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The structures, heats of formation, and strain energies of diacetylene (buta-1,3-diynediyl) expanded
molecules have been computed with ab initio and molecular mechanics calculations. Expanded
cubane, prismane, tetrahedrane, and expanded monocyclics and bicyclics were optimized at the
HF/6-31G(d) and B3LYP/6-31G(d) levels. The heats of formation of these systems were obtained
from isodesmic equations at the HF/6-31G(d) level. Heats of formation were also calculated from
Benson group equivalents. The strain energies of these expanded molecules were estimated by
several independent methods. An adapted MM3* molecular mechanics force field, specifically
parametrized to treat conjugated acetylene units, was employed for one measure of strain energy
and as an additional method for structural analysis. Expanded dodecahedrane and icosahedrane
were calculated by this method. Expanded molecules were considered structurally in the context
of their potential material applications.

Introduction

The synthesis of octamethoxy expanded cubane (Figure
1, left)1 has demonstrated the feasibility of novel unsat-
urated versions of familiar saturated molecules, such as
cubane, which are topologically analogous to platonic
solids. The expansion2 unit involved in these molecules
is the conjugated diacetylene moiety, buta-1,3-diynediyl.
The formal insertion of this unit into each C-C single
bond of cubane leads to expanded cubane (EC) (Figure
1).

The synthesis of the octamethoxy-EC was accom-
plished from successive Hay coupling3 of intermediate
building blocks resembling the corners and sides of EC.1

The methoxy groups are circumstantial and, in principle,
may be replaced by a variety of other groups or function-
alities early on in the synthesis allowing for a predefined
cubic arrangement of substituents in the final product.
This could allow access to highly symmetric and rigid
templates for the bottom-up design of interesting archi-
tectures for use in materials and biological chemistry.
For the latter, expanded cubane could serve a function
analogous to that being attempted with icosahedral C60.4
Such molecules may also possess interesting optoelec-
tronic properties.2

Like C60,5 the interior of the expanded cubane is also
of interest. The inner cavity may be able to complex a
number of small molecules or atoms. In particular, the
cavities might be hospitable hosts toward cationic
guests.6,7

Cubane was vigorously pursued in the 1960s as a
synthetic target and was also the subject of numerous
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theoretical papers.8 As a high strain target, cubane was
sought for the synthetic challenge as well as for the
inherent aesthetic appeal found within its symmetry. As
a high-energy molecule, cubane is of interest as a
combustible fuel source. Expanded cubane maintains all
of these aspects. However, unlike cubane, octamethoxy-
EC is highly unstable, exploding upon scraping in the
presence of oxygen.1 The highly exothermic decomposition
of octamethoxy-EC should be driven, in part, by the
release of a considerable amount of strain energy dis-
tributed along its bowed buta-1,3-diynediyl units, as well
as from the inherently high energy content (high oxida-
tion state) of the acetylene units. The strain energy will
be a major focus of the present paper. The instability of
EC, however, cannot be rationalized by the release of this
strain energy alone. The kinetic instability of EC con-
trasts sharply with that of cubane; cubane has about 155
kcal mol-1 of strain energy9 but is remarkably stable.
Some reasons for this contrast can be proposed. For
instance, unstrained diacetylene derivatives are known

to polymerize in the solution phase10 and solid-state11

forming highly colored linear chromophores through
cumulenic diradical intermediates.12 The already consid-
erable reactivity of the buta-1,3-diynediyl moiety toward
polymerization may be enhanced by geometric strain.13

This geometric distortion may have a similar effect on
the ease of oxidation and combustion. An alternate
decomposition pathway can be inferred from mass spec-
tral data of octamethoxy-EC. The mass spectrum re-
vealed the successive loss of up to eight methoxy groups
in both the positive and negative ion mode.1 From these
data, a polar mechanism of decomposition involving triply
propargylic ions was proposed.1 The deprotonation energy
of ethynyl-expanded cubane was recently computed.6 The
anion resulting from deprotonation was calculated to
have a free energy roughly 10 kcal mol-1 lower in energy
than the analogous unstrained 3-ethynylpenta-1,4-diyne
model system. Whatever the exact mechanism of decom-
position, it is clear that the geometric distortion and the
associated strain energy will be important aspects in both
the thermodynamic and kinetic stabilities of octamethoxy-
EC.

The instability of EC coupled with the exceedingly low
synthetic yields (total yield about 1.0% for octamethoxy-
EC),1 make calorimetric experimentation infeasible until
a new synthetic method has been worked out; such
studies are underway. Furthermore, in general, calori-
metric studies of conjugated acetylenes have been prob-
lematic.14 The pursuit of additional expanded polyhe-
dranes or other derivatives of EC will be greatly benefited
by understanding their stabilities as a function of struc-
ture. Such data, which can be obtained experimentally
only after arduous synthetic efforts, are in principle,
accessible through computation.

This paper discusses a theoretical study, with quantum
mechanics and molecular mechanics methods, of the
structures, stabilities, and properties of diyne-expanded
polyhedranes. Calculations were performed on expanded
cubane (1), prismane (2), tetrahedrane (3), bicyclo[2.2.0]-
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FIGURE 1. Octamethoxy expanded cubane (octamethoxy-EC)
(left) and expanded cubane (EC) (right).
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hexane (4), bicyclo[2.1.0]pentane (5), bicyclo[1.1.0]butane
(6), cyclobutane (7), and cyclopropane (8) (Figure 2).

These expanded molecules have geometries of varying
symmetry, and harbor different degrees of strain energy.
Molecules 4-8 dissect molecules 1-3 into their constitu-
ent faces and edges, allowing for an analysis of the
contributions to the geometry and strain energy from
these monocyclic and bicyclic subunits. These molecules
were optimized at density functional15 and Hartree-Fock
levels of theory and also by molecular mechanics.

Isodesmic16 (Supporting Information) and homodes-
motic17 equations were used to arrive at the heats of
formation (∆Hf

iso) of 1-8. The hypothetical unstrained
heat of formation of these molecules was obtained by
group additivity (∆Hf

GAV).18 Subtracting this heat of
formation from the heat of formation obtained from

homodesmotic equations gave the conventional strain
energy (∆Hf

GAV - ∆Hf
iso).19a,b In addition, heats of reac-

tion (∆Hr
iso) considered as additional measures of strain

energy. These energies are compared to the strain
energy19c obtained from molecular mechanics utilizing a
modified MM3*20,21 force field specifically parametrized
for these systems.

The molecular mechanics calculations were used to
obtain data on much larger structures, expanded dodeca-
hedrane and icosahedrane. The host-guest properties of
1-3 as well as these larger structures were investigated.

The electronic properties and probable reactivity char-
acteristics of 1-8 were also analyzed from HOMO and
LUMO energies (Supporting Information).

Computational Methods
Structures were optimized22 either at the HF/6-31G(d)23 or
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FIGURE 2. Expanded polyhedra, 1-3, and bicyclic and monocyclic structures 4-8.
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characterized as minima by harmonic vibrational frequency
analysis of analytic second derivatives.24 Energies are reported
as enthalpies calculated as the sum of the electronic energy,
and thermal correction obtained from these analytical fre-
quencies without scaling at 298 K.25 Ab initio calculations were
performed with the programs Gaussian 03.23 Single point
calculations at the HF/6-311+G(2df,p)//HF/6-31G(d) and B3LYP/
6-311+G(2df,p)//B3LYP/6-31G(d) levels were also computed
(Supporting Information). MM3* structures were calculated
with the program Macromodel.21 The molecular mechanics
structures were minimized using the conjugate gradient PRCG
method with an RMS convergence threshold of 0.001 Å.21

Supporting Information provides atomic Cartesian coordinates
for HF/6-31G(d) and B3LYP/6-31G(d) optimized structures as
well as electronic energies, at the above-mentioned levels, zero-
point corrections, and thermal corrections at 298 K.

Molecular Mechanics Method. To our knowledge, there
are no specific parameters for the conjugated diyne moiety in
any standard force field.20,21,26 The force constant for the central
single bond (CspsCsp) stretch and, parameters for the bending
terms, CspsCsp≡Csp, Csp≡CspsCsp3 and CspsCsp3sCsp are un-
known. These force constants are imperative for a proper
description of 1-8. Although generalized parameters (taken
from nonconjugated acetylene units) can give reasonable
geometries,2h energies obtained from these parameters would
not be reliable. The parametization of the buta-1,3-diynediyl
moiety was carried out at the B3LYP/6-31G(d) level to afford
the missing terms. A more thorough presentation of the
parametrization including curve-fitting data27 is supplied in
the Supporting Information.

Isodesmic Method for Heat of Formation Estimates.
An isodesmic equation16,17 is a hypothetical reaction where the
number and type of bonds on the reactant side equal the
number and type on the product side. The change in energy
of an isodesmic reaction is a measure of changes in strain or
resonance that are not accounted for in standard bond ener-
gies. The energy of an isodesmic reaction, ∆Hr

iso, can be
computed from quantum mechanics. If the heats of formation
of all but one component, a molecule of interest, are known,
one may solve for the heat of formation of this unknown
component, ∆Hf

iso. Isodesmic equations generally yield more
accurate heats of formation than atomization energies,28 since
they benefit from significant cancellations of error. This is
particularly important when considering the theoretical treat-
ment of large molecular systems. The calculation of heats of
formation from atomization energies becomes increasingly

inaccurate very quickly for large molecules; thermodynamic
data computed from isodesmic equations can continue to
perform well for these large systems.16,17,28,29

In the present study both isodesmic and homodesmotic
equations have been considered. Homodesmotic equations
“same-bond” are a type of isodesmic equation “equal-bond.”
Homodesmotic equations not only balance the type of bonds,
i.e. C≡C, CsC, and CsH, but also account for the specific
hybridization of each atom that makes up the bond. For
example, while an acetylenic CspsH bond might be balanced
with an aliphatic Csp3sH bond in an isodesmic equation, the
acetylenic CspsH bond is expressly balanced with another
acetylenic CspsH in a homodesmotic process. Homodesmotic
equations give more accurate results when compared to
isodesmic equations since the structural similarity between
products and reactants is greater leading to better error
cancellation. Homodesmotic equations are used for the calcula-
tion of heats of formation in the present study. All heats of
formation presented for molecules 1-8 are calculated at the
HF/6-31G(d) level, which was found to be most accurate for
the treatment of the model system 2,4-hexadiyne after exten-
sive computational investigation employing multiple levels of
theory and using multiple isodesmic equations (Supporting
Information).

Heats of formation for small hydrocarbons in this study were
taken from the NIST database30 and have experimental heats
of formation reported to at least (0.1 kcal mol-1 accuracy.
Errors of this magnitude will not contribute significantly to
the final total error. Table 1 lists the experimental heats of
formation used.

The NIST values for 1,3-butadiyne and 2,4-hexadiyne are
not of high quality. Both values were derived indirectly by
group additivity methods and experimental heats of hydro-
genation.14a,31 A better value for both can be obtained, in
principle, from ab initio calculations. At the highly accurate
G332a level of theory, using the isodesmic method described
above, a heat of formation of 108.9 kcal mol-1 is calculated for
1,3-butadiyne33 and 87.3 kcal mol-1 is calculated for 2,4-
hexadiyne (Supporting Information). The NIST values are 111
and 90.2 kcal mol-1 for 1,3-butadiyne and 2,4-hexadiyne,
respectively.30 The G3 values, rather than those obtained from
the NIST database, will be used throughout this study (Table
1).

Strain Energy Determinations. Benson group equiva-
lents can be used to predict the heats of formation of many
types of organic molecules.18a For alkynes, including conjugated
ones, the Group Additivity Values (GAV) predict the known
experimental heat of formation to within 1 kcal mol-1.18b In
our present study, two experimentally derived Benson groups
are used, Csps(Csp3) for the terminal buta-1,3-diyndiyl carbon,
and Csps(Csp) for the central buta-1,3-diynediyl carbon.18b Two
additional groups are required for treating substituted meth-
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Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.;
Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.;
Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson,
G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
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burgh, PA, 2003.
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ylene and methyne groups attached to diynes, C(Csp)2(H)2, and
C(Csp)3(H) carbons, respectively. These were taken as the high
quality values calculated at the G234 level by Green and co-
workers.33 From these values, the heat of formation,
∆Hf

GAV, for 1-8 (Table 1) were calculated. The difference
between ∆Hf and the ∆Hf

GAV provides one estimate of the
strain energy (∆Hf

GAVs∆Hf
iso).19b,c

Quality estimates of strain energy can also be obtained from
heats of reaction of appropriate isodesmic equations (∆Hr

iso)
(Table 1). Here, the molecule of interest is fragmented into
structurally related molecules that are presumed to harbor
only limited degrees of strain. Thus, these heats of reaction
can be equated directly to the strain energy.

Results and Discussion

Hartree-Fock and Density Functional Geom-
etries. Bond distances and angles for molecules 1-8
were optimized at the HF/6-31G(d) and B3LYP/6-31G(d)
levels of theory. The calculated bond lengths, CspsCsp,
Csp≡Csp, and CspsCsp3 do not vary significantly across the
set 1-8 using either method. These lengths are nearly
identical to the corresponding values for 2,4-hexadiyne
(Table 2) calculated at the same level.

The average values for CspsCsp, Csp≡Csp, and CspsCsp3

are 1.39, 1.19, and 1.48 Å, respectively, according to the
HF/6-31G(d) calculations and 1.37, 1.22, and 1.48 Å,
respectively, at the B3LYP/6-31G(d) level. The SD for
bond lengths CspsCsp and Csp≡Csp are both 0 Å, at both
levels, while there are small deviations in CspsCsp3 that
correspond to elongation of this bond. Both levels of
theory predict bond lengths that are in good agreement
with tabulated experimental and calculated values for
diacetylenes.35 Note the short central CspsCsp bond length
of the buta-1,3-diynediyl unit in both 1,3-butadiyne and
2,4-hexadiyne which is a result of strong conjugative

effects between acetylenes.33b,36 Structural parameters
from X-ray data for octamethoxy-EC were not obtainable
due to its instability.1 However, the calculated values for
1-8 compare well to the X-ray crystallographic param-
eters obtained for a precursor of EC1 with CspsCsp,
Csp≡Csp, and CspsCsp3 bond lengths of 1.373, 1.188, and
1.476 Å, respectively.

The average, maximum, and minimum values at the
B3LYP/6-31G(d) and HF/6-31G(d) levels of theory are
shown in Table 2. All unique bond angles for 1-8 are
presented in Supporting Information.

Bond angles for expanded cyclobutane (7) compare well
to the X-ray crystallographic data reported for the
precursor mentioned previously.1 Average crystallo-
graphic parameters, CspsCsp≡Csp, Csp≡CspsCsp3, and
CspsCsp3sCsp, are 176.8, 174.1, and 107.1°, respectively.
These values are all within two degrees of the calculated
HF/6-31G(d) angles. The largest discrepancy is three
degrees at the B3LYP/6-31G(d) level.

The buta-1,3-diyndiyl moiety prefers to be linear
according to prior experiment35a and computation,35b and
the methods used in this study. However, acetylenes and
conjugated polyynes are known to be flexible,37 resulting
in the highly bowed structures of 1-8. Maximum distor-
tions of 18 and 22° are calculated at the HF/6-31G(d) and
B3LYP/6-31G(d) levels of theory, respectively. These
occur within molecules 3 and 6. Molecules 4 and 7 contain
the minimum distortions. The geometric distortion is not
distributed evenly across the buta-1,3-diynediyl moiety.
The average distortion of the Csp≡CspsCsp3 bond angle is
slightly greater than the average distortion for the
CspsCsp≡Csp bond angle. This uneven distribution occurs
to a greater extent at the B3LYP/6-31G(d) level than the
HF/6-31G(d) level. The CspsCsp3sCsp bond angle of 2,4,7,9-
undecatetrayne is calculated to be 113°, and the average
bond angle, at both levels of theory, is 108°.

One might expect that the expanded polyhedranes,
1-3, would be more geometrically distorted than open

(34) Sumathi, R.; Green, W. H., Jr. J. Phys. Chem. A. 2002, 106,
11141-11149.

(35) (a) Smith, M.; March, J. March’s Advanced Organic Chemistry,
5th ed.; John Wiley & Sons: New York, 2001. (b) Plattner, D. A.; Li,
Y.; Houk, K. Modern Computational and Theoretical Aspects of
Acetylene Chemistry. In Modern Acetylene Chemistry; Stang, P. J.,
Diederich, F., Eds.; VCH: Weinheim, 1995; pp 1-32.

(36) (a) Jarowski, P. D.; Wodrich, M. D.; Wannere, C. S.; Schleyer,
P. v. R.; Houk, K. N. J. Am. Chem. Soc. 2004, 126, 15036-15037. b)
Kollmar, H. J. Am. Chem. Soc. 1979, 101, 4832-4840.

(37) Szafert, S.; Gladysz, J. A. Chem. Rev. 2003, 103, 4175-4205.

TABLE 1. Calculated and Experimental Thermochemical Data. Heats of Formation Derived from Homodesmotic
Equations (∆Hf

iso) HF/6-31G(d) (column 2), Group Additivity Derived Heat of Formation (∆Hf
GAV) (column 3), Heat of

Reaction of Homodesmotic Equation (∆Hr
iso) HF/6-31G(d) (column 4), and Experimental Heats of Formation (∆Hf

exp) Are
Given (kcal mol-1)

compound ∆Hf
iso ∆Hf

GAV ∆Hr
iso ∆Hf

GAV - ∆Hf
iso ∆Hf

exp a
∆Hf

exp

unexpandedb

methane -17.89
ethane -20.04 ( 0.07
ethyne 54.190
propyne 44.32 ( 0.21
2-butyne 34.68 ( 0.24
1,3-butadiyne 108.9c 111
2,4-hexadiyne 87.3c 90.20
expanded cubane 1 1451.1 1343.3 -117.3 107.8 154.7
expanded prismane 2 1120.6 1007.5 -120.2 113.1 150.0d

expanded tetrahedrane 3 783.4 671.7 -116.5 111.8 136.6d

expanded bicyclo[2.2.0]hexane 4 799.6 753.4 -45.4 46.3 51.8
expanded bicyclo[2.1.0]pentane 5 706.7 649.1 -57.6 57.7 54.7
expanded bicyclo[1.1.0]butane 6 615.3 544.7 -71.5 70.7 63.9
expanded cyclobutane 7 439.9 417.6 -19.1 22.4 26.5
expanded cyclopropane 8 345.8 313.2 -30.2 32.7 27.5
a Values taken from the NIST database, see ref 28. b Values taken from ref 9a unless otherwise noted. c Values derived at the G3 level

of theory (Supporting Information). d Calculated values taken from ref 9b.
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expanded structures, 4-6. However, the differences are
small as is clear upon comparison of analogous edges
contained within these structures (Figure 3). Figure 3
defines types of ring edges, depending on which ring or
rings to which they belong.

Angles CspsCsp≡Csp and Csp≡CspsCsp3, for expanded
cubane (1) are 173 and 172°, respectively, and are
contained within a 4-4 edge. Molecule 4 has angles of
176 and 170° for the 4-4 edge. For expanded cyclobutane
(7), these angles are both 175°. Expanded tetrahedrane
and prismane experience a similar trend. The expanded
tetrahedrane angles of the 3-3 edge are both 163°, while
these angles are 165 and 162°in expanded bicyclo[1.1.0]-
butane. In expanded cyclopropane (8), these angles are
169 and 168°. Expanded prismane has both 4-4 and 4-3
edges, and these are similar to these edges in molecules
4 and 5. Fused edges (4-4, 4-3, and 3-3) are signifi-
cantly more distorted than the monocyclic (4-0 and 3-0)
edges, but the polyhedra do not experience considerably
more distortion than 4-6. The energetic contribution
from these distortions will be discussed in terms of the
calculated molecular mechanics force constants below.

MM3* Geometries and Energies. Bond angles cal-
culated by molecular mechanics are presented in Table
2. The bond lengths, as expected, show only small
deviation from equilibrium values. The total bond stretch-
ing energies, in all cases, represent a comparatively small
energetic contribution and are not presented. The Csp3sH
stretching and bending terms were, likewise, minor con-
tributors to the total strain energy; these are also not
presented. The MM3* geometries agree well (within a
few degrees) with the HF/6-31G(d) and B3LYP/6-31G(d)
optimized structures.

The energetic contributions from the bending terms,
CspsCsp≡Csp, Csp≡CspsCsp3, and CspsCsp3-Csp are pre-
sented in Table 3 along with the total bending energy
(Ebend).

The CspsCsp≡Csp, Csp≡CspsCsp3, and CspsCsp3sCsp bend-
ing energies constitute 41, 46, and 13% of the total
bending strain energy on average. Thus, the majority of
the strain energy occurs internal to the diacetylene
moiety. The contributions from each term are related to
the magnitudes of the bending force constants (Support-
ing Information). The force constant for bending about
the sp3 center, CspsCsp3sCsp, is three times greater than
the force constant for bending about the adjacent bond,
Csp≡CspsCsp3. The central force constant, CspsCsp≡Csp,
is slightly larger than the latter. The geometric strain is
borne by the more flexible acetylene units, in particular
Csp≡CspsCsp3, and less by the more rigid corner sp3

center. As the geometric distortion of the expanded
molecule becomes greater the more flexible bond angles
contain more strain energy. This is best exemplified in
the series 1-3 where the total bending energies are 31,
51, and 67 kcal mol-1, and the contributions from the
CspsCsp3sCsp term are only 20, 15, and 13% of these
totals, respectively.

Very large systems can be treated using this modified
molecular mechanics force field to obtain reliable geom-
etries. Estimates of strain energies are also available.
Two large systems, expanded dodecahedrane and icosa-
hedrane are shown in Figure 4. These are C100H20 and
C300H60, respectively!T
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Expanded dodecahedrane is constructed of expanded
cyclopentane faces, while expanded icosahedrane is
made-up of both expanded cyclopentane and cyclohexane
faces. Expanded cyclohexane and cyclopentane were
found to be essentially unstrained according to our
parameters. Expanded dodecahedrane is calculated to
have only 10.9 kcal mol-1 of bending energy. Expanded
icosahedrane has a bending energy of 47.6 kcal mol-1,
but this is only 0.2 kcal mol-1 per diyne unit. Angles
CspsCsp≡Csp, Csp≡CspsCsp3, and CspsCsp3sCsp are very
close to their respective equilibrium values in both cases.

Host Properties of Expanded Polyhedranes.
Bachrach has predicted that ethynyl-expanded cubane
and ethynyl-expanded cyclobutane both bind lithium and
sodium cations (from gas-phase calculations) with con-
siderable binding affinities (50-60 kcal mol-1).6 The
structures and binding affinities of these complexes were
highly sensitive to the size of the cation. Lithium forms
the most stable complex at the center of one face, while
sodium complexes at the center of the cube.

The volume of the inner cavity for expanded cubane,
prismane, tetrahedrane, dodecahedrane, and icosahe-
drane were estimated by calculating the distance between
sp3 carbons, according to MM3* geometries, minus twice
the van der Waals radius of carbon (1.70 Å).6,38 Space
filling CPK21 models show these interior spaces along

with the estimated volumes (Figure 4). The interior
volumes of expanded cubane (33 Å3) and expanded
prismane (12 Å3) are estimated from simple geometric
treatments. The volume of expanded tetrahedrane (3 Å3)
was calculated from the equation V ) 1/12 x2 a3, where
a is the edge length. The interior volumes of expanded
dodecahedrane (15,358 Å3) and expanded icosahedrane
(117,984 Å3) are approximated as spheres. These volumes
are expected to be underestimates since the space created
by the bowing of the buta-1,3-diyndyl moieties is trun-
cated using this approximation. Expanded tetrahedrane
has essentially no interior volume and would make a poor
host, while expanded dodecahedrane and icosahedrane
have exceedingly large interior volumes, making them
possible host for all kinds of guests. The atomic or
molecular van der Waals volumes of a number of species
of interest have been previously calculated.38 Expanded
prismane has an interior volume compatible for binding
to small atomic cations such as lithium or sodium.
Expanded cubane should be able to accommodate up to
fourth row cationic alkali and alkaline earth metals, as
well as some small neutral molecules. For example, H2S
(30 Å3), CO2 (33 Å3), NH3 (23 Å3), and PH3 (33 Å3) are all
of the right shape and size. The van der Waals volumes
of CH4 (28 Å3) and HCCH (38 Å3) make these small
organic molecules suitable guests as well.

The size of the orifice leading to the center of expanded
polyhedranes is also of interest. The area of the opening
has been calculated for molecules 7 (11 Å2) and 8 (4 Å2).
Interestingly, the area of the cylindrical cross section of
diacetylene can be approximated as 9 Å2; for expanded
molecules constructed of expanded cyclobutane faces, a
linear polyacetylene could be fed through the center
making possible concatenated rings and rotaxanes.

Heats of Formation and Strain Energies. Ho-
modesmotic equations (Scheme 1) calculated at the HF/
6-31G(d) level were used to arrive at heats of formation
for 1-8. After extensive study, employing multiple
isodesmic equations at multiple levels of theory, the
above methodology was found to be most reliable. These
data can be found in Supporting Information.

(38) Bondi, A. J. Phys. Chem. 1964, 68, 441-451.

TABLE 3. Total Molecular Mechanics Bending Energy (EBend) (kcal mol-1) is the Sum of the Individual Bending Terms
CspsCsp≡Csp, Csp≡CspsCsp3, and CspsCsp3sCsp Bending Termsa

compound Ebend CspsCsp≡Csp Csp≡CspsCsp3 CspsCsp3sCsp

expanded cubane 1 30.6 11.4 13.1 6.1
expanded prismane 2 50.7 20.3 22.9 7.5
expanded tetrahedrane 3 66.6 27.3 30.5 8.8
expanded bicyclo[2.2.0]hexane 4 8.9 3.5 4.0 1.4
expanded bicyclo[2.1.0]pentane 5 22.8 9.2 10.3 2.9
expanded bicyclo[1.1.0]butane 6 37.6 15.6 17.5 4.5
expanded cyclobutane 7 3.7 1.6 1.8 0.3
expanded cyclopropane 8 15.9 6.8 7.7 1.4
average percentage 40.7 45.9 13.2

a The average percentage is the average contribution from the bending term to the total strain energy.

FIGURE 3. Definition of edges in molecules 1-8. Acetylene
bonds not shown.

FIGURE 4. MM3* CPK space filling models of molecules 1-3,
expanded dodecahedrane, and icosahedrane. Interior volumes
are given (Å3) under each structure.

SCHEME 1. Homodesmotic Equation Used to
Calculate the Heats of Formation of Molecules are
Balanced by Appropriate Choice of Coefficients ν1
and ν2 for 1-8a

a Results are presented in Table 1.
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In this equation the central single bond, CspsCsp, of
2,4-hexadiyne balances the central single bond of the
buta-1,3-diyndiyl moiety of the expanded molecule. The
CspsCsp3 and Csp3sH bonds are also balanced homodes-
motically. The stoichiometric coefficients, ν1, and ν2 vary
for each expanded molecule. The calculated heats of for-
mation (∆Hf

iso), strain energy (∆Hf
iso-∆Hf

GAV), and heat
of reaction (∆Hr

iso) are given in Table 1. The latter value
can be equated to the strain energy since 2,4-hexadiyne
and methane are unstrained. The ∆Hf

iso-∆Hf
GAV and

∆Hr
iso values agree well for the open structures 4-8. The

∆Hr
iso tends to give slightly lower strain energies com-

pared to ∆Hf
iso-∆Hf

GAV. For 1-3 ∆Hr
iso estimates the

strain energy to be larger than ∆Hf
iso-∆Hf

GAV. All esti-
mates predict considerable strain energies for the ex-
panded polyhedra.

The stabilities of 1-8 follow the same basic order as
the corresponding unexpanded analogues. The unex-
panded analogues of 1-3 have strain energies greater
or equal to the sum of their constituent faces. For
example, cubane has roughly six times the strain energy
of cyclobutane9a while prismane and tetrahedrane are
considerably more strained than the sum of their respec-
tive faces. Expanded cyclobutane (22.4 kcal mol-1) has a
ring strain energy of about half of that calculated for
expanded bicyclo[2.2.0]hexane (46.3 kcal mol-1). Like-
wise, the strain energy of expanded cyclopropane is close
to half of the strain energy for expanded bicyclo[1.1.0]-
butane. The strain energy of expanded bicyclo[2.1.0]-
pentane (57.7 kcal mol-1) compares well to the sum of
the strain energies of expanded cyclopropane and cy-
clobutane (55.1 kcal mol-1). In great contrast to unex-
panded analogues, the strain energies of expanded
polyhedranes are substantially less than the sum of
their constituent faces according to Benson group equiva-
lent derived strain energies (∆Hf

iso-∆Hf
GAV) and roughly

equal according to estimates from the heat of reaction
(∆Hr

iso). Considering the former, the strain energies for
expanded cubane, prismane, and tetrahedrane are, 107.8,
113.1, and 111.8 kcal mol-1, respectively. Six times the
strain energy of expanded cyclobutane (134.4 kcal mol-1)
is almost 30 kcal mol-1 larger than the calculated value
for expanded cubane. The sum of the strain energies of
the faces for expanded prismane and tetrahedrane are
132.6, and 130.4 kcal mol-1, respectively. Both of these
values are substantially overestimated. Expanded poly-
hedra can similarly be deconstructed into constituent
expanded bicyclic hydrocarbons. These likewise overes-
timate the strain energies of 1-3. Polyhedranes would
be expected to carry more strain energy than the sum of
the strain energies of their constituent faces, since the
buta-1,3-diyndiyl units in expanded polyhedranes are
calculated to be much more geometrically distorted as
compared to the structures of expanded cyclobutane and
propane. Presumably, the great flexibility of the diyne
unit accounts for the lack of this degree of strain energy.

Conclusion

Optimized structures of expanded molecules at the HF/
6-31G(d) and B3LYP/6-31G(d) levels show good agree-
ment to available experimental geometric parameters.
Structures obtained from molecular mechanics calcula-
tions using specifically parametrized force constants for

the buta-1,3-diynediyl moiety are also able to reproduce
experiment. Analysis of these geometries suggests that
the distortions of expanded three-dimensional polyhe-
dranes are similar to those of analogous open bicyclic
expanded structures. Both the bicyclic expanded hydro-
carbons and the expanded polyhedranes are significantly
distorted relative to monocyclic expanded molecules.
Ring-fusion to form expanded bicycles results in the
largest geometrical distortions.

The stabilities of these compounds have been investi-
gated by a combination of isodesmic, group additivity,
and molecular mechanics methods. Molecular mechanics
results reveal that the great majority of strain in these
systems is contained within the bowed buta-1,3-diyndiyl
units; only a small portion of this strain rest about the
corners sp3 centers. Expanded dodecahedrane and icosa-
hedrane have minimal distortion of their diyne units.

Homodesmotic equations were used to arrive at the
most reliable heats of formation and strain energies. The
polyhedranes have large heats of formation, far greater
than C60 and even some small carbon nanotubes.39 The
expanded molecules were found to follow a similar strain
energy trend to that of their unexpanded counterparts.
However, the flexibility of the diyne unit makes expanded
polyhedranes less strained than expected.

There are a number of potential applications for
expanded polyhedranes. They may serve as hosts for
atomic cations and small organic molecules having
dynamic access to their interior cavities. They have
potential as templates for rigid functional structures with
optoelectronic and biological applications. In addition, the
tending of the diacetylene unit to undergo polymeriza-
tion, although currently a possible detriment to their
synthesis, may allow for future three-dimensional poly-
mer networks. The applications for these molecules are
broad, and further synthetic and theoretical investiga-
tions are underway. These results will have a fertilizing
effect on further experimental studies aimed at the
synthesis of additional expanded polyhedranes.
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corrections at 298 K at these levels are also presented.
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nates. This material is available free of charge via the Internet
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