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Abstract: We report evidence for the first global-minimum structure having a planar pentacoordinate
carbon. High-level ab initio computations and quantum molecular dynamics simulations at 300 and
400 K reveal that the most stable CAls* isomer has Ds, symmetry and is ~3.80 kcal/mol lower in
energy than the second most stable alternative. The latter has a nonplanar structure based on a
tetrahedral CAl, moiety. The unexpectedly high proclivity for two-dimensional chemical bonding of the
carbon in Ds, CAls*, the robust thermal stability indicated computationally, and its mass spectrometric
detection suggest that experimental characterization of this planar pentacoordinate carbon cation at

room temperature is a likely prospect.

1. Introduction

The main-group elements in the periodic table generally obey
well-precedented rules of chemical bonding.' In particular, the
saturated carbons in the vast majority of organic compounds
are tetracoordinate (Kekulé, 1857)% and favor (near) tetrahedral
geometries (van’t Hoff and Le Bel, 1874).3 Consequently,
carbon compounds that violate both of these conventional
bonding constraints simultaneously are of fundamental impor-
tance. CHs*, the simplest pentacoordinate carbon species, was
discovered in 1952, but it has a highly fluxional three-
dimensional (3D) structure. A large number of hypercoordinate
carbon species have been described, but those also are 3D
Following Hoffmann, Alder, and Wilcox’s intriguing planar
tetracoordinate carbon (ptC) concepts (1970),° a systematic
computational investigation by Schleyer, Pople, et al. (1976)
led to 1,1-dilithiocyclopropane, the first molecule found to favor
a ptC geometry.” Although unrecognized at the time, the first
experimental realization and X-ray structure of a ptC compound
was published only a year later.® Since then, considerable effort
has been devoted to exploration of compounds with novel
electronic structures and unusual geometries, both experimen-

 University of Nebraska—Lincoln.
* University of Georgia.
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tally and theoretically.® Realization of “anti-van’t Hoff/LeBel”
geometries in the laboratory is still nontrivial.'® This is especially
true of unconstrained species where the atoms are free to assume
lowest-energy conformations. According to valence-shell electron-
pair repulsion (VSEPR) theory,'" spatial orientations of chemical
bonds tend to reduce repulsions among pairs of valence-shell
electrons to the maximum degree. Consequently, planar coor-
dination higher than three (“planar hypercoordination”), as in
ptC molecules, is generally unfavorable.

Strategies to help stabilize planar hypercoordinate species are
both steric and electronic and utilize small ring strain and other
geometric constraints as well as o-donating/m-accepting sub-
stituents. The latter delocalize the p, lone pair on the central
atom into the peripheral 7-electron system.®’ Numerous ptC

(9) For reviews, see: (a) Liebman, J. F.; Greenberg, A. (algideigs 1976,
76, 311. (b) Greenberg, A.; Liebman, J. F. Strain Organic Molecules;
Academic Press: New York, 1978. (c) Keese, R. jimsinsisians

. 1982, 30, 844. (d) Veneoalli, B. R.; Agosta, W. C. Chem,
Rev. 1987, 87, 399. (e) Erker. G. | 1992, 13,
111. (f) Erker, G. . 1992, 40, 1099. (g)
Luef, W.; Keese, R. Adv. Strain Org. Chem. 1993, 3, 229. (h) Sorger,
K.; Schleyer, P. v. R. L 1995, 338, 317. (i) Rottger, D.;
Erker, GA“. 1997, 36, 812. (j) Radom, L.;
Rasmussen, D. R. nininiam 1998, 70, 1977. (k) Siebert, W.;
Gunale, A. Sinsiaiiay. 1999, 28, 367. (1) Minkin, V. I.; Minyaev,
R. M.; Hoffmann, R. Usp. Khim. 2002, 71, 989. (m) Keese, R. Chem,
Rey. 2006, 106, 4787. (n) Merino, G.; Méndez-Rojas, M. A.; Vela,
A.; Heine, T. ity 2006, 28, 362. (o) Kemsley, J. Chem.
Eng. News 2007, 85, 17.
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Collins, J. B.; Schleyer, P. v. R. jnniuniisiiay. 1980, /02, 2263.
(b) Gordon, M. S.; Schmidt, M. W. il 1993, /15,
7486. (c) Pepper, M. J. M.; Shavitt, L.; Schleyer, P. v. R.; Glukhotsev,
M. N.; Janoscheck, R.; Quack, M. jiumismy 1995, /6, 207.
(d) Yoshizawa, K.; Suzuki, A.; Yamabe, T. il 1999.
121, 5266. (e) Yoshizawa, K.; Suzuki, A. (absielbag 2001, 27/, 41.
(f) Roy, D.; Corminboeuf, C.; Wannere, C. S.; King, R. B.; Schleyer,
P. v. R. hiisiitentaligi 2006, 45, 8902.

(11) Gillespie, R. J., Popelier, L. A. Chemical Bonding and Molecular
Geometry: From Lewis to Electron Densities; Oxford University Press:
Oxford, 2001; 268 pp, ISBN 019510496X.
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species were theoretically predicted on the basis of these
considerations.”'® While ptC units may be incorporated into
rigid steric systems,'>™° this may result in considerable strain,
complicating implementation in the laboratory. Like the first
ptC-containing molecule (with the ptC coordinated by two
vanadium atoms®), most of the experimentally known ptC
compounds are transition-metal derivatives. Group IVB transi-
tion-metal-based bent metallocenes, i.e., titanocene, zirconocene,
and hafnocene, have been found especially useful for making
carbon compounds with unusual planar tetracoordinate struc-
tures.”!

The simplest molecules having a planar tetracoordinate carbon
are comprised of only five atoms. The first examples, e.g.,
CAl,Si,, were predicted theoretically in 1991 by Schleyer and
Boldyrev,?* who also codified design rules for achieving planar
hypercoordinate structures. There should be a good “fit”, both
geometric (the ring size and the covalent radius of the central
atom should match) and electronic (degenerate molecular
orbitals should be equally occupied and a Hiickel s-electron
count is helpful, but not always mandatory). It also was
recognized that the o as well as the 7 system contributed to the
planar stabilization. In 1998, high-level ab initio calculations
suggested that the CAlGe, and CGa,Si, global-minimum
structures both have ptC’s.?® Stimulated by these theoretical
findings, a series of planar tetracoordinate carbon molecules,
such as CALy~,** CALSi~,** CALGe™,**” CAL®~,** and their
relatives, were identified in gas-phase photoelectron spectros-
copy (PES) experiments. The penta-atomic pure carbon ptC Ds;,
dianion Cs>~ also is a local minimum,?>*° but it is not a viable

(12) (a) Rasmussen, D. R.; Radom, L. . 1999, 38,
2876. (b) Rasmussen, D. R.; Radom, L. giaisied. 2000, 6, 2470.

(13) (a) McGrath, M. P.; Radom, L. . 1993, 715, 3320.
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(14) Wang, Z.; Schleyer, P. v. R. | S 2001, /23, 994.
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Hoeve, W. T.; Wynberg, H. J. jnitusfslang. 1980, 45, 2930.
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(17) Luef, W.; Keese, R. In Advances in Strain in Organic Chemistry;
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3973.
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A. N.; Al’'yanov, M. L. g 1980, 6, 936.

(21) (a) Erker, G.; Albrecht, M.; Kruger, C.; Wener, S. i
1991, 10, 3791. (b) Albrecht, M.; Erker, G.; Notle, M.; Kruger, C. J.

. 1992, 427, C21. (c) Erker, G.; Albrecht, M.; Wener,

S.; Notle, M.; Wener, S.; Binger, P.; Langhauser, F. i
1992, 11, 3517. (d) Erker, G.; Albrecht, M.; Kruger, C.; Wener, S.
I 1092,/ /4. 8531, (e) Gleiter. R.; Hyla-Kryspin, I.;
Niu, S.; Erker, G. . 1993, 32, 754. (f)
Poumbga, C. N.; Bernar, M.; Hyla-Kryspin, I. i 1994,
116, 8259. (g) Rottger, D.; Erker, G.; Frohlich, R.; Grehl, M.; Silverio,
S.J.; Hyla-Kryspin, I.; Gleiter, R. . 1995, 117, 10503.
(h) Erker, G. sinnninmiay. 1999, 28, 307. (i) Erker, G.; Venne-
Dunker, S.; Kehr, G.; Kleigrewe, N.; Frohlich, R.; Muck-Lichtenfeld,
C.; Grimme, S. Sa——— 2004, /3, 4391.

(22) Schleyer, P. v. R.; Boldyrev, A. 1. J. Chem. Soc., Chem. Commun.
1991, 1536.

(23) Boldyrev, A. L.; Simons, J. iy 1998, /20, 7967.

(24) (a) Li, X.; Zhang, H.-F.; Wang, L.-S.; Boldyrev, A. L.; Simons, J.
It 1999, /21, 6033. (b) Wang, L.-S.; Boldyrev, A. L;
Li, X.; Simons, J. . 2000, 722, 7681. (¢) Li, X.;
Zhang, H-F.; Wang, L-S.; Geske, G. D.; Boldyrev, A. |. jasisias

. 2000, 39, 3630.

(25) (a) Merino, G.; Méndez-Rojas, M. A.; Vela, A. J. Am. Chem. Soc.
2003, 725, 5026. (b) Merino, G.; Méndez -Rojas, M. A.; Beltra'n,
H. L.; Corminboeuf, C.; Heine, T.; Vela, A. iy 2004,
126, 16160.

species in isolation, and no derivatives have been observed
experimentally.

The next breakthrough also was dramatic. The Schleyer—
Boldyrev design principles were employed to predict numerous
hexa- (in 2000) and then (in 2001) pentacoordinate carbon®’~>°
minima theoretically. “Planar hypercoordinate element chem-
istry” has since become a source of fascination for chemists
interested in new manifestations of chemical bonding.*® Very
many examples of 3D penta- and hexacoordinated carbon are
well known experimentally, e.g., in carborane cages, carbido-
metal carbonyl clusters, and nonclassical carbocations,’>° but
as yet the planar penta-, hexa-, and higher-coordinate carbon
molecules predicted by theoretical computations, for example,
mixed carbon—boron clusters,>’ hyparene molecules,?’®>?° and
hydrocopper complex,*' have not been confirmed experimen-
tally. There is a further impediment, as the predicted penta- or
hexacoordinate carbon (ppC or phC)-containing minima are
generally only metastable. There are lower-energy isomers, often
having hypercoordinate elements other than carbon, that are
lower in energy than the ppC or phC local minima. Although
organic chemistry teaches us that chemists are as interested in
isolable high-energy (“strained’”’) molecules as they are in their
global-minima isomers, the preparation, isolation, or even the
detection of metastable molecules in the gas phase or in matrix
isolation can be very challenging. Gas-phase methods under
“annealing” conditions tend to generate low-energy isomers. As
demonstrated in a recent PES experiment,*? the 3D (global-
minimum) structures for ppC- or phC-containing species
overwhelm their 2D ppC or phC isomers in the cluster beam.
On the other hand, pentagonal-planar coordinate indium,**
sulfur,® rhodium,?® iron,*” and zinc®® derivatives have been
prepared. Small clusters of silver and gold have planar penta-
coordinate and hexacoordinate Au*** and Ag**® atoms. The
stabilization of hypercoordinate group 14 elements Si, Ge, and
Sn in the center of boron rings also has been predicted
theoretically.***!

The search for the lowest-energy ppC or phC structures thus
becomes highly relevant to address this important concept in
chemistry as well as to guide future experimental confirmation.

(26) Perez, N.; Heine, T.; Barthel, R.; Seifert, G.; Vela, A.; Méndez -Rojas,
M. A.; Merino, G. Qigeleglt 2005, 7, 1509.
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Z. X.; Schleyer, P. v. R. Sgigueg 2001, 292, 2465.

(28) Minyaev, R. M.; Gribanova, T. N. Izv. Akad. Nauk. Ser. Khim. 2000,
5, 786-793.
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(30) Olah, G. A.; Wade, K.; Williams, R. E. Electron Deficient Boron and
Carbon Clusters; Wiley-Interscience: New York, 1990.

(31) Li, S. D.; Miao, C. Q.; Guo, J. C.; Ren, G. M. NG
2004, 2232.

(32) Wang, L. M.; Huang, W.; Averkiev, B. B.; Boldyrev, A. I.; Wang,
L. S. . 2007, 46, 4550. Averkiev, B. B.; Zubarev,
D. Y.; Wang, L.-M.; Huang, W.; Wang, L.-S.; Boldyrev, A. I. J. Am.
Chem. Soc. 2008, published online June 27, http:// dx.doi.org/10.1021/
ja801211p.
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Engl 1992, 31, 350.
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(37) Lein, M.; Frunzke, J.; Frenking, G. | N | R I 2003. 42,
1303.

(38) Tanaka, H.; Neukermans, S.; Hanssens, E.; Silverans, R. E.; Lievens,

. . 2003, 125, 2862.
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Scheme 1. Summary of Simple Species That Have (a) ptC, (b) ppC, and (c) phC Minima (Red Denotes Global Minima)
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The requirements for stable ppC or phC units are very strict:
the constituent atoms not only should satisfy both geometrical
and electronic requirements impeccably, but they also should
adopt the most energetically favored configuration and resist
spatial isomerization or atomic exchange between the central
carbon and a peripheral non-carbon atom. Highly stable ppC
or phC structures might be achieved by anchoring the carbon
atom into a rigid molecular framework such as a fenestrane,"
hyperene,®™ or some organometallic derivative.>'" However,
compounds constructed in this way are generally quite com-
plicated, which renders not only their preparation but also the
computational search for their global-minimum structures dif-
ficult.

Scheme 1 summarizes a number of simple systems with ptC,
ppC, and phC minima. More details are provided in the
Supporting Information. Except for CAls™, the planar penta-
and hexa-hypercoordinate carbon minima are local rather than
global. The high stability of CAly~,>** CALSi—,*** CAL;Ge
and CAl,* 2% species is attributed to the formation of peripheral
four-center bonds.** In stark contrast to the global-minimum
ptC structures (CA14_,24" CALSi—, > etc.), the reported 2D ppC
and phC structures®’ generally are significantly higher in energy
than the global-minimum (2D or 3D) isomers (see the Support-
ing Information and refs 27b, 33). For the ppC- and phC-
containing mixed boron—carbon clusters, exchanging a periph-
eral boron atom with the central carbon atom generally leads
to significant reduction in total energy (>1.0 eV).?’>* Thus
far, the demonstration of global minima with hypercoordinate
carbons has been elusive.

We now report the first compelling evidence that the CAls*
cation favors a Ds;, global-minimum ppC structure. Various
levels of theory agree on the lowest-energy characteristics of
this ppC-containing species. The thermal stability of the CAls™*
cation is also confirmed by performing ab initio molecular
dynamics (MD) simulations at 300 and 400 K. The electronic
structure, thermal stability, aromaticity, and effect of a coun-
terion are discussed. The predicted infrared spectrum and

(40) (a) Li, S. D.; Miao, C. Q.; Guo, J. C.; Ren, G. M.
2004, 126, 16227 (b) Li, S. D.; Guo, J. C.; Miao, C. Q.; Ren, G. M
2005, 109, 4133
(41) Islas, R.; Heine, T.; Ito, K.; Schleyer, P. v. R.; Merino, G. L Az
hciiaas. 2007, 129, 14767.
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ionization potential of ppC Ds, CAls" should aid its eventual
experimental identification.

2. Computational Methods

Both the basin-hopping (BH) global-search algorithm** and
stoichastic search (“kick) methods*™® combined with the density
functional theory (DFT)** optimization were used to sample the
potential energy surface of CAls* and other clusters. Both search
methods, employed independently by the authors in Nebraska and
in Georgia, located the same isomers and led to the same
conclusions. The Perdew—Burke—Ernzerhof (PBE) exchange-
correlation functional,** implemented in the DMol3 program (see
ref 46), and an all-electron d-polarization function including double-
numerical (DND) basis set*® were employed in Nebraska. Both
the singlet and triplet spin states of the clusters were examined in
the BH search. The structures of isomers obtained from the DMol3
search were reoptimized (guided by the vibrational frequency
compuations) using the Becke and Lee—Yang—Parr exchange-
correlation functional (B3LYP) correlation functional*” and the aug-
cc-pVTZ basis set, as implemented in the Gaussian03 package.*®
The structures of the most stable isomers, with energy differences
less than 5 kcal/mol, were reoptimized (and their frequencies
computed) at the Mgller—Plesset second-order perturbation (MP2)/
aug-cc-pVTZ level of theory.*® Using these geometries, single-
point energies were evaluated at the CCSD(T)/aug-cc-pVTZ level
using coupled-cluster theory with inclusion of triple excitation.>®

(42) (a) Wales, D. J.; Scheraga, H. A. Sgiguce 1999, 285, 1368. (b) Yoo,
S.; Zeng, X. C. | 2005, 44, 1491.

(43) (a) Bera, P. P.; Schleyer, P. v. R.; Schaefer, H. F., 111 juif
Chem. 2007, 107, 2220. (b) Wheeler, S. E.; Schleyer, P. v. R.;
Schaefer, H. F., 11 ittt 2007, /26, 104104.

(44) (d) Hohenberg, 1964, 136, 864. (b) Kohn, W.; Sham,

1965, 140, 1133.

(45) Perdew J. P.; Burke, K.; Ernzerhof, M. jinuiiaisy 1996. 77,
3865.

(46) DMol3: (a) Delley, B. - 1990, 92, 508. (b) Delley, B.

. 2003, 113, 7756. DMOI3 is available from Accelrys,
San Diego, CA.

(47) B3LYP functional: (a) Becke, A. D. janflsssnitiong. 1993. 98, 5648.
(b) Lee, C.; Yang, W.; Parr, R. G. il 1988, 37, 785.

(48) Frisch, M. J.; et al. Gaussian 03, Revision C.02; Gaussian: Pittsburgh,
PA, 2003.

(49) (a) Head-Gordon, M.; Pople, J. A. Siiinmminy. 1988, /53, 503.
(b) Frisch, M. J.; Head-Gordon, M.; Pople, J. A. i
1990, 166, 275. 1990, 166, 281.

(50) Pople, J. A.; Head-Gordon, M.; Raghavachari, K. jfsiiias 1987,
87, 5968.
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Figure 1. Geometric structures and relative energy of the three lowest-
lying isomers of CAls™. A is the planar pentacoordinate carbon structure.
B and C are two tetracoordinate carbon-containing structures. The relative
energies are computed at the CCSD(T)/aug-cc-pVTZ level theory using
the coordinates optimized from the MP2/aug-cc-pVTZ level theory.

3. Results and Discussion

Structures and Relative Stabilities. The global-minimum
singlet ppC structure of CAls* (A in Figure 1) is appreciably
lower in energy than the second and third lowest-energy isomers
containing a spatially tetracoordinated C atom (isomers B and
C in Figure 1), in which the fifth Al is bound to a tetrahedral
CAly “core”. The relative energies of isomers B and C with
respect to A at various levels are: B3LYP/aug-cc-pVTZ, 1.00
and 8.40 kcal/mol; MP2/aug-cc-pVTZ, 15.49 and 16.02 kcal/
mol; MP3/aug-cc-pVTZ//MP2/aug-cc-pVTZ, 3.63 and 4.95 kcal/
mol; MP4(SDQ)/aug-cc-pVTZ//MP2/aug-cc-pVTZ, —0.79 and
1.51 kcal/mol; CCSD/aug-cc-pVTZ//MP2/aug-cc-pVTZ, —1.50
and 1.57 kcal/mol; and CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-
pVTZ, 3.80 and 5.00 kcal/mol.>'-?

The binding energy of the ppC Ds, CAls™ cation (A) at the
B3LYP/aug-cc-pVTZ level (—10.09 eV) was evaluated from
the computed binding energy of neutral D5, CAls (—15.71 eV)
and its vertical ionization potential (5.62 eV). The computed
dissociation energy of the ppC CAls* cation (A) is ~2.5 eV
into an Al™" cation and tetrahedral CAl, and is ~2.6 eV into
the CAL,™ cation and an Al atom.

(51) (a) Pople, J. A.; Seeger, R.; Krishnan, R. .
1977, 11, 149. (b) Dunning, T. H., Jr. jnfissiiig 1989, 90, 1007.
(c) Woon, D. E.; Dunning, T. H., Jr. joafisssitias. 1993. 98, 1358.
(52) (a) Trucks, G. W.; Salter, E. A.; Sosa, C.; Bartlett, R. J.
Leiz. 1988, 147, 359. (b) Trucks, G. W.; Watts, J. D.; Salter, E. A.;
Bartlett, R. J. iy 1988, /53, 490.

3D isomer (B) at different temperatures. (b) Absolute electronic energies
(from CCSD(T)/aug-cc-pVTZ single-point energy computations) of 2D and
3D isomers of CAls™, including the Gibbs energy corrections (from MP2/
aug-cc-pVTZ computations) at various temperatures.

The lowest vibrational frequency of ppC CAls™ (A) in Ds;
symmetry is 69.4 cm~' at MP2/aug-cc-pVTZ. The simulated
IR spectrum (see the Supporting Information) shows only an
intense e;' mode at 627.7 cm™ ', but this feature, along with the
computed ionization potential (IP; adiabatic, 6.00 eV from the
Cy, CAls neutral global minimum®' to A), may aid the spec-
troscopic identification of A in the gas phase. The vertical IP
of Cs, CAls to C, CAls™ is 6.72 V. The CAls™ ion has been
detected mass spectrometrically in Leuven, Belgium, along with
many other C—Al stoichiometries,>® but no IP or IR measure-
ments have been made as yet. The optimized structures (A—C)
using both B3LYP and MP2 methods (both with the aug-cc-
pVTZ basis set) are shown in Figure 1. Both B3LYP and MP2
levels yield very similar bond lengths and angles. In the ppC
CAls" (A), the AI—C bond length is 2.11 A (B3LYP) and 2.14
A (MP2), slightly longer than the experimental value of the
AI—C bond length (~2.00 A)>* and that in B (2.00—2.12 A).
The other low-energy isomers for the CAls™ are listed in the
Supporting Information.

The effect of temperature on the relative stability of A and
B (as depicted in Figure 2) was based on the Gibbs free-energy
correction at finite temperature computed at the MP2/aug-cc-
pVTZ level, which was added to the single-point CCSD(T)/
aug-cc-pVTZ energies. A is more stable than B in the 0—700
K temperature range, but isomer B is more stable above 700
K.

Thermal Stability and Quantum Molecular Dynamics. To
further confirm the thermal stability of the predicted ppC
structure (A) at room temperature, we carried out two indepen-
dent Born—Oppenheimer quantum molecular dynamics simula-
tions at 300 and 400 K, each for 10 ps (MD time step is 0.7 fs),
using the Dmol3 program.*® We recorded a movie of the MD
simulation at 300 K. Both simulations show that the structure
of ppC CAls" remains intact during the 10 ps run. Analysis of
both MD trajectories in the equilibrium stage reveals that the
ppC CAls™ is slightly distorted at 300 and 400 K due to the

(53) Lievens, P., private communication.
(54) Gorden, J. D.; Macdonald, C. L. B.; Cowley, A. H. il
2001, 75.
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Figure 3. Computed potential energy curve describing the out-of-plane
displacement of the central C atom. Its equilibrium position is at the center
of the five-membered ring.

thermal effect. The three torsion angles, 0(Al;—Al,—C—Al3),
O(Al;—AlL—C—Aly), and 6(Al;—Al,—C—Als) (see Scheme 1),
can be used to describe the out-of-plane distortion of the ppC
CAls™ (A), which exhibits average values of 16.90, 14.13, and
18.29°, respectively, at 300 K and 22.83, 11.20, and 19.75° at
400 K. The average Al—C bond length ranges from 2.14 to
2.18 A (300 K) and from 2.17 to 2.21 A (400 K), slightly longer
than the A1—C bond length at 0 K (2.11 A).

The bond stretching shown in the MD movies correlates with
the two lowest vibrational modes (out-of-plane vibration and
in-plane stretching vibration) of the ppC CAls*(A). The
calculated potential energy curve [at the CCSD(T)/aug-cc-pVTZ
level] for the out-of-plane displacement of the central C atom
also indicates the preference of the CAls™ for the planar
geometry over 3D structure (see Figure 3).

MD simulations of the 3D isomer (B and C in Figure 1) at
300 and 400 K also were performed. Interestingly, a 3D-to-2D
structure transition (B — A) is clearly seen during the 300 K
MD run starting from the secondary lowest-energy structure B.
A low transition barrier (5.98 kcal/mol) between the 2D isomer
A and 3D structure B (computed at the B3LYP/aug-cc-pVTZ
level theory) is found, consistent with the MD simulation. The
3D structure of isomer C always remains intact and resists
isomerization, even at 400 K. Moreover, the average Al1—C bond
length in the 3D isomer C at 300 and 400 K only fluctuates in
the 2.11—2.18 A range, indicating much stronger bonding
between the tetrahedrally coordinated C atom and the Al ligand.
Although the free energy analysis (based on harmonic ap-
proximation) shown in Figure 2 suggests that the 2D-to-3D
transition between the isomers A and B would occur beyond
700 K, the realistic dynamics trajectory of 2D ppC CAls™ at
400 K already indicates much enhanced out-of-plane vibration
and in-plane stretching vibration due to the thermal effect.
Accordingly, we conclude that the integrity of the ppC CAls*
(A) may not be capable of withstanding much higher temper-
atures than 400 K, since our MD simulations show that very
large thermal fluctuations destabilize the planar structure at, e.g.,
600-800 K.

Electronic Structure. CAls™ has 18 valence electrons with
the electronic configuration 1a;'® le;'® le)'® 2a,'® 1a,"®
ler' @ 1ey'® 2¢,'® 2¢,'®. The canonical molecular orbitals
of the ppC CAls™ (A), shown in Figure 4, include two
degenerate highest occupied molecular orbitals [HOMO,
ey'(radial)], an occupied m-orbital [HOMO—2, a,"(7)], a
peripheral five-center molecular orbital [HOMO—-3, a;'-
(radial)], and other o-orbitals. A significant contribution of
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Figure 4. Canonical molecular orbitals of Ds, CAls* and their CMO-
NICS(1).; contributions (in ppm) at PW91/IGLO-IIL. [Perdew, J. P.; Burke,
K.; Wang, Y. Phys. Rev. B 1996, 54, 16533. Kutzelnigg, W., et al. The
IGLO-Method: Ab Initio Calculation and Interpretation of NMR Chemical
Shifts and Magnetic Susceptibilities; Springer-Verlag: Heidelberg, 1990.]
*The —70.4 total value includes —0.7 contribution from core MOs (not
shown).

the perpendicular 2p, orbital of the central C atom to the
sm-orbital [HOMO—2, a," (71)] is found, consistent with the
electronic stabilization mechanism proposed by Hoffmann
et al.®* In addition, the highly delocalized radical bonding
[HOMO-3, a,'(radial)] also favors the planar structure.
Furthermore, the large HOMO—LUMO gap (1.65 eV at the
PBEPBE/aug-cc-pVTZ level or 2.82 eV at the B3LYP/aug-
cc-pVTZ level) also suggests high stability of the ppC CAls*
(A).

Natural bonding orbital (NBO) analysis® indicates con-
siderable charge transfer from the peripheral Al ligands to
the central electronegative C atom. The natural population
analysis (NPA) charges on the peripheral Al and central C atoms
are +0.78 and —2.91, respectively. Note that the carbon acts as a
o acceptor, and this compensates for the donation of the carbon
2p, electrons to the r bonding; the 25" 2p," 7 2p," 7 2p,">
valence population of the ppC results. The relatively high 2p,
and 2p, occupancies and lower occupancies in 2p, orbitals are
manifestations of the back-donation. The 1.53 electron oc-
cupancy of the 2p, orbital of ppC is close to that of the central
carbon in the Ds, CAl*~ ptC cluster® (also at the MP2/aug-
cc-pVTIZ level), where the ptC population is 2s'®?
2p,77 zpyl.77 2pzl.61_

The calculated Wiberg bond index (WBI)*® is 0.40 for each
Al—C bond in the ppC CAl5s+ (A), and the WBI central C sum
is 1.99. These data are similar to those of the ptC WBI in CAl*~
(WBIs1—¢c = 0.51 and WBIc.ror = 2.05). In both cases, the
interaction between the central C and peripheral Al atoms is

(55) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.;
Bohmann, J. A.; Morales, C. M.; Weinhold, F. NBO 5.0; Theoretical
Chemistry Institute: University of Wisconsin, Madison, WI, 2001.

(56) Wiberg, K. B. fiishsdiog 1968, 24, 1083.
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Figure 5. (a) NICS,;, (b) NICS., (¢c) NICSRad..;, and (d) NICS,., grids of the Ds; CAls* at the PW91/IGLO-III level. Diatropic tensors are shown in red

and paratropic tensors in green. NICS values are in ppm.

much weaker than, e.g., the WBIc—g = 0.97 and WBlc.toa =
3.87 in T; CHy4. The in-plane bonding between the peripheral
Al ligand and the central C atom is electron-deficient. Eight
valence electrons (four from the Als™ perimeter and four from
C) are responsible for the ppC bonding. Four valence electrons
distribute among the multicenter in-plane Al—C o-bonds, as
depicted by two degenerate HOMO [e,'(radial)] orbitals (Figure
4). In addition, two valence electrons delocalize in the multi-
center ligand—ligand—ppC o-orbital [HOMO—3, «,'(radial)]
orbitals (Figure 4), which sums up to six radial electrons. The
remaining two s-electrons [distributed in HOMO—2, a," («7)],
satisfy the Hiickel (4n + 2) m-electron aromatic rule (with n =
0). However, ppC CAls+ (A) exhibits weak sr-aromaticity, as
is shown by the canonical molecular orbital (CMO) dissection
of the out-of-plane tensor component of the nucleus-independent
chemical shift,>” probed 1.0 A above the central carbon (CMO-
NICS(1).,) (see Figure 4). Dissection of the total NICS(1).,
tensor (—70.4 ppm) suggests that the 7 MO (Figure 4, = MO)
contributes only —11.5 ppm. The tensor contributions from the
radial MOs (Figure 4, radial MOs; —28.6 ppm) are more
diatropic (aromatic). This underscores the importance of the
intrinsic delocalization of the o radial framework in the Ds,
CAls* (A) (like that reported in Al;*7).>® In addition, the NICS.,
grid and its dissection into s, radial, and o contributions
(NICS;;, NICSRad.zz» and NICS,;, respectively), are shown in
Figure 5. The large cone-shaped diatropic tensors (red NICS

(57) (a) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; van Eikema
Hommes, N. J. R. jnniuntimmmiay 1996, /18, 6317. (b) Schleyer,
P. v. R.; Jiao, H.; Hommes, N. J. R. v. E.; Malkin, V. G.; Malkina,
O. L. e 1997, /79, 12669. (c) Steiner, E.; Fowler,
P. W.; Jenneskens, L. W. | 2001, 40, 362. (d)
Corminboeuf, C.; Heine, T.; Weber, J. Qugbgl. 2003, 5, 1127. (e)
Corminboeuf, C.; Heine, T.; Seifert, G.; Schleyer, P. v. R. Siiiialtis
(litidianiiing. 2004, 6, 273. (f) Fallah-Bagher-Shaidaei, H.; Wannere,
C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P. v. R. Qugalgl 2006,
8, 863.

(58) (a) Fowler, P. W.; Havenith, R. W. A_; Steiner, E. i
2001, 342, 85-90. (b) Fowler, R. W.; Havenith, R. W. A_; Steiner, E.

2002, 359, 530-536. (c) Havenith, R. W. A.; Fowler,
P. W. . 2006, 8, 3383-3386.

probes) above the plane of the CAls* and the paratropic NICS
tensors (green NICS) outside the ring are consistent with the
ring current model®® and document the magnetic aromaticity
of CAls* (A). The dissected NICS grid analysis further supports
the CMO-NICS(1),, conclusions: the contribution to the diat-
ropic NICS tensor from the 7 MO is rather small relative to
that of the radial MOs. Hence, the radial MOs are more
important than the t MO in favoring the planar geometry of
Ds, CAIs™.

Chemical Reactivity and IR Spectrum. The peripheral Al
atoms in Ds, CAls' have the same charge. However, planar
Als? (g is in the —5 to +5 range) five-membered rings (without
a central atom) are unstable. In contrast, the peripheral Al
AlSi~, AlGe™, and Ps™ rings in the CAl>~, CALSI,
CAlGe ™, and CPs*™" ptC’s all are stable and aromatic.®°

The evenly distributed positive charges on the Al perimeter
atoms suggest that the CAls™ has no specific site for nucleophilic
attack. A C1™ counteranion prefers attachment to one of the
peripheral Al atoms in ppC CAls* (A). A deformed C, global-
minimum structure with a ptC (Figure 6a) results. An alternative
C,, geometry, with the C1™ bridging two Al atoms (Figure 6b),
as well as the 3D structures we have examined are substantially
higher in energy.

Akin to CAIsCl (Figure 6a), neutral CAls and monoanion
CAls~ clusters are most stable in planar C,, geometries
containing ptC subunits, as has been shown by previous PES
anion experiments and high-level theoretical computations.®’
The CAls™ cation has been detected mass spectroscopically, but
its IP has not been measured yet.>* The single intense peak at
627.7 cm~' computed in the IR spectrum (see Figure SI,

(59) Pople, J. A. jnfshmeiiing. 1956, 24, 1111.
(60) (a) Li, X.; Kuznetsov, A. E.; Zhang, H.-F.; Boldyrev, A. I.; Wang,

L. S. Sgigueg 2001, 291, 859. (b) Zhai, H.-J.; Wang, L.-S.; Kuznetsov,
A. E.; Boldyrev, A. 1. jilinniiiam 2002, /06, 5610. (c) Boldyrev,
A.L; Wang, L. S. (ahgielgy. 2005, /05, 3716.

(61) Boldyrev, A. L; Simons, J.; Li, X.; Wang, L. S. jafiasiiia. 1999.
111, 4993.
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Figure 6. Optimized structure of neutral [CAls]*CI~ (B3LYP/aug-cc-
pVTZ). (a) A Cl atom binds to a peripheral Al atom and (b) a Cl atom
binds to the edge site. The lowest frequencies are given as vmin. The bond
lengths are in units of A.

Supporting Information) also affords a means of identifying ppC
CAls" in possible mass-selected photodissociation experi-
ments.*?

Conclusion

We have reported the first evidence of a hexatomic species
having a global-minimum structure with a planar pentacoordi-
nate carbon: CAls" prefers Ds, symmetry on the basis of
extensive potential energy surface searches, high-level ab initio
computations, and quantum molecular dynamics simulations at

(62) (a) Duncan, M. A. . 2003, 22, 407-435. (b)
Douberly, G. E.; Ricks, A. M.; Ticknor, B. W.; McKee, W. C.;
Schleyer, P. v. R.; Duncan, M. A. iniiinnsiiisl 2008, //2, 1897.
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300 and 400 K. Although both neutral and positively charged
three-dimensional molecules with pentacoordinated carbons are
well described,’3*-¢36* experimental evidence of planar penta-
or hexacoordinate carbon species is still lacking. We hope that
the global-minimum character of Ds, CAlsT (A), its predicted
robust thermal stability at room temperature, and the mass
spectrometric observation of CAls™ will stimulate investigations
to confirm the existence of the ppC CAls* species in the
laboratory.
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