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Abstract: Using a new charge-compensation strategy, we designed neutral molecules with perfectly planar
C(C)s-type tetracoordinate carbon arrangements (ptC) employing DFT computations. These designs, based
on the planar preference of methane dications, replace two remote carbons in spiroalkaplanes by borons
or two remote hydrogens by BH; groups; the two formally anionic boron units which result compensate the
formal double positive charge on the central ptC’s. The LUMOSs correspond to the “wasted” lone pair HOMOs
of the alkaplanes. As compared to the latter, x occupancies on the central carbon are much smaller (less
than 0.7e), and the IPs are much larger. The newly predicted compounds utilize all of the electrons more
effectively. There are no lone pairs, and the ptC—C bond lengths are ca. 1.50 A. The Wiberg bond index
sums of the ptC's are near 3.2, and the boron sums are close to 4.

1. Introduction

Since the stimulating suggestions of Hoffmann, Alder, and
Wilcox (HAW)!in 1970, the computational design and experi-
mental realization of molecules with planar tetracoordinate
carbons (ptC) have made notable progfesdost of the
successful examples involve bofdA-®or metafc—¢+6 substit-
uents. The achievement of C(&ype ptC arrangements, where
the central carbon is surrounded by four carbon-based groups,
is more challenging. In 1999, Keese ef atated that “despite
considerable computational efforts, no structures with a planar-
tetracoordinate C(G)have been found.”

The electronic structure of planar methane (that is;al@e
pair HOMO ando electron-deficient €H bonds) led HAW
and later Keese et 8lto propose an “electronic” stratetfyto
delocalize ther lone pair by incorporating ptC’s into aromatic
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Table 1. Smallest Imaginary or Real Frequencies Freq (in cm™1);
7 Occupation of ptC’s; Wiberg Bond Indexes of ptC (WBlyc)
Bonds and the Totals at Boron (WBIg); NBO Charges on ptC
(Qptc); Koopmans' lonization Potentials (IP); and the Energy
Difference between Singlet and Triplet (AE(S—T))

Freg? i WBlyc  WBIg Que P AE (S-T)
1 Do, 592i 1.24 0.90 —0.32 5.1
2 Do, 5291 1.68 0.72 —-0.51 2.8 34.3
2t Dy 187 1.04 0.74 —-0.01 9.1
22t Dy 174 050 0.80 0.35 154 50.3 3 (Cy5Hya) 4(C,;B,H,,) 6 (CgyBHyy)
8 D 2081 168 071 ~048 28 343 Figure 2. B3LYP/6-311-G** geometries of5—12
4 Dg 119 059 068 32 -070 45 111 lgure < g '
5 Con 147 052 0.78 3.7 0.34 6.3 25.2
673 82*‘ igg ggg ggg gg 8;’3 gg 3‘2“11 them at B3LYP/6-31+G**. The latter results will be discussed, unless
e Ci: 63 058 080 29 018 64 a1 stated otherwise. The B3LYP/6-31G** structures with key geo-
8 Cum 77 059 077 39 031 63 131 metrical parameters are displayed in Figures 1, 3, and 4, and the
9 Con 236 048 0.79 3.7 0.23 6.5 16.6 Cartesian coordinates and energies are given in the Supporting
10 Con 145 0.60 0.80 3.8 0.31 6.3 29.2 Information.

11 Cy; 228 053 080 37 0.32 6.2 23.6
12 Cx 119 064 081 3.8 0.31 6.1 14.8

a At B3LYP/6-31G*. b Like 7, but with AlHz in place of BH groups.
¢Vertical energy difference at the singlet geometry.

(employing strain in nonaromatic hydrocarbons to hold the
valences in place)1!

Radom et af?1213designed a family of alkaplane molecules
(for example, spirooctaplane) which incarcerate the ptC
candidate in hydrocarbon cages. Although approaching a planar
C(C)-type ptC more closely than ever before, such “mechan-
ical” designs without “electronic” assistance must struggle hard
to overcome the enormous strain of a ptC with a [pne pair
HOMO .1 More buttresses were needed to achieve planarity (for
example, in3).13 As Radom et al. noted3 is a minimum at
MP2 but not quite at the B3LYP/6-3%#%5(3df,2p) level. (At
B3LYP/6-31G*,3 has a 279i cm! imaginary frequency, Table
1). The lone pair HOMO o8 is shown in Figure 2.

The ptC lone pair is absent in the “electronically assisted”
alkaplanes we describe here (séand 6 in Figure 2). Our
computationally designed family with perfectly planar C{C)
type ptC arrangements is achieved by an unconventional
“charge-compensation” straté§yhat has considerable potential
in other applications.

2. Computational Methods

Using Gaussian 98, we optimized and characterized structures by
frequency computations at B3LYP/6-31G* initially, and then refined
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Scheme 1. Energy Differences (AE in kcal/mol) between Planar
and Tetrahedral Structures of Methane, Methane Radical Cation,
and Methane Dication at B3LYP/6-311+G** + ZPE?

1.091 090
Ty Minimum D4n NIMAG=4 Planar C,, NIMAG=2
AE=0.0 AE=125.7 AE=121.0
1+ —-l 1+
\ 122 —I 1.116
Doy Minimum Dy, NIMAG=4 Planar C,, NIMAG=2
AE=0.0 AE=17.2 AE=15.3
2+ 2+
1.237 _I 1.183 _I
Triplet
D,y Minimum Dy, Minimum Planar C,, Minimum
AE=56.2 AE=0.0 AE=13

aNIMAG gives the number of imaginary frequencies.

3. Results and Discussion

Removal of the destabilizing ptC lone pair electrons planarizes
the central carbon arrangement. As shown in Scheme 1, the

planar methane dication is a minimdiand the planar methane
radical cation is only modestly less stable than its tetrahedral
alternatives® Like Radom et al.’¥ result on the octaplane
radical cation, we find that the spirooctaplane radical cation,
2+, with only a single p electron in its HOMO, has a planar
ptC. Likewise, the spirooctaplane dicatioB?", also is a
minimum in Do, symmetry (Table 1); the p-orbital on the
central carbon is now the LUMO rather than the HOMO. On

While 4 has a perfect ptC, it is not of the C(&ype; 2"
and 22t do have perfect C(Gtype ptC’s but are not neutral.
Our goal, a perfect C(@)ptC in neutral molecules, can be
realized by simply replacing two carbomemote from the
central positionof 2 by borons (Figure 3). As illustrated Ky
(Can) which has the requisite symmetry for perfect ptC planarity,
the two new formal BH anion groups compensate the formal
double positive charge on the ptC. Inde&ds a minimum at
B3LYP/6-31G*; the smallest frequency is 146.7 th{Table
1). Compounds shows that the BKgroups also can function
as tetracoordinated bridges. Furthermore, many types of pendant
anionic groups can achieve the charge compensation; this is
illustrated here most simply by the BHubstituents irv and
8, as well as the AllIs in 7a (not shown, but like7; see Table
1)1 Compounds9—12 illustrate that other placements also
achieve the desired goal. The usuat fBne pairs on ptC'’s are
accommodated instead by the four adjacent boron atoms in the
boraplanes (for exampld); the HOMOs involve multicenter
4c-2e BBBB bonding. The same principle is utilized, but the
HOMOs of 5—12 involve BC bonds (for example, iB) and
BH bonds (for example, ir7). Despite the different types of
HOMOs, d LUMOs correspond to the lone pair HOMOs of
the alkaplanes As an illustration, Figure 2 compares the
HOMOs of 3, 4, and6. As described above faf (relative to
22%), the one extra electron pair 6f-12 results in two central
2c-2e C-C bonds. (Note that there is only one electron pair
for the equatorial 4c-2e BBBB bonds in the boraplanes, for
exampled4.) The charge-compensation principle we employ here
to achieve ptC arrangements also differs from that in metal-
containing ptC complexes where the ptC carbon i%- sp
hybridized and the electronic interactions between the metal(s)
and the central carbon stabilize the ptC arrangen?érftg.

Compound, 3, and5—12 all contain a common, formally
dicationic C(C) planar spiropentane substructure. Note that the
planarD2, form of the parent, neutral spiropentane, is 97.1 kcal/

|moI less stable than the normal “tetrahedr&l3y structure

(Scheme 2). The removal of two electrons from spiropentane
results in a planabyy structure, which is 12.0 kcal/mol more
stable than théD,y form. However, the planar spiropentane
dication also has a C(¢)yubstructure likes—12, but it is a
first-order saddle point. This shows that the additional cage
effect is needed to achieve the ptC arrangement.

the basis of a similar design, we achieved ptC arrangements The NBCG*2 r occupancies on all of the central carbons of

recently in a family of neutral compounds, the borapldhger
example 4; the borons are shown in orange4r12). Instead
of a ptC lone pair, the HOMO is a 4c-2e BBBBMO (Figure
2). Although22* and4 utilize the same basic principle to achieve

4—12 (Table 1) are small and are comparable to the value (0.5)
of dication2?*. These nonzero occupancies are due to hyper-
conjugation between the formally vacant central carbon p
orbitals and the eight adjacent perpendicular@bonds. In

their ptC arrangements, these compounds are not isoelectroniccontrast, ther occupancies are 1.68e in bafand3 and 1.04e

2%t has two more electrons thain This extra pair of electrons
goes into one of a pair of degenerate orbitals, Zhddistorts
from Dgp, to Doy symmetry. Therefore, there are two perimeter
2c-2e C-C bonds at the equator @, whereas there is only
one pair of electrons for the 4c-2e bonding of the central BBBB
perimeter in4.

(17) (a) Pople, J. A.; Tidor, B.; Schleyer, P. v. &hem. Phys. Lettl982 88,
533. (b) Siegbahn, P. E. NChem. Phys1982 66, 443. (c) Wong, M. W.;
Radom, L.J. Am. Chem. S0d 989 111, 1155.
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Angew. Chem., Int. Ed. Engl994 33, 1667.

(20) Wang, Z.-X.; Schleyer, P. v. R. Am. Chem. So001, 123 994.

in radical cation2**. While the C-CyptC) Wiberg bond
indexes (all around 0.8) are less than that in ethane (1.04), the
C—Cyic bond lengths (ca. 1.49 A) are actually slightly shorter
than those of normal single-6C bonds (for example, 1.53 A

in ethane). The borons —12 have Wiberg bond index totals
close to 4. This demonstrates that these boron groups, in effect,
attract electrons from the central ptC carbonahnd3. The

(21) We have explored the use of several different kinds of pendant groups
(which have advantages in the design of other charge-compensated
molecules), but we illustrate the idea here only withs8H

(22) Natural bond orbital (NBO) analysis: Reed, A. E.; Curtiss, L. A.; Weinhold,
F. Chem. Re. 1988 88, 899.
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Scheme 2. Energy Differences (AE in kcal/mol) between Planar
and Tetrahedral Structures of Spiropentane, Spiropentane Radical
Cation, and Spiropentane Dication at B3LYP/6-311+G** + ZPE?

Planar Dy, NIMAG=2
AE=97.1 AE=0.0

‘ "

57(Cy9ByHyy, Co) 77(C21B;Hag Cap)
Figure 4. B3LYP/6-311-G** structures of the radical anions 6f~ and
7.

We also were interested in the bond shifting processes in the
equatorial perimeter, and we studigi™ as an example.
Although we failed to locate a transition state for the bond
shifting, the barrier appears to be very high because of the large
difference in the initial CC distances in the perimeter. This
differs from the situation in cyclobutadiene.

Planar Dy, NIMAG=2
AE=15.6

4., Conclusions

We have employed a charge-compensation strategy to design
a family of neutral molecules with C(@}ype planar tetraco-
ordinate carbons. In the alkaplanes, for exampland 3, the
lone pair electrons on the central carbons are “wasted” in
nonbonding HOMOs. As in the boraplanes (for examgle,

2.93 total Wiberg bond index for aluminum #a reflects the ~ the ptC ps orbitals are the LUMOs in the present charge-
partially ionic bonding. compensated compounds<12) (see Figure 1). The “missing”

The unfavorable electronic structures of the a|kap|anes also electrons are utilized eﬁectively for bonding. In contrast to the
are responsible for their exceptionally low Koopmans’ ionization alkaplanes, these new species have unambiguous, perfectly
potentials (IP), for example, 2.8 eV for bothand 3.13 The planar tetracoordinate C(&ninima, positively charged ptC’s
larger IPs (6.£6.3 eV) of 5—12 resemble those of benzene Wwith much lower psr occupancies, and much larger Koopmans’
(6.7 eV), naphthalene (5.8 eV), and azulene (5.2 eV). As shown ionization potentials. Althougb—12 can be considered to be
by the AE(S—T) in Table 1, all of the singlets are more stable zwitterions, none of the atoms have large positive or negative
than the corresponding triplets. charges. The charges are “spread out” over the whole molecule.

As indicated in Scheme 2, the removal of one electron from Consequently, in conceiving ptC candidates, it is more fruitful
spiropentane is not enough to planarize spiropentane2¥et  to base designs on the inherently planar methane dication as
has a perfect ptC arrangement due to the cage effect. Thisthe parent, rather than on methane itself.
indicates that the unfavorable LUMO can be singly occupied
without losing the ptC arrangement. Figure 4 shows that this
also is true for the present systems. At B3LYP/6-31G*, the
smallest frequencies &~ and7*~ are 159.0 and 112.0 cth
respectively.

Our new ptC stabilization strategy results in charge delocal-
ization, but not of the conventional type. The positive charges
on the central carbons &—12 (Table 1) and the similar
negative charges on the boron groups are much less than th
formal +2 (ptC) and—1 (boronate) charges of the conceptual
model. Note that the charge on the central carbon in dication
2%t is only+0.35. In contrast, the charges on the central carbons
of 1—3 are negative. JA0265310

Planar Dy, NIMAG=1 Daq NIMAG=2
AE=0 AE=12.4

aNIMAG gives the number of imaginary frequencies.

In subsequent papers, we will apply the charge-compensation
strategy to the solution of a wide range of structural problems.
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