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Abstract

A new polydentate fac-trioxo molybdenum complex, ofML]®> {LH; =
nitrilotriacetic acid} has been synthesized by tkaction of lithium molybdate and
iminodiacetic acid. The trinegative complex aniooominates the alkali metal
cations, K, Rb" or CS. The potassium, rubidium and cesium complexes,
[LI{K(H 20)}M00O3L]x (1), [LI{Rb(H20),}M0O L], (2) and [Cs{Li(HO)}>MoOsL],

(3), form heterotrimetallic coordination chainsntaining planar rings of kM, (M =

K or Rb) and Cs Theoretical investigations on these rings wengie out using
NICS calculations and ab initio ring current mapsyealing aromaticity to be of

limited significance.



1. Introduction

Polymeric metal compounds have received a gredlt afeattention due to their
properties, which lie between isolated molecules bnlk material® Thus, a large
number of metal organic framework matefialsetal oxide based materiafsand
metal clusters trapped within the channels of zesii?"** have been reported in recent
years. These materials are important because of passible application in
catalysist**® gas storag&* ™’ electrical conductivity? biology*?° and many more
areas. Molybdenum oxide based materials are irlegefom a structural point of
view”?? but molybdenum oxide based materials containikgliametal clusters are
rarely reported. Bimetallic compounds containiniggal metal clusters, for example
gallium phosphonates, have been synthesized anginstm form cages containing
lithium,* sodium, and potassidfthions with short metal-metal contactsThese
compounds are potential precursors for the preparabf ion conductors and
molecular sieve$.This paper reports new molybdenum oxide based riabstethat
share the characteristic short metal-metal interast

High-nuclearity heterometallic metal compoundsiarportant from both a scientific
and an industrial perspective because of theirifaing structures and interesting
properties>?* Their potential applications have drawn continu@itention in a

number of research fields like chemistfy?* biology >3 physics®*3®

and materials
science’®™*? Besides their structural appeal, these compourais e used as
functional materials with properties that are nagrivhble from either their
homometallic analogues or their lower-nuclearitygrates. Moreover, such
compounds are very difficult to synthesize. A gneaiety of cluster compounds have
been reported in the literature, but reports omlakketal clusters are rather few. In

> the synthesis and structural characterization of

our previous wor
[Na;MoOsL(H20).]n, [K2MOOsL(H20)3]n, and [LeMOO3L(H20)]n
(L=iminodiacetate) have been reported. The anabyfsike crystal structures of those
compounds showed that the Li- and Na-complexesagotinear chains of kiand
Nas hexagons, respectively, whereas the K-complexanosi2D hexagonal chains.
In the present paper we report the synthesis, ctaearzation and structure of three
heterotrimetallic compounds, [L{K(}D)}MoO3L], (1), [Li{Rb(H20).}M0oO3L], (2)
and [Cs{Li(H:0)}>,MoOsL], (3) {LH3 = nitrilotriacetic acid}. These compounds

contain molybdenum metalloligands and two differaliali metals besides a set of



rings composed entirely of metals. Besides thecsiral properties of the compounds,
we therefore also studied the possible aromatasitygromaticity in these rings. The
cyclic systems LK, in 1, Li;Rb, in 2 and Cg in 3 have been investigated and
compared with the prototypical aromatic/antiaromaegnzene and cyclobutadiene. In
order to assess the influence of Li atoms on #w@maticity/antiaromaticity two star-
like Li derivates, hexalithiobenzene and tetratittyiclobutadien®“® are included in
the present discussion.

After the discovery of the aromatic character of,JA by Boldyrevet al.***° the
concept of aromaticity was extended from its usughnic realm to the field of all-
metal inorganic clusters. In the recent past armityabf all-metal compounds gained
a lot of attentior?>™" In our previous work ™ the aromaticity of polyhexagonal Li-,
Na- and K-clusters has been quantified by meatiseofiucleus-independent chemical
shift (NICS)>8 It has been shovii*® that, according to NICS values, the aromaticity
of hexagonal Li- and Na-clusters is of the sameoad magnitude as the aromaticity
of linear polyacenes, whereas the hgs are considerably less aromatic than the
corresponding benzenoid systems.

In the present work the NICS, as one of the mogiufas aromaticity indices, has
been used to gauge the aromaticity of the moleatdesidered. The problem with
NICS, however, is that although usually a negatorearomatic) NICS value reflects
the existence of a ring current, there is no divexy to extract and thus beyond doubt
prove the existence of an underlying ring curréifiere are several well-known
example®’ showing that NICS and ring current results do agree. For this reason
the obtained NICS results have been compared wittest density maps calculated
using the diamagnetic-zero variant of the contimudtdnsformation of origin of
current density (CTOCD-DZ) methS&®

2. Experimental

Elemental analyses were performed using Perkin ElgeH, N, analyzer model
2400. The FTIR spectra were recorded on a PerkmeEIFT-IR Spectrometer
(SPECTRUMRXI). The'H and’Li NMR spectra are recorded on a Bruker AVANCE
Il (*H frequency = 400 MHz) spectrometer. Fari spectra LiCl is used as external

standard.



X-ray crystallography

The single crystal data of the complede and3 were collected on a Bruker APEX
SMART CCD system that uses graphite monochromated Kd radiation A =
0.71073 A). The structure was solved by direct mashand refined by least square
methods orF? employing the WinG%X package and the relevant programs (SHELX-
97°° and ORTEP-%) implemented therein. The hydrogen atoms on cadoah in
water molecules were located in difference Foumaps. The details of crystal data
collection and refinement df, 2 and3 are summarized in Table 1. The important

bond distances and bond angles are given in suppl@any data (Table S2).

Synthesis of Compounds, [Li{K(H20)2,}M00sL ], (1) and [Li{Rb(H20)2}M 003l ],

(2) and {LH3 = nitrilotriacetic acid}

An aqueous solution of tMo0O, (0.174g, 1 mmol) was added to an aqueous solution
of nitrilotriacetic acid (0.191 g, 1 mmol) and thexture was refluxed for about 6
hours. To the resulting solution was then addedgsoam chloride {0.149 g, 2
mmol). The mixture is then refluxed for 30 minutés.few drops of an aqueous
solution of LIOH-HO were added to maintain the solution at$4H. The solution
was filtered and the filtrate was allowed to standir at room temperature. Colorless
plate-shaped crystals df, suitable for X-ray diffraction, were obtained eaftone
week. The same procedure was used for the syntbesmmpound and 3, using
rubidium chloride {0.242 g, 2 mmol) and cesium clde (0.338 g, 2 mmol),
respectively, instead of potassium chloridé: Yield; 81% (0.341 g). Elemental
analysis calc (%) for §110Li ,KMONO14(421.066): C 17.12, H 2.39, N 3.30, found: C
17.41, H 2.28, N 3.42. IR (KBr¥ax /cmi™): 3309, 1620, 1403, 930, 900 and 8%4.
NMR (D;O) (ppm): 3.85.Li NMR (D,0) (ppm): 0.2 2: Yield: 74% (0.346 q).
Elemental analysis calc (%) f@r(C¢H1oLi.RODMONG; ;) (Mw = 467.435): C 15.42, H
2.17, N 3.00; found: C 15.49, H 2.23, N 2.91. IRB(K (vmax /cmi®): 3310, 1615,
1403, 930, 900, 860H NMR (D;O) (ppm): 3.83.Li NMR (D.0) (ppm): 0.2.3:
Yield: 78% (0.402 g). Elemental analysis calc (%)3 (CeH1oLi 2CSMONQ 1) (Mw =
514.873): C 13.99, H 1.95, N 2.72; found: C 14841.79, N 2.89. IR (KBr)nax
/cm™): 3300, 1620, 1410, 910, 900, 8561 NMR (D,O) (ppm): 3.78.Li NMR
(D20) (ppm): 0.2.



3. Theoretical study

The structures of the 1K, Li,Rb, and Cg rings were extracted from the
experimental crystallographic data presented is plaiper and studied without further
geometry optimization to better reflect their cledesistics as they appear in the
complex. The molecular structures of the benzeryelobutadiene and star-like
molecules GlLis and GLis were optimized at the B3LYP/6-311+G(d,p) level.
Computed Hessian matrices showswht all optimized structures correspond to
minima on the potential energy surface.

NICS® values were calculated at B3LYP level through gheige-including atomic
orbital method (GIAO¥2® In these calculations the SDDALL basis set witke th
accompanying effective core potential was used, stie one used in the ring
currents calculatioh’’? There are several NICS indices in common use ie she
NICS is a tensor, different components of the terase considered as appropriate
indices of aromaticity. NICS calculated at the rientre (NICS(0)) and 1 A above
the ring centre (NICS(1)) are among the most usktSNndices. Thus NICS(0) and
NICS(1) have been used in this paper.

The current density maps presented in this papeg e@nputed by means of coupled
HF theory using the diamagnetic-zero variant of ¢toatinuous transformation of
origin of current density (CTOCD-DZ) meth84®* In this method, the current
density at each point in the molecule has been atedpby choosing itself as the
origin of the vector potential, hence the altenmtiname ‘ipsocentric’ for the

method”>"®

Table 1 Crystallographic data fdrand?2

Complex 1 2 3
Empirical formula GH1oLi,KMONO;;  CgHiolio,RbDMONQO;; CgHiolio,CsSMONQ
M (a.m.u) 421.066 467.435 514.873
Temperature, K 293(2) 293(2) 293(2)
Wavelength (&) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monaoclinic

Space group R& P2/c P2/c




a(A) 7.9807(10) 7.9395(4) 14.0195(13)
b (A) 8.5886(11) 8.6813(4) 13.7541(13)
c (A 20.424(3) 20.6799(10) 7.7115(7)
BL(°) 96.724(4) 96.7070(10) 102.829(2)
V (A3 1390.3(3) 1415.61(12) 1449.9(2)
Z 4 4 2
Deaic. (Mg/m®) 2.012 2.193 2.340
u (Mo-Ka) (mm?) 1.297 4.396 3.431
F(000) 832 904 960
0 Range (°) 2.01to 26.46 1.98t031.18 1.48 to 31.37
Reflections collected 17378 20070 20606
Unique reflections/R(int) 2837/0.0699 4132/ 0.0336 4789/0.0259
Parameters/Restraints 216/0 240/0 229/0
Goodness of fit (B 1.055 1.018 1.063
R1 0.0331 0.0291 0.0320
wWR2 0.0660 0.0611 0.0824

Current density maps for all molecules consideregewalso calculated using the
SDDALL basis set including the effective core paign It has been shown that by
using basis sets with an effective core potentiad is able to reduce the impact of the
core electrons thereby allowing a more efficierdlgsis of global current densities in
Na-clusters® In addition, NICS values calculated using an effectore potential are
in good agreement with all electron NICS val(fem all calculations a unit magnetic
field perpendicular to the molecular plane was used the calculated ring currents
were plotted on a grid in a set pfanes parallel to the molecular plane with a
diatropic current represented by a counterclockwismilation.

The geometry optimization and calculation of NICSrev performed by using
Gaussian 03’ Calculations of ring currents were performed using own Fortran

routines requiring as input formatted checkpoilsfirom Gaussian 03.



4. Results and Discussion

Our synthetic strategy was to use a tetradentatestc ligand (HL), containing
three carboxylate donor sites, which is expecteornm the metalloligand, [Mog]*
at acidic pH (pH~ 4). The number of alkali metal ions required tutnalize the
negative charge of the metalloligand anion was dotmnbe higher than that reported
for the metalloligands described in the earlier kgofrom this laborator§®*> We
expected that, the tri- and tetra- negative mdigdads having multidentate donor
sites (oxo ligands and carboxylate oxygens) haeepthtential to coordinate alkali—

metal cations with interesting architecture.

Synthesisand Characterization of 1, 2 and 3

Compoundl has been synthesized by the reaction of nitrilogti@ acid, LiM0O,
and potassium chloride in water. Compoua@sd3 have been prepared by the same
procedure using rubidium chloride and cesium cHlgrirespectively, instead of
potassium chloride. The compounds are colourlagh)yhcrystalline and have been
isolated in high yield. The compounds show low boity in methanol and ethanol
but are highly soluble in water and have been dtarzed by elemental analysis, IR
and NMR spectroscopy as well as single crystal X4dfraction. The elemental
analyses agree well with the compositions. Theanefi spectra of the compounds
exhibit strong bands ata. 860, ca. 900 and atca. 920 cmt due to Mo=(0Oy
stretching. In addition, a strong band appeas.at620 and ata. 1409 cni which
are characteristic of coordinated —CQO&retching frequencies. The broad band at
aroundca. 3300 cnt can be assigned to the -OH stretching vibratidrte® of water
molecules.

The'H (D,O) NMR spectra of the complexes in@ show a peak ata. 3.80 ppm
(singlet) due to the methylene protons. TheNMR spectra of the complexes show

a sharp singlet aa. 0.2 ppm.

Crystal Structureof [Li{K(H20)2M00s3L], (1) and [Li{Rb(H20)2}M003L ] (2)

One of the single crystals obtained by slow evapmraof the aqueous reaction
solution was used for the determination of thedsstatestructures by single crystal
X-ray crystallography. X-ray diffraction analysisveals that compounds and 2
crystallize in the monoclinic space groBgi:/c and the compounds are isostructural.

The asymmetric unit contains one molybdenum atonordinated to a



nitrilotriacetate, one potassium/rubidium ion cooaded to two oxo ligands and
carboxylate oxygen O4 and two lithium ions, cooati@d to oxo oxygen O2 and
carboxylate oxygen O9 ih and the carboxylate oxygens O5 and OQ.iit is worth
noting that there is a short-range interaction betwthe potassium and molybdenum
ion in 1 (Fig. 1a) and the rubidium and molybdenum iorRigFig. 1b). Since the
compounds are isostructural, the structural featw& compoundl have been
described below.

The molybdenum center adopts a distorted octahgeé@hetry and is coordinated to
three Mo=0 oxygens, two carboxylate oxygens andnitregen of nitrilotriacetate.
The three oxo oxygens (M@fare in a facial arrangement.

The metalloligand binds both potassium and lithilans. Fig. 2 shows that each
metalloligand binds three potassium ions througlt@rboxylate oxygens O4, O6 and
07, and the oxo oxygens 02 and O3. The metalladigaso binds six lithium ions
through carboxylate oxygens O5, O7 and O9 and #weoxygens O1, O2 and O3.
Oxygen atom O4 binds two potassium ions ipsafashion and O2 and O3 bind
lithium and potassium ions in/a fashion. Oxygen atom O5 binds two lithium ions in
a (b fashion and O7 binds lithium and potassium ionaimk fashion. The most
interesting feature of the structure is that eahatioligand binds the metal ions in
such a way that a planar four membegKLi unit is formed, where short Li-K

interactions exist.

Fig. 1 ORTEP view of the (a) Asymmetric unit @fand (b) Asymmetric unit o2

with 30% thermal ellipsoid probability. Hydrogeroats are not shown for clarity



Fig. 2 ORTEP view of the bonding mode of the metalloligamd. Carbon atoms are

not labeled

The K(1) ion is coordinated to oxo oxygens O2 argland the carboxylate oxygen
04 of one metalloligand, carboxylate oxygens (@4 -x+1,-y+1,-z+1) and O6 of a
second metalloligand, and the carboxylate oxygeno©@ third metalloligand and
two water molecules, O1W and O2W. Thus, each K i®nbonded to three
metalloligands (Fig. 3a). The oxygen atoms O2, 63 @4 bridge both K1 and Mol
in a 14 fashion. The observed Mo-K distance is 3.5737(A0)The short Mo—-K

distance clearly suggests the presence of a Maintefaction in the solid state.

Fig. 3 ORTEP view of the (a) Coordination environment ofgssium ion. (b) & (c)

Coordination environment of lithium ions

The coordination environments of the lithium ionse also noteworthy. Lil is

coordinated to oxo oxygen O2 from one metalloligame symmetrically equivalent



carboxylate oxygens: O@nd O3 (ii = x+1, y, z) from two other metalloligands and
water oxygen, O1W (jii = x+1, -y +3/2, z+1/2). Atoms OS%nd O3 bridge two
lithium ions from opposite sides in & fashion (Fig. 3b). Moreover, Lil interacts
with another Lif' (i = -x+2, -y+1, -z+1) with a distance of 2.7833) A, which is
distinctly shorter compared to elemental lithium0@A). Thus, each ki(Li1-Li1™)
unit bridges four metalloligands. The coordinatemviromnent of Li2 is different
from that of Lil. Lithium atom Li2 is coordinated ©1" (iv = x-1, y, z ), O3 (v = -x,
y+1/2, -z+1/2), O (vi = -x, y-1/2, -z+1/3) and O9 of four differentetalloligands
and in addition, it also shows an interaction vi{th (Fig. 3c). The observed Li2...K1
distance, {Li2—K1= 3.624(6) A} is rather short. Our literature suwdid not reveal
any reported crystal structure with such short MbHK interaction. Due to all the
coordination, overall an infinite polymeric netwoik formed, extending along
crystallographia, b andc axis (Fig. 4a and 4b). In case of compo@rgimilar types

of Mo-Rb/Li-Rb interactions are observed in thadstate.

(b)

Fig. 4 (a) Ball and stick model showing part of the polymetructure. Metal-metal

interactions are shown by black lines. (b) Vidang crystallographid axis of the
3D network ofl. Color Code: Mo: pink, Li: green, K: dark brown; €&d, N: light

blue, C: black, H atoms are not shown for clarity.

The most interesting feature is the formation @& thfinite heterotrimetallic metal
cluster (Fig. 5). Due to the strong coordinationtled potassium ion with two oxo
oxygen atoms (02, O3) and carboxylate oxygen Oén& metalloligand, the two
metal centers come very close to each other ama @sult, establishing a Mo-K
interaction in the solid state {Mo1- K1 = 3.5737(1&}. Another interesting feature

of the structure is the formation of @anar four-member ring kK, {K1-Lil =
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3.852(7) A and K1-Lil= 3.579(7) A}. The water oxygen O1W bridges Li dféh a
L& fashion and oxo oxygen O2 bridges Li and K ipzdashion, helping to stabilize
this geometry. Another heterometallic interactierobserved between Li and K ions
{Li2-K1 = 3.624(6) A}. Finally, a homometallic interactids observed between Lil
and Li1 {Li1-Li1' = 2.786(13) A. Overall an infinite heterotriméimlcluster is
formed in the polymeric structure which extendsngldhe crystallographib axis
(Fig. 5a and 5c). Similar heterotrimetallic intdrans and a planar four member ring
formation are also observed in the solid statecstra of2 {Li1-Li1 " = 2.793(9) A,
Rb1"-Li1 = 3.857(5) A, Rb1-Lif" = 3.695(5) A, Rb1-Mol= 3.6687(4) A (vii = -x +
1,-y+1, z) (Fig. 5b and 5c).

Fig. 5 ORTEP view of (a) infinite heterotrimetallic metduster inl(a) and2(b). (c)
Stabilization of infinite heterotrimetallic metalluster by bridging oxygens in

complex1/2. Metal-metal interactions are shown by filled deshines

Crystal Structure of [CS(LiH20).M003L ], (3)

A suitable crystal for single crystal X-ray crysbgiraphy was obtained by slow
evaporation of the reaction solution (water) atnno@mperature over a period of 10
to 15 days. The ORTEP view of the asymmetric uhithe complex is depicted in
Fig. 6. Compoun@® crystallizes in thenonoclinic space group2/c. The asymmetric
unit contains one molybdenum atom coordinated ndrdotriacetate and three —oxo

11



ligands. In addition it contains one cesium ionrdawated to two oxo ligands, four
lithium ions, each with half occupancy, two watenletules coordinated to Lil and
Li4, and Li2 and Li3 coordinated to carboxylate gags, O8 and O9, respectively.
Short solid-state interactions are observed betweelybdenum and cesium on the
one hand and cesium and lithium on the other. Tléyldenum center adopts a

distorted octahedral geometry.

Fig. 6 ORTEP view of the asymmetric unit & with 30% thermal ellipsoid

probability. Hydrogen atoms are not shown for tjari

The metalloligand binds both cesium and lithiumsioBach metalloligand binds four
cesium ions through its carboxylate oxygens O4@&dand three oxo oxygens, O1,
02, and O3 and also binds four lithium ions throaghboxylate oxygens O7, 08, O9
and oxo oxygen atoms O3. Oxygen atom O1 binds ®gum ions in g4 fashion
and O2 binds three cesium ions inzafashion. Oxygen atom O3 binds one lithium
ion and two cesium ions ina fashion and O9 binds two lithium ions inafashion.
Here, the most interesting feature is the presefametal-metal interactions. Each
molybdenum ion interacts with four cesium ions damdnteracts with two cesium

ions (Fig. 7a).
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(a) (b)
Fig. 7 (a) ORTEP view of the bonding mode of the metajlatd in3 (b) ORTEP
view of the coordination environment of cesium ibtydrogen atoms are not shown

for clarity.

In the compound, the cesium ion is coordinatedxo axygens O1 and O3 of one
metalloligand, O1(i = x, -y+1, z+1/2) and ODf another metalloligand, ¢205'
and OA4 (ii = x, y, z+1) of a third metalloligand and H®and 0¥ (jii = -x, y, -z+3/2)
of a fourth metalloligand (Fig. 7b). Thus each gasiion is coordinated to nine

oxygens and is bonded to four metalloligands.

Fig. 8 View of the infinite 3D porous anionic metal-orgaframe work of3 along
the crystallographic axis. Color Code: Mo: pink, Li: green, Cs: darktslblue, O:
red, N: light blue, C: black, H: white
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Cst#19

Fig. 9 ORTEP view of the coordination environment of lithm ions in3

As a result, each cesium ion forms a node joing fnetalloligands and in the solid
an infinite 3D porous anionic metal-organic framekvas formed which extends
along crystallographi@, b and c axis. Loosely bound infinite chains of hydrated
lithium ions, [Li(H20)]*" occupy the cavity formed (Fig. 8). The coordination
environment of the lithium ions is also interest{gg. 9). Lil is coordinated to two
oxo oxygens O3 and G3rom two metalloligands and also coordinated to tmater
oxygens, O1W and 01 In addition Li1 lies in the vicinity of the twaesium ions
Csl and C<L The most interesting feature is the formationttoé heterometallic
alkali metal cluster. The observed Li—Cs distar{t&—Cs1 = 3.648(6) A} is very
short and suggests the presence of a Li....Cs intenam solid state. Again, our
literature survey did not reveal structures witltls@ short Li-Cs interaction. The
coordination environment of Li2 and Li3 is the sanB®th are in a tetrahedral
coordination environment. Li2 is coordinated to tearboxylate oxygens: ®707

(v = -x+1, y, -z+3/2) of two metalloligands and @8d OY (vi = -x+1, y, -z+5/2) of
another two metalloligands. The lithium atdi8 is coordinated to O8 and Bgvii

= -x+1, y, -z+3/2) of two metalloligands and ¥quiii = x, -y, z-1/2) and 09 (ix = -
x+1, -y, -z+2) of another two metalloligands. Iaiso observed that both lithium ions
(Li2 and Li3) lie in each others proximity. The ebged Li2-Li3 distance is
2.662(13) A.
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Fig. 10 View along the crystallographizaxis of the 3D network d containing 1D
chain of lithium cluster, [LA{H2O),] inside the cavity. Color Code: Mo: pink, Li:
green, Cs: dark slate blue, O: red, N: light blGeblack, H atoms are omitted for

clarity.

Each metalloligand binds three;L(Li2-Li3) units through its carboxylate oxygens
07, 08 and 09. Thus an infinite number of units arformed extending along the
crystallographicc axis. Due to the presence of an infinite numbetigfunits and
each Ly unit joining six metalloligands, large channels teexling along
crystallographic axis are created inside the crystal where anitefimumber of water
coordinated lithium ion clusters, H(H,0),]**, exist inside the cavity (Fig. 10). Inside
the channel the lithium ion cluster, j{fH,0),]*" is loosely bound and is stabilized
inside the cavity by the weak interaction of thenas present inside the wall of the
cavity with the lithium coordinated water molecul@sg. 11a). Inside the cavity Li4
coordinated water molecule, O2W is hydrogen bonaitd carboxylate oxygen O8
of a metalloligand, and carboxylate oxygen O4 asegond metalloligand. Water
oxygen O2W also interacts with another Li4 of a reea[Li(H20):]?" unit.
Carboxylate oxygen O4 and oxo oxygen O1 of the rseoetalloligand also interact
with ion Li4. Similar interactions are also obsetva the case of the Li4 ion. These
interactions are responsible for stabilizing the(,0),]* ion inside the cavity. Due
to the presence of interactions between Li cootdohavater with the Li ions of
successive [L(H20),]** units, an infinite 1D chain of [k{H-0),]*" units is stabilized
inside the cavity. Another interesting feature e thain is that all lithium ions in a
cluster chain are in the same plane as evidencebdebgbserved torsion angle) (of
180° between two adjacent lithium clusters. Sinyléine observed torsion angle)(
between the water molecules coordinated to twocadjaclusters of lithium is also

180 degree (Fig. 11b). This geometry is also resipten for the formation and
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stabilization of this cluster chain inside the ¢pavirhe observed Li—Li distance {Li4—
Li4 = 1.77(2) A} is distinctly shorter comparedttmat in elemental lithium. It may be
noted that the shortest Li....Li distances reporedas is 2.756 A in the Lichain in

Li JJ(MeGa)s(13-0)x(t-BuPQy)¢]- (THF),.! So this Li4-Li4 distance is the shortest
distance till now reported in the literature.

Another interesting feature of the solid-state tite is the formation of a
heterometallic infinite metal cluster. Among theein Mo=O oxygens, O1 bridges
two cesium ions Csl and Cs(k = x, -y+1, z-1/2) in g.* fashion and O2 bridges
three cesium centers CssI (xi = x, y, z-1) and Csin a p* fashion and O3
bridges cesium centers Cs1, &sdnd one Li ion in a* fashion. Thus, three oxo
oxygen atoms from one metalloligand bridge withrfoasium ions and one Li ion.
The four observed Mo—Cs distances {Mol-Csl = 3.9876%; Mol-Csi =
3.9610(5) A; Mo1-Csl = 3.9815(5) A; Mo1-Cs? = 4.0717(5) A} are quite short
and may be considered indicative of Mo...Cs int&vas in the solid state. Other
short solid-state interactions are observed betv@=eand Li ions. Each lithium ion is

in short contact with Cs1 and its symmetricallyigglent Cs¥ ion.

(b)

Fig. 11 (a) Ball and stick model of the 1D chain of {{H,0),]*" ions present in the
cavity. (b) Ball and stick model showing the exaeometry of two successive
[Li 2(H20),]?* ions present inside the cavity. Sky colored dotieds shows the
interaction between two successive,(H,O),]*" units. Color Code: Mo: pink; Li:
green; Cs: dark slate blue; O: red; N: light blGeplack. Hydrogen atoms and some
portions of metalloligands have been omitted farity. Weak interactions are shown
by green and light blue dotted lines.

16



Fig. 12 Ball and stick model of the part of polymeric stiwre showing the
heterometallic metal-metal interactions by blacled. Color Code: Mo: pink, Li:
green, Cs: dark slate blue, O: red, N: light blue.

The observed Li—-Cs distance is 3.648(6) A. It ipamant to note here that from a
literature survey we did not find any report of firesence of Mo-Cs or Li-Cs short
interactions in thesolid state. Thus in theolid state an infinite heterotrimetallic

cluster of Mo-Cs-Li is formed which extends alomgstallographicc axis (Fig. 12).

Stability, Reactivity and Aromaticity

Clearly, one of the most fascinating findings ie tewly prepared compounds is the
presence of unexpected all metal ring systems. qusstion on whether they are a
significant contributor to the overall stability dhese compounds or rather a
consequence of the structure cannot be settlety @aibased on the present interest
in all metal aromaticity; an investigation of thetability is of contemporary interest.
To that end, the geometries of the rings as fowpmkrmentally in the compounds
and described above is extracted from the largemptexes and used for single point
calculations of properties indicative of aromaticiFor these calculations, besides
geometries, also the total charge must be knownwels as the overall spin
multiplicity. Given the importance of electrostaiiteractions holding together many
large solid-state structures, different total cleargre considered and the evolution of
the degree of aromaticity as a function of thisrghas examined. For instance, in the
case of A] rings, it is well-known that conclusions on théatcaromaticity depend
significantly on the total chard&®* As spin multiplicity, in this report in all cases

singlet is assumed. This assumption is based ofathé¢hat a geometry optimization
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for the rings at the B3LYP/SDDALL level of theorgd to a minimum energy
geometry with only small or moderate changes ingie@metry. At this geometry, the
stability of the solution was checked, especiatliythe 4+ charge, and no other spin
states were found with lower energy.

Conceptual DFT based reactivity descriptors ardegsuccessful in analyzing the
structure, stability, reactivity and the aromaticitf different systenfé®‘and include
properties like the energy (E), electronegativity hardnessn) and electrophilicity
(w). All have been computed at the same level ofrshand are reported in Table 2.
Koopmans’ approximation is used to calculate trgired ionization potential and
electronegativity. It may be noted that calculasiarsing the neutral and the related
charged species or a couple of calculations wltional charges followed by the
use of the corresponding frontier orbital energida Janak’s theoréfhwould have
produced better results. Replacement of K atom®kbyatoms makes the system
softer and more electrophilic. The planar, @ag is found to be the softest and the
most electrophilic among all alkali systems studigdikely reason may be the large
size of the Cs atom. The aromaticity/antiaromatiat all systems was scrutinized
with the help of nucleus independent chemical INfCS) values. All the rings are
planar in geometry and we performed the NICS catanis by placing the dummy
atom at the geometrical center of the ring. The SlGalues calculated at the
B3LYP/SDDALL level for all molecules from Fig. 13rea given in Table 2. By
inspection of the data in Table 2, it appears tifatspecies containing four-membered
rings are antiaromatic. According to NICS valuethhmixed rings LiK, and LbRb,
are somewhat less antiaromatic than the prototiypitgaromatic cyclobutadiene. On
the other hand, the antiaromatic character afi€®ven more pronounced than the
antiaromatic character of cyclobutadiene. A notdbkgure of the calculated NICS
values is that the presence of Li atoms ghigresults in a significant decrease of the
aromatic character in these systems compared teehenand the antiaromaticity of
CyLi4 is more pronounced that the antiaromaticity oflayatadiene. Interestingly,
the replacement of hydrogen atoms in benzene iloloytadiene by Li atoms results
in much larger (i.e. more positive or less negatiMCS values, suggesting that
alkaline metal ions may cause significantly antiraatic effects. The binding energy
values for the corresponding ring systems are ipesithich implies that the bonding

is energetically favorable.
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Table 2 Point group (PG), electronic state (ES), bindimgrgy (BE, au), nucleus
independent chemical shift [NICS(0) and NICS(1)mppelectronegativity i, eV),

hardness{, eV) and electrophilicity, eV) of the systems at B3LYP level with the

SDDALL basis set. Calculations of conceptual DFTsdh global parameters are

carried out using Koopmans’ theorem.

Systems
K,Li,-Ring
RbLi,-Ring
Cs-Ring
C4H4-Ring
C4lis-Ring
CsHe-Ring
Cslig-Ring

PG

Gon
Gon
Gon
Don
Gon
Don
Gon

lAlg
1Ag

BE
0.05247
0.04602
0.02472
1.48161
1.14749
2.46982
1.93138

NICS(ONICS(1) y

10.00
14.04
20.71
18.46
36.18
-12.65
4.47

9.08
12.68
19.61
17.63
22.59
-10.93
-0.18

n
2.2331.069

2.17D.991
1.91®.660
3.358.437
1.88@.144
3.396.842
2.062.023

w

2.333
2.378
2.780
1.637
0.829
0.843
1.048

*BE (Binding Energy) = Energy of isolated atomsotdl molecular energy

AR

Li,Rb,

il

C,Ly,

Fig. 13 Structure of the molecules studied.

Complete NICS-scans for all molecules consideredoaesented in Fig. 14. It can be

seen that in the case of,Kp, Li;Rb, and Cg NICS values become continuously

smaller as one moves outwards from the ring pldings is a typical feature aof-
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electron antiaromatic systems. On the other handthi@ case of benzene,

cyclobutadiene and¢Cig NICS-values have their extreme values at aboutabdve

the molecular plane due to effects of their frantieorbitals. It is interesting that for

CyLi4 NICS-values monotonically become smaller as ongemdrom the molecular

plane, which

antiaromaticity. It should be noted that using NI&San indicator of the aromaticity

indicates a predominant

influence ok to-electrons on

its

in CgLis and GLi4, systems with concentric rings can lead to somieigunties. More

detailed insight into aromaticity of such systeras @e obtained using ring current

maps>>
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Fig. 14 NICS-scans and NICS-rates for: a)ii b) Li,Rb, ¢) Cg d) cyclobutadiene
e) GLi4 f) benzene and g)«Cis. NICS values are calculated at B3LYP level using
the SDDALL basis set with the effective core poiant

The maps of the current density fopK}, Li,Rb, and Cg calculated in the molecular

plane are presented in Fig. (15-17). It should dteadhthat in all current density maps

20



of all alkali rings presented in this paper theoarisize is increased by a factor three
compared to the arrow size used for current demsdaps of hydrocarbons and their
Li derivates. Although a basis set with an effeetoore potential is used in these
calculations in order to reduce the impact of theecelectrons, strong local currents
around the K, Rb and Cs atoms are present in tigeaurrent plots in Fig. (15-17).
On the other hand, no such local circulations ated around the Li atoms (Fig. 15
and 16). This can be explained by the fact thatSB®ALL pseudopotential is a
small core pseudopotential for the K, Rb and Csnatowhereas only one active
electron remains for Li. From Fig. (15-17) two cheteristic features are immediately
recognized. First, kK>, LizRb, and Cg sustain a paratropic ring current. Second, the
induced current density of these alkali systemssignificantly weaker than in
cyclobutadiene (Fig. 18a) and.lC, (Fig. 19a). The last observation is in
disagreement with the predictions made by NICSe&l(Table 2). Fig. (15-17) also
give current density maps for the orbitals that ehawdividually significant
contributions to the total current density. It d@seen that in kK,, LioRb, and Cs
almost all significant contributions come from ttieculation of twoc-electrons from
the HOMO. A somewhat different situation concerngigand GLi4 (Fig. 19). A
distinguishing feature of these two systems is thed to presence of Li atoms their
frontier HOMOs ares-type orbitals. The doubly degeneratdéHOMO in GsLig and
non-degenerate-HOMO in GLi, have a significant paratropic contribution to the
total current (Fig. 19b and 19e). The present aklaibalysis shows that ingld¢ there
are conflicting contributions, a paratropic (artiaatic) from the doubly degenerate
0-HOMO and a diatropic (aromatic) from the degereratHOMO-1. Such a
possibility to manipulate the degree of aromatiafybenzene through replacing the
hydrogen atoms on the benzene ring, is reminiscktite case of hexa-iodobenzene
where one can even further tune the aromaticitpuitin changing the molecular

charge®™

In the orbital analysis of the induced current dignghe contribution of an occupied
orbital is determined by the accessibility of theccupied orbitals by rotational and
translational transition§. The contribution of the given transition becomesreno
important as the energy difference between themeduand virtual orbital is smaller.
Rotational transitions lead to paratropic (antiaatio) circulation, whereas

translational transitions lead to diamagnetic (ato) circulation. For further
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discussion it should be borne in mind that the lginty between the four-membered
alkali rings and cyclobutadiene is clear althoulgl $ymmetry of the compounds is
not entirely the same. Details on the symmetry @ledtronic states of the molecules
under investigation are given in Table 2. In theecaf benzene the main contribution
to the current density comes from translationahdittons between the degenerate
HOMO and LUMO levels (Fig. 20). In cyclobutadier® tmost significant transition
is the rotational transition: HOMO to LUMO, wherea$ other transitions have less
significant contributions as shown in Fig. 18b. Téh@minant transition in kLK,
Li,Rb, and Cg is the rotational transition between HOMO and LUM&hich is in
complete analogy to cyclobutadiene. It should bedehat although the total current
maps of benzene (Fig. 18c) andL{g (Fig. 19d) show that both systems sustain a
diatropic ring current, the corresponding transitthagrams are quite different. In the
case of GLig there is a strong rotational transition from tlegeherate HOMO level
to the doubly degenerate LUMO+2 level, but at tame time there is a somewhat
weaker translational transition HOMO to the degateet UMO pair. As a result of
these two transitions the contribution from theeateyates-HOMO pair is paratropic
(Fig. 19e), but this contribution is still weakdrah a diatropic contribution of the
degenerata-HOMO-1 pair. Similarly, in GLi, compared to cyclobutadiene there is

an additional rotational (antiaromatic) transitieAHOMO to LUMO.

() (b)

Fig. 15 Current density maps of 4K, in the molecular plane: a) total current density
b) HOMO current density. Li and K atoms are repnésg by empty and bisected
circles, respectively.
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(@) (b)

Fig. 16 Current density maps of 4Rb, in the molecular plane: a) total current density
b) HOMO current density. Li and Rb atoms are regmésd by empty and bisected
circles, respectively.

() (b)

Fig. 17 Current density maps of ¢i& the molecular plane: a) total current density b)

HOMO current density. Cs atoms are represented hgected circles.
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(d)

(b)

Fig. 18 Current density maps of cyclobutadiene 1 A abowertolecular plane: a)
total current density b) HOMO current density. @atrdensity maps of benzene 1 A
above the molecular plane: c) total current denditydoubly degenerate HOMO
current density. H and C atoms are represented ditedd and filled circles,

respectively.

It is not trivial to extract quantitative informati from current density plots. An
indication of the current density strength is gilmnthe largest magnitude of current
density in the plotting plane. In the case of thi@alarings there are strong local
currents around the alkali atoms. Therefore thgelstr magnitude of the current
density in the plotting plane is not an approprietdicator of the global current
strength. It has been shown that the current baodscsections and bond current
strength can provide a very useful quantitativecdp8on of current density in the
monocyclic molecule®®® The largest magnitude of the bond current dersiogs
sections Jmax) Can be taken as a measure of the global curesrgity strength in the
monocyclic systems. The largest magnitude of thedlmirrent density cross sections
for the molecules presented in Fig. 13 are givehahle 3. From these data (Table 3)

it can be seen that the intensity of ring current&i.K,, Li,Rb, and Cg is several
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times smaller than the one in cyclobutadiene. Eh@mpletely opposite to the NICS
values predicting the same order of magnitude diasmaticity of Cg and
cyclobutadiene. The results from Table 3 show #hakectrons have about the same
contributions in benzene and in its Li derivaikig and in cyclobutadiene andlC,.
Due to a paratropic contribution of frontier orbitals (Fig. 19e) the total current

density in GLig is weaker than in benzene.

Table 3 The largest magnitude of the bond total curreossisections ). ) and the

largest magnitude of the bomdelectron current cross section3;( ) expressed in

a.u. The current density cross sections are caénlit the CTOCD-DZ/HF/SDDALL

level.

System bond Je Jr
LioK, Li1l-K4 0.012

Li,Rby, Li1-Rb2 0.013

Cs Cs1-Cs2 0.016

C4H4 C-C 0.158 0.097
Cyliy C-C 0.147 0.098
CsHs C-C 0.095 0.061
Celis C-C 0.057 0.055

Table 3 also shows another interesting observatiorcase of hydrocarbons like
benzene and cyclobutadiene, there are clear ringgrds going around the carbon
atoms (see Fig. 18c for the typical case for be@gdn case of the all metal rings, the
ring currents do certainly not envelope the metaing. This makes that it cannot be
considered a true ring current on the same foamdghe hydrocarbons. This is also
clear from Table 3: the cross sections throughhileds have very small currents.
This situation is quite different from ring curremaps®®*®*for e.g. Al* where we
do find a much more similar ring current map a®.q., benzene. This suggests that
on the one hand, the aromaticity of the all matajg should be rather considered to
be antiaromaticlike and that NICS cannot reflect the very detailed mawf the

induced current, unlike the ring current maps.
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Fig. 19 Current density maps of;04 1 A above the molecular plane a) total current
density b) HOMO current density ¢) HOMO-1 curreendity. Current density maps
of CeLis 1 A above the molecular plane: d) total curremtsity e) degenerate HOMO
pair current density f) degenerate HOMO-1 pair entrdensity. Li and C atoms are

represented by empty and filled circles, respebtive

All the above considerations were for neutral aditah rings. However, in the newly
synthesized compounds, they may carry a relevaatgeh Unfortunately, atomic
charges are not observables and so depending omdabelation analysis used,
different results may be obtained. Inspection ef tfansition diagrams giving rise to
the ring current maps discussed above, leads taubpicion that by changing the

charge on the ring systems, one could tune theaumgents. This is indeed the case,
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as is shown in Fig. 21. Fig. 22 presents the NI€8 sand NICS rate plots for the
KoLi,*, RbLi,* and Cs".
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Fig. 20 Orbital energy level diagram for: a).Ki, b) Li,Rl, ¢) Cs d) cyclobutadiene
e) GLis f) benzene and g) &Lis. The energies (in a.u.) are obtained at the
HF/SDDALL level. Only the transitions that signiictly contribute to the induced
current density are shown. Black arrows repreganstational (diatropic) transitions
and arrows without filling represent rotational rigtaopic) transitions. The width of
arrows reflects the relative magnitude of the dbatron of the underlined transition

(for details see Ref. 73).
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(@) (b) (©)

Fig;1 21 Current density maps in the molecular plane dfigf,"" b) Li,Rb,** and c)
Csi .

These findings very clearly show that in line wiig. 20, the main contributors to the
paratropic ring-current disappear because only meddvirtual transitions are

allowed and no significant contributions remain.CSI scans for these same
compounds lead to the same conclusion. Given tttethiat the ring currents, albeit
significantly different from those in carbohydratage already quite modest (and
paratropic) in the neutral rings and disappeatha ¢harged rings, plus the fact that
the remaining part of the compound is likely to éi@ very significant impact on the
electron features of the metallic rings, makeseitywnlikely that in the compounds

synthesized, aromaticity plays a significant role.
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Fig. 22 NICS scan and NICS rate plots fonlk,"", Rbli,"" and Cg rings at
B3LYP/SDDALL level of theory.
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5. Conclusions

A new polydentatefac-trioxo molybdenum metalloligand has been syntlesbiz
which binds group 1 metal cations,”land RB, K" and C8. In solid state all the
compounds form 3D heterotrimetallic coordinatioypmers. In compound$ and2 a
unique planar 1D chain of iM, (M = K or Rb) rings is present. The compouih
solid state forms a 3D network containing cavifiled with chains of [Ly(H20),].
Analyses of the nucleus independent chemical skafa and the ring current plots
reveal that most of the four membered rings exipbratropicity in their ring current
albeit with a diminished strength for the all — aletings compared to the most
similar hydrocarbons. Moreover; the topology of tiveg currents is so different
compared to these hydrocarbons that the system$aatly be described as truly
aromatic or anti-aromatic. NICS, however, do netdily lead to this conclusion and
ring current maps are needed to establish thiglllgirthe ring current maps for ionic
all metal rings were computed, showing that ringents can be "switched on or off"

depending on the total charge on the ring.
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