanes 
[2.2](2,7)pyrenophane and its related diene have been re- 
ported.992 While the parallel rings of cyclophanes have often 
been used as models for the interaction of aromatic compounds, 
recently convincing evidence has been presentedgg3 that shows 
that gaseous benzene dimer has the two rings perpendicular. 
While these authors precedent their findings by citing the ori- 
entation of benzene molecules in condensed phases, this logic 
has seemingly not been incorporated in studies of the cyclo- 
phanes. A systematic study of the photoelectron spectra of the 
helicenes from benzene, naphthalene, and phenanthrene (i.e., 
[1]-,  [2]-, and [3]helicene) through [14]helicene has been 
reportedgg4 with explicit interest in (r and x-orbital mixing and 
transannular ring effects. The middle benzene ring in 7bH-in- 
deno[ 1,2,3-/k]fIuorene is distorted and undergoes relatively 
facile Diels-Alder reactions.995 

A theoretical study of dodecahedrane has appeared in which 
there is discussion of the molecule's symmetry-related prop- 
e r t i e ~ . " ~  In section XIV it was noted that there is a 45-kcal/mol 
discrepancy between the heats of formation calculated by the 
Schleyer and Allinger force fields for dodecahedrane. An ex- 
perimental thermochemical study appears to favor the lower 
value calculated by the Schleyer group.998 The heat of formation 
of perhydroquinacene (dodecahedrane may be viewed topolo- 
gically as a fusion of three perhydroquinacene units) is lower than 
Schleyer's calculated result by about 3 kcal/mol and lower than 
Allinger's result by over 16 k c a l / m 0 1 . ~ ~ ~  dl-"Bivalvane" is only 
five C-C bonds short of dodecahedrane and has all of the req- 
uisite carbons; preliminary evidence suggests that it may be 
"locked" into a favorable conformation for this transforma- 
t i ~ n . " ~  Additional syntheses of iceane (wurtzitane) have been 
reported.999 Noriceane and pentacyclo[5.3.1 .02.6.03-5.04.9]- 

undecane,'OOO hexacyclo [ 5.4.0.02,6.04,11 .0539.083'0] unde- 
cane,lool and lepidopterene (which contains a 1.64-A carbon- 
carbon bond)Ioo2 are four new highly strained polycyclic hy- 
drocarbons. Tricycl0[7.3.0.0~~~~]dodecane is a new member 
of the (CH)12 manifold which is capable of structurally degenerate 
Cope rearrangements, which are, however, slow on the NMR 
time scale at 140 OC presumably because of the absence of 
strain-inducing cyclopropane rings.'003 A potential precursor 
of another (CH)12 tricycl0[4.2.2.2~~~]dodeca-3,7,9,1l-tetraene 
(a benzene dimer) has been obtained, but the desired molecule 
has eluded synthesis.'004 

Investigations into the utility of the "maxiring" hierarchy 
(section XV) as thermochemical reference states have been 
simplified by a new definition of molecular branching'Oo5 and 
new algorithms for identifying and an acyclic 
backbone;'008 in multiring species still another conceptual ap- 
proach has been suggested, the use of "maximally covering 
subgraphs".100g 

Although benzene has a C-C(H)-C angle of 120°,'4a substi- 
tuted benzenes have C-C(X)-C angles between 115 and 
125°.1010 Explanations based on VSEPR28 or hybridizationa73 
were offered, but the problems encountered are suggestive of 
complications in predicting the molecular geometries and en- 
ergetics of substituted cyclophanes, helicenes, etc. Additional 
thermochemical and structural data on strained fluorocarbons 
are desirable. For example, the stabilizing perfluoroalkyl ef- 
f e ~ t ~ ~ '  might not be universal but may depend upon patterns of 
substitution.Io1' 

Molecular mechanics calculations on tetraphenylmethane 
have confirmed that the local geometry around the central car- 
bon is not tetrahedral.I0l2 Although [2.2.l]propellane (362) 
remains unreported, the geometry of its platinum analogue 363 
has been p ~ b l i s h e d . ' ~ ' ~  The "pyramidal cations" C5H5' (382) 
and C6H6+2 (383) continue to be of interest and the chemistry 
of these and related species was recently reviewed.'014 Two 
of the three possible isomers of spiro[ 5.51 undeca-5,1 I-(pro- 
pan-2-one)-2,8-dione, a potential precursor of the benzo- 
[ d] naphthalene cation potentially containing a planar tetra- 
coordinate carbon,lol5 have been 
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