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The aromaticity of the chelate rings of acetylacetonato (acac) and o-benzoquinonediimine (bqgdi) ligands was
investigated theoretically by calculating nucleus-independent chemical shifts (NICS). The calculations were done
for the complexes with various metals and various other ligands. The results show that acac chelate rings in none
of the complexes satisfy this magnetic criterion for aromaticity. According to the results for badi chelate rings, there
is only the Ru**-hqdi chelate ring with large negative NICS values, indicating possible aromaticity by magnetic
criterion.

Introduction assumption that many chelate rings can be aromatic. How-
ever, numerous claims of aromaticity in the metal chelates
of a,5-diketones were disputed by Holm and Cotfdtuhr

et al? measured the diamagnetic anisotropy in the acetylac-
etonato chelate rings and reported small anisotropies. On the
other hand, Helinger et al’® showed that there are large
anisotropies in transition metal,a'-diimine complexes. A

The idea of aromaticity of chelate rings was introduced
by Calvin and Wilsort. The importance of metalloaromaticity
for the better understanding of the degree of communication
between the metal centers of multinuclear complexes has
been stressed repeatedly in many fields from biological
electron-transfer processes to solving technological problems
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survey of the literature in which the transition metal chelates CH, H
containingo,o’- or a,f-unsaturated fragments are said to \
have aromatic qualities or appear to have a high degree of o N
delocalization around the chelate ring is summarized in \ / S
Masui's review papef. M

H M
Interest in noncovalent interactions with aromatic rings, \ \
such as CHt, cationzz, and stacking! prompted studies of o N/
noncovalent interactions with a chelate ring assystem-?-17 /
In these studies it was observed that planar chelate rings with CcH, d
delocalizedz-bonds can be involved in the interactions in a @ (b)

manner similar to thQSe In organic aromatic (lngs, |nd|cat|ng Figure 1. Schematic representations of the M(acac) chelate ring (a) and
that these chelate rings could have aromatic character. M(bqdi) chelate ring (b).

By a screening of the Cambridge Structural Database
(CSD)28it was shown that a chelate ring can be a hydrogen atom acceptor in CHy interactions?-14 Both geometries and
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calculated energies of Chi/interactions of chelate rings

are similar to those of the CH/interaction of benzen®.
Stacking interactions of chelate rings were found in the
crystal structures of transition metal compleXe¥.Mutual
slipped-parallel (offset face to face) orientation of two rings
shows that stacking interaction between phenyl and chelate
ringst’ are similar to the stacking interaction of two benzene
rings1®

The similarity of noncovalent interactions of chelate and
benzene rings suggests that these chelate rings could have
aromatic character. However, further properties related to
the aromaticity of these chelate rings need to be studied. The
nucleus-independent chemical shift (NICS) index defined by
Schleyer et at? became well accepted as one of the most
efficient tools for understanding aromaticity. The NICS(0)
value is calculated at the center of the ring, while NICS(1)
refers to the location 1.0 A above the center of the ring. The
NICS(0) and NICS(1) values of a typical aromatic system
like the benzene ring are arourt and—10, respectively,
depending on the method of calculation. It was shown that
NICS values correlate well with other aromatic properties.

A few studies on calculations of NICS values for chelate
rings were publishe#l’” For the special case, metallabenzenes,
Iron et al. showed that they may be aromatic, as some of
them have planar geometries with bond length equalization,
molecular orbitals that are akin to those of benzene, and
negative NICS values. The NICS(0) and NICS(1) values of
iridiabenzene in the (&1slr)(PHs)s complex are—3.7 and
—8.8, respectively.

To further elucidate the metalloaromaticity of the acety-
lacetonato (acac) (Figure 1a) awebenzoquinonediimine
(bqdi) (Figure 1b) chelate rings, we present here the results
on calculations of their NICS values. We chose these chelate
rings because of intensive interest in their metalloaromaticity
and numerous experimental and theoretical studies related
to that interest. To the best of our knowledge, this is the
first study presenting NICS values for the acetylacetonato
(acac) and-benzoquinonediimine (bqdi) chelate rings.

(19) (a) Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M.; Tanabe JK.
Am. Chem. SoQ002 124, 104-112. (b) Sinnokrot, M. O.; Valeev,
E. F.; Sherrill, C. D.J. Am. Chem. So@002 124, 10887-10893.

(20) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N.
J. R.v. E.J. Am. Chem. S0d.996 118 6317-6318.

(21) Chen, Z.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P.
v. R. Chem. Re. 2005 105 3842-3888.
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was used! With this method, three basis seECP combinations
were used. The first basis set, BS1, includes the above-mentioned
The model systems for calculations were taken from CSD or SpD on metal atoms and the Dunning’s aug-cc-pVDZ basis set on
were obtained by modifying the crystal structures. Since crystal |ighter element§2 The second basis set, BS2, involves the same
structures sometimes display unrelaxed intramolecular geometriescombination basis seECP as BS1 and additional spdf set of
yielding distorted wave functions, we optimized the geometries of diffuse functions on metal atoms, which is listed in Table S2 of
chosen metal complexes using the Gaussian 98 progdie ref 7. (This additional spdf set of diffuse functions on metal atoms
geometry optimization was performed using density functional with the SDD basis is denoted by aug-SDD.) The third basis set,
theory (DFT), specifically the Becke three-parameter exchange BS3, consists of the LANL2DZ and 6-31G** basis sets for metal

Computational Details

functional (B3¥2 and the Lee-Yang—Parr correlational functional
(LYP).2* The geometry optimizations of the bis-acac complexes
were carried out using the SDD basis set with the Stuttgamesden
effective core potential (ECP) on metal atoms for Ni, Pt, Ca, and

Mg.%> For a description of the carbon, hydrogen, and oxygen atoms,

the correlation consistent polarized valence doupl(ee-pVDZ)
basis set developed by Dunnfigvas employed. For optimization

of all other complexes, the LANL2D¥ basis set was chosen for
the metal atom (Ni, Pt, Ru, Os, Rh, and Ir) with the Los Alamos
ECP for the core electrons of the metal atoms. For the carbon
hydrogen, oxygen, nitrogen, and fluorine atoms, the 6-31G** basis
set was employetf.

The magnetic properties of molecules, chemical shifts, and NICS

and lighter atoms, respectively.

The individual gauge for localized orbitals (IGL®)approach
for solving the gauge problem was also used. With this method
the IGLO Il basis sét for ligand atoms and aug-SDD for metal
atom were employed. As well as the orbital basis set, the standard
auxiliary function set was employed. The NICS values were
calculated with the “dummy” atom suspended either 0.0 A (NICS-
(0)) or 1.0 A (NICS(1)) above the center of the ring.

To evaluate the influence of basis set and method on NICS

' values, the calculations for Ni(acaeyere done with different basis

sets (for light atoms aug-cc-pvDZ, IGLO IlI, and 6-3tG*;3°
for metal atoms SDD, aug-SDD, and Wachti%®) and with
different methods (B3LYP, PW91). For solving the gauge problem

values were calculated using the Gaussian 98 and the deMondifferent approaches (GIAO and IGLO) were employed. The

(density of Montfal) program package8.The B3LYP and the

Perdew-Wang 91 (PW91) functionals were used in the calcula-
tions3% To evaluate magnetic properties employing the Gaussian
98 program, the gauge-including atomic orbitals (GIAO) method

(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.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian
Inc.: Pittsburgh, PA, 1998.

(23) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(24) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(25) (a) Fuentealba, P.; Preuss, H.; Stoll, H.; Szentpaly, Chem. Phys.
Lett. 1982 89, 418-422. (b) Szentpaly, L. v.; Fuentealba, P.; Preuss,
H.; Stoll, H. Chem. Phys. Lett1982 93, 555-559.

(26) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007-1023.
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Hay, P. J.; Wadt, W. R]. Chem. Physl985 82, 270—-283. (c) Wadlt,

W. R.; Hay, P. JJ. Chem. Physl985 82, 284-298. (d) Hay, P. J.;
Wadt, W. R.J. Chem. Phys1985 82, 299-310.

(28) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Physl971, 54,
724-728. (b) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Phys.
1972 56, 2257-2261. (c) Hariharan, P. C.; Pople, J. Wol. Phys.
1974 27, 209-214. (d) Gordon, M. SChem. Phys. Lettl98Q 76,
163-168. (e) Hariharan, P. C.; Pople, J. Pheor. Chim. Actd 973
28, 213-222.

(29) Kaoster, A. M.; Florens-Moreno, R.; Geudtner, G.; Goursot, A.; Heine,
T.; Reveles, J. U.; Vela, A.; Patchkovskii, S.; Salahub,deMon
(density of Montral) NRC: Ottawa, Canada, 2004.

(30) (a) Perdew, J. P.; Wang, Phys. Re. B 1992 45, 13244-13249.

(b) Burke, K.; Perdew, J. P.; Wang, Y. I&lectronic Density
Functional Theory: Recent Progress and New Directjiddsbson,

J. F., Vignale, G., Das, M. P., Eds.; Plenum: New York, 1998. (c)
Perdew, J. P. IElectronic Structure of Solids '9Ziesche, P., Eschrig,
H., Eds.; Akademie Verlag: Berlin, 1991; p 11. (d) Perdew, J. P;
Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R.; Singh,
D. J.; Fiolhais, CPhys. Re. B 1992 46, 6671-6687. (e) Perdew, J.
P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R;
Singh, D. J.; Fiolhais, CPhys. Re. B 1993 48, 4978. (f) Perdew, J.
P.; Burke, K.; Wang, YPhys. Re. B 1996 54, 16533-16539.

calculated NICS(1) values are similar; they vary frem.82 to
—2.53. Hence, different methods and basis sets have moderate
impact on the calculated NICS values. Then, the interpretation of
their absolute values has to be taken with caution. However, trends
for the rings in the same basis sets should be more accurate than
the absolute values.

Results and Discussion

We calculated NICS(0) and NICS(1) values (“dummy”
atom suspended either 0.0 A (NICS(0)) or 1.0 A (NICS(1))
above the center of the ring) for chelate and benzene rings
in a number of transition metal complexes containing
acetylacetonato (acac) aradbenzoquinonediimine (bqdi)
ligands. The calculations were done for complexes with
various metals and various other ligands.

Acetylacetonato Chelate RingsThe NICS values were
calculated for metatacetylacetonato chelate rings in square-
planar [M(acag] complexes of Nit, P+, Mg?*, and C&"
and in [M(acac)(NH3)J* complexes of Nit and C&*. The
structures of the complexes are displayed in Figure 2, and

(31) Wolinski, K.; Hilton, J. F.; Pulay, PJ. Am. Chem. Sod.99Q 112,
8251-8260.

(32) (a) Woon, D. E.; Dunning, T. H., J8. Chem. Physl993 98, 1358—
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Phys.1992 96, 6796-6806.
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M.; Kutzelnigg, W. J. Chem. Phys1982 76, 1919-1933. (c)
Schindler, M.; Kutzelnigg, WJ. Am. Chem. S0d.983 105 1360-
1370. (d) Kutzelnigg, W.; Fleischer, U.; Schindler, MMR, Basic
Principles and ProgressSpringer-Verlag: Berlin, 1990; Vol. 23, p
165.

(34) (a) Malkin, V. G.; Malkina, O. L.; Casida, M. E.; Salahub, D.R.
Am. Chem. S0d.994 116, 5898-5908. (b) Malkin, V. G.; Malkina,
O. L.; Eriksson, L. A.; Salahub, D. R. The Calculation of NMR and
ESR Spectroscopy Parameters Using Density Functional Theory. In
Theoretical and Computational Chemistrpl. 1, Density Functional
Calculations Politzer, P., Seminario, J. M., Eds.; Elsevier: New York,
1995.

(35) Raghavachari, K.; Trucks, G. W. Chem. Phys1989 91, 1062-
1065.

(36) (a) Wachters, A. J. H.. Chem. Physl97Q 52, 1033-1036. (b) Hay,
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M = Pt’ Ni’, Mg’ Ca™
(a) (b)

Figure 2. Molecular diagrams of the [M(acagXM = P, Ni2t, Mg2*, C&") complexes (a) and of the [M(acac)(MH ™ (M = Ni2*, C&") complexes

(b).

Table 1. NICS() (x =0, 1 in ppm) Values Calculatédor acac Table 2. NICS() (x =0, 1 in ppm) Values Calculatédor Chelate
Complexes and Benzene Rings in Complexes with bqdi Ligand
complex NICS(0) NICS(1) complex ring NICS(0) NICS(1)
[Pt(acac)]® —0.95 -1.73 [Ni(bqdi)z] 2+ chelate -1.25 +0.22
[Ni(acac)y]® —3.72 —1.82 benzene +9.35 +3.42
[Mg(acac)]® +3.10 +0.16 [Pt(bqdi})?* chelate +0.42 -1.17
[Ca(acacg)]® +3.30 +0.28 benzene +7.92 +2.35
[Ni(acac)(NH)2] * ¢ —3.58 —2.23 [Rh(bgdi}F]* chelate +2.85 —1.22
[Ca(acac)(NH),]*¢ +3.88 +0.73 benzene +5.08 +0.07
a [Ir(bgdi)2F2]* chelate +1.10 —2.54
) In ?II cases the B3LYP method and the GIAO approach were employed. benzene +4.07 —0.66
BS2.©BS1. [Ru(bqdiyFs] chelate —4.93 -7.25
benzene -0.74 —4.15
the calculated NICS values for the acac chelate rings are [Os(bqdi}F] Bgi'a;e +g-§i +§-gg
. . z —V. —9.
presented in Table 1. The _NIC_:S(1) values shown in Table 1 trans[Ru(badi)(en)B] chelate _852 ~1092
vary from —2.23 to+0.73, indicating that the acac chelate benzene  —7.72 —9.38
rings in these complexes do not satisfy the NICS magnetic ~cis{Ru(badi)(en)E] Egi'jéie :g-gg :;0631"12-00
f:nterlon for aromaticity. The acac chelate ring is not aromatlc [Ru(bgdi)(acacy chelate _329 —720
in any of these complexes, regardless of the metal and ligands benzene  —3.90 —6.57
in the complex. Although we did not get significant negative acac —037  ~143

NICS values for any of the acac chelate rings, we obtained 2BS3 basis set, B3LYP method, and GIAO approach.
different signs for chelates with s- (Mg and Ca) and d-metals

(Ni and Pt), which can be anticipated on the basis of the (Figure 3b) complexes ofdénd & electronic configurations,
zr-bonding capabilities of d-metals. respectively. The NICS values calculated for the chelate and
There is a controversy about aromaticity of metal benzene rings in number of complexXgd(bqdi),]2" (M =
acetylacetonato chelate rings. On the basis of the electrophilicNiz+, P&+), [M(bqdi):F2] (M = RuZ*, Og*), [M(bqdi).F2]*
aromatic substitution reactions, as one of the properties in (M = Rk, Ir3*), trans- andcis-[Ru(bqdi)(en)F], [Ru(bgdi)-
which metalloaromaticity is manifested, there is significant (acac)]} are collected in Table 2. In square-planar bis(bqdi)
intramolecular, interannular communication in some acety- complexes of Ni* and P¥", the NICS values are positive
lacetonato complexes. However, our results that the acacor small negative numbers, indicating that the bqdi chelate
chelate rings are not aromatic are in agreement with previousis not aromatic. Among investigated octahedral complexes
experimental results on thd NMR spectra of the acac  of Ru?*, Og*, RF*, and I8+, the complexes of R are
ligands with various metafsin these complexes the chemical the only complexes with large negative NICS values for the
shift of the central hydrogen atom from the acac ligand is bqdi chelate rings that indicate aromaticity (Table 2). In
nearly independent of the nature of the metal ion completing complexes of other metals, the bqdi chelate rings do not have
the chelate ring with regard to charge, size, and ability to large negative NICS values. This indicates that only*Ru
build 7-bond with the ligand system. Holm and Cotton also among studied metal ions, could have the properties neces-
questioned the validity of the presence of aromaticity in the sary to form an aromatic ring with bgdi ligand. The loss of
acac chelate rings on the basis of a charge-transfer spectrahe aromaticity of benzene ring in some of the complexes in
of a broad range of metal ion complexes with acac lig&nhds. Table 2 will be discussed latter.
The *H NMR chemical shifts of the hydrogen atoms from  Since there is mutual influence of ligands in metal
the covalently bound mesityl and anthryl groups do not show complexes, the NICS values for the Rerbqdi chelate ring
any diamagnetic anisotropy around the acac chelate’ring. could be affected by other ligands coordinated to the metal.
o-Benzoquinonediimine Ligand.The magnetic properties  To check the influence of other ligands in the complex on
of transition metal complexes with the bqdi ligand were the aromaticity of Ré#f—bqdi chelate ring, calculations of
investigated in the square-planar (Figure 3a) and octahedralNICS values were done for complexes with acac, fluoro, and

7112 Inorganic Chemistry, Vol. 46, No. 17, 2007



Magnetic Properties of Chelate Rings

O M=Ru Os’, Rh"; Ir™

(b)
Figure 3. Molecular diagrams of the [M(bqdi?™ (M = Ni2*, P&") complexes (a) and [M(bgd#f.] (M = RW*", O£") and [M(bqdiyFz] ™ (M = Rh3T,
Ir3*) complexes (b).

cis trans
Figure 4. Molecular diagrams otis- andtrans[Ru(bgdi)(en)k] complexes.

causes the reduction of the NICS value of theZRtbqdi
chelate ring.

The results presented for the Rubqdi chelate ring
support the previous findings about aromaticity of this chelate
ring.23” The calculated NICS values for the Ru-bqdi
chelate ring are in agreement with the experimental magnetic
properties. The experimental data for th€ NMR spectra
of the [Ru(bqdi)(bpyj]>" and [Ru(NH)4(bqdi)[?* complexes
show magnetic anisotropy due to matallacycle aromaticity
in these complexe%®” In addition, other experimental
findings support aromaticity in the Ru—bqdi chelate rings.
The spectra of the complexes with the?Rubqdi chelate
rings have an intense band in the visible region assigned to
am(metal+ ligand)— z*(metal + ligand) transitior?. The
Ru(3d;,) binding energy of the compléxbtained from the
Figure 5. Molecular diagram of the [Ru(bqdi)(acakFomplex. X-photoelectron spectroscopy experiment lies in between the
values for the Ru(ll) and Ru(lll) reference compounds. This
ambiguity in the metal oxidation state indicates that the
ligand . orbitals become extensively involved in binding in
this metalloaromatic chelate. The—-@l stretching of the
Rw*—bqdi chelate ring was assigned to a strong band in
the 1336-1420 cmt region, with frequency reflecting the
existence of bond between single and dodbRrevious
theoretical resul8 indicate very extensive mixing between
the metal ¢k and ligandr andz* orbitals, and consequently,

: _ ) these complexes are considered to be extensively delocalized.
(Table 2). The values show that different ligands in the We also calculated the NICS values for the?Ruacac
complexes have moderate influence on the aromaticity of chelated ring in the [Ru(bqdi)(acakcomplex. Although

the RG%._qui chelate ring and cannot cause l_OSS of the Rw?™ can maybe form an aromatic ring with the bqdi ligand,
aromaticity. The NICS(1) values are larger in ttis- and

ethylendiamine (en) ligands (Table 2). For the[Ru(bqgdi)-
(en)R,] complex (Figure 4) two NICS(1) parameters for the
bqdi-chelate ring are displayed. The first one is determined
at the side of the ring with axial fluoro ligand, and the second
one, at the side with axial nitrogen atom; there is only a
small difference between these two NICS(1) values. In all
the R#" complexes, the NICS values of the Ru-bqdi
chelate ring indicate aromaticity of the chelate ring; the
NICS(1) values are in the range from7.20 to —12.00

trans{Ru(bqdi)(en)k] (Figure 4) than in [Ru(bgdi)] and (37) ‘(16;)7g/le<tbc)age, R.A; E]ev%r, A. B. Hgor(g. Crllekm.1599|7, ?é?] .4162; D

H H H H : . usanova, J.; Rusanov, kE.; Goreisky, S. 1. ristenaat, D.;
[Ru(badi)(acacj (Figure 5) complexes mdlcat!ng that pres- Popescu, R.; Farah, A. A.; Beaulac, R,; Rebz.r, C.; Lever, A. B. P.
ence of other chelate rings with a delocalizeesystem Inorg. Chem 2006 45, 6246-6262.
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it cannot form an aromatic ring with the acac ligand. Judging
from the NICS(1) values, the acac chelate ring is not aromatic
(Table 2) as it was also the case with aforementioned acac
complexes with Pt, Ni?*, Mg?", and C&" (Table 1).

The data collected in Table 2 show that the aromaticity
of some benzene rings is reduced and even lost upon
complexation. The calculated NICS values for the benzene
ring of the bqdi ligand show that the benzene ring retains
its aromatic character when the chelate ring can be considered
as aromatic. On the other hand, positive NICS values for
the benzene ring are obtained in cases when the chelate ring
is not aromatic. These results suggest that the aromaticity
of chelate and benzene rings in coordinated bqgdi ligand are
correlated. We also analyzed the corresponding HOMA 10
(harmonic oscillator model of aromaticitf)indices for the HOMA
benzene rings in complexes from Table 2 and find out that Figure 6. Correlation between the NICS(1) and HOMA values of the
HOMA and NICS(1) values for benzene rings are correlated b;:-n_zene rings in the complexes presented in Table 2 (correlation coefficient
as is shown in Figure 6. R =0.9652).

NICS(1)
© 0O N O O A WN 2O - N W N

Conclusion NICS values for R&"—hqdi chelate rings in number of

Calculations of NICS values on number of complexes with complexes, with a variety of other ligands, indicating that
acetylacetonato (acac) amebenzoquinonediimine (bqdi)  other ligands in complexes have moderate influence on the
ligands coordinated to different metals show that most of delocalization in the Rif—bqdi chelate ring.
these chelate rings do not have large negative NICS values,

indicating that th helate ri d t satisfy thi i Both acac and bqdi chelate rings can make noncovalent
indicating that these chelate rings co not sa isfy this MagNeUc; eractions in the way similar to that for the benzene ring;
criterion for aromaticity. Among calculated chelate rings,

there iis only the Rif—bqdi chelate ring with large negative acac can make Chi/interactions, while the bqgdi chelate ring

o . S can make CHt and stacking interactions. The results
NICS values, indicating aromaticity by magnetic criterion. resented here also demonstrate that one cannot make a
The results shows that the chelate rings of bgdi ligand with P

other metals (NI, PE+ O*, RI#+, Ir**) do not have large conclusion about the aromaticity of the chelate ring on the

negative NICS values. These results demonstrate possibilityfboari']sS of the noncovalent interactions that the chelate ring
that aromatic chelate rings can be formed only when certain '

metal and ligand are interacting. We found large negative Acknowledgment. This work was supported by the
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