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The recently defined concept of “ultradiagonal” strain energy is applied to cyclopropene, cyclopro-
penone, and methylenecyclopropene and their respective diaza and diphospha derivatives using
ab initio (DFT) calculations. In the relatively few cases where comparisons could be made between
theory and either experiment or earlier calculational studies, very good agreement for both energies
and structures were found. This gives us confidence for the remaining species. The results were
also qualitatively explained, and the concept of ultradiagonal strain gibbs energy is briefly discussed.

Introduction

In a recent study,1 we defined the “ultradiagonal”
strain energy (UDSE) of compounds containing three-
membered rings (3MR) as half of the exothermicity of
the formal dimerization reaction

where cyclo-(XYZ)2 is the unique dimer of a set of six
in which both nearest-neighbor and next-nearest-neigh-
bor bonding is conserved; i.e., it has the cyclo-(XYZXYZ)
connectivity. This is taken to be the case for whatever
atoms (groups) X, Y, and Z compose the 3MR. For the
initial paper,1 this definition was applied to a set of
heterocyclopropanes, cyclo-(XYZ) ) (CH2)2E, and of het-
erodisiliranes, (SiH2)2E, wherein E ) >CH2, >NH, >O,
and >SiH2, and shown to give results that seemed
reasonable and agreed well with the small bits of
experimental information that exist. All of these species
were saturated systems; e.g., we recognize the formal
dimerization of aziridine and oxirane to form 1,4-dioxane
and piperazine and neither of their 1,3- or 1,2-isomers.
In the current study, we apply this “ultradiagonal”
definition to an understanding of a set of unsaturated
3MR, various derivatives of cyclopropene with the gen-
eral formula cyclo-(X2Z). The choice of X was made to
include the parent carbocycle with X ) -CHd, Z )
>CH2, and its simplest heterocyclic analogues and de-
rivatives; we recognize the dimers as analogues and
derivatives of 1,4-cyclohexadiene and not of the 1,3-
isomer with its “extra” double bond-double bond interac-
tion. In particular, we considered only the heterocyclic
analogues containing X ) -Nd and -Pd as befits our
long-term interest in diagonal and vertical relationships
in the periodic table as evidenced by a recent study of
boron-silicon and carbon-silicon chemistry:2 we note
that other such relationships may include carbon, nitro-
gen, and phosphorus.3 The choice of Z was made to
parallel another earlier study of ours4 that provided

understanding for a large set of unsaturated alicyclic ring
species. It is immediately ledged that experimentally
measured thermochemical data are almost totally absent
for the current species. We will apply our findings in ref
4 to the present work: all unreferenced enthalpies of
formation in the current study are implicitly from that
source.

Experimental structure data are lacking for many of
the systems considered in the present work, and for the
sake of consistency we consider only the energies of the
end points of the geometry optimization for all the
systems.

Computational Methods

Our calculations were carried out using a density functional
approach5 using Becke’s three-parameter hybrid exchange
functional6 with the nonlocal correlation functional by Lee,
Yang, and Parr.7 In all of our calculations, the 6-31G(d) basis
set was used,8 resulting in the so-called B3LYP/6-31G* cal-
culational level. At the end point of the optimizations, analyti-
cal vibrational frequencies were computed using the same
method and level. Thus, all of the stationary points were
characterized as either minima or saddle points. Recent
systematic studies based on different DFT schemes have
demonstrated that this particular functional form performs
remarkably well in predicting energies, geometries and vibra-
tional frequencies.5 The computer program9 GAUSSIAN 94 has
been used throughout our project. Table 1 gives the assembled
total energies for all of the species studied in this paper.
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Results

Energetics. We commence with the parent cyclopro-
pene, X ) -CHd and Z ) >CH2 (species 1), for which
the dimerization reaction enthalpy, the difference of the
enthalpies of formation of two cyclopropenes10 and one
1,4-cyclohexadiene (CHD, species 2), is ca. 449 kJ (mol-

CHD)-1. Letting “mol-1” refer to the six-membered ring
(6MR) species, the value calculated in this paper is 454
kJ mol-1 in very good agreement. Are these values, 449
and 454 kJ mol-1, reasonable? Let us immediately divide
these numbers by 2 and thus return to the 3MR strain
energies of direct interest.11 The strain energy values
obtained, 225 or 227 kJ mol-1, are very close to an archive
value12 for the strain energy of cyclopropene, 228.0 kJ
mol-1, and so the calculations are credible. Consider now
X ) -Nd and Z ) >CH2 (diazirine, species 3). While

(10) All enthalpies of formation and of reaction, and strain energies,
in the current paper are in kJ mol-1 where by definition 4.184 kJ mol-1

equals 1 kcal mol-1. All calculated total energies are reported in au
where 1 au equals 2625 kJ mol-1.

Table 1. Total Energies (in au) for Species 1-18

a Sum of electronic and thermal enthalpies (298 K). b Sum of electronic and thermal free energies (298 K).

6362 J. Org. Chem., Vol. 64, No. 17, 1999 Skancke and Liebman



there are recommended enthalpies of formation of the
relevant parent heterocycle and several other diazirines,13

there are apparently no available thermochemical data
on the parent 3,6-dihydro-1,2,4,5-tetrazine (4b) nor any
other tetrazine derivative at all. From our calculations,
we find a strain energy of diazirine of 87 kJ‚mol-1. The
difference of this value and that of cyclopropene is
profoundsit is all but irrelevant with which value
(currently calculated, earlier derived,4 or “archival”12) is
chosen for cyclopropene. This diazirine result is plausible.
In the 3MR diazirine the nitrogen lone pairs are splayed
out relative to the 6MR and so there is less repulsion.
Equivalently, the 3MR is effectively stabilized and has
less strain energy. The reader is now alerted to the fact
that species 2 is planar while 4b is not.

What is found for 3H-diphosphirene, species 5 with X
) -Pd and Z ) >CH2? The result is hard to disentangle.
Recall, “[h]eteroatoms in small heterocyclic rings affect
bond angles, bond lengths and bond strengths through
a combination of factors, including their intrinsic hybrid-
ization, magnitude of covalent radii, angle-bending con-
stants, nonbonding interactions, and long-range elec-
tronic effects.”14 For example, lone pair effects are
expected to be smaller because the lone pairs are more
s-like, more symmetric, more indifferent to their environ-
ment. Furthermore, as shown by amines and phosphines,
the “natural” angles around P are smaller than those of
N, and so more accommodating to the geometric demands
of a 3MR. Our calculations result in a strain energy for
5 of 65 kJ mol-1. This value seems small, perhaps too
small, until it is recalled that elemental phosphorus has
a white allotrope composed of tetrahedral P4 molecules,
and this is but ca. 10 kJ (mol-P)-1 higher in energy than
the seemingly unstrained red and black allotropes.15 By
contrast, 6MR, as seen in species 6, are not particularly
commonplace, special or important in phosphorus chem-
istry.

We now turn to a comparison of methylenecyclopro-
pene and p-xylylene, species 7 and 8, respectively, with
X ) -CHd and Z ) >CdCH2. Use of the earlier
recommended values16 results in a strain energy of
methylenecyclopropene of 275 kJ‚mol-1, while the current
study gives 269, again in good agreement. The increased
strain energy over cyclopropene itself is consistent with

the destabilizing presence of another trigonal carbon
atom17 ameliorated by some π-stabilization (dare we say
en route to “aromaticity”?) in the 3MR.

Consider now the diazirine derivative, species 9, and
its dimer 10, with X ) -Nd and Z ) >CdCH2. The
strain energy is reduced to 157 kJ mol-1. In other words,
the two nitrogens in the 3MR result in a decrease of
strain energy of 113 kJ mol-1, where recall we compare
all of our currently calculated results with those of the
current cyclopropene/cyclohexadiene difference. This self-
consistency of the choice of values was expected to
facilitate understanding of the results. This is realized.
For example, the effect of the two nitrogens in decreasing
the strain energy of diazirine from that of cyclopropene
is 154 kJ mol-1. Is the effect of the exo-methylene, some
157-113 ) 44 kJ mol-1, significant? Admitting that less
is known about the thermochemistry of compounds
containing their “substructures”, both azo compounds18

and enamines19 alike, than we would want or expect, we
acknowledge the plausibility of the value. From elec-
tronegativity reasoning we expect the nitrogens to reduce
the cyclopropenium contribution in species 6 relative to
that of 7, and thereby reduce whatever aromatic stabi-
lization we wish to invoke for the carbocyclic methyl-
enecyclopropene ring system.

We are not aware of any experimental energy data for
species 11 and its dimers 12a-c with X ) -Pd and Z )
>CdCH2, wherein system 12b is the lowest energy
species. However, a recent study on benzene valence
isomers and their phosphorus analogues gives an inter-
esting example of a related species with a P-P one-
electron π bond.20 The strain energy of 11 is but 82 kJ
mol-1, the exomethylene resulting in a small increase for
3H-diphosphirene 5 as opposed to that for cyclopropene
1, compatible with phosphorus having a somewhat lower
electronegativity than carbon.

Let us turn to cyclopropenone, species 13, p-benzo-
quinone, 14, and their relatives with X ) -CHd and Z
) >CO. The currently calculated strain energy is 210 kJ
mol-1, while from the previous results we would have
found a value of 211 kJ mol-1. Again, the current and
previous sets of calculational results are encouragingly
consistent.16 The strain energy is less than that of
cyclopropene. This seems unreasonable until it is remem-
bered that cyclopropenones are usually considered to be
aromatic21 and correcting for its ca. 80 kJ mol-1 of
aromatic stabilization results in an altogether reasonable
60 kJ mol-1 of >CdO or trigonal carbon-induced desta-
bilization.17

The penultimate species to be discussed are 15 and 16
with X ) -Nd and Z ) >CO. A strain energy of 94 kJ
mol-1 is found for species 15. Because the electronega-
tivity of nitrogen is higher than carbon, we expect greater
aromatic stabilization for cyclopropenone than its diaza
analogue. This is indeed found. The decrease of strain
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these destabilization and stabilization effects together and consider
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energy on going from cyclopropene to the ketone is 17
kJ‚mol-1, while for diazirine the strain energy increases
by 7 kJ mol-1.

We conclude this section with a brief discussion of
diphosphirenone, 17, and its dimer 18b with X ) -Pd
and Z ) >CO. The strain energy of the 3MR is 31 kJ
mol-1. Essentially low for a 3MRssee summary Table
2sit is altogether plausible in terms of the already low
value for the parent heterocycle 6 and its diminution
because of the aromaticity and electronegativity effects
already documented but less strongly for the 3-methyl-
enediphosphirene, species 11. As seen from the behavior
of the carbocyclic methylenecyclopropene and cyclopro-
penone and their diaza analogues, we expect 17 to enjoy
greater stabilization and less strain energy than 11.

It is seen that the calculated results for most of the
species X2Z we have investigated are internally consistent
but experimentally uncorroboratedswe await further
theoretical and experimental investigations corroborating
and extending our findings.

Structural. The focus in the present work has been
on energy differences between ground-state species rather
on structural detail. However, since DFT methods have
been far less used in structural determination and
understanding than, for instance, Møller-Plesset per-
turbation analysis, the quality of the method and basis
set employed here is of interest.

A number of the compounds discussed in the present
text are well-characterized species; this is especially true
for p-benzoquinone (14) and methylenecyclopropene (7).
The former is the archetypical example in a vast and
ubiquitous series of compounds, the quinones;22 the latter
is an example of a class of well-characterized strained
molecules. Hence, we use these examples as test cases
for the employed level of sophistication and note that an
early electron diffraction study23 of p-benzoquinone gave
a D2h (planar) form with the >CdO (denoted 1 in Table
3) of 1.225 ( 0.002 Å, the >CdC< bond (denoted 3 in
Table 3) of 1.344 ( 0.003 Å and the C-C bond (denoted
2 in Table 3) of 1.481 ( 0.002 Å. As shown in Table 2,
our results are in very good agreement with these data.
Furthermore, there is additional support in the nearly
identical results from an early X-ray structural deter-
mination.24

Methylenecyclopropene (7) may be considered the
simplest of the fulvene systems. There is an exceptionally
high polarity in this molecule with an experimentally
determined dipole moment of 1.90 ( 0.2 D. Our computed
value was 2.0 D, and hence the electron flow from the
ring is well accounted for. Moreover, theory gave struc-
tural results in very good agreement with the literature
results from microwave spectroscopy25 that gave an

exocyclic bond of 1.332 ( 0.006 Å, a C-C bond of 1.441
( 0.006 Å, and a ring CdC bond of 1.323 ( 0.003 Å in
very good agreement with experiment.

Thus, the geometric framework is well reproduced by
our computations. We note that MP2/6-31G*-optimized
calculations in ref 25 also gave very good agreement for
the geometric parameters, but the dipole moment was
calculated to be 2.33 D.

Conformational preferences are issues for the six-
membered ring systems being investigated. For 1,4-
cyclohexadiene (2) itself the preferred conformation has
been the source of some controversy,26 but the most recent
findings from X-ray analysis27 and others’ ab initio
calculations28 agree on planarity along with our calcula-
tions.

These specimen examples suggest that B3LYP/6-31G*
is at least as good as MP2/6-31G* for structure determi-
nation, and since a much larger portion of the correlation
energy is included, energy comparisons with density
functional theory should be more trustworthy29 than
second-order Møller-Plesset theory.

Many of the systems (most of the N-containing species
and, indeed, all of the P-containing species) reported in
Table 3 are unknown experimentally to our knowledge.
The quality of the data reported in Table 3 is thus more
difficult to appraise.
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Related Hydroaromatic Compounds; Rabideau, P. W., Ed.; VCH: New
York, 1989.

(27) Rabideau, P. W.; Dhar, R. K.; Fronczek, F. R. J. Chem. Soc.,
Chem. Commun. 1992, 79,
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Table 2. Calculated Strain Energy of cyclo-(X2Z) Species
(in kJ mol-1)

X )

Z ) -CHd -Nd -Pd

>CH2 227 87 65
>CdCH2 269 157 82
>CO 210 94 31

Table 3. Distances (in Å) and Angles (in deg) Obtained
from B3LYP/6-31G* Optimization

system
distance

1
distance

2
distance

3 R â γ δ

1 1.509 1.205 50.8
2 1.506 1.335 112.9 123.6 180.0
3 1.478 1.228 49.1
4a 1.429 1.431 110.7 124.6 180.0
4b 1.479 1.242 112.0 115.7 140.8
5 1.879 2.026 65.2
6a 1.881 2.037 130.7 114.6 180.0
6b 1.887 2.048 118.2 105.5 121.4
7 1.330 1.446 1.320 54.3
8 1.354 1.461 1.350 116.0 122.0 180.0 180.0
9 1.316 1.406 1.267 53.6
10a 1.347 1.416 1.264 123.1 118.3 180.0 180.0
10b 1.347 1.416 1.264 122.6 118.3 170.7 178.1
11 1.330 1.813 2.055 69.1
12a 1.356 1.834 2.049 133.1 113.5 180.0 180.0
12b 1.354 1.835 2.050 128.9 110.9 173.6 177.8
12c 1.336 1.806 2.380 78.5 98.2 100.6 179.1
13 1.207 1.436 1.346 55.9
14 1.225 1.487 1.343 117.2 121.4 180.0
15 1.192 1.386 1.311 56.5
16a 1.200 1.459 1.254 122.3 118.9 180.0
16b 1.028 1.396 1.254 125.2 116.1 145.2
17 1.199 1.831 2.100 70.0
18a 1.216 1.907 2.051 134.2 112.9 180.0
18b 1.210 1.911 2.056 123.7 104.5 122.0
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Comparing the conformations of 1,4-cyclohexadiene
and its tetraaza and tetraphospha derivatives (species
2, 4, and 6, respectively) gives a preference for the C2v

form over the D2h form of 0, 28, and 36 kJ‚mol-1 and
increasingly nonplanarity as shown by deviation from
720° for the sum of all six internal angles of the
hexagonal ring. Comparing the related bis exo-methylene
species, p-xylylene and its tetraaza and tetraphospha
derivatives (species 8, 10, and 12, respectively), is
somewhat complicated. 8 is a true energy minimum.
Although 10b is a true minimum and 10a is a transition
state, these two species have virtually the same energy
and geometry. For species 12, our search for potential
surface minima resulted in two nonplanar structures, one
slightly nonplanar (12b) with a planarization energy of
under 1 kJ mol-1 and a high energy form (12c), which is
more correctly described as two loosely connected three-
membered rings. As such, this latter form is akin to the
recently reported tetraphosphabenzene valence isomer20

with its two interacting PPC moieties. As mentioned
above, p-benzoquinone (14) is planar. The tetraaza
derivative (16b) is almost as planar, while the tetraphos-
pha compound (18b) is significantly nonplanar. It would
appear that even with conjugation of the PdP double
bond with the keto group, the P-C-P angle cannot open
wide enough to compensate for the small angles around
phosphorus to allow for planarity of the entire six-
membered ring.

Free Energy. It is relatively rare to discuss strain
gibbs energy as opposed to the strain energy or strain
enthalpy. By analogy to eq 1, we could define the
“ultradiagonal” strain gibbs energy (UDSG) of compounds
containing three-membered rings (3MR) as half of the
exoergicity of the formal dimerization reaction

Again, cyclo-(XYZ)2 is taken to be the unique dimer of
a set of six in which both nearest-neighbor and next-

nearest-neighbor bonding is conserved, i.e., cyclo-(XYZX-
YZ), and X, Y, and Z are arbitrary. Table 4 presents the
UDSG values for the various species of interest.

Experiment is all but moot for comparison with theory.
However, it is perhaps most telling to note that the
calculated UDSG value for all of the three-membered
rings we studied differs by some ca. 27 ( 3 kJ mol-1 from
the earlier value for the corresponding UDSE value. We
are optimistic that this near constancy will be useful in
our thermochemical understanding and future studies.
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(30) We acknowledge that our definition of strain energy is not
uniquesthat ultradiagonal strain energies provide but one approach.
One of the reviewers explicitly mentioned one of the simplest ap-
proaches for comparison, that of homodesmotic reactions. The current
approach provides a unified model for the strain energy of saturated
and unsaturated three-membered rings. For formally identically
“decorated” cyclopropanes and cyclopropenes, (CH2)2X and (CH)2X, we
have the formally identical dimerization reactions

2(CH2)2X f cyclo-[(CH2)2X(CH2)2X]

and

2(CH)2X f cyclo-[(CH)2X(CH)2X]

For the cyclopropanes, the homodesmotic reaction is

3C2H6 + (CH2)2X f 2CH3CH2CH3 + CH3XCH3

while for cyclopropenes, the homodesmotic reaction is different

2C2H6 + (CH)2X f (E)-CH3CHdCHCH3 + CH3XCH3

Corresponding to the latter reaction, we may construct for cyclopro-
panes the new reaction

2C2H6 + (CH2)2X f CH3CH2CH2CH3 + CH3XCH3

Since the enthalpy of formation difference of n-butane and propane,
and propane and ethane, are nearly identical, the two reactions for
the cyclopropane have nearly identical enthalpies. Suppose, however,
we were studying derivatives of the still-hypothetical cyclopropanedi-
one, (CO)2X, and comparing them with (CH2)2X and (CH)2X. The
ultradiagonal reference species would uniquely be derivatives of 1,2,4,5-
cyclohexanetetraone. Would the homodesmotic comparison entail CH3-
COCOCH3 and C2H6 or 2CH3COCH3 and 2C2H6? Unlike the above
situation, the difference of the enthalpies of formation of biacetyl and
acetone, and of acetone and ethane, are not nearly identical: they differ
by over 20 kJ mol-1.

Table 4. Calculated Strain Gibbs Energy (UDSG) of
cyclo-(X2Z) Species (in kJ mol-1)

X )

Z ) -CHd) -Nd -Pd

>CH2 198 59 38
>CdCH2 240 129 56
>CO 181 68 7

2cyclo-(XYZ) f cyclo-(XYZ)2 (2)
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