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Abstract: Sets of boron rings enclosing planar hypercoordinate group 14 elements (AB,"®; A = group
14 element; n = 6—10) are designed systematically based on geometrical and electronic fit principles: the
size of a boron ring must accommodate the central atom comfortably. The electronic structures of the
planar minima with hypercoordinate group 14 elements are doubly aromatic with six & and six in-plane
radial MO systems (radial MOs are comprised of boron p orbitals pointing toward the ring center). This is
confirmed by induced magnetic field and nucleus-independent chemical shift (NICS) computations. The
weakness of the “partial” A—B bonds is compensated by their unusually large number. Although a C;,
pyramidal SiBg structure is more stable than the Dg, isomer, Born—Oppenheimer molecular dynamics
simulations show the resistance of the Dgj, local minimum against deformation and isomerization. Such
evidence of the viability of the boron ring minima with group 14 elements encourages experimental
realization.

. Introduction containing planar carb®#r38 with even higher coordinatiof¥ 48

Molecules with non-classical bonding patterns, such as those!n 2000, Exner and Schley#rand Minyaev and Gribanot&
with planar hypercoordinate elements, excite atteriidn. mdgpendently predicted the v_|ab|I|_ty of several planar hexaco-
Monkhorst's 1968 computation of planBg, methane was the ordinate carbon molecules wnh_sx_x elec_trons. A year Iater,_
first theoretical investigation of a planar tetracoordinate carbon WWang and Schieyer reported building principles for generating
(ptC) configuration. Its extremely high energy precludes meth- @ host of plarjar p.entacoordlnate carbon dgnva‘thmml pointed
ane stereomutatichin 1970, Hoffmann, Alder, and Wilcox ~ Out that CB™ (with a planar heptacoordinate carbon) was a
suggested ways to reduce the strain energies of ptC molétules.Minimum, also with sixz electrons. They found that the next
Collins et al.’s systematic computational investigation identified Member of the sixr electron series, neutral GBdoes not have
the first molecules with ptC minima in 1978.The first a planar octacoordinate carbon minimum; the carbon atom is

experimental example of a ptC was reported by Cotton and

. . . . . 13) Boldyrev, A. |.; Simons, J. Am. Chem. S0d.998 120, 7967.
Millar in 1977} but the authors did not recognize their (14) Gribanova, T. N.; Minyaev, R. M.; Minkin, V. ICollect. Czech. Chem.
i i Commun.1999 64, 1780.
achievement at the timé. i i i i (15) Li, X.; Wang, L. S.; Boldyrev, A. I.; Simons, J. Am. Chem. S0d.999
The many subsequent theoretical and experimental investiga-~ " 121, 6033.
i i i (16) Rasmussen, D. R.; Radom, Angew. Chem., Int. EA.999 38, 2876.
tions of ptC molecules have inspired the quest for systems (17) Li X Zhang, H. F: Wang. L. S Geske. G. D.: Boldyrev. AAhgew.
P idad d . Chem., Int. Ed200Q 39, 3630.
. Universidad de Guanajuato. (18) Wang, L. S.; Boldyrev, A. |.; Li, X.; Simons, J. Am. Chem. So200Q
TU Dresden. _ 122 7681.
§ University of Georgia. (19) Wang, Z. X.; Manojkumar, T. K.; Wannere, C.; Schleyer, P. vOR].
(1) ??f;ger, K.; Schleyer, P. v. RHEOCHEM-J. Mol. Struct.1995 338 (20) I\_/stt. 20%1 )? 1824r?|. o 8. Am. Ch 02001 123 994
. ang, Z. X.; Schleyer, P. v. R. Am. Chem. So .
(2) Rottger, D.; Erker, GAngew. Chem., Int. EA.997, 36, 813. (21) Wang, Z. X.; Schleyer, P. v. R. Am. Chem. So2002 124, 11979.
(3) Minkin, V. I.; Minyaev, R. M.; Hoffmann, RUsp. Khim.2002 71, 989. (22) Merino, G.; Mendez-Rojas, M. A.; Vela, A. Am. Chem. So2003 125
(4) Keese, RChem. Re. 2006 106, 4787. 6026.
(5) Merino, G.; Mendez-Rojas, M. A.; Vela, A.; Heine, J. Comput. Chem. (23) Sahin, Y.; Prasang, C.; Hofmann, M.; Subramanian, G.; Geiseler, G.; Massa,
2007, 28, 362. W.; Berndt, A.Angew. Chem., Int. ER003 42, 671.
(6) Jemmis, E. D.; Jayasree, E. G.; ParameswaraBhBm. Soc. Re 2006 (24) Merino, G.; Mendez-Rojas, M. A.; Beltran, H. I.; Corminboeuf, C.; Heine,
35, 157. T.; Vela, A.J. Am. Chem. SoQ004 126, 16160.
(7) Radom, L.; Rasmussen, D. Rure Appl. Chem1998 70, 1977. (25) Pancharatna, P. D.; Mendez-Rojas, M. A.; Merino, G.; Vela, A.; Hoffmann,
(8) Monkhorst, H.Chem. Commurl968 18, 1111. R. J. Am. Chem. So2004 126, 15309.
(9) Hoffmann, R.; Alder, R. W.; Wilcox, C. FJ. Am. Chem. S0d.97Q 92, (26) Priyakumar, U. D.; Reddy, A. S.; Sastry, G. Netrahedron Lett2004
4992. 45, 2495,
ollins, J. B.; Dill, J. D.; Jemmis, E. D.; Apeloig, Y.; Schleyer, P. v. R.; steves, P. M.; Ferreira, N. B. P.; Corroa, RJ.JAm. Chem. So
(10) Collins, J. B.; Dill, J. D.; J is, E. D.; Apeloig, Y.; Schl P.v.R 27) E P. M.; Ferreira, N. B. P.; C RJ.JAm. Ch So@005
Seeger, R.; Pople, J. A. Am. Chem. So0d.976 98, 5419. 127, 8680.
(11) Cotton, F. A.; Millar, M.J. Am. Chem. Sod.977, 99, 7886. (28) Gribanova, T. N.; Minyaev, R. M.; Minkin, V. Russ. J. Gen. Cher2005
(12) Keese, R.; Pfenninger, A.; Roesle, Aelv. Chim. Actal979 62, 326. 75, 1651.
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planar hypercoordinate atoms have been reported by LP&al.
and by Erhardt et & Planar hypercoordinate main group atoms
by larger atoms, for example, boron and silicon ig Band centered in hexagonal hydrocopper complexes have been also
SiBg,*! respectively. This design followed the principles for proposed by Li et ai5°
achieving planar tetracoordinate main group element bonding We now survey hypercoordinate group 14 elements at the
laid out much earlier by Schleyer and Boldy®@\This requires center ofn-membered boron rings1(= 6, 7, 8, 9, and 10)rt
(1) a match in the radius of the outer ring and the size of the MR). Boron clusters utilize extensively delocalized bonds
central atom (its “atomic radius”) and (2) the presence of the readily. Due to its electron deficient character and propensity
appropriate number of valence electrons to occupy all binding for deltahedral bonding, boron is intrinsically suitable for
molecular orbitals. Very recently, Wang and Boldyrev observed designing ring systems containing hypercoordinate elements.
CB; in the gas phase, which, however, corresponds to a globalOur strategy for designing boron rings with planar hypercoor-
minimum with boron in center and the carbon in the outside dinate elements is based on the Schleyer-Boldyrev coné®pts.
ring 5t First, the cyclic boron ligand must have the right size to
Although the violation of Kekule-van't Hoff-Lebel rules in ~@ccommodate a group 14 atom inside without steric repulsion.
species with planar hypercoordinate carbon seems unusual and€cond, the electronic structure of the molecule is adjusted by
intriguing, molecules containing other hypercoordinate elements Varying charge so that the molecule has siand six radial
are no less attractive. Bofiéd<outeckyet al. predicted the first ~ €lectrons. We show here that successful applications of this
example of a molecule containing planar hexacoordinate boronStrategy can extend the class of planar molecules containing
in 199152 Further examples were reported subsequét§hai ~ 9roup 14 elements with unusually high coordination.
et al. produced the planar hypercoordinate Bnd B~ boron II. Computational Details
anions by laser ablation and characterized them by photoelectron
spectroscopy? Their computational results suggested that the
planarity of B~ is due to in-plane radial (p orbitals pointing
toward the center of the boron ring) amdmolecular orbitals

“too small” to bind to all eight boron atoms simultaneously.
However, aDg, minimum could be realized if carbon is replaced

The geometry optimizations and electronic structure calculations were
performed with the B3LYP#®! functional as implemented in the
Gaussian 03 prografd.The 6-313-G(d) basis sét was used for C,

Si, and Ge compounds. The def2-TZVPP basi§*seith ECPs was

(MOs). Furthermore, their theoretical results predicted the
doubly aromatic charact®rarising from both the radial and

MOs. Later, Fowler and Gray carried out a detailed investigation
of the MO symmetry and confirmed the double aromatic

used for those molecules containing Sn and Pb to take relativistic effects
into account. Stationary points were characterized by harmonic
frequency computations at the same theoretical levels. Zero-point
energies were scaled by 0.9806 as recommended by Scott and Fadom.

character of B~.56 Further examples of boron rings containing Wiberg bond indices (WBf§ were also computed. Potential energy
surface scans for Siggmployed Saunders’ stochastic search meffiod.
As now implemente® this method generates initial geometries
randomly and processes them automatically. All atoms, placed at a
same point initially, are displaced (kicked) randomly within a confined
space. Two sets of 500 kick jobs were carried out in 2.5 and 4.0 A
cubic boxes. The initial structures were then optimized at the
preliminary HF/STO-3G level. Redundant isomers (energies within
0.00001 a.u.) were discarded. The lowest energy isomers (within 0.1
Hartree of the best form) were further optimized at the B3LYP/6-
311+G(d) level, followed by vibrational frequency computations.
While the induced magnetic filtl(B"?) and the NICZ"tisosur-
faces were performed using PW9Iunctional and IGLO-IIT® basis
set for those planar local minima containing C and Si, computations
for those minima containing Ge and Sn were calculated at PW91/
DzVP7274level. The shielding tensors were computed using the IGLO
method’® The deMon prograii was used to compute the molecular

(29) Li, S.D.; Guo, J. C.; Miao, C. Q.; Ren, G. NI..Phys. Chem. 2005 109,
4133

(30) Minyaev, R. M.; Gribanova, T. N.; Minkin, V.
Hoffmann, R.J. Org. Chem2005 70, 6693.

(31) Su, M. D.Inorg. Chem.2005 44, 4829.

(32) Roy, D.; Corminboeuf, C.; Wannere, C. S.; King, R. B.; Schleyer, P. v. R.
Inorg. Chem.2006 45, 8902.
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GEB9+! Dgh GeB102+, D"|0h SnB102+, D10-’?

Figure 1. Optimized geometries of planar boron wheels containing a planar hypercoordinate group 14 element. Bond distances are given in A.

orbitals and the deMon-NMR packddefor the shielding tensors.  Table 1. Point Groups (PG), A—B Bond Distances (rag, in A),

- P . HOMO—-LUMO Gap (Gap in eV), Number of Imaginary
Induced magnetic fields were computed in ppm of the external field Frequencies (NIMG), the Smallést Vibrational Frequencies (v, in

applied perpendicular to the molecular plane. Assuming an external ;m-1y"and Relative Energies with Respect to Minima (AE, in

magnetic field of|BeY| = 1.0 T the unit ofB" is 1.0 4T, which is kcal-mol~1), Including Zero Point Energy of AB,8-na
equwalgnt'to 1.0 ppm of the shleldlng tensor. To render the induced PG e Gap NIMG o AE
magnetic fields the molecules were oriented so that the center of mass————
located at the origin of the coordinate system; zraxis is parallel to Be . Den 1593 22 0 269.7 .
) ) . SiBg Den 1794  2.08 2 362i1 122.1
the highest order symmetry axis of the molecule. The external field is GeB?- Den 1858  1.49 2 424i4 1832
applied perpendicular to the molecular plane. Gtandsr contributions SnB2 (T)  Den 2.16 2.33 6 55011 241.4 (T)
to the induced magnetic fieldland the NICS function have been PbBs? (T)  Den 2229 214 6 562i8 271.8(T)
separated using the IGLO method, where localized molecular orbitals CB7~ Dz 1762 3.79 0 54.7 -
(LMOs) have been created using the procedure suggested by Pipek SiB7 D 1889 3.57 1 228i7 85
and Mezey? In addition, out-of-plane (zz) tensor component (in ppm) GeBl D7 1939  3.59 1 19511 285
ibuti f individual ical | | bital NICS SnBy; D7 2.052 3.38 1 233i3 159.2 (T)
contribution from individual canonical molecular orbital to PbB,~ Do 2102 289 1 222i0 217.3(T)
(CMO—NICS,,)?%82 are computed at PW91/def-TZVPP level to CBsg Dgn 2.03 3.53 2 513i3  14.7
evaluate the behavior of the radial amdvOs using NBO 5.G3 VU84 SiBg Dgn 2.043 3.62 0 65.9 -
was employed for the visualization of molecular fiefés. GeBs Den 2.08 3.75 1 734 0.9
SnBg Dgn 2.157 3.73 1 168i6 35.3
Ill. Results and Discussion PbBs Den 2.197 3.39 1 173i1  111.7 (T)
. . . CBg*™ Dan 2.223 2.53 6 528i6 435
All the minima containing a planar hypercoordinate group  sigg* Don 225  3.26 0 1349  —
14 element at the center of various sizes of boron rings are GeB" Do 2275 341 0 1055 -
depicted in Figure 1. The design strategy discussed above is ﬁgg’? B% ggéi g-‘llé 1 133& 12-7
. . . oh . .
general and works well with the boron ring sizes from 6 to 10, cp, 2+ Diyy 2487 154 8 468i3  74.4
and the central group 14 elements from carbon to tin. SiBi** Din 2495 2.84 2 735 0.2
ABg?~ Structures. The singletDs, CB¢?~,% reported previ- geBBllo;+ Blm gggi g;g 8 1g$§ -
. nGo 10h . . . -
ously, has equal €B and B-B lengths (1.593 A; see Table 1 PbBy 2+ Diy 2556 286 1 370 05
(74) fg%%b%t’sga Salahub, D. R.; Andzelm, J.; Wimmer,G&n. J. Chem. a All species are singlets unless indicated to be triplets {R)jthough
(75) Kutzelnibg, W.sr. J. Chem198Q 19, 193. Dim SiB?t h_as two in-plane deg_ener_ate imaginary frequenc[es, which
(76) Kosterl, ﬁ l\k;I G%Jddtner, G.: Goursot, A.; Heijne, T.; Vela, A.; Patchkovskii, dlStIOI’é tgglzzu SIBmZJt“_, Ca QEOYTI}egy is slightly less stable th@ng, if the
S.; Salahub, D. RdeMon 2001 NRC: Canada, 2002. scale correction Is applied.
(77) Malkin, V. G.; Malkina, O. L.; Salahub, D. RChem. Phys. Lett1993
204, 80. i i i
(78) Heine, T.: Islas, R.: Merino, Gl. Comput. Cher2007 28, 302, for geometrical parameter_s), which are in the ranges ﬁ_BC
(79) Pipek, J.; Mezey, P. G.. Chem. Phys1989 90, 4916. and B-B covalent bond distancé&However, the B ring is
(80) Corminboeuf, C.; Heine, T.; Seifert, G.; Schleyer, P. v. R.; Web&hys. ;
Chem. Chem. Phy8004 6. 273. too small to accommodate the heavier carbon congeners. For
(81) Heine, T.; Schleyer, P. v. R.; Corminboeuf, C.; Seifert, G.; Reviakine, R.;
Weber, JJ. Phys. Chem. £003 107, 6470. (86) The reference covalent bond distances are as followgBBKCs), 1.554;
(82) Fallah-Bagher-Shaidaei, H.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; SiH3sBH; (Cy), 2.017; GeHBH; (Cy), 2.066; SnHBH, (Cs), 2.258; PbH-
Schleyer, P. v. ROrg. Lett. 2006 8, 863. BH, (Cy), 2.304; BH, (D2q), 1.629; BH; (Dgn), 1.507 A. CHBH,, SiHs-
(83) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899. BH,, GeHBH,, B;H,4, and BH, geometries are optimized at B3LYP/6
(84) Ozell, B.; Camarero, R.; Garon, A.; Guibault,Fnite Elem. Des1995 311++G** level, and SnHBH, and PbHBH, geometries were optimized
19, 295. at B3LYP/def2-TZVPP level. For additional covalent bond distance
(85) Merino, G.; Vela, A.; Heine, TChem. Re. 2005 105, 3812. reference, see Suresh, C. H.; Koga,JNPhys. Chem. 2001, 105, 5940.
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SiBez_, DSh GeBsz_, Deh

PbBg*, Dgp, CB10%*, Dion
NIMG =1 8

SiB10%*, D10 PbB1o®*, Diop
2 1

Figure 2. Optimized geometries of boron rings saddle points with hypercoordinate group 14 elements. Bond distances are in A.

example,Dg, symmetry SiB2~ and GeR?~ (see Figure 2)

In Dgn SNBs?~ and PbR?-, the tin and lead atoms are too large

structures have two imaginary frequencies: one out-of-plane to fit inside of the B ring cavity, andDe, SnBs?~ and PbR2~

and one in-planeg, to D3n) deformations. Following the out-
of-plane imaginary mode results in distorted pyrami@a)
SiBe?~ (see Figure 3) an@,, GeB?~, which are 122.1 and
183.2 kcaimol~! lower in energy compared g, SiBs>~ and
GeBs?, respectively. UnlikeDg, SiB>~ and GeR?~, Den
SnBs?~ and PbRB2™ (see Figure 2) have triplet ground staés.

(87) When compared to a hypothetical model qf, BnB?~ with short Sn-B
distance (constrained to 1.8 A), a highly unfavorable anti-bondirgsB
interaction by, MO; see Figure 1-Sl) are now reduced due to the long
B—B distance in tripleDg, SNB?~. Meanwhile, bondin@lg 71 MOs become
less stable due to the increased B distance, resulting in the inversion of
occupied €1¢) and the unoccupiedy), so thatby, MO is fully occupied,
leaving degeneratey = MOs singly occupied. Hence, SgB and,
similarly, PbB?~ are friplet ground states.

14770 J. AM. CHEM. SOC. = VOL. 129, NO. 47, 2007

have six imaginary frequencies iDgn Symmetry. Further
optimization in lower symmetries results inGg, pyramidal
structure. The tripleCs, SnBs?~ and PbB%~ are more stable
than their planar geometries by 241.4 and 271.8-kual™?,
respectively. The increasing stabilization due to pyramidalization
(122.1 for SiB? to 271.8 kcaimol~t in PbBs?~; see Table 1)

is consistent with the increasing size of the central atoms. This
reveals the importance of the geometrical fit for designing stable
boron rings with planar hypercoordinate elements.

AB7~ Structures. Although theD7, CB7~ is a minimum, the
7-MR is still too small to incorporate heavier group 14
elements: D7y AB7~ (A = Si, Ge, Sn, Pb; see Figure 2) are
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CB1o®", Cyy SiB1o**, Cay PbB1o**, Cov
Figure 3. Fully optimized geometries of minima shown in Figure 2. Bond distances are in A.

transition states associated with movement of the central atomoccurs; see Figure 3), but a silicon atom is accommodated

out of the ring plane. The AB lengths are too short (Table 1)  comfortably, resulting irDg, SiBg (see Figure 1). The SiB

compared to a covalent-AB bond distances so that pyramidal bond length in theDgn SiBg is 2.043 A, within a reasonable

distortion occurs. The resulting singlet pyrami@a) SiB;~ and covalent Si-B distance®® On the other hand, the planar

GeB;~ (see Figure 3) are 8.6 and 28.5 koabl~! more stable hypercoordinate structures for heavier group 14 congeners are

than the planar structure, respectively (Table 1). On the other transition states for the pyramidalization. In GefBie pyramidal

hand, pyramidaCs SnB;~ and PbB~ (see Figure 3) are triplet  distortion is so small that th€g, minimum GeB is almost

ground staté§ and are 159.2 and 217.3 kaabl~! more stable  planar (see Figure 3). In fadBs, GeBs is only 0.9 kcaimol~*

than singlet planaD, geometries, respectively (see Figure 2). lower in energy thaDg, planar geometry. The pyramid@k,
Neutral ABg Structures. Our calculations show that planar ~ minimum of Sng (Figure 3) is 35.3 kcainol~! lower in energy

Dgn CBg is a second-order saddle point. As found eafilehe than theDg, planar geometry. The triplet ground-sté&lg PbBs

Bg ring is too large to accommodate a carbon in the center minimum (Figure 3) is 111.7 kcahol~* lower in energy than

(distortion to planar pentacoordinate carbon structu®es CBs) the singletDgn planar geometry (Figure 2).

+ 4+ A .
(88) In SnB~, PbB;~, and PbR, the anti-bondingy interaction is diminished . ABsg ,St,rUCtu,reS' As eXpeCt,edDgh,CBg IS not a minimum;
as the central atom moves away from theridgs, whereas radial bonding it has six imaginary frequencies. Like @Bhe central carbon

e MO interactions become less stable, resulting in the inversiaa ahd R
e MOs (see Figure 2-Sl). Henca, MO is fully occupied ands,; MOs are at_or_n moves_to the edge to form a planar pentacoordlnat_e carbon
singly occupied in SN, PbB,~, and PhB. minimum (Figure 3). However, thBg, planar nonacoordinate
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Table 2. A—B and Total Wiberg Bond Indices (WBIla-g and
WBI+ot, Respectively) of D,, Planar Boron Ring Minima with
Hypercoordinate Atoms?

WBI_s WBlro;
1 0.64 3.84
2 0.56 3.92
3 0.47 3.79
4 0.41 3.67
5 0.41 3.67
6 0.33 3.30
7 0.33 3.31

aComputations were carried out at B3LYP/6-34G* for CB,"8),
SiB("8), and GeR"® and B3LYP/def2-TZVPP for Sn@8 and
PbB,("-8),

species with silicon and germanium are minima. TheBA
distances inDg, SiByt and GeB* are 2.250 and 2.275 A,
respectively (Figure 1). The smallest vibrational frequencies
(134.9 forDg, SiBg™ and 105.5 cm! for Doy, GeBs™), which
correspond to central atom movements out of the ring plane,

are appreciable. On the other hand, tin and lead atoms are tod"

large to fit inside the Bring cavity: theDg, SnBy™ and PbB™
are transition states. Following the imaginary vibrational
frequency results in the pyramid@b, SnB* and PbB™ (see
Figure 3), which are 3.7 and 16.0 kaabl~! lower in energy
compared to the plandg, geometries, respectively.

AB;*" Structures. The same approach can be used for
designing planar decacoordinate 4B structures. The B
cavity in CB;¢?" and SiB¢*" is too large for a carbon or silicon
atom to bind strongly to all 10 boron atoms simultaneously;
D1on CB1o?™ has eight imaginary frequencies. Further optimiza-
tion results in the more stab, planar pentacoordinate carbon
minimum (Figure 3) by 74.3 kcahol~! compared toDim
geometry. TheDig, SiBi?" has two degenerate imaginary
frequencies and results i@,, SiB;¢?" (Figure 3). However,
when scaled ZPE correction is includddhg, SiBio?" is more
stable tharC,, SiB1o?" by only 0.3 kcaimol~%. Hence, SiBy*"

is essentially planar. A 10-membered ring is the best choice to Lz

fit a germanium or a tin atom, resulting Dy GeBi?™ and
SnB,*" (see Figure 1). The AB interatomic distances are
2.509 and 2.534 A fob1¢, GeBio?™ and SnB¢*t, respectively,
in these beautiful structures. Althoudbyy, PbBi?t has one
imaginary frequency, which deforms to pyramidab, geom-
etry, pyramidal distortion is very small ar@iq, PbB*" is
nearly planar (Figure 3). In facCio, geometry is only 0.5
kcalmol™! lower in energy than th®;n structure.

Bond Order Analysis. The A—B bond distances in the planar
CB;, SiBy™, GeBy', GeBio?", and SnB¢?+ are significantly
longer than comparable covalent bond distarféddowever,
A—B Wiberg bond indices (WBI) show the-AB bond order
ranges from 0.64 iDg, CBe?~ to 0.33 inDion SNB?" (see
Table 2), indicating significant AB bonding interactions. The
total WBI of the central atom range from 3.8 fDg, CBg?~ to
3.3 for Dign SNB1¢?", which indicates that each-2B bond is
weak, but the number of AB binding compensates for the weak
A—B bonding interactions. However, the octet rule is not
violated despite the hypercoordination.

Molecular Orbital Analysis. Although the size of the boron
ring is a key factor in achieving plan&n, AB, molecules, the
proper electronic “fit” is also essential for their stability. Like
Bs~ and B~ (Bg~ is valence isoelectronic with the ABpecies
where A = C, Si, Ge, Sn, and PB}, planarity of the
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hypercoordinate boron systems is achieved due to the stabiliza-
tion of extensively delocalized six and six radial electrons.
Figure 4 shows plots of both the and the radial MOs of
AB,"8 (n = 6—10). The sixsz electrons inmy and the
degenerater; MOs are extensively delocalized. Although the
central atoms have an appreciablegpefficient in thero MO,

the nodal planes of the degeneraterbitals (HOMOS) through

the center atom preclude the bonding of the central element to
the peripheral boron atoms. The six radial electrons ingRad
and the degenerate RaMlOs are appreciably delocalized as
well and are used effectively to help bind the central element
to the cyclic boron ligand. The lowest radial MO (Rp8ond

with the s orbital of the central atom, whereas the next higher
laying radial MOs interacts favorably with the gnd g orbitals

of the central atom, resulting in (Rgdadial MOs. The efficient
use of six radial electrons may be as important in planarizing
such boron wheel molecules as the sielectrons.

Magnetic Properties. The appreciable delocalization of both
and radial MOs of the hypercoordinate species described
above results in magnetic aromaticity, as shown by our
computations of the induced magnetic field and NICS. For
example, the total response of the induced magnetic fields and
their o- and z-separatedz-components ofDg, SiBs, which
coincide with the NICS index8° are plotted in Figure 5a. Like
benzene, the total response is strongly diatropic (shown in red)
inside the main ring (Figure 5a). However, both and
sm-components of SiBcontribute strongly, indicating its doubly
aromatic character. This behavior is similar to that observed
previously for A%~ and boron ring$%8%-91 The directly related
NICS isosurfaces also were computed (Figure 5b). IBKE,

the NICS values inside the boron rings are strongly diatropic
(red). However, the NICS value at the central atom is paratropic
(blue). Similar magnetic response is observed for all title
compounds (see Figures 3-Sl and 4-Sl).

Dissection of the out-of-plane tensor component of NICS-
(NICS probe placed at 1.0 A above the central atom) into
contributions from each canonical molecular orbital (CMO
NICS(1),,, see Figure 6) oDgn SiBg shows that the sum of the
contribution for the radial MOs (NIG&4. = —30.3, see Figure
6) are as large as that of contribution (NICS§ = —29.5)
indicating the doubly aromatic character @, SiBg. Similar
CMO—NICS(1), trends were observed in ¢B, CB;~, and
GeB™ (see Figures 5-Sl, 6-Sl, and 7-SI, respectively). The large
NICS(1),; contribution from the radial MOs indicates the
importance of the radial MOs in stabilizing these molecules.

These results are in complete agreement with the conclusions
drawn from the MO analysis, showing that extensive delocal-
ization is a key factor for the stabilization of the boron wheels
containing a hypercoordinate group 14 element.

Viability. Although the structures and hypercoordinate bond-
ing of all these hypercoordinate group 14 minima are exciting,
their kinetic also must be evaluated. Are these novel boron ring
molecules viable chemically? Can they be produced and
characterized, for example, in the gas phase or in matrix
isolation, if not in solution or in bulk? Are other minima lower
in energy?

9) Li, X.; Kuznetsov, A. E.; Zhang, H. F.; Boldyrev, A. |.; Wang, L.Science
2001, 291, 859.
(90) Islas, R.; Heine, T.; Merino, Gl. Chem. Theory Compu2007, 3, 775.
(91) Chen, Z. F.; Corminboeuf, C.; Heine, T.; Bohmann, J.; Schleyer, P. v. R.
J. Am. Chem. So@003 125, 13930.
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Figure 4. Occupiedr and radial molecular orbitals of selected planar hypercoordinate systgnssthe lowestt MO, 1 is the degenerate second lowest
7 MO, Rag is the the lowest radial MO, and Rai$ the the degenerate second lowest radial MO.
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Figure 5. Isosurfaces and contour lines of @omponent o8 and (b) 10.04 MO 19
NICS of Dgy SiBs. |B/"| = 8 uT and B® = 1 T. B and NICS -
computations were performed at PW91/IGLO-III level. Totalgag —29.5
Total,  -30.3

The recent experimental and theoretical study of,CBy
Boldyrev and Wangf illustrates these concerns. Instead of Total  —66.0
having a heptacoordinate carbon, their evidence pointed t0 agjgye 5. CMO-NICS(1), of D SiBs computed at PW91/def-TZVPP
CB7~ Cy, structure, with a planar heptacoordinate boron at the level. Totakasand Totak are the sum of contributions from all radial and
ring center and the carbon in the outside ring. 7 MOs, respectively. Total value includes contributions fropradial, s,
We emphasize that the existence of more stable nonplanarand core electrons.
or other isomers does not preclude the possibility of producing eV, respectively) are also similar to the “carbon outsig;
and observing planar hypercoordinate molecules. Rather, theCBg (8.36 and 1.11 eV, respectively).
viability of planar centrosymmetric carbon species depends on We carried out a potential energy surface scan using the
their kinetic stability, which, if high enough, may enable their stochastic search Kick methdo search for SiBisomers. The
preparation and characterization under different experimental results, summarized in Figure 7, show that only one minimum
conditions, even if other isomers are lower in energy. Further- is more stable than th®g, geometry, although the energy
more, planar hypercoordination is intriguing, whatever element difference is appreciable. The global minimum &g sym-
is involved. metry with the silicon atom occupying the axial position of a

We choseDg;, SiBg as an example for detailed examination heptagonal bipyramid, whereas tbeg, isomer with an octaco-
here. Despite the normally weaker-8 bond energies, the  ordinate silicon is 33.3 kcal/mol higher in energy. However,
thermodynamic stability oDgn SiBg is documented by its large  our extensive searches for transition states from the pRgar
atomization energy per atom of 4.29 eV. This is comparable to to the heptagonal bipyramidél;, have not located any direct
that of the experimentally producedy84.71 eV), as well as  reaction path between th&g, and theCy, isomer. Indeed, the

the 4.69 eV for the most stable plan&() “carbon outside” kinetic stability of all planar minima with hypercoordinate group
form of CBg.#! In addition, the HOMG-LUMO gap ofDg;, SiBg 14 species were analyzed by simulated annealing techniques,
(3.62 eV) is substantial and resembles that §f &1d CB; (3.82 involving density-functional BorrOppenheimer molecular

and 3.74 eV, respectively). The appreciable vertical ionization dynamics calculations at the PBE/DZVP level. At a simulated
and vertical attachment energies D§, SiBg (8.62 and 1.54 temperature of 600 K, all the boron wheel minima in Figure 1
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Symm = Dgp, 16, 2G
Ere, =0.0 kcal/mol  -33.3 1.1 6.7 82
Si Si Si
Si
5 Symm = Cs 6 C, 7Cs 8Cs 9 C,
Erel. = 10.4 keal/mol 13.6 15.2 16.9 17.8
Si Si
% P
Si .
Si
10 Symm = C, 11 Cs 12 Cs 13 Dy,
Eqe. = 22.4 kcal/mol 237 27.6 35.3
Si
Si
14 Symm = C, 15 G, 16 C, 17 G,
E,e. =53.4 kcal/mol 54.3 58.9 69.9

Figure 7. Stationary points of SiBcalculated with B3LYP/6-311G*. E is the energy difference of the corresponding structure minus that containing a

planar octacoordinate silicon, including the scaled ZPE.

retained their topologies during 5 ps equilibration and 10 ps form was found to be kinetically viable by BotrtOppenheimer
propagation times. As these calculations turned out to be rathermolecular dynamics computation. Life times of at least 10 ps
computationally expensive, longer-time-scale simulations were of planar hypercoordinate minimum of SiEas well as the other

not affordable. Moreover, the GB preference for hypercoor-
dinate boroP! does not apply to Si The C,, SiBg isomer

planar minima in Figure 1, show the feasibility of their gas-
phase production and characterization. The prediction that such

with the silicon on the outside ring is a second-order saddle novel molecules with planar hypercoordinate group 14 element

point. Further optimization results i@s isomer (1 in Figure
7) with the silicon atom out of plane. Thes isomer is 26.2
kcalmol™1 higher in energy than the symmetiiy, SiBs.

IV. Conclusions

are viable offers many opportunities for experimental realization
since their barriers to isomerization appear to be very high.
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Note Added after ASAP Publication: In the version
published November 6, 2007, Roald Hoffmann's name was

center symmetric lead analogs were located within the scopeMisspelled. It has been corrected for the print and online

of our study. CB?~, CB;~, SiBg, and GeB" were characterized
by MO analysis, induced magnetic field computations, and
CMO-—NICS to be doubly aromatic. Although individual bonds
from ring boron atoms to the central atom may be relatively
weak, their unusually large number results in stability of the
planar hypercoordinate molecules.

SiBg was studied in more detail. A PES scan using the Kick
method revealed only on€y, isomer to be more stable than
Dg, form, albeit by over 33.3 kcahol™t. However, theDg,
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