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Planar tetracoordinate carbons (ptC’s) can be stabilized by four-membered ring perimeters composed of four bare
transition metal atoms. DFT analyses of the molecular orbitals, electronic structures, energies, and magnetic properties
of these CM, species (where M represents isoelectronic combinations of Cu, Ni, Ag, and Pd) reveal striking similarities
with main group metal ptC analogues (e.g., CAlSi,, CAl;Na~, and CsLi,). While the CCu,**, CAg,**, and CNiCus*
ions have the largest HOMO-LUMO separations, CCuq?* is the best candidate for detection by gas-phase
photoelectron spectroscopy.

Introduction Hoffmann et al pointed out that the HOMO of planar
methane, a p-orbital lone pair on the ptC, could be stabilized

Van't Hoff and LeBel's tetrahedral carbbfipervades 1 gelocalization tar acceptord. In contrast, Wang and
chemistry. Planar tetracoordinate carbon (ptC) alternatives SchleyeP stressed the conceptual advantages of basing ptC
were long thought to be too high in energy to be vidble gesigns on thénherently planar methane dicaticand the
until, in 1970, Hoffmann, Alder, and Wilcox formulated  stapjlization of its vacant ptC p orbital by-donor substit-
“electronic” strategies for reducing the relative energies of yents, The methane radical cation may be an even better
ptC structured.The systematic and extensive computational model, since the ptC p orbitals of almost all of the many
investigation of Schleyer and Poplelesigned the first  known example’ are occupied by one electron, more or
example of a ptC molecule, 1,1-dilithiocyclopropane, by |ess. Overall neutrality of the ptC molecules can be achieved
employing an additional “mechanical” strategyhe smaller by appropriate isoelectronic atom replaceméfitd
bond angles of the three- and four-membered rings favor Schleyer and Boldyrev (SB) were the first to design ptC’s
ptC’s. In addition, the in-plane electron deficiency can benefit with the minimum number of atoms (five) (e.q., the neutral
from o donation by electropositive groups. Many compounds pentatomic CAISi; isomers and their analogué®)The 1991
with a ptC are now known on the basis of these electronic SB computational predictions were verified experimentally
and mechanical principleés$ in 1998 by the detection of the isoelectronic anions, £Al
Sit2al2dand the closely related NaCAL' The planarity of

* To whom correspondence should be addressed. E-mail: schleyer@ such ptC molecules composed of second or third row main
chem.uga.edu. group ligand atoms in four-membered ring perimeters is
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characterized by multicenter bonding involving all of the
atoms, as well as peripheral liganligand bondingt? Can
transition metal rings function effectively as well? Is it
possible to have only four transition metal atoms in addition
to the ptC?

A square planar carbon inside a four-membered nickel ring
moiety has been known for some time in the,RigCs
aggregate synthesized by Musanke and JeitsthKde
bonding of the underlying Chiunit of this unusual nickel
carbide polymer network has been analyzed using qualitative,
band-structure calculations employing extended Huckel tight-
binding theory®> The unusual carbide polymer network
features infinite, one-dimensional, vertex-sharing chains of
Ni squares. Each nickel atom has lineari—C coordina-
tion to the central square planar or externalv@ith weak
Ni---Ni bonding. Inspired by the theoretical study of Tsipis
on the hydrocopper GH, ring,* Li et al. computed a ptC-
containingDg, “hydronickel” compound? We now describe
the smallest “naked” transition metal clusters that can host
a ptC atom. These predictions developed from our theoretical
investigation of bare transition metal rings (i.e., without
hydrogen or other substituent$)Such rings are inherently
well suited to stabilize central atom placements. While we
focus on carbon as the central atom here, other elements can

function equally well as the central tetracoordinate atom. Figure 1. B3LYP/TZPP structures of the transition metal cages (for Ag,
Pd, B3LYP/LANL2DZ ECP, and valence basis sets) containing planar
Computational Details tetracoordinate carbons. The selected bond lengths are in A. The smallest
vibrational frequency (mode corresponding to pyramidalization) and the
Our design strategy places the ptC inside suitable four-memberedHOMO-LUMO separations (in eV) are given for all the species.

late transition metal element rings composed of combinations of

Ni and Cu or of their heavier congeners, Pd and Ag. The optimized optimized automatically, typically at low levels of theory to begin
geometries of these species are rather insensitive to the DFT levelwith. HF/STO-3G was chosen in the present application. Redun-
The symmetry-constrained structures reported here are based omlancies in each set (energies within 0.00001 au) are eliminated.
the B3LYP functional, together with the standard Karlsruhe valence The sets of kick runs are continued until no new structures are
triple-¢ valence basis sets augmented with double polarization generated. Since no symmetry constraints are imposed, the geom-
functions (TZVPP for C, Ni and Cu¥, or with the LANL2DZ etries obtained should correspond to minima. The lowest-energy
combination of valence and ECP basis sets (Ag, 2Pdjhe structures at the preliminary level (and others, which seem
Gaussian03 program was employédihe computed vibrational  attractive) are then reoptimized and refined at the higher B3LYP/
frequencies show the ptC structures in Figure 1 to be minima. The TZVPP level, followed by vibrational frequency computations.
potential energy surfaces were explored using the Saunders “kick” .
method?? newly implemented as an automated proced&Ehis Structure and Energetics

stochastic method generates structures randomly and facilitates the  The relatively short computed #ptC bond lengths (in
thorough exploration of unknown isomers much more easily than the 1.871+2.040 and 1.6861.700 A ranges for the species

manual methods. It does not involve any preconceived structures;p, riq,re 1) indicate significant stabilization because these
based on bonding principles. Instead, all the atoms are placed at
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lengths are shorter than the sum of van der Waals radii (e.g.,
for Cu—C (2.190 A) and Ni-C (2.150 A))?* In addition,

the rather short intramolecular metahetal distances<{2.7

A) favor cyclic electron delocalization and further stabilize
the planar configurations relative to the corresponding
tetrahedral forms.

Despite being a local minimuni, is not the most stable
isomer as the butterflyd,) form is ~33.4 kcal/mol more
stable. In addition, the CGsubunits aggregate in the bufk.
The HOMO-LUMO energy separation of singlétis small
(0.27 eV), and thé,, triplet electronic state is 22.9 kcal/
mol lower in energy. Triplefl (Day) is thus a better neutral
candidate for the observation of a ptC (Figure 1). The
removal of two electrons from CGY1) generates th®g
CCu?* dication @); its HOMO—LUMO energy separation
is substantial, 2.72 eV (Figure 1). Moreover, pyramidaj )
and butterfly D,g) CCu?* starting geometries give tHay,
minima @) upon optimization. The stability d? is further
demonstrated by its large binding and atomization energy
(24.5 and 28.9 eV, respectively, at the B3LYP/TZVPP level).
The viability of 2 is consistent with the experimental
characterization of the isoelectronic Sla" cluster by Wang
et al?® Although the neutraD4, Cu, framework is electroni-
cally unstable by itself? it is stabilized by the presence of
a central atom and two additional electrons. This is especially
so in 2, since the vacant,pC?" orbital interacts with the
filled orbitals of the metal ring.

Remarkably, the isoelectronic analogues ofyCu, C,,
CCwNit (3), Doy CCwNiy (4), andC,, CCuNk™(5), all are
local minima and have ptC's. Like many anions, the CGuNi
(5) HOMO has a positive eigenvalue (0.0007). However, the
presence of the lficounterion in the monocapped CCyiNii
(6) precludes electron detachment; the HOMO energy is
lowered to—0.1567. TheCs symmetry of6 prevents perfect
planarity of the CCuNji~ moiety, but the out-of-plane
distortion is small. WhileD4, CNis?~, our final member of
the isoelectronic Cu— Ni replacement series, also is a
minimum, its HOMG-LUMO separation is large (1.9 eV).
Interaction with the two Li counterions destroys the
planarity of the CNj unit. Thus D4y CNisLi, has one
imaginary vibrational frequency associated with the out-of-
plane motion of Ni leading t&€,, symmetry.

CCu?" (2) and CCyNi* (3) have the largest HOM©

Roy et al.

Figure 2. lllustrative molecular orbitals of CG&" (D4y) (B3LYP/TZVPP).
The isosurface value is 0.05 au.

the isoelectronidD4, CAgs?t (7) may be viable. Attention
also is called to the planar triplet state of neutral GCL.

Molecular Orbital and NBO analysis

Molecular orbital (MO) analyses df—8 reveal features
that stabilize the ptCs by interaction of the carbgobital
with the transition metal ring skeleton. Note the important
contribution of the perpendicular ptC p orbital to the
delocalizedr a, HOMO—14 of CCu?* depicted in Figure
2. (The full set of MO’s is given in the Supporting
Information.) The peripheral metametal bonding interac-
tions of the other MO’s shown in Figure 2 also favor the
planar structures strongly.

Natural bond orbital (NBO) analys®&sof 1—-8 indicate
considerable electron transfer from the surrounding metal
atoms to the more electronegative carbons in the centers.
For example, the atomic charges of the GCwication @)
are+0.89efor Cu and—1.57e for the ptC, while those for
the neutral4) are+0.38 (Cu),+0.20 (Ni) and—1.16e (ptC).
Such charge distributions show that the electron transfer is
more effective from Cu than from Ni. NBO also reveals
significant 2p ptC orbital occupancies. Thus, the electronic
population of the C atom valence shell is-22p!622p,1-62
2p057in 2, 28-62p 14714820 078in 3, 285913 139087
in 4, and 28%2p132p1-32p105in 5. The 2p ptC orbital
occupancies are in agreement with the WaBghleyer ptC
bonding model (see abov&)which is based conceptually
on stabilization of a vacant 2ptC orbital through electron
transfer. In addition, the ptC benefits fromndonatiort by
the electropositive transition metals justifying the relatively
high occupancy of both the 2@nd 2g carbon orbitals.

LUMO separations and may be the best candidates for gasFinally, the delocalized character of the in-plane-1@

phase experimental detection among the isoelect@nig
set. NeutralDa, CCwNi; (4) is about 6 kcal mol' more
stable than it<C,, counterpart but is prone to aggregéte.
Although D, CAg:Pd; (8) is 7 kcal mot™ higher in energy
than aC; symmetry isomer (see Supporting Information),
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bonding is well illustrated by the atoratom overlap
weighted NAO bond orders, varying from 0.5 per-Cu in
CCu?" to 0.7 for C-Ni in CCwNi* (see details in the
Supporting Information).

Magnetic Properties

0 1*C and the nucleus-independent chemical $hi[ICS)
PW91/TZVPP all-electron DFT computations provide a more

(28) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Re. 1988 88,
899.

(29) (a) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao. H.; Hommes,
N.J.R. EJ. Am. Chem. Sod996 118 6317. (b) Chen, Z.; Wannere,
C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P. vORem. Re.
2005 105, 3842.
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Figure 3. Two-dimensional grids (0.& 5.0 A) of NICS,, points and*3C chemical shiftsd) for 2—5 (PW91/TZVPP) CAINa* (PW91/IGLOIII) and for
the previously studied 4Li,.30

Figure 4. Three of the four stationary points of C£t obtained at the B3LYP/TZVPP level are displayed on the right side. NIMAG is the number of
imaginary harmonic frequencieAE is the energy relative t@. All distances are in angstroms. lllustrative preliminary structures, generated by the kick
method at HF/STO-3G (see text) are shown on the left side. These all led to the ptC global mi@yrupor( further refinement at the higher theoretical
level.

detailed understanding of the extent of cyclic electron chemical shifts (Figure 3), which differ dramatically from
delocalization in these systems. In particular, the NJ&ES© the usual spcarbon shielding range (12@20 ppm). The
index, which is closely related to the current density, reflects out-of-plane component of the carbon shielding tensgj (

the magnetic response of a molecule toward a magnetic fieldis more informative than th&C chemical shift itself. Thus,
applied perpendicularly to the plane (theirection by the CsLi> and CCW?* (2) have a fairly largé*C—o,,value ¢-300
usual convention). Figure 3 displays grids of NIgsoints ppm) as compared to that 85 (<200 ppm). This greater
and**C chemical shifts foR—5, CAl,Na", and the previously = magnitude is consistent both with a larger decrease of
studied GLi,,3 for comparison. The peculiar properties of electron density at the planar tetracoordinated carbon and

the ptCs in2—5 are best illustrated by theif’'C NMR with a stronger electronic delocalization in the bare copper
and carbon rings.
(30) (a) Fowler, P. W.; Steiner, Bol. Phys.200Q 98, 945. (b) Steiner, The magnetic behavior ofCi, is knowrt! to be similar

E.; Fowler, P. W.; Jennesskens, L. Whgew. Chem., Int. ER00 i . . . ..
40, 362. (c) Corminboeuf, C.; Heine, Tg; Seifert, G.; Schleyer,lP. v, 10 benzene: both have large diatropic (magnetic aromaticity)
R.Phys. Chem. Chem. Phy¥04 6, 273. (d) Fallah-Bagher-Shaidaei,
H.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P. v. R. (31) Merino, G.; Mendez-Rojas, M. A.; Beltran, I. H.; Corminboeuf, C.;
Org. Lett.2006 8, 863. Heine, T.; Vela, AJ. Am. Chem. So2004 126, 16160.
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regions inside and deshielding regions outside the ring. All kick optimizations proceed in point group,, but often
CCu?* (2) is confirmed to be a promising candidate for lead very nearly to higher symmetries, which may then be
isolation as it exhibits the same NIg$attern as €Li, imposed prior to the further refinement. Additional MP2/
(Figure 3) and benzene: its deshielding outside is weaker TZVPP calculations (details in Supporting Information)
(up to+3.5 ppm vs 5.6 ppm for &£Li5,). In sharp contrasyg confirm that the dicatior2 is a minimum and much more
and5 do not exhibit a deshielding region but remain weakly stable than the alternative geometries.
diatropic outside the ring: it vanishes at5 A. Such We have also explored the potential energy surfaces for
unexpected magnetic behavior is inconsistent with Pople’s CCwNi,, CCwNi*, and CCuN§~ extensively using the kick
ring-current modéf and hence with the existence of a method?23The structures with ptC’s also were found to be
diatropic ring current around the metal frameworkdadnd the global minima. (Geometries and energies for the isomers
5. Interestingly, the magnetic behavior®fs similar to that are given in the Supporting Information.)
of 4 and5 but with a fairly weak increase of the deshielding As illustrated by the CMsystems (M are the combinations
(>2.5 ppm) along the direction perpendicular to a-@u of Cu, Ni, Ag, and Pd) analyzed here, bare four-membered
bond. transition metal rings are good candidates for stabilizing
planar tetracoordinate carbons. While neutral examples are
likely to aggregate, their isoelectronic cationic analogues and
Finally, to explore the potential energy surface of our most CCu?" in particular are good prospects for detection by gas-
promising candidate, CG#f (2), a total of 1000 kick jobs ~ Phase photoelectron spectroscépy, when compared to
in independent sets of 50 were performed at the HF/STO- highly accurate electron binding energy.

3G level of theory. The procedure is explained in the — »qynowiedgment. This work was financially supported
Computational Details section, above. The best structuresby NSF Grant CHE-0209857 and partly by the Petroleum
from the initial level were refined at BSLYP/TZVPP. Only  pcaoreh Fund (Grant 41888-AC4)

two minima, the global minimun®, and the 92.1 kcal/mol

less-stable local minimun2A (Figure 4), were located on Supporting Information Available: Cartesian coordinates for
the PES of CCi#*. Most of the “candidates” generated at the stationary points, atofatom overlap weighted NAO bond order
the lower HF/STO-3G level did not survive and optimized for Cu and Cu-Ni clusters, full set of MOs for CCA", and

to 2 at B3LYP/TZVPP. We have also located two transition 2lternative structures for CGNi,, CCuNi*, and CCUNi™ obtained
structures, both of which are involved (as shown by their by the kick method. This material is available free of charge via
IRCs) in different degenerate permutations of Cu atofs: the Intemnet at http://pubs.acs.org.

Exploration of the Potential Energy Surface

is the transition state between two stereomut&ad, and 1C060802G
2B is the transition state between two stereomutated
(Figure 4). (33) Wang, L. S.; Cheng, H. S.; Fan,J.Chem. Phys1995 102 9480.

(34) Wang, L. S.; Wu, H. Iiddvances in Metal and Semiconductor Clusters
IV. Cluster Materials Duncan, M. A., Ed.; JAI: Greenwich, U.K,,
(32) Pople, J. AJ. Chem. Phys1956 24, 1111. 1998; pp 299-343.
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