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Using previously proposed C(BH)z(CH); (16, 17) and C(CH);B; (22) systems with a central planar
tetracoordinate carbon (ptC) atom linking two three-membered rings as building blocks, a series
of stable structures containing two and three ptC centers within a molecule have been designed
and computationally studied with the DFT (B3LYP/6-311+G**) method. Inclusion of a carbon atom
ligated with s-accepting and o-donating boron centers into at least one aromatic ring is critical for
stabilization of a planar structure. A square pyramidal configuration at tetracoordinate carbon
may be achieved in appropriately strained molecules such as [3.3.3.3]tetraborafenestrane 45 and
others by surrounding the carbon with boron-centered ligands.

Introduction

The quest for nonclassical structures of organic com-
pounds has taken two directions. The first one is the
construction of nonclassical organic compounds contain-
ing tetracoordinate carbon atoms in nonstandard (i.e., not
tetrahedral, 1) stereochemical environments.! =5 The sec-
ond direction, closely connected and entangled with the
first one, searches for organic compounds containing
hypercoordinate carbon centers.?3#-17 This second ap-
proach has been extended to other main-group element
compounds with unusual coordination and/or configura-
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tion of their bonds.?~!! Apart from protonated methanes,
in which the coordination number of carbon has been
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shown to be capable of increases up to seven,® a variety
of rather unusual structures with planar penta-,'?* hexa-
,1314 hepta-,'® and octacoordinate!®® carbon, hepta- and
octacoordinate boron,® silicon,'2 and phosphorus!%2 have
been computationally developed. Recently, carborane
sandwich systems, in which the central carbon forms
multicenter bonds with up to nine neighboring centers,
have been predicted to be stable.!”

The nonstandard (nonclassical) topologies of tetraco-
ordinate carbon explored are principally four: planar 2,
pyramidal 3, inverted (umbrella) 4, and bisphenoidal
(half-planar) 5. In a spectacular achievement, organic

st F

compounds with an inverted, umbrellalike configuration
4 of four bonds at a carbon center, the small propellanes,
were predicted and subsequently synthesized by Wiberg
and co-workers'®2 and Eaton and co-workers.'®® A carbon
bond configuration very close to the bisphenoidal type 5
is observed in a number of carbide clusters and other
organometallic compounds®®~2! and was theoretically
predicted in tricyclo[2.1.0.0 1-3] hexane 6?2 and polypris-
manes 7—9.23.24
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The general strategy of stabilization of a planar tet-
racoordinate carbon (ptC) center 2, first put forward by
Hoffmann, Alder, and Wilcox,! suggested surrounding
such a center with m-accepting and o-donating ligands
and its incorporation into aromatic rings. This design has
subsequently been complemented by inclusion of a ptC
into small rings,?® as well as steric enforcement of the
planar orientation of the bonds.?672% Such considerations
led to a number of intriguing theoretical predictions (and
syntheses) of diverse molecules and ions containing ptC
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atoms.? %30 A few recent examples of nonclassical struc-
tures containing ptCs are shown in compounds 10—18.
Some of these are theoretical predictions; some realized
kinetically persistent compounds.
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Pyramidalization of ptC centers (2—3) is usually a
stabilizing deformation.?! However, instances where this
type of distortion leads to a stable molecule with a
tetracoordinate pyramidal carbon are restricted to the
archetypal pyramidane ([3.3.3.3]fenestrane) 19332 and its
derivatives, e.g., 20 and 21.%3
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This paper pursues the computational design of novel
types of nonclassical organic compounds containing one
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or more tetracoordinate planar or pyramidal carbon
centers. We also wish to gain further insight into the elec-
tronic and steric factors making for the stability of such
stereochemically nonstandard species. Previous work in
this direction? 7151325 revealed that an important struc-
tural feature facilitating adoption by a carbon atom of
the anti-van’t Hoff (square-planar or pyramidal) config-
uration is the inclusion of carbon into various boron-
containing rings and cages. This provides for additional
stabilization through ligand—ligand interactions.!3:30d
This direction of research is continued in this paper,
which also considers the nature of bonding in compounds
with planar and pyramidal carbon centers. We also look
at the factors defining the energy balance between planar
and pyramidal configurations of carbon atoms, depending
on the number and the ordering of ligating boron atoms.

Computational Methods

The density functional theory (hereafter abbreviated as
DFT)3* calculations were carried out by the restricted Har-
tree—Fock method using the Gaussian 98 system of programs3>*
with the 6-311+G** basis set. Becke’s three-parameter hybrid
functional with the Lee—Yang—Parr correlation functional
(B3LYP)?*~d was used in the DFT calculations. All the
structures corresponding to the stationary points on the
respective potential energy surfaces (PES) were optimized
until the maximum Cartesian gradient was less then 107
hartrees bohr™! (key word “tight”). Analytic harmonic frequen-
cies at the same level of approximation were used to charac-
terize the nature of the stationary point corresponding to the
structure under study and to evaluate zero-point energy
correction (ZPE). Ab initio calculations carried out by the
restricted Hartree—Fock method, including correlation of all
electrons (key word “full” in Gaussian 98) according to a
second-order Mgller—Plesset scheme, gave results not differing
in essence from DFT calculations. Those calculations are not
presented in the text but are available in Supporting Informa-
tion. Orbital diagrams were constructed with the EHMO
method,? as incorporated in the CACAQO3” program. Molecular
structure images presented herein were obtained using the
program package GaussView,®® with the final Cartesian
coordinates of atoms obtained in the optimization process as
the input.

Results and Discussion

1. Building Blocks. The previously studied simple
systems 11,° 16, and 17'33% gnd the new 22 (derived by
removing two hydrogens from 17) will serve us as
building blocks for the rational design of various electri-
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Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
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Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.9; Gaussian, Inc.: Pittsburgh, PA,
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FIGURE 1. Geometries of the planar compounds 16, 17, and
22 corresponding to the minima on the respective PESs
calculated by the BSLYP/6-311+G** method. The bond lengths
are indicated in Angstrom units.

cally neutral compounds containing ptC atoms. The
molecular structures of 16, 17, and 22 calculated by the
B3LYP/6-311+G** method are shown in Figure 1.

In molecule 16 we have a very short B—B bond (even
shorter than that calculated in HB=BH, 1.523 A); in 17,
the corresponding BC bond length of 1.402 A is only
slightly longer than that calculated in H,C=BH (1.376
A) and substantially shorter than a typical CB bond
single bond (1.554 A) in H3C—BH,. Throughout this
paper, we are faced with an insoluble problem, one that
becomes immediately apparent here: how to describe
with symbols derived from a heritage of classical CC
bonding novel types of bonding that are inherently
nonclassical.

B g ST
D — <
R g B g
16, Ca 16a
/HC\C /C\H T\C /(\T / e /\ HC§E'<CH
wa HB/ \BH HB- - -~ b we e
17, Cay 17a 17b 17¢%°
HC_ __CH
N/
B—B
22, s

Our tentative proposal is that 16 can be viewed as an
internal 7-complex3™ (16a) between a cyclopropenylidene
and a double BB bond. This bonding perspective is
analyzed in Figure 2. One of its important features is
that it explains the very short BB bond, by partial
population of the second z-system of HB=BH.

The bonding situation in 17 is hard to summarize by
a single symbol (17a—c represent attempts), but it also
has elements of carbene complexation. Consider the
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FIGURE 2. Schematic interaction diagram for a cycloprope-
nylidene (right) interacting with a linear HBBH (left). Orbitals

are labeled as symmetric (S) or antisymmetric (A) with respect
to a horizontal mirror plane.

starting point of a carbene linked to two HC=BH units.
The o-system of this molecule is clearly set up for a three-
center, two-electron o-bond. Two mz-orbitals are also
occupied. The bonding scheme suggested implies some
B-+:B bonding. The relevant distance is actually quite
long, at 2.40 A.

One way to approach the electronic structure of 22 is
to take 17 and remove two hydrogens from it, to form a
hypothetical 22a. The two radical lobes at B in 22a can
then form a B—B bond. The B—B distance in 22 is typical
of a single B—B bond (1.629 A calculated for Ho.B—BH,).
22b and 22c¢ try to describe the nonclassical bonding
pattern that results.

EI\c/g\ o, /?59(?\ By A/
Hl!/Q@O\BH 5/ -------- \BG \\B_B// \\B—B//

17 22a 22b 22¢
We also see a relationship between the bonding here

and that in a fascinating ditantalum propynylidene
complex, 23.3%

\c/ o
., // \Ta‘ '
Ta, , . \
cn/ _H Cp*
H
23

What are the factors stabilizing these molecules?
Clearly three-center, two-electron o- and 7-MO systems
are attained. Each of the two occupied 7z-orbitals of 16 is
located in one of the three-membered rings, and its shape
within each ring (Figure 3) is similar to the occupied
m-orbital of an aromatic cyclopropenium cation. Strong

(39) (a) Resonance structure 17¢ was proposed by a reviewer. (b)
Huang, J.-H.; Luci, J. J.; Lee, T.-Y.; Swenson, D. C.; Jensen, J. H;
Messerle, L. J. Am. Chem. Soc. 2003, 125, 1688. (¢) Minkin, V. I;
Minyaev, R. M.; Dorogan, 1. V. J. Mol. Struct., THEOCHEM 1997,
398-399, 317.
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interligand interaction between the peripheral boron
centers of 22 serves as a complementary stabilizing effect
operating in this compound.

2. Building Up More Complex ptC Molecules.
Structural units 11, 16, and 17 can be used as building
blocks for the construction of more complex organoboron
systems with one, two, and three ptCs, whose structures
are pictured in Figure 4. In general, lines in our drawings
represent a provisional bonding assignment based in part
on calculated bond lengths, in part on simple bonding
formalisms.

Stabilization of the borabenzenes 24, 30, and 31
containing ptC centers is achieved through the same type
of bonding as in the parent system 16, whereas for 26
the bonding closely resembles that of 17 (compare the
shape of the occupied z-orbitals in Figures 3 and 5).

Because of the very unsymmetrical bonding environ-
ment of the ptC, one of the CB bonds in compounds 24
and 26 is markedly elongated compared with 16. Non-
classical structure 24, containing a ptC center, is com-
puted to be preferred in energy compared to its isomer

25.
: I, :
e + ~N
H ZH H H X H
H H H
24 25 24°

Analogously, according to the DFT calculations, non-
classical structures 26 are lower in energy than 27 (the
Lewis structure of which is drawn according to the
calculated charge distribution), which is the transition
state for the rearrangement?’ 26—=27—=26'. It is worth
noting that the geometry of the triangle fragments
including ptC centers in 26 closely resembles that of 12.°

H H H H

HBﬁBH i —

—=—*> HB—B+ +B=BH =—=

B B =
=(

H H H H
26 27
H
= /\\(i
— B
Ve + BH
A A HBS N 87
HE BH H
H H H
26° 28, C;

We note that the diboron-bridged compound 26 also
has a trans isomer 28, which is 7.3 kcal/mol less stable
than the cis form.

The lengths of the CB bonds in compounds 26, 28, 29,
and 31 are typical of ordinary CB bonds, and are close
to experimentally determined CB bond lengths in bo-
ratabenzene anion (1.514 A%°) and 1,4-difluoro-1,4-dibo-

(40) Herberich, G. E.; Schmidt, B.; Unglert, U.; Wagner, T. Orga-
nometallics 1993, 12, 2891.
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FIGURE 3. 7-Orbitals of planar systems 16, 17, and 22. Energy levels were calculated by the B3LYP/6-311+G** method.

rabenzene (1.571 A%). In 30, the distance between the
boron and carbon atoms incorporated into the six-
membered ring (1.639 A) is some 0.09 A longer than a
normal CB bond. In the DFT calculations the less
symmetrical isomer 29 is slightly (1 kcal/mol) preferred
to 30.

The stability of the highly symmetrical structure 31
with three ptC centers within a molecule is closely
associated with aromatic character of the internal Cs-
ring. The total Mulliken charge of this ring is +1.2 e.

31, D3y,

As seen in Figure 5, the frontier orbitals in the systems
24, 26, 30, and 31 are z-type orbitals, and these com-
pounds are characterized by substantial HOMO—-LUMO

gaps.

(41) (a) Onak, T.; Diaz, M.; Barfield, M. J. Am. Chem. Soc. 1995,
117, 1403. (b) Vaddren, P. S.; Modinos, A.; Timms, P.; Woodward, P.
JJ. Chem. Soc., Dalton Trans. 1975, 1272. (¢) Timms, P. L. J. Am. Chem.
Soc. 1968, 90, 4585

The basic structural units 17 and 22 may be used, in
an analogous way, to construct another group of com-
pounds, 32—36, containing ptC centers. Their geometrical
parameters are presented in Figure 6.

The carbon-containing, six-membered rings in 32 and
33 and the eight-membered ring in 34 are computed to
be strictly planar, and the lengths of the CC bonds are
close in value to those typical for CC,om bonds. Com-
pounds 35 and 36 are examples of various ways of
integrating several (in our case two) basic ptC blocks 22
in a common system. The geometrical parameters of the
compounds formed are affected in only minor ways; the
nature of bonding supporting the ptC centers does not
change. The trans isomer 36’ is 0.26 kcal/mol more stable
compared to its cis counterpart 36.

The stability of the nonclassical structures considered
above was determined by a combination of electronic and
steric effects, including (a) surrounding the atom with
m-withdrawing and o-releasing groups, (b) inclusion of
carbon into strained three-membered aromatic rings, and
(c) strong interligand attractive interactions between the
peripheral ligating centers.

Removal of any of these contributing factors, or sig-
nificant weakening of some of these, leads to deformation
from planarity at the tetracoordinate carbon centers. In
general, the distortions are associated with structural
relaxation in the direction of tetrahedral forms, but in
some cases, as we will see, they may lead to the formation

J. Org. Chem, Vol. 70, No. 17, 2005 6697
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FIGURE 4. Geometrical parameters of planar compounds 24—26 and 29—31, minima, and 27, a transition state, on the respective
PESs calculated by the B3LYP/6-311+G** method. The bond lengths are indicated in Angstrom units.
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E, eV

14

FIGURE 5. 7-Orbitals of planar systems 24, 26, 30, and 31.

of compounds with the rather rare square pyramidal
configuration of bonds.

3. Tetracoordinate Pyramidal Carbon. If in struc-
ture 16 one three-membered ring is removed through
substitution of the C—C double bond by two hydrogen
atoms, diboracyclopropane 37 is produced. This molecule
is not a minimum on its PES and converts to planar 38.

WI

\C/H
~77H

I

37

However, in accordance with earlier findings,® DFT
calculations showed that 38 is also not a minimum but
serves as the transition state for the rearrangement
11=38=11'. The most stable isomer is 39, which is more
energetically favorable than 11 by 30 kcal mol. The
calculated geometries of 38 and 39 are given in Figure
7.

Inserting a methylene group into the B—B bond leads
to 1,3-diboracyclobutane, the four-membered ring of
which adopts a puckered conformation 40 with two
classical tetrahedral carbon centers (Figure 7).23 Inter-
estingly, there is a relatively low barrier to twisting one
methylene group in this molecule; the transition state
for this kind of “inversion” of one C in 40 is 41, slightly
pyramidal (deviation of the CH bonds from the BBC

JOC Article

Energy levels are calculated by the B3BLYP/6-311+G** method.

plane is about 5°, Figure 7), and requires overcoming of
a comparatively low energy barrier (~27 kcal/mol).

-
| H* H*
A, — K -
B—8B
" / Sy HB——BH
11, Cs, 38, C5,(TS)
H*
|
C_H**
1 C
B/—\B'\ B/_\B
e H W\ / H
H
11°, C,, 39, Cay

For calibration, the barrier to inversion of the tetra-
hedral carbon in methane was calculated to be more than
100 keal mol,>"71° which exceeds the energy of cleaving
of a CH bond. There are no computed isomers of 40 with
a strictly planar configuration of bonds at the tetracoor-
dinate carbon. The peripheral ring in 40 is important for
stabilization of the pyramidal tetracoordinate carbon. No
energy minima on the respective PESs corresponding to
structures with a planar or pyramidal tetracoordinate
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35.D,,

36’, C,,
AE = -0.3 kcal/mol

FIGURE 6. Geometries of the planar compounds 32—36 corresponding to minima on the respective PESs calculated by the
B3LYP/6-311+G** method. The bond lengths are indicated in Angstréom units.

carbon were found*? for the acyclic diborylmethane CHj-
(BHy); or tetraborylmethane C(BHs),.

(42) Balakrishnarajan, M. M.; Hoffmann, R. J. Am. Chem. Soc. 2004,
126, 13119.

(43) Minyaev, R. M.; Quapp, W.; Subramanian, G.; Schleyer, P. v.
R.; Mo, Y. J. Comput. Chem. 1997, 18, 1792.
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In 1,3,5,7-tetraboraspiro[3.3]heptane 42 (Figure 8), two
additional boron centers adjacent to the tetracoordinate
carbon provide for further stabilization of the unusual
pyramidal configuration. The DFT calculations predict
that the pyramidal Cs, structure 42 (the distance of the
central C from the B-B—B—B plane is about 0.3 A; see
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& H NGRS o~
' j
40, C'}\. 41’ Cs (TS) 40,, Czp

38, C,(TS)

AE* = 31,6 keal/mol

41, C (TS)
AE* = 27.1 keal/mol

FIGURE 7. Geometries of the planar compounds 39 and 40 corresponding to minima and 38 and 41 corresponding to the saddle
points (transition state structures) on the respective PESs calculated by the BSLYP/6-311+G** method. The bond lengths and

angles are indicated in Angstréom units and degrees, respectively.

43,C,

AE =-0.3 kcal/mol

FIGURE 8. Geometric parameters of compounds 42 and 43 corresponding to the minima on the respective PESs calculated by
the B3LYP/6-311+G** method. The bond lengths and angles are indicated in Angstrom units and degrees, respectively.

also Figure 8) represents a local minimum. Energetically,
this structure is nearly equivalent to isomer 43, which
has a tetrahedral, albeit strongly deformed, carbon atom.
The two structures are remarkably similar in energy, the
DFT method predicts that tetrahedral 43 is only 0.3 kcal/
mol lower in energy. By comparison, the Dy, structure
of 1,3,5,7-tetraboraspiro[3.3]heptane with a ptC atom is
characterized by three negative force constants (1 = 3),
and its total energy is about 30 kcal/mol higher than
those of structures 42 or 43.

H H H
N \ B\ S \
\ /C\ / 1o ~
H H
42, Coy 43, C;

The relative destabilization of the planar structure may
be caused by the loss of stabilizing interligand interac-
tions due to insertion of methylene groups between the
boron centers. At the same time, surrounding a carbon
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FIGURE 9. CACAQ3%37 drawing of evolution of the occupied HOMOs of spiro[3,3]heptane and 1,3,5,7-tetraboraspiro[3.3]heptane
in various conformations. Energy levels are calculated by the EHMO method.3¢

atom in 42 by four boron-centered ligands turns out to
be sufficient for stabilizing a square pyramidal configu-
ration at the C. The role of the boron environment may
be probed through a comparison of the electronic struc-
tures of 42 and spiro[3,3]heptane, which is the hydro-
carbon analogue of 42. Both the planar and pyramidal
structures of spiro[3,3]heptane are destabilized by about
150 kcal/mol with respect to the standard tetrahedral
structure and, moreover, are not local minima on the
C-;Hi; PES. As may be seen from the orbital diagram in
Figure 9, the high energy of the planar form of spiro-
[3,3]heptane is due to destabilization of the HOMOs (by,
and bs,). One of these, b1y, is a pure p.-AO of the ptC, as
in the case of planar methane. Substitution of CHy groups
by BH groups (43) provides for stabilization of HOMOs
(b1w and bg,) and consequently leads to a lower energy
for the pyramidal and planar forms. As seen in Figure
9, in 42 and 43 the by, MOs are delocalized over the CB4
fragments.

Significant additional steric stabilization of the square
pyramidal carbon center is achieved in compounds 44 and
45 (Figure 10), through further closing of four-membered
1,3-boron cycles around the central carbon atom of 42.
For carbon analogues, the stable conformations are
structures with a (distorted) tetrahedral central carbon;?
such structures do not correspond to the minima on the
PESs of either 44 or 45.
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Continuing the exploration of further constraints, we
find that the planar D, conformation of [3.3.3.3]tetrabo-
rafenestrane 46 is sterically destabilized with respect to
45 and represents the transition state for the umbrella-
like inversion configuration at the square pyramidal
tetracoordinate carbon of the latter. The energy barriers
for the 45==46==45' interconversion were calculated to be
57.5 kcal/mol.

Searching for further electrically neutral structures
with hypercoordinate carbon atoms, we studied compu-
tationally systems C(BCHy), with n = 5 and 6. In both
cases, the optimization process led to structures with
square pyramidal tetracoordinate central carbons 47 and
48, respectively. The geometries of these structures are
displayed in Figure 11.

Conclusion

The planar configuration of bonds at tetracoordinate
carbon atoms in the simple carboranes 16, 17, and 22 is
ensured by the cumulative action of all principal elec-
tronic and steric factors favoring this nonclassical ster-
eochemistry. Inclusion of a planar carbon into at least
one aromatic three-membered ring appears to be manda-
tory for a stable structure. 7-Withdrawing and o-releas-
ing substituents and strong interligand interactions are
also needed. All these stabilizing features are present in
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46. D, (TS)
AE" = 57.5 kcal/mol
FIGURE 10. Geometric parameters of pyramidal compounds 44 and 45 corresponding to the minima and also structure 46

corresponding to the saddle point (transition state structure) on the respective PESs calculated by the BSLYP/6-311+G** method.
The bond lengths and angles are indicated in Angstrom units and degrees, respectively.
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44, C, 45, Cy, 46, D4 (TS) 45°, Cyy
1.619

47, C, 48, C,

FIGURE 11. Geometric parameters of compounds 47 and 48 corresponding to minima on the respective PESs calculated by the
B3LYP/6-311+G** method. The bond lengths and angles are indicated in Angstrém units and degrees, respectively.
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the structures (26, 28, 30, and 31), with two and three
planar tetracoordinate carbon centers, which we designed
using 16, 17, and 22 as versatile building blocks. The
requirements found should be kept in mind in thinking
about two-dimensional systems with planar tetracoordi-
nate carbon atoms. Less strict are the requirements for
stabilization of square pyramidal tetracoordinate carbon
centers, which are predicted to be present in compounds
42 44, 45, 47, and 48, where the apical carbon is
surrounded by s-accepting and o-donating basal boron
centers.
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