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We have recently advanced the aromaticity concept into all-metal molecules containing Al,>~, XAl;~, Gag®~, Ing?~,
Hg.®~, Al;~, and Gas~ aromatic units. All these systems are electron deficient species compared to the corresponding
aromatic hydrocarbons. The electron deficiency results in an interesting new feature in all-metal aromatic systems,
which should be considered as having both 7- and o-aromaticity, and that should result in their additional stability.
In this work, we obtain crude evaluations of the resonance energies for Na,Al, and Na,Ga, all-metal aromatic
molecules. The resonance energies were found to be unusually high: 30 kcal/mol (B3LYP/6-311+G*) and 48
kcal/mol (CCSD(T)/6-311+G(2df)) for NazAl, and 21 kcal/mol (B3LYP/6-311+G*) for Na,Ga, compared to 20 kcal/
mol in benzene. We believe that the high resonance energies in Na,Al; and in Na,Ga, are due to the presence
of three completely delocalized bonds, one zz-bond and two o-bonds, thus confirming the presence of zz- and
o-aromaticity.

Introduction aromatic hydrocarbon 1,2+ dication? and therefore they
are electron deficient aromatic systems. The electron defi-
ciency results in an interesting new feature in our all-metal
aromatic systems, which should be considered as having both
m- and o-aromaticity. In a recent article, Fowler and

The aromaticity concept has been recently advanced into
all-metal molecules containing &, XAlz~, Ga?~, Ins",
Hgsf, Al;~, and Gg~ aromatic units:®> While Robinson
and co-workers 8 in the middle of 90s synthesized organo co-workerd? evaluated ring current in 44~ and MAL~ (M

: . o
metallic compounds containing aromati€Ga:= — groupsS  — | j Na, Cu) and concluded thatelectrons are responsible
bound to three bulky ligands and stabilized by two cations, for the delocalized diamagnetic current induced by a

our aromatic molecules containing only metal atoms are o yangicular magnetic field. On the basis of analysis of
different. Robinson’s compound+s are valence IS0€lectronic 5, matic ring-current shielding calculations, Sundholm and
with the aromatic hydrocarbonsBs 2_cat|on. Infact, Schaefer . \vorkera! concluded thatr-electrons contribute to dia-
and co-workers used the Ggs>" model in ab initio 00 ting current, and thus our molecules are hottand
calcylatlo?s in order to prove the presence of_—hond In s-aromatic. We arrived at the same conclusion from the
Robinson’s compounds. Our all-metal aromatic molecules analysis of the molecular orbitalss We identified in Al2-

have four valence electrons less than the correspondingfOur MOs (HOMO-3, HOMO-4, HOMO-4 HOMO-5

Figure 1a) corresponding to Al lone pairs (linear combina-
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cc.usu.edu. tions of 3s-A0), two MOs (HOMO-1, HOMO-2) corre
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Resonance Energy in New All-Metal Aromatic Molecules

Figure 1. Molecular structure and molecular orbital pictures of (a) bare
Alg2~, (b) NaAl4 (Cs, TA"), and (c) NaAls (Dan, *A1g).

stabilization energy in N&l4. However, it is very hard to
evaluate accurately the resonance energy in theAlNa
molecule due to the interaction of Nand Al>~ and due to
the problem of identifying a suitable reference molecule with
an A=Al double bond formed by aluminum atoms with the
valence |. Still, taking into account the importance of the
resonance energy within the concept of aromaticity, we

present in this article our crude evaluations of it in the context (15)

of the NaAl, and NaGa, molecules.

Figure 2. Optimized structures of (a) &~ (Dan), (b) Ga?~ (Dan), (C)
NapAl 4 (Cs, 1A"), (d) NaGas (Cs, A"), (e) NaAly (Dan, *A1g), (f) NaGay
(Dan, *A1g), (9) NaAl4 (Cz, A1), (h) NaxGay (Cay, 1Ay), (i) NagAlg (Dan,
1Ag), and (j) NaGa (Dan, 'Ag) at the B3LYP/6-313G* and MP2/6-
311+G* levels of theory. Data at MP2/6-331G* are given in parentheses.
Bond lengths are given in A.

Computational Methods and Theoretical Results

We initially optimized geometries and calculated frequen-
cies of NaAl, and NaGa, species using analytical gradients
with polarized split-valence basis sets (6-313*)1>14 for
Al and Ga and a hybrid method known in the literature as
B3LYP.15"17 The singlet structures with one Nacation
coordinated to the face and another one to the edge of the
square-planar X~ dianions (Figure 2c and 2d) were found

(12) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639.

(13) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. J. R
Comput. Chem1983 4, 294.

(14) Frisch, M. J.; Pople, J. A,; Binkley, J. 3. Chem. Phys1984 80,

3265.

Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and

Molecules Oxford University Press: Oxford, 1989.

(16) Becke, A. D.J. Chem. Phys1993 98, 5648.
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Table 1. Calculated Molecular Properties of Mda Structures

Boldyrev and Kuznetsov

NapAl 4 B3LYP/ MP2/ NapAl 4 B3LYP/ MP2/

(Cs, AN 6-311+G* 6-311+G* (Dan, 1Alg)b 6-311+G* 6-311+G*
Eiot, 2U —1294.416753 —1291.643940 Eiot, aU —1294.409509 —1291.641981
NIMAG 0 0 NIMAG 0 0
vy (d), cmt 348 353 v1 (ag), cnt 283 307
v, (d), et 294 302 v2 (ag), c 154 158
vs (d), et 250 295 v3 (ap), cm 182 187
va (d), et 170 182 v4 (019), crr? 147 144
vs(d), cmt 166 177 vs (bog), et 289 295
v (d), et 95 97 vg (Bay), cTL 186 192
v7 (&), cm L 43 42 v7 (&), et 83 78
vg(d"), cmt 311 391 vg (&), cm L 257 334
vg(d"), cmt 161 174 vg(ey), cmt 57 68
v10(@"), et 133 141
11 (@), cmr? 79 90
v12 (@), et 69 68
ZPE, kcal/mol 3.029 3.305 ZPE, kcal/mol 2.909 3.207

3 CCSD(T)/6-31#G(2df)//MP2/6-31#G*: Eccspmy= —1291.739509 ak CCSD(T)/6-31#G(2df)//MP2/6-313#G*: Eccspm= —1291.739482 au.

Table 2. Calculated Molecular Properties of Md, Structures

NaAl 4 B3LYP/ MP2/ NaAl 4 B3LYP/ MP2/
(Ca, A7) 6-311+G* 6-311+G* (D2n, *Ag) 6-311+G* 6-311+G*
Etor, @U —1294.409631 —1291.636830 Etor, @U —1294.397765 —1291.630772
NIMAG 0 1 NIMAG 1 0
v1 (&), cmrt 332 380 v1 (ag), cm? 360 357
vz (ay), cmt 315 327 v2(3g), cnt 328 336
vz (a), cmt 182 190 v3 (ag), cmt 163 164
va (an), crt 133 148 v4 (ay), cmt 96 80
vs (ag), crt 35 49 vs (byy), cmt 292 361
ve (a), cmt 35 16 ve (b1y), cmt 199 210
V7 (bl), cm? 94 107 V7 (bzg), cmt 38 88
Vg (bl), cm ! 48 13 Vg (b2u), cm?t 301 487
vg (by), cm 1 364 360 vg (bay), cmt 67 89
V10 (bz), cm ! 296 353 V10 (bgg), cm?t 175 176
V11 (bz), cmt 173 183 V11 (bgg), cm ! 58 56
V12 (bg), cmt 121 134 V12 (bgu), cmt 29 24
ZPE, kcal/mol 3.042 3.212 ZPE, kcal/mol 2.956 3.471

Table 3. Calculated Molecular Properties of paas Structures

Table 4. Calculated Molecular Properties of p&eay Structures

NaGa NaGa NaGa B3LYP/ NaoGay B3LYP/
(Cs 'A’)  B3LYP/6-311G*  (Dan ‘A1  B3LYP/6-31HG* (Cau, TA2) 6-311+G* (Dan, 1Ay 6-311+G*
Etot, aU —8024.165114 Eio, au —8024.158547 Eiot, aU —8024.158161 Eiq, au —8024.145137
NIMAG 0 NIMAG 0 NIMAG 0 NIMAG 1
vy (@), cmt 224 v1 (aag), CNT L 184 vy (&), et 215 v1 (ag), cmt 239
v (@), cmt 181 V3 (aag), CNT 1 147 vz (@), cmt 198 vz (ag), cmt 212
vz (d), cm 1 170 v3 (ay), cm 1 166 v3 (a), cmt 162 v3 (ag), cmt 153
va(d), cmt 155 va (b1g), cMt 107 v (ag), et 106 v4 (&), cmt 74
vs (d), cmt 139 vs (bog), cmt 175 vs (ag), cmt 43 vs (b1y), cmt 200
ve (@), cm 1 70 vg (b2y), cM L 118 ve (a), cmt 22 ve (byy), cmt 161
v7 (@), cm 1 40 v7 (gg), et 66 vz (by), cm1 71 v7 (bag), ct 47
vg (d"), cm! 192 vg (&), cmt 153 vg (by), cm1 29 vg (bay), c L 187
vg (@"), cmt 113 vg (&), cm 1 50 vg (b2), cmt 232 vg (b2y), c 1 60
V10 (al’)| cmt 92 V10 (bz), cm! 194 V10 (bgg), cmt 129
V11 (d'), cm! 63 V11 (bz), cm? 153 V11 (b3g), cm! 53
V12 (a”), cm 60 V12 (bz), cmt 91 V12 (b3|_|), cm?t 24
ZPE, kcal/mol 2.141 ZPE, kcal/mol 2.051 ZPE, kcal/mol 2.166 ZPE, kcal/mol 2.132

to be global minima. The NAl, structures were refined
using the MP2/6-312G* level of theory*® The optimized
geometries and vibrational frequencies agreed well at the
B3LYP/6-31HG* and MP2/6-31%G* levels of theory for

all NaxAl, structures (Figure 2 and Tables-4). Finally,

the two most stable structures of My were further studied
using the coupled-cluster method [CCSD{Y)f with the

extended 6-31+G(2df) basis sets. TheC{, *A’) structure
with one cation coordinated to the face,Al and another
one coordinated to the edge was found to be the most stable.
To test further the validity of the one-electron approximation,
we performed a single-point CASSCF(6,8)/6-313* cal-
culation of NaAl, with six active electrons and eight active
molecular orbitals using the B3LYP/6-31G* geometry.

We found that the Hartree~ock configuration is domi-

(17) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson,
M. R.; Singh, D. J.; Fiolhais, CPhys. Re. B 1992 46, 6671.

(18) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys
198Q 72, 650.

(19) Cizek, JAdv. Chem. Phys1969 14, 35.

(20) Purvis, G. D., lll; Bartlett, R. 3. Chem. Phys1982 76, 1910.
(21) Handy, N. C.; Pople, J. A.; Head-Gordon, M.; Raghavachari, K.;
Trucks, G. W.Chem. Phys. Lett1989 164 185.
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Table 5. Calculated Energies of Selected Reactions

reaction B3LYP/6-311+-G* CCSD(T)/6-311-G(2df)
NaAl4 (Cs, 1A") — 2Na £S) + 4Al (2P) +184 kcal/mat +214 kcal/mat
HoAl—AIH>;— 2AIH, +56 kcal/mol +60 kcal/mol
NagAly4 (Cs, *A") — NaAl (Caoy, 1y *) + NaAlz (Ca,, A1) +78 kcal/mol +97 kcal/mol

aCorrected for zero-point energy at the B3LYP/6-313* level of theory.

nant: Cyr = 0.9045. Thus, the one-electron bonding picture On the other hand, the all-metal# clusters have only

is expected to be valid. seven pairs of electrons each. Four pairs can be assigned to
All calculations were performed using the Gaussian 98 four lone pairs of M, as discussed earlier. One pair is the
program?? Pictures of the HartreeFock MOs (RHF/6- delocalized four-centetz-bond, and only two pairs of
311+G*) are made with the help of the MOLDEN pro- electrons are available fer-bonds. Therefore, one cannot
gram? draw the classical structure for &t with four two-center
Bonding in NayAl, and NaGas. The MOs of Al?~ of two-electron bonds. These systems are electron deficient.

the two most stable structures of M&, are presented in  Only Al—Al o-bonding MOs having multicenter bonding
Figure 1. One can see that the role of'Ns to stabilize an properties are occupied. The only possible representation
otherwise electronically unstable At dianion; it has using the classical two-center two-electron language for these
relatively minor effects on the electronic structure of the systems is through the 12 resonance structures discussed in
dianion. The HOMO (1a) of Al>~ is formed from the out-  our previous work. The average M-M bond order in these
of-plane 3p orbitals (Figure 1a). The HOMO-1 (24 and metallic clusters is only 0.75, resulting from the three
HOMO-2 (1l are bonding orbitals formed from the in- bonding MOs (twoo- and oner-bond) divided among the
plane 3py orbitals. The following four MOs are bonding, four M—M bonds in the M?~ square.

nonbonding, and antibonding orbitals formed primarily from  Evaluation of the Resonance Energies in N&l, and

the filled 3s valence orbitals of Al. When all bonding, NayGas. On the basis of the bonding picture, we now can
nonbonding, and antibonding MOs composed of the sametry to evaluate the resonance energy in theMlaand Na-
atomic orbitals (such as the 3s orbitals of Al in this case) Ga, molecules. We need to introduce a few approximations
are occupied, the net bonding effect is expected to be closein order to achieve our goal. First, we will assume that Al
to zero, and the atomic orbitals can be viewed approximately and Ga atoms have valence | and there is little hybridization
as lone pairs. This fact can be understood better using He mixing between s- and p-AOs in these atoms. Second, we

as an example. In the Helimer, both bonding (1g; + cannot devise a molecule where Al will have valence | and
154e2)? and antibonding (381 — 1s4e2)?> MOs are occupied;  yet has a double bond. Therefore, we assume that an Al
therefore, the net bonding effect is zero and thedtbital Al double bond is equal in strength to two ARl single

at each He atom can be treated as a lone (nonbonding) pairbonds. (Ab initio evaluation of the AAl bond show$* that

In the NaAl, species, the MOs of the & dianion can it is expected to be weak, and therefore the second assump-
be easily recognized, and the same is true for Ga speciestion may only decrease the evaluated resonance energy).
However, if we compare the nature of our aromatic all-metal Third, we assume that the energy of the-Md, bond in
M42~ (M = Al, Ga) species with a reference organic aromatic NaAl, is approximately equal to the energy of the-Na
H4C,2* cation? we find that although all these species possess bond in the NaAl diatomic molecule. We understand that
two m-electrons and are aromatic, they are not isoelectronic. these assumptions are rather approximate and therefore our
The square-planar all-metal systems have 14 valence electesonance energy evaluations will be rather crude.

trons, while the aromatic I€,°" has 18 valence electrons. We calculated the atomization energies for the/Mlamost
The four valence electron deficit in our all-metal 2Vl stable structures at two levels of theory (see Table 5).
systems has important consequences. J8,H, there are

eight classical two-center, two-electron bonds (the fotHC Na,Al (C, "A’) — 2NafS) + 4AI(°P) 1)

bonds and the four €C bonds) plus one delocalized four-

centerz-bond that gives rise to aromaticity in this species. The energy of the NaAl bond is 17 kcal/mol (B3LYP/
: _ 6-311+G*) and 18 kcal/mol (CCSD(T)/6-3HG(2df)).
(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, . . .
M. A.: Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; The needed energy of the AAI single bond is not readily
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, available. The dissociation energy obA—AIH, is not

A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, : - p P
V.: Cossi, M. Cammi. R.; Mennucci, B.. Pomelli, C.. Adamo, C.. aPpropriate because it involves dissociation of the-Al

Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; bond with two Al atoms in valence Il rather than valence I.
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; However, the AFAIH, molecule contains an AlAl bond,

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B; Liu, G.; . . . .
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. With one Al being in the valence | state and the other in

/E\.; léax, D.IJ.; Kceithc,hT.;“Al-Lark\]amMM. é_.l;l Ppenlgl,%l YJ Nhanayakgag, valence lll. From eq 2, we can evaluate an—Al bond
., Gonzalez, C.; allacombpe, WM.; Gilll, P. M. ., Jonhnson, b. G.; H . .

Chen, W.; Wong. M. W. Andres, J. L.; Head-Gordon, M.; Replogle, ©€Nergy ina hypothetical Aimolecule, which has an AlAl
E. S., Pople, J. AGaussian 98 revision A.7; Gaussian, Inc..  single bond, formed from only 3pAOs.

Pittsburgh, PA, 1998.

23) Schaft , QVVOLDEN3.4 CAOS/CAMM Center: The Nether-
(23) Schaftenaar 4 enter: The Nether Al—Al + HAI—AIH, — 2AI-AH, )
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We remind the reader that Ahas a triplet ground electronic
state {I1,)?® with one electron occupying a-MO and
another in ar-MO. Assuming that the energy of reaction 2
is zero and using our ab initio data for ARIH, and H-
Al—AIH,, we can calculate the energy of the desirable Al
Al single bond: 24 kcal/mol (B3LYP/6-3HG*) and 27
kcal/mol (CCSD(T)/6-311G(2df)). (All these numbers have

Boldyrev and Kuznetsov

Al; (log?lo?204t1mt) shows that the first two MOs are
bonding and antibonding orbitals composed from 3s-AOs,
while the last two are-bonding (27g) andz-bonding (1z.)
orbitals composed from 2A0 and 2R o y-AOs of Al.
Therefore, if both bonding orbitals are occupied by a single
electron, the bond order in AGII,) can be taken to be
approximately 1. On the basis of these values for the Al

been corrected for ZPE.) Now we can evaluate the resonanceAl bond, we can compare the resonance energy (assuming

energy from eq 3:

E(NaAl) — 2E . (Na-Al) —
3E, (Al —Al)E, .= +78 kcal/mol (B3LYP/6-31%G¥)
3)

res

E.s= +97 kcal/mol (CCSD(T)/
6-311+G(2df))

While our resonance energy depends on the theoretica

method, these results are certainly unexpectedly high on the

basis of the value of the resonance energy in benEgpe

20 kcal/mol?® We believe that these numbers, which we will
call “optimistic”, are unrealistically high. They can be
substantially reduced if we take into account theps
hybridization of Al atoms in N#Al,. The influence of the
s—p hybridization on the At+Al bond energy can be obtained
from the HAI—AIH ; molecule, where the dissociation occurs
into two AlH; groups (see Table 5). With these-AAl bond
energies, the resonance energy inAawill be —18 kcal/
mol (B3LYP/6-311+G*) and —2 kcal/mol (CCSD(T)/6-
311+G(2df)). Certainly, these numbers, which we will call
“pessimistic” are unrealistically low because Al atoms in-Na
Al4 are not sp hybridized as in AlH..

One way to evaluate an approximate degree of hybridiza-
tion is to consider the effective occupation numbers of atomic
orbitals. We calculated the effective occupation numbers of
atomic orbitals according to the natural population analysis.
These numbers were found to be-38p,133p,%*° for Al
in NagAl, compared to 3$83p,%73 for Al' and 33173p,132
for A" in AI—AIH,. We estimate that the degree of
hybridization of Al in NaAl, is between these two extremes.
We believe that a more realistic resonance energy can b
obtained by averaging the optimistic and pessimistic values.
In doing so we now have a “realistic” resonance energy for
NapAl4: 30 kcal/mol (B3LYP/6-311+G*) and 48 kcal/mol
(CCSD(T)/6-311G(2df)). A similar analysis reveals that
the realistic resonance energy for &&a, is 21 kcal/mol
(B3LYP/6-31H-G*).

We can further test our numbers by using the-Al bond
energy from the Al diatomic moleculeD, = 30 kcal/mol
(B3LYP/6-311G*) and Dy = 32 kcal/mol (CCSD(T)/6-
311+G(2df)), which is close to the experimental valu@g
= 31 kcal/mol?” The valence electronic configuration for

(24) Palagyi, Z.; Grev, R. S.; Schaefer, H. F., Il Am. Chem. Sod993
115 1936.

(25) Fu, Z.; Lemire, G. W.; Bishea, G. A.; Morse, M. D. Chem. Phys
199Q 93, 8420.

(26) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. YAromaticity and
Antiaromaticity Wiley: New York, 1994.

(27) Boldyrev, A. |.; Simons, JPeriodic Table of Diatomic Molecules.
Part A. Diatomics of Main Group ElementgViley: London, 1997.
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that we have to break three ARl bonds and two NaAl
bonds in NgAl,): 60 kcal/mol (B3LYP/6-311G*) and 82
kcal/mol (CCSD(T)/6-311G(2df). These numbers are close
to the optimistic values of the resonance energy quoted
above.

We can also test the validity of the assumption that the
Na—Al bond energy represents the NAl,Na bond energy.

To evaluate the NaAl,Na bond energy, we optimized the
Igeometry of the NaAlpyramidal structure. We found that
it has one imaginary frequency for th€,(, ?B,) structure.
Geometry distortion along the imaginary frequency normal
mode leads to thel;,, A1) structure, which is a pyramidal
geometry with Na coordinated to the face of the rhombus
structure of Aj~. The dissociation energy of Ml 4(Cs, A1)

— NalS) + NaAly(Cy,, A1) was found to be 33 kcal/mol
(B3LYP/6-311G*) and 39 kcal/mol (CCSD(T)/6-3HG-
(2df). These numbers are overestimated because when the
Na—Al,Na bond is breaking, the departing sodium atom
takes its electron from the bonding four-center-All bond.

If we use these values for the soditt@uminum bond and
Al—Al bond energies from the Al(°II,) molecule, the
resonance energy is 25 kcal/mol (B3LYP/6-313*) and

41 kcal/mol (CCSD(T)/6-312G(2df)). These numbers are
close to the realistic values quoted above.

However, even these realistic numbers are rather high
considering that the resonance energy inAais 100%
(B3LYP/6-31H-G*) and 150% (CCSD(T)/6-3HG(2df))
relative to the dissociation energy of AWe remind the
reader that the resonance energy in benzene is just 25% of
the C-C bond energy® We believe that the high resonance
energy in NaAl, is due to the presence of three completely
delocalized bonds: one-bond and twoo-bonds. If we

e

divide the resonance energy by a factor of 3, the resonance
energy per bond will be just 8 kcal/mol (B3LYP/6-3tG*)
and 16 kcal/mol (CCSD(T)/6-3H#G(2df)), which seems
rather reasonable.
Some additional sense of the extra stability of inLAla
due to its aromaticity can also be evaluated from the energy
of reaction 4 (see Table 5):
NaAl,(Cy "A) = NaAl(C,.,, '3 ) + NaAly(Cy,, Ay (4)
We have previously shoWinthat a NaA{ molecule
contains an aromatic At anion which has one delocalized
o- and one delocalized-bond. Therefore, from NAl, to
NaAls, we lose one delocalizeatbond, and the degree of
delocalization in the two remaining bonds is diminished from
four to three atoms. One can see that the energy of reaction
4 is rather high, thus confirming very strong bonding in
NaAl, and, indirectly, its high resonance energy.
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Conclusions z-bond and twoo-bonds, and thus our all-metal aromatic

We have obtained crude evaluations of the resonanceSyStemS are both- ando-aromatic.

energy for NaAl, and NaGa, all-metal aromatic systems.
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