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Thus, if one views the bond formation in two steps, (1) creation 
of valence-state atoms then (2) bond formation, the accumulation 
of density in the bond due to (2) is quite large even for F2. In 
contrast to the F-F bond, the standard deformation densities of 
C-C and C-H bonds show quite large accumulations of density, 
since the density of the usual spherical atom reference is much 

Strained hydrocarbons are of fundamental importance for 
understanding carbon-carbon bonding properties.2 A particularly 
interesting feature is revealed in the series of saturated hydro
carbons: ethane,3 cyclopropane,3 bicyclo[1.1.0]butane (I),4 and 
[l.l.l]propellane (2).4g'5'6 In this series the geometry of the sp3 

H H H 

f 2 
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closer to that of the valence state for C and H than it is for F. 
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Table I. 6-3IG* Energies, Structural Parameters, and Mulliken 
Overlap Population Analysis for the Four-Membered Ring Structures 
5-15 

5 , X . Y . C U . X - B e i Y - C .. 
6 . X - C H + ; Y - C 1 2 . X - B e ; Y-CH + 

7 . X - Y - C H + 13 ,X -Be 1 Y-BH 
8 ,X - B H 1 Y - C . 1 4 , X - Y - B e 
9 . X - B H i Y - C H + 15 ,X -Y -BH;C-B 

10.X - Y - B H 

geometry 

compound 

5,"C4 

6," C4H+ 

7," C4H2
2+ 

8, C3BH 
9, C3BH2

+ 

10, C2B2H2 

11, C3Be 
12, C3BeH+ 

13, C2BBeH 
14, C2Be2 

15 B4H2 

energy 

-151.14598 
-151.45693 
-151.53998 
-138.653 29 
-139.01220 
-126.15541 
-127.983 66 
-128.393 88 
-115.47831 
-104.791 29 
-99.721 64 

KC1-C3) 

1.457 
1.520 
1.593 
1.462 
1.529 
1.470 
1.418 
1.484 
1.445 
1.458 
1.690» 

KC-X), 
KC-Y) 

1.425 
1.352, 1.472 
1.386 
1.479, 1.418 
1.526, 1.345 
1.470 
1.563, 1.421 
1.619, 1.345 
1.558, 1.473 
1.564 
1.604fc 

overlap 
population 

-0.063 
-0.013 
-0.236 

0.138 
0.060 
0.330 
0.219 
0.107 
0.389 
0.495 
0.306 

"Reference 8. kThe respective r(B-B) bonds are given. 

hybridized carbons in ethane is inverted by the subsequent re
placement of vicinal hydrogens for CH2 groups with no significant 
effect on the (6-31G*) C-C distance. Moreover, while the carbons 
in ethane are bonded, this is not the case in [l.l.l]propellane.5e 

The intriguing bonding phenomena of the latter compound with 
its inverted tetracoordinate carbons are well documented.5'7 

How are the bonding properties of unsatured hydrocarbons 
affected when the geometry of the neighboring tricoordinate 
carbons is inverted? There are two general deformations possible 
for sp2 hybridized carbons, the out-of-plane and the in-plane 
deformations. The out-of-plane deformation has been subject to 
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Crocker, L. S.; Newton, M. J. Am. Chem. Soc. 1985, 107, 7247. (b) Ho-
negger, E.; Huber, H.; Heilbronner, E.; Dailey, W. P.; Wiberg, K. B. Ibid. 
1985, 107, 7172. (c) Hedberg, L.; Hedberg, K. Ibid. 1985, 107, 7257. 

(7) Wiberg, K. B. Ace. Chem. Res. 1984, 17, 379. 
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Abstract: Eleven four-membered ring structures (C4, C4H+ , C4H2
2+, C3BH, C3BH2

+, C2B2H2, C3Be, C3BeH+, C2BBeH, C2Be2, 
and B4H2) are discussed in terms of stability properties associated with inverted tricoordinate carbons. These minimum energy 
structures have short distances between the bridgehead carbons, averaging 1.484 A (6-3IG*), and short ring bonds, with average 
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overlap population between these carbons ranges from -0.236 for C4H2

2 + to +0.495 for C2Be2. While there is no bridge
head-bridgehead bonding in C4H2

2 + , there is in C2Be2. The beryllium isomers possess ionic character. 
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extensive study and include, for example, the anti-Bredt olefins,8 

bridgehead cations,9 and bent aromatics.10 The in-plane de
formation has received relatively little attention" and is the subject 
of this study. 

This paper illustrates by ab initio theory that the perfect trigonal 
geometry of a tricoordinate carbon (sp2) indeed can be inverted, 
leading to compounds that have all three groups on one side of 
a plane through that carbon, while maintaining planarity. Taking 

inverted geometries at carbon 

sp3 "inverted" sp3 sp2 "inverted" spz 

ethylene as the parent, two possibilities may be considered. First, 
the vicinal hydrogens in ethylene can be replaced by aliphatic CH2 

groups to give the series ethylene,3 cyclopropene,3,43-12 and bicy-
clo[1.1.0]butene (3).13 However, theory has shown that the latter 

H A . u A f 
3 H 

4 

compound is a high-energy nonplanar species13 and hence does 
not have inverted tricoordinate carbons. Second, the vicinal hy
drogens of ethylene can be replaced stepwise by electron-deficient 
groups like CH+, resulting in the series ethylene,3 cyclopropenyl 
cation,14 and cyclic C4H2

2+ (4).1S Our recent calculational 
studies15 have shown that the four-membered ring structure 
C4H2

2+ indeed is planar and possesses inverted tricoordinate 
carbons. To explore the generality as well as the special bonding 
phenomena associated with inverted tricoordinate carbons, we 
present here the new four-membered ring structures 8-15. In these 
molecules the vicinal ethylene hydrogens are not only replaced 
with C: and CH+ but also with Be and BH. The new species 8-15 
are also of interest because they represent a new type of first-row 
carbides and carboranes. 

Computational Methods 
The ab initio calculations were performed by the spin-restricted 

Hartree-Fock method using the GAUSSIN 80 series of programs.16 The 

(8) Maier, W. F.; Schleyer, P. v. R. J. Am. Chem. Soc. 1981, 103, 1891. 
Warner, P. M.; Peacock, S. J. Comput. Chem. 1982, 3, 417. Shea, K. J.; 
Burke, L. D. J. Org. Chem. 1985, 50, 725. 

(9) For a review see: Olah, G. A.; Prakash, G. K. S.; Sommer, J. Sup
eracids; Wiley: New York, 1985; Chapter 3. 

(10) Jenneskens, L. W.; de Kanter, F. J. J.; Kraakman, P.A.; Turkenburg, 
L. A. M.; Koolhaas, W. E.; de Wolf, W. H.; Bickelhaupt, F.; Tobe, Y.; 
Kakiuchi, K.; Odaira, Y. / . Am. Chem. Soc. 1985,107, 3716. Turkenburg, 
L. A. M.; de Wolf, W. H.; Bickelhaupt, F.; Cofino, W. P.; Lammertsma, K. 
Tetrahedron Lett. 1983, 1821. 

(11) (a) Bicyclo[1.1.0]buta-l,3-diene (trialene) has received attention and 
seems to be unstable. See: Andrade, J. G.; Chandrasekhar, J.; Schleyer, P. 
v. R. J. Comut. Chem. 1981, 2, 207. For other calculations relating to trialene 
see: Koseki, S.; Nakajima, T.; Toyota, A. Can. J. Chem. 1985,63,1572. Jug, 
K. J. Org. Chem. 1983, 48, 1344. Agranat, I.; Simkin, B. Y.; Glukhovtsev, 
M. N. Zh. Org. Khim. 1982 18, 1337. Doehnert, D.; Koutecky, J. J.Am. 
Chem. Soc. 1980,102, 1789. Hess, B. A., Jr.; Schaad, L. J. Pure Appl. Chem. 
1970,52,1399. (b) For the cyclobutenyl cation see: Apeloig, Y.; Collins, 
J. B.; Cremer, D.; Bally, T.; Haselbach, E.; Pople, J. A.; Chandrasekhar, J.; 
Schleyer, P. v. R. J. Org. Chem. 1980, 45, 3496. Franke, W.; Schwarz, H.; 
Stahl, D. Ibid. 1980, 45, 3493. (c) For a dihydrodiborete see: Budzelaar, P. 
H. M.; Schleyer, P. v. R.; Krogh-Jespersen, K. Angew. Chem. IEE 1984, 23, 
825. 

(12) Honjou, N.; Pacansky, J.; Yoshimine, M. J. Am. Chem.Soc. 1985, 
107, mi. Ibid. 1984,106, 5361. Kello, V.; Urban, M.; Noga, J.; Diercksen, 
G. H. F. J. Am. Chem. Soc. 1984, 106, 5864. 

(13) Wiberg, K. B.; Bonneville, G.; Dempsey, R. Isr. J. Chem. 1983, 23, 
85. Wagner, H.-U.; Szeimies, G.; Chandrasekhar, J.; Schleyer, P. v. R.; Pople, 
J. A.; Binkley, J. S. J. Am. Chem. Soc. 1978,100, 1210. Hehre, W. J.; Pople, 
J. A. Ibid. 1975,97,6941. 

(14) Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. v. R. 
J. Am. Chem. Soc. 1981, 103, 5649. 
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geometries were completely optimized within each assumed symmetry 
by using the standard 3-2IG and 6-3IG* basis sets;17 a conjugate gra
dient method based on analytical first derivatives was used.18 Population 
analyses were based on the Mulliken method.19 The 3-21G force con
stant matrix was computed by numerical differentiation of the analytical 
energy gradient. None of the structures has a negative eigenvalue and 
hence all are equilibrium structures. The 6-3IG* energies and geome
trical parameters of these structures as well as the C1-C2 Mulliken 
overlap population are listed in Table I. 

Results and Discussion 
In maintaining the analogy of replacing the vicinal hydrogens 

of ethylene with a single group, we compare the influence of C:, 
CH+, BH, and Be bridging in four-membered ring structures. 
These electron-deficient groups, which are isoelectronically or 
isolobally related, influence the character of the C-C bonding 
interaction. We focus on three important aspects in the four-
membered ring structures: (a) the C-C transannular distance, 
(b) the peripheral (ring) bond distances, and (c) the electronic 
bonding features. 

Experimental data on C4 and C4H2
2+ suggest the possible ex

istence of rhombic forms beside the (triplet) linear cumulenes.20 

This is supported by a series of recent theoretical studies on these 
species.15,21 Inspection of the 6-3IG* MO framework of the 
structures C4 (5), C4H+ (6), and C4H2

2+ (7) reveals that the two 
highest MOs are important in reducing the anticipated large 
strain.15 The HOMO (orbital 12, ag) displays nonbonding or 
cr-bond-deficient character between C1-C3 with the electron density 
mainly located outside the molecule. The next highest occupied 

MO (11, b3u) displays four-center (aromatic) 7r bonding, and 
therefore the C1-C3 interaction is also -K bond deficient. Thus, 
despite the short distances beteen C1 and C3 of 1.457 A in C4, 
1.520 A in C4H+, and 1.593 A in C4H2

2+, there is no direct 
bonding between these carbons, which is in accord with the 
negative Mulliken C1-C3 overlap populations of-0.063, -0.013, 
and -0.236, respectively. The elongation of the C1-C3 distance 
in the series C4, C4H+, and C4H2

2+ suggests some influence of 
Coulombic repulsion. The aromatic nature of these compounds 
is supported by their relatively short peripheral bonds, which range 
between 1.425 A for C4 and 1.386 A for C4H2

2+. 
The bonding distances in the boron derivatives 8-10 are re

markably similar to those in the carbon analogues 5-7. Comparing 
the C1-C3 distance in the neutral species 5, 8, and 10 gives a 
maximum difference of only 0.013 A with an average distance 
of 1.462 A. For the monocations 6 and 9 this difference is 0.009 
A with a slightly larger average C1-C3 distance of 1.525 A. Also 

(16) Binkley, J. S.; Whideside, R.A.; Krishnan, R.; Seeger, R.; DeFrees, 
D. J.; Schlegel, H. B.; Topiol, S.; Kahn, L. R.; Pople, J. A.QCPE 1981, 13, 
406. The IBM version: Van Kampen, P. N.; Smits, G. F.; De Leeuw, F. A. 
A. M.; Altona, C. QCPE 1982, 14, 437. 

(17) (a) The 3-21G basis: Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. 
Chem. Soc. 1980,102, 939. Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, 
W. J.; Hehre, W. J. Ibid. 1982,104, 2797. (b) The 6-31G* basis: Hariharan, 
P. C; Pople, J. A. Theor. Chim. Acta 1973, 28, 213. 
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Asirophys. J. 1976, 204, 301. Thompson, K. R.; DeKock, R. L.; Weltner, 
W., Jr. J. Am. Chem. Soc. 1971, 93, 4688. For C4H2

2+ see: Rabrenovic, M.; 
Beynon, J. H. Int. J. Mass Spectrom. Ion Proc. 1093, 54, 87. 
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J. A.; Schleyer, P. v. R. Chem. Phys. Lett. 1981, 78, 538. Ritchie, J. P.;King, 
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the peripheral C-C bonds in the boron compounds are nearly 
identical with those in the corresponding carbon ring structures, 
i.e., 1.418 A in 8 vs. 1.425 A in 5 and 1.345 A in 9 vs. 1.352 A 
in 6. The C-B bond lengths average 1.492 A and are substantially 
shorter than 1.575 A, calculated (6-31G*) for the single bond 
length of methylborane.3a Hence, the structural properties of 8-10 
appear to be in full agreement with the concept of inverted 
tricoordinated carbons outlined for 5-7. 

Although the C ,-C3 distances are very similar, the electronic 
properties of the boron derivatives 8-10 are, however, slightly 
different from their carbon analogues. In contrast to 5-7, the 
Mulliken C1-C3 overlap populations are positive for all boron 
isomers. Exchange of C: and CH+ for BH results in an average 
change in the C1-C3 overlap population of +0.197 and suggests 
increased bonding between C1 and C3. Since the HOMO in 8-10 
remains of essentially nonbonding a character (like in 5-7), it 
follows that the C1-C3 interaction in the boron derivatives must 
be of Tt nature. Indeed, the next highest occupied MO shows 
enhanced x overlap between C1 and C3. In this aromatic ir orbital 
the coefficients on the carbons are slightly larger than those on 
the borons. 

The validity of inverted geometries of tricoordinate carbon was 
tested by substitution of these carbons for borons. If indeed the 
HOMO does not contribute to bonding in the carbon derivatives, 
then analogues with these two fewer electrons should maintain 
essentially the same orbital structure.5e This is indeed the case 
on comparing 10 with the all-boron compound B4H2, 15. In 15 
both the ring and the bridgehead-bridgehead B-B bonds remain 
short, 1.604 and 1.690 A, respectively, whereas typical B-B single 
bond distances are 1.65-1.90 A.22 Further, the bond order 
between the bridgehead atoms in 15 and 10 are nearly identical, 
0.306 and 0.330, respectively. 

The bonding distances in the beryllium derivatives 11-14 are 
surprisingly similar to those of the isolobal carbon and boron 
analogues 5-10. The C1-C3 distance in C2Be2 (1.458 A) differs 
by only 0.001 A (!) from that in C4 but is shorter by 0.039 A in 
C3Be. Again the monocation has the longest C1-C3 distance 
(1.484 A) but is shorter than in both the boron and carbon 
analogues. The peripheral C-C bond in neutral 11 is nearly 
identical with that in 5 and 8, while this C-C bond in cation 12 
compares well with that in 6 and 9. Even the ring C-B bond in 
13 is of nearly the same length as that in 8 and 10. The average 
C-Be bond length of 1.576 A in the structures 11-14 is sub
stantially shorter than 1.699 A, calculated (6-3IG*) for the single 
bond length of methylberyllium hydride.33 The structural pa
rameters of 11-14 suggest that also these structures have inverted 
tricoordinated carbons. 

Despite the similarity in bond length in the four-membered ring 
structures, beryllium substitution has an even larger impact on 
the electronic properties of the carbon derivatives than boron. This 
evident from the Mulliken C1X3 overlap populations, which are 

(22) Lipscomb, W. N. Boron Hydride Chemistry; Muetteties, E. L., Ed.; 
Academic: New York, 1975; Chapter 2. 

significantly more positive for all beryllium isomers. For example, 
exchange of BH for Be results in an average change in the C1-C3 
overlap population of +0.073. Illustrative is the series C4, C2B2H2, 
and C2Be2 with respective C1-C3 overlap populations of-0.063, 
0.330, and 0.495. This suggests that on substitution of C: for BH 
and for Be, the C1-C3 bonding increases. The contribution of Be 
to the ir molecular orbital is very small, resulting in a three-center, 
two-electron (CCC) ir interaction in 11-13 and an even stronger 
two-center C1-C3 r overlap in 14. 

Also in 14 (and to a lesser extent in 13) the a orbital shows 
more bonding character between C1 and C3 and is no longer the 
HOMO but the next highest occupied MO. Consequently, when 
C: or CH+ is substituted for B and for Be, the % and o- bonding 
between the bridgehead carbons increases, resulting in significant 
ionic character in the C-Be interaction in 14. A recent ab initio 
study on the related three-membered ring structure berylliryne 
(cyclic C2Be) also showed ionic character for the C-Be bond.23 

Similarly, magnesium dicarbide (C2Mg) was shown to be ionic.24 

In conclusion, the bonding phenomena in inverted trigonal 
geometries of tricoordinate carbons (sp2) compare well with those 
of the recently reviewed7 inverted tetrahedral geometries of tet-
racoordinated carbons (sp3). Thus, the HOMO of the highly 
strained [l.l.l]propellane (2), elegantly synthesized by Wiberg 
and Walker,5a is of <r-deficient character with no appreciable 
electron density between the bridgehead carbons (C1 and C3)

5'6 

and is similar to the HOMOs of the four-membered ring structures 
5-14. The short C1-C3 distance in 2 of 1.543 A (HF/6-31G*)5a 

was shown to result from two three-center two-electron interactions 
with the CH2 bridges,5 also termed tr-bridged ir bonds.56 The short 
C1-C3 distance in 5-12 results from one four-center, two-electron 
ir interaction.25 The increased C1-C3 overlap in 14, as compared 
to 5, is in agreement with Epiotis' qualitative study26 on <x-deficient 
molecules and is the result of the more ionic nature of the beryllium 
dicarbides.27 
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