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Abstract: We propose for the first time a few examples of stable transition metal complexes of an all-
metal antiaromatic molecule Al,Li,. We demonstrate that these all-metal species can be stabilized by
complexation with 3d transition metals very similar to their organic counterpart, C4Hs. Complexation to
transition metal ions reduces the frontier orbital energies and introduces aromatic charactersitics. We
consider a series of such complexes: [17*-(AlsLis)-Fe(CO)s, 172,0%-(AlsLis)-Ni, and (AlsLis)2Ni] and compare
and contrast their energetics with their organometallic counterparts. Fragmentation energy, orbital correlation
energy analysis, and the nucleus-independent chemical shift (NICS) values support the complexation-
induced stabilities in these systems.

The concept of aromaticity and antiaromaticity is of funda- be settled after the successful synthesis followed by unambigu-
mental importance in chemistry. From the simpléckiel theory ous crystal structure determinations. For a stable molecular
to more refined concepts such as ring currents and critical pointcrystal, measurement of bond length alternations as well as the
charge densities, the field has evolved over a period of a half charge densities (ring critical points) are well-established
century! The idea has been extended from initially a small class parameters for characterizing aromaticity/antiaromattity.
of organic z-conjugated systems to now many inorganic These clusters, however, have until now been synthesized
molecules and molecular clustérsyith rapid experimental only in the gas phase by the laser vaporization technique, which
verifications through actual synthesis and characterizafions. is thus insufficient in providing structural details. Recently, we

In the past few years there have been reports of aromaticity have shown that these materials,MkL (M = Li, Na, and K)
in all-metal clusterd. The recent report of the first all-metal  are also very good candidates for higher order nonlinear optical
antiaromatic complex, ALis4, shows the generalizations and (NLO) applications due to charge transfer from the highly
usefulness of the conceptHowever, unlike their organic  electropositive ion (Li) to the Alrings? Unfortunately, stability
counterpart, gH4, where the energy separation betweend¢he is one issue that hinders any applications let alone firm
and r orbitals is substantial, these all-metal molecules have establishment of a basic understanding.
closely placed orbitals and thus have paorz separation. The synthesis of antiaromatic molecules is difficult because
Mostly, the aromatic characteristic is associated with delocalized of their instabilities. Cyclobutadiene (B4), a 4r-electron
electrons f electrons). However, recently it has been reported system, remained nonisolated for a long time before Longuet-
that these clusters are masearomatic thane antiaromatic® Higgins and Orgel proposed, in a landmark paper, the concept
As a result, there has been confusion whether to call theseof stabilization through complexation with a transition metal
complexes aromatic or antiaromatithe controversy can only  to form an organometallic compoud® The compound was
(1) (a) Minkin, V. I.; Glukhontsev, M. N.; Simkin, B. YaAromaticity and synthesized soon aftét.In the following, we justify this

Antiaromaticity Wiley: New York, 1994. (b) Shaik, S.; Shurki, A.;  simplistic model for the small Alclusters and propose a few
Danovich, D. Hilberty, b. CChem. Re. 2001 101, 15011539, (c) very stable complexes of these all-metal species. At the same

Gomes, J. A. N. F.; Mallion, R. BChem. Re. 2001 101, 1349-1383. : : . .
(2) (a) Srinivas, G. N.; Anoop, A.; Jemmis, E. D.; Hamilton, T. P.; Lam-  time, we also compare and contrast the energetics with their
organic analogues (&, complexes).

mertsma, K.; Leszczynski, J.; Schaefer, H. F.,JIIAm. Chem. So@003
125 1639716407. (b) Housecroft, C. BBoranes and Metalloborangs
Ellis Horwood Ltd.: Chichester, UK, 1990.

(3) (@) Mesbah, W.; Prasang, C.; Hofmann, M.; Geiseler, G.; Massa, W.; Berndt,
A. Angew. Chem., Int. ERO03 42, 1717-1719. (b) Schiemenz, B;
Huttner, G.Angew. Chem., Int. Ed. Endgl993 32, 297.

(4) (a) Li, X.; Kuznetsov, A.; Zhang, H.-F.; Boldyrev, A. |.; Wang, IScience
2001, 291, 859-861. (b) Li, X.; Zhang, H.-F.; Wang, L.-S.; Kuznetsov,

A. E.; Cannon, N. A.; Boldyrev, A. IAngew. Chem., Int. EQ001, 40,
1867-1870. (c) Kuznetsov, A.; Boldyrev, A. I.; Li, X.; Wang, L.-S

(7) Ritter, S.Chem. Eng. New8003 81, 23.

(8) (a) Ranganathan, A.; Kulkarni, G. U. Phys. Chem. 2002 106, 7813~
7819. (b) Cole, J. M.; Copley, R. C. B.; Mclnyre, G. J.; Howard, J. A. K,;
Szablewski, M.; Cross, G. HPhys. Re. B 2002 65, 125107-(1-11). (c)
Bader, R. F. WAtoms in MoleculesA quantum theoryOxford University
Press: Oxford, UK, 1990.

Am. Chem. So001, 123 8825-8831.
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Table 1. Total Energies (in au) and Bond Length Alternation, Ar
(in A), for C4H4 and AlyLis in Different Spin States Corresponding
to Different Lowest Energy Structures

molecule symmetry spin state energy Ar
C4H4 [Figure 1A(i)] Don singlet —154.718 0.240
C4Hq4 [Figure 1A(ii)] Dan triplet —154.708 0.000
Al4Li4 [Figure 1B(i)] Con singlet —999.932 0.130
Al4Li4 [Figure 1B(ii)] Don singlet —999.908 0.120
Al4Li4 [Figure 1B(iii)] Dan triplet —999.844 0.000
Al4Li4 [Figure 1B(iv)] Con triplet —999.926 0.200

one rectangular form is converted into the other (an in-plane
rotation of 90), in harmony with time-resolved transition-state
studies for the tub inversion in 1,3,5,7-cyclooctatetraéne.
Since in AlLi, the o—x separation is poor, the Hdkel
sr-electron picture is completely invalid. In fact, theelectrons
in this case interact more strongly with thévackbone and we
expect a distorted structure as the ground state. The ground-
state structure for the singlet state is found to be a rectangular
Al, geometry with surrounding Li atoms, forming @
symmetry group [Figure 1B(i)]. The same structure has been

254 9 found in previous calculations as wélAnother low-energy

> —J /1 structure in singlet manifold for ALi, found by optimization

254 , ﬁ/;“v 2 is a diamond-shaped structure. It haBa symmetry [Figure
>—a 253f\:{;€ 1B(ii)] and is 15 kcal/mol higher in energy than the staBlg

’ 9 1 geometry [Figure 1B(i)]. Thus, the rectangulay Ahg in Figure

29 2 . .

1B(i) corresponds to the ground-state geometry fosLiyl

(i) (iv) Similar to GHa, the structural distortion in ALi4 leading to a

Figure 1. Equilibrium minimum energy geometries fouldy and AlLis magnetic triplet state witiD,, symmetry [Figure 1B(iii)] is

in singlet and triplet states. (See Table 1.) Bond lengths are given in A. found to lie 55 kcal/mol above the ground-state singlet [Figure
Ball color: black= C, white=H, pink = LI, light orange= Al. 1B(i)]. There also exists a low-energy triplet structure with the
same geometry as the ground st&lg, Gymmetry) at an energy
only 5 kcal/mol above the ground state. This triplet geometry
[Figure 1B(iv)] for AlsLi4 does not have a counterpart igHG.

This clearly demonstrates that, due to poerzr separation in
Al4Li,4, there exist low-energy metallic states to accommodate
the parallel arrangement of the electronic spins. The structural
transition, however, does not occur involving this triplet
geometry for AlLig,.

We have performed a closed-shell calculation for the singlet
state and an open-shell calculation for the triplet state at the
6-311G(d,p) basis set level. Electron correlation has been
included according to density functional theory using Becke’s
three-parameter hybrid formalism and the teang—Parr
functionals (B3LYP) available in the Gaussian electronic
structure set of codéd. The geometries obtained from the
B?’LYP method have been shown to be n very good agreement Existence of a very stable rectangular ground-state structure
with the measured photoelectron spectra in such small cldsters. . I

. o together with a square geometry as the transition state for the

In Figure 1, the minimum energy ground-state structures are |, ring similar to those for GHs suggests that these inorganic
shown for GH, and AlLis. Simple Hickel z-electron theory o sters are antiaromatic in nature. This is expected since the
predicts a triplet square geometry fogHG with equal C-C highly electropositive Li atoms donate electrons to the Al atoms,
bond lengths? However, inclusion of interaction with the  yherapy creating a species of the typa?Al  isoelectronic with
underlyingo backbone stabilizes the;84 molecule in a singlet C4H.. Thus we can safely consider Al as a 4-electron

state with rectangular geometry. This is a good example of gystem with ther-HOMO (highest occupied molecular orbital)
Jahn-Teller distortion or Pierls instability in a low-dimensional being a nonbonding molecular orbital as such as jH.CIn

system that allows stabilizations through bond length alternation. o ~ontext of GHa, Longuet-Higgins suggested that such a
In fact, in.this picture, the square geometry actually correspondsSystem can be stabilized if the nonbonding electrons form
to a transition state between two degenerate rectangular groundp o nding molecular orbitals with suitable low-energy d orbitals
state structures. In Table 1, the total energies and bond lengthyt , ransition metal. For this to happen, however, the energies
alternation fr, defined as the average difference between the ¢ the g orbitals should lie close to the low-energy levels of the
bond lengths of two consecutive bonds in the four-membered .\, jiacule alone. In the following, we propose a few stable
ring) for both states are tabulated. The rectangulf,QFigure complexes of AlLi4 and compare their formation energies in

1A(i)] is more stable than the square geometry [Figure 1A(ii)] comparison with their organic analogues.
by 6.2 kcal/mol. Thus, a triplet square geometry is expected to

be the transition state for processes such as ring whizzing, whereF€(CO)s Complex
A molecular complexy?-(C4H4)-Fe(CO}, has been recog-

(12) (a) Becke, A. DJ. Chem. Physl993 98, 5648-5652. (b) Lee, C.; Yang, B ; f ;
W: Parr, R. GPhys. Re. B 1988 37, 785789, nized through the formation of such bonding molecular orbitals,
(13) Boldyrev, A. I.; Wang, L.-SJ. Phys. Chem. 2001 105 10759-10775.
(14) Salem, LThe Molecular Orbital Theory of Conjugated SysteBsnjamin (15) Paik, D. H.; Yang, D.-S.; Lee, |.-R.; Zewail, A. Angew. Chem., Int. Ed.
Inc.: 1966. 2004 43, 2830-2834.
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Figure 3. Orbital correlation diagram fon*-(Al4Li4)-Fe(CO}. Only
bonding orbitals are shown for sake of clarity.

]
) bonding combination in the complex. Thug;Hz that initially
possessedelectrons now has two more electrons, forming a
species of the type fE1,2~, an aromatic molecule. Similarly,
for Al4Li4, the complexation converts it into Ali,>~, a well-
established aromatic compléd.he HOMO energies for £,
in the free form and in the coordinated form (derived by

E=-2603.711 au performing a single point energy calculation on theHg
If;':'?g(ucfg ),25 n(ljf(zilil)i“gri(lj\r}ﬂ LTi)ngl(Jgoznggggd Qllsr?ﬂ:ﬁ;ri:rse fifrJ]f fﬁﬁ“ﬂ%- fragment in the optimized complex) are).198 au and-0.157
red= O, violete Fo. : 9 : " au, respectively, while the same for the complg%(C4H.)-
Fe(CO}, is —0.250 au. Similarly, for AlLi4, the free and the
and this complex has been reported to be quite stattefact, coordinated forms have HOMO energies-#t.128 and-0.104,
oxidation of this complex releases thgHG ligand, which is a respectively, and the complex-(Al 4Li 4)-Fe(CO} has the same
stable source for the highly reactive cyclobutadiene in organic at —0.168 au. The stabilization of the frontier orbitals in the
synthesis’ For AlsLis, we performed ground-state energy metal complex in both systems has its manifestation at the
analysis on a similar systeny*-(Al4Li)-Fe(CO}, using the  formation of the stable structure. The similarity in the difference
same level of theory mentioned above. Bath(Al4Lis)-Fe- between the HOMO energies of free and coordinated structures

(CO) and its organic analogue have substantial stability (see and with that of the corresponding complex for each molecule
Figure 2 for structures). Ali, indeed forms a stablg! complex suggests that a similar mechanism is operative in lowering the
with Fe(CO} [Figure 2(ii)]. The stability of the complexes are  energies of the frontier orbitals in stabilizing the respective
investigated using the following fragmentation scheme: complexes.

For a clearer understanding of the qualitative similarities
between GH4 and AlLi4 and its interactions with the Fe(C9)
4 . . fragment, we have analyzed the orbital correlation diagram for
n"-(Al Li,)-Fe(CO)y = Al Li, + Fe(CO) 7%-(Al Li )-Fe(COY in Figure 3. HOMO— 4, HOMO, LUMO,
The binding energy for*-(Al iLis)-Fe(CO} is found to be and LUMO + 4 orbitals haver character, while the other

106.04 kcal/mol, while for*-(CaHa)-Fe(CO} it is 78.44 kcall fr°d”t:er ‘I’_rbi(tja's (tHOMO - é Ho'\t’!o . fz) et‘i: ha"%ha
mol. The comparable binding energies for the two compounds o-gelocallized nature (see. upporting Informa 'Or?).' €
suggest that ALi, is very well stabilized in the complex, in orbitals of the metal cluster interact with the 3d transition metal

fact even more stabilized thanld,. Note that compared to the orbit_a_ls_ fo form a Clqsed'She" 18-electron syste_m,_ thereby
ground-state structure for Ali, where the Li ions are in stabilizing ther’-(Al.Li,)-Fe(CO} molecule, very similar to

X . o i .
interaction with the AJ ring, the structure for ALig in the that derived earlier for stabilizing #£4.1® Note that there is

complex gets deformed, losing all interaction with the Li ions. dogzitrl]onbof Elzctro?s fro;n lthetAlu rflng tOFthf iﬁ:&rp'tals
This amounts to a destabilization of 27 kcal/mol (calculated as and the back-donation of electrons irom € fo fing

the energy difference between the ground-state structure;of Al th?rrr(]e by tr)nakmg Itl a ﬁf Iegtr(t))n, a(rjomatlc .syslt.egl. it fh
Li4 and the single point energy for the same in €Al 4Li 4)- € above explanation 1S based on a SImplstic picture of the

Fe(CO), complex). The interaction of the Aking with the interaction. To verify that indeed such a scheme is valid for a

Fe(CO) overwhelms the loss of interaction of Ating with mhoIZcuI(Ia with pr%rU_h” separztgnl_l_lkg A"kl]-"‘} we compare

the Li ions, stabilizing the overall structure of the complex. e Ar viaues for both GH, and AlLi, in the free geometry
The HOMO of the molecule (a nonbonding MO fosHG) and when they are complexed with the transition metal. For

; ; ; . C4Ha, the Ar is 0.24 A in the free state. In the compley-
interacts with the low-energy d orbital of the ligand to forma % '4 !
i g (C4Hy)-Fe(CO}, theAr for the GH, ring is only 0.005 A. Thus,

1*-(C,H,)-Fe(CO) = C,H, + Fe(CO)

(16) Emerson, G. F.; Watts, L.; Pettit, RB. Am. Chem. Sod.965 87, 131~
133. (18) Crabtree, R. HThe Organometallic Chemistry of the Transition Metals
(17) Barobak, J. C.; Watts, L.; Pettit, R. Am. Chem. S0d.966 88, 1328. Wiley: New York, 1988.
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Figure 4. Schematic representation of (i) change in geometry for ring
whizzing and complexation to transition metal center forAAl in Al 4Lia
(AE; = 55 kcal/mol,AE; = 100 kcal/mol); A= C in CsH4 (AE; = 6.2
kcal/mol, AE; = 78.4 kcal/mol). (ii) Ring whizzing in benzene.

C4H4 when complexed is a square rather than a rectangle, and

as expected from the-only interaction, it behaves as aromatic
C4H42~. For AlyLis, Ar = 0.13 A in the free state while in the
complex it is only 0.03 A. This clearly supports thatlil, has
been converted into Allis?~, accounting for its substantial
stability due to aromaticity. The complexation-induced metal-
loaromaticity in AkLi4 is schematically shown in Figure 4.
While a square (triplet) ALi,4 is much higher in energy than
the rectangular AlLis this square form is stabilized on

complexation to a transition metal. The same is the case for
C4H4, where the square form becomes stabilized upon com-

plexation. This is similar to the origin of aromaticity in benzene,
where ther-delocalizedgp structure corresponds to an energy
minimum between two bond-altered Kekule forms wibg;,
symmetry.

An even clearer picture is derived by performing a calculation
for the nucleus-independent chemical shift (NIESat the
GIAO-B3LYP/6-31HG(d,p) level. We calculate the NICS at
the center of the Alring before and after complexation with

(i) E=-6857.817 au

Figure 5. Equilibrium minimum energy geometries for (i) bis(cyclobuta-
diene nickel(ll) chloride)and (ii) bis(ALi4 nickel(ll) chloride). Distances
are in A. Ball color: green= Cl, blue= Ni.
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e
\AI —Al

n*-M
AN Ve
N—A
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Figure 6. Conversion fromy*-binding mode for AlLi4 to %02 in the
complex in Figure 4(ii).

-

AT

P21/c point group and has a good resolutiéh=€ 7.0%), CCD

the Fe(CO). For comparison, the same values are also calculatedreference code NCBNIB We have obtained the structure from

for C4Hs. In C4H4, NICS values before (§EH;) and after
complexation (GH4?") are 23.55 and-15.37 ppm, respectively.

The change in sign clearly shows the transition from antiaro-

matic to aromatic nature upon complexation. Foil4l, the
NICS values change from-11.01 ppm in the free state to
—25.44 ppm on complexation igf-(Al 4Li 5)-Fe(CO}. The initial
negative magnitude for NICS in free Ali, supports the claim
by Schleyer et al. that Ali, has highers aromaticity thanr
antiaromaticity? However, the increase in the NICS value with

the database, and the methyl groups were substituted by H for
easy comparison with the Ali, derivative, bis(AlLi,4 nickel

(1) chloride). Both structures, bis(cyclobutadiene nickel(ll)
chloride) and bis(AlLi4 nickel(ll) chloride), were optimized at
the same level of theory as mentioned above. The structure for
bis(cyclobutadiene nickel(ll) chloride) remains similar to that
found from the crystal structure. Figure 5 shows the structures
for the two complexes. For the organometallic complex in Figure
5(i), the bond length alternation in the)iy ring is only 0.05

same negative sign suggests increased aromaticity in thesed. Therefore, this bridged chlorine system also shows strong

clusters upon complexation, which is expected fromvtkanly
picture of the conversion of Alis to Al4Lis2~. Thus, com-
plexation with Fe(CQ)induces metalloaromaticity in Ali4
and thereby stabilizes the complep:(Al 4Li4)-Fe(CO}.

Bis(nickel(ll) chloride) Complex

Next, we consider another very well-known example of a
stable GH4 complex, bis(cyclobutadiene nickel(ll) chloride).
The tetramethyl derivative for the complex crystallizes in a

mixing of the d orbitals from Ni and the nonbonding electrons
of CyHa.

For the all-metal complex in Figure 5(ii), however, the
(Al4Li4)-Ni binding mode is converted intg?,0%-(Al sLi4)-Ni
upon optimization. In Figure 6, we show this change in the
binding mode. Two of the initiakr bonds between Al and Ni
(Al—Ni distance of the order 2.42 A) are now converted into
strongo bonds (AFNi distance of the order 2.25 A) in the
optimized geometry. Such a change in bonding pattern from

(19) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Eikema-Hommas,
N. J. R. v.J. Am. Chem. S0d.996 118 6317.

(20) Dunitz, J. D.; Mez, H. C.; Mills, O. S.; Shearer, H. M. Mely. Chim.
Acta 1962 45, 647.
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(ii)

E=-3508.301 au

Figure 7. Equilibrium minimum energy geometries for (i) {&4).Ni and
(i) (Al 4Li4)oNi. Distances are in A.

character tar character is quite well-known in organometallic
chemistry?! It is interesting to note that a similar phenomenon
occurs in the all-metal complexes as well.

A fragmentation analysis on these two molecules is given

by

bis(cyclobutadiene nickel(ll) chloride}
2C,H, + bis(nickel(ll) chloride)

bis(Al,Li, nickel(ll) chloride)=
2Al,Li, + bis(nickel(ll) chloride)

The stabilization energies are 68.39 kcal/mol for Figure 5(i)
and 286.77 kcal/mol for Figure 5(ii). Such high stability in the
Al,Lis complex is due to the formation of two strong-Ali o
bonds as discussed above. Similar to the casg¥¢Al 4Li4)-
Fe(CO}, the interaction of the Li ions with the Ating in the
bis(nickel(ll) chloride) is completely lost.

Metal Sandwich Complex

Another well-known methodology in stabilizing a molecule
is to form a sandwich type of geometry where two molecular

species can share interaction with a transition metal: cyclo-

inside the cavity of the two £, rings with a distance of 1.99
A from each GH4ring. The two GHj, rings are staggered from
each other.

Similarly, we have been able to stabilize thelAl, cluster
by introducing it in a sandwich of the type (Ali4),Ni. The
geometry is shown in Figure 7(ii) (the optimization and energy
calculation at B3LYP/6-311G(d,p) level). The central Ni atom
sits unsymmetrically in the cavity of the two Ali4 rings. A
very recent theoretical study on its aromatic analogug?Al
supports our calculatior8.Interestingly, the Al atoms in the
rings bend toward the Ni atom and the planarity of theriig
is thereby lost. This is understood from the fact that when the
45 electrons of each of the two Ali4 rings interact with the
central Ni atom, the requirement of the Al atoms to be in plane
with the Li atom is no longer important. Instead, the sandwich-
like structure with 18 electrons gives an extra stabilization,
keeping the whole system electrically neutral. The stability of
these complexes is investigated using the following fragmenta-
tion scheme:

(CH,),Ni = 2C,H, + Ni(0)
(Al Li ),Ni = 2Al,Li, + Ni(0)

where Ni(0) is in &F state. AlLi,4 binds strongly to the Ni(0)
and has a binding energy of 146.054 kcal/mol. FaH£this
binding energy is 150.819 kcal/mol. Note that, very similar to
that in the other complexes discussed, metalloaromaticity is
introduced for these sandwich complexes also.

In conclusion, we have demonstrated for the first time that
all-metal species such assAl4 can be stabilized by complex-
ation with 3d transition metals, very similar to its organic
counterpart, GH4. Although such a complexation-induced
metalloaromaticity is a well-established concept in the realm
of organometallic chemistry, we have demonstrated that it is a
very general and elegant concept that can be used for all metallic
molecules with orbitals that are close in energy to the d orbitals
of the transition metal. We have also shown that these all-metal
complexes have binding energies and properties similar to those
of their organometallic counterparts and thus should be con-
sidered as very good candidates for experimental synthesis. Also,
such a stabilization will provide a very precise answer to the
question of aromaticity/antiaromaticity and will lead to novel
applications of these clusters. We believe that our work will
motivate synthesis of these molecules as was the case in the
previous generation for organometallic complexes.
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coordination number of 8 as required in a sandwich complex is JA044344R

not possible with Pd or Pt. After performing the geometry

optimization at the same level of theory discussed above, we (21) Nakamura, A.; Yamaguchi, K.; Ueyama, Gliganometallic Conjugation:

find that the structure for (§4).Ni is indeed a sandwich
geometry with the two gH, rings above and below the Ni atom
[see Figure 7(i)]. In this complex, the Ni atom sits symmetrically
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