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Effect of the Organometallic Fragment R= —CCHCo2(CO)s on the

Properties of M{ OOCR} 4

Clusters (M = Mo, Cu)

Victor Calvo-Peez,*" Andres Vegal* and Evgenia Spodirie

Facultad de Ciencias Qmicas y Farmagteticas, CIMAT, Uniersidad de Chile, Casilla 233,
Santiago, Chile, and Unersidad de TarapacaAv. General Velaquez 1775, Arica, Chile

Three structures of novel cluster carboxylates of molybdenuni(#&)-€¢) and copper(ll) 2) with the
OOC—-CCHCao(CO) ligand are presented. The solvent topology plays an important role in the formation
of the crystal lattice of the molybdenum(ll) cluster, which shows a pillared structurk feith stacked
1,4-xylene Lab) and toluene Xc). The nature of the clustersolvent interaction has been investigated
by means of B3LYP density functional theory calculations using doghdesis functions. These DFT
calculations together with polarizable continuum media and effective fragment potentials allow us to
explain the nature of the areneMo, arrangement (ca. 3.10 A) found in the pillared cluster The
copper(ll) dimer2 displays an unexpected weak intramolecular magnetic coupling for a copper tetra-
carboxylate, which can also be ascribed to the electronic nature of the ligand. The weak coupling within
the copper(Il)syn,syrcarboxylate cluster was investigated with DFT calculations. In the solvated species
the copper(ll) clusteR presents an oxo ligand at the axial positions, while the molybdenum(ll) cluster

1 stacks between the aromatic ligands.

Introduction

calculations. The observed difference in the reduction potentials
of the Re and cobalt carbonyl fragments, in comparison to

The assembly of heterometallic species using well-defined (henjum trimethyl acetate and HOOCCCHE@O)s, has been

molecular building blocks is a very general approach for

attributed to the mixing of both subsystems in the assembled

obtaining complex species, which has been shown to be VerY specied. In addition, the reactivity of HOOCCCHG(CO) has

fruitful in many fields of chemistry.In particular, a synthetic

also furnished some surprises. The reaction of the organocobalt

approach called cluster of clusters has shown to be very carhoxylic acid with copper(ll) methoxide leads to the copper-
successful in producing compounds with new properties using (1) decarboxylated cluster Giuo-CCHCa(CO)} 3,8 instead of

well-described coordination chemistry. It consists of the use of
functionalized organometallic clusters as building blocks, which

the expected tetracarboxylate £LOOCCCHCQ@(CO)g} 4, re-
minding us of the decarboxylating ability of the copper(l) salts

can be coordinated to a core of metal atoms or cationic groups, gyer activated organic acidsThe electronic structure of the
acting as an anchoring point. The newly assembled compounds;prous cluster shows some important degree of interaction
generally show properties which are_n_ot present in the inorganic yetween the copper and cobalt subsystems, which has been
analogues. Some of the most striking examples have beenproposed to be the cause for the “activated” behavior of the

reported for the M{ OOCCCg(CO)} 4 (M = Mo, Cr, W) series,

where a low-energy charge-transfer band is observed between

both metallic subsystems (Mo, Cr, W, and Co) in contrast to
the acetate analogu@s.

We have recently prepared and characterized a new organo

cobalt carboxylic acid, HOOCCCHGEO),* which has been

employed to prepare new heterometallic compounds. The elec-

tronic structure of the REOOCCCHCg@(CO)g} 4Cl, compound

has been examined by means of cyclic voltammetry and DFT
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organometallic acid.

In this work we present the synthesis and properties of
four new cluster of clusters molecules, the compounds-Mo
{OOCCCHCg(CO)s} 4(1,4-xylene) (1a), [Mo{ OOCCCHCeg-

(COg} a(t2-178-An)]n°n(1,4-xylene) (where A= 1,4-xylene (b),

toluene (c)), and Cy{ OOCCCHCg(CO)}4(H20), (2). We
discuss the physical properties of all the molecules on the basis
of their respective electronic structures, which have been
calculated by means of theoretical tools, and the effect of the
organometallic-CCHCao(CO)s group on such properties. We
also describe the nature of the core Mmrboxylate and the
axial arene (A= toluene, 1,4-xylene) and the influence of the
polarity of the surroundings in this respect.
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Results and Discussion tion. This centrosymmetric arrangement is also found in several

other dimolybdenum carboxylatéswith an inversion center
between the molybdenum atoms. The Mdo distance (ca.
2.0988(9) A) is characteristic of a quadruple Mio bond, as

Preparation of Clusters. The mixture of molybdenum acetate
(or copper acetate) and the cobalt cluster ligand in THF solution

itself remains in equilibrium at room temperature (Z5 see described in dimolybdenum(ll) tetrapivalatésTable 2 shows
Scheme 1) selected bond distances and angleslfor
— The organometallic carboxylate group OOCCCH@®D)
Mo (OOCCHy), + 4(COXCO,CCHCOOH has the elongated pseudo-tetrahedraiGz@ore also found in
Mo, { OOCHCCCg(CO)g},+ 4CH,COOH Re{ OOCCCHC@(CO)} 4Cl».> The CoC; core carbon atoms
o o _of the cluster tetrahedron ihb are separated on average by
unless the solution is driven to complete elimination of the acetic 1 333 A compared to 1.342 A measured for the dirhenium

acid under reduced pressure: cluster® The carboxylate plane GIC1—02 is almost coplanar
Mo,(OOCCHy), + 4(CO)Co,CCHCOOH— (8) Santure, D. J.; Sattelberger, A. |k 1989 26, 219.
Mo,{ OOCHCCCQ(CO)}, + 4CH,COOH gg))sgl\ﬁk)g'LA\lgg;&?esa}De?(relélt(c?rrSA;/);tSemM?Bc:lusfgr valsl I?/I%%ison, WI,
Surprisingly the productslp,c and 2) are very soluble in lg?fi) SAINTPLUS, version 6.02; Bruker AXS, Madison, WI, 1999.

aromatic solvents; therefore we aim to understand this phe- (12) (a) Baerends, E. J.; Ellis, D. E.; Ros, dfigiteitliys1973 2, 41.

. (b) Baerends, E. J.; Ros, ht. J. Quantum Cheml978 S12 169. (c)
nomenon. Despite the fact that the same workup was used forBoerrigter’ P. M. te Velde, G.; Baerends, £ |

both clusters, the clusters of copper and molybdenum crystal- 1988 33, 87. (d) te Velde, G.; Baerends, E. jinfiuauiminigs1992 99,
lize with different axial ligands. A concentrated solution of 84.

: ; : (13) Amsterdam Density Functional (ADF) Program, Release 2002.01;
Moz{ OOCHCCCQ.(COk}“ in toluene afforded the isolation of Vrije Universiteit, Amsterdam, The Netherlands, 2002.
large needles of pillared [MOOOCHCCCgq(CO)} 4(toluene)j (14) Vosko, S. D.; Wilk, L.; Nusair, MCan. J. Chem199Q 58, 1200.
(10) upon cooling to—10 °C. Crystals of this compound ob- (15) (a) Becke, A. Dnisifiliaiiy <1986 84, 4524. (b) Becke, A. D.

ined from toluene quickly | Ivent. Crystallizationlof kSl 1988 38 2098.
tained from toluene quickly lose solvent. Crystallizationlo (16) (a) Lee, C.; Yang, W.: Parr, R. (i 1988 37, 785. (b)
in 1,4-xylene also yield long fine needles; however, as the ;opnson B G.; Gill, P. M. W.: Pople, .. {miaimiiy/<993 98, 5612.
solvent freezes a concentrated solution at the bottom of the (c) Russo, T. V.; Martin, R. L.; Hay, P. ity <1994 101, 7729.

Schlenk tube afforded the isolation of these clusters as pillars (d) Bandyopadhyay, P.; Gordon, M. ittty s2000 113 1104.

_ - (e) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon,
1b. The 1,4-xylene solvate is stable enough to allow a complete }’ S.. Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A+ Su, S. J.

data collection. All the subsequent structural discussion is windus, T. L.; Dupuis, M.; Montgomery, J. /i 993
related, unless noted, to the 1,4-xylene solvate. 14, 1347.

Structural Details. The structure of the title compourib OX%ZC)‘ %‘r’]ﬁt\f’e”r'sﬁy/;?re\’;’g't%‘éﬁ-Y%‘f;'“l%g??o”ds Between Metal Atoms
is shown in Figure 1 (bottom). Four cluster ligands OOCCCHCo (18) Cayton, R. H.: Chisholm, M. H.; Huffman, J. C.; Lobkovsky, E. B.

(CO)s bridge two molybdenum centers in a syn,syn configura- jiniaaiissmmiiod 991 113 8709.
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Figure 1. (Bottom) Molecular structure diagram férshowing a partial atomic-numbering scheme. Displacement ellipsoids are plotted at
the 30% probability level, and hydrogen atoms are shown as small spheres of arbitrary radii. (Top) Packing diagram showing the 1,4-
xylene+-Mo,[OOCR],---1,4-xylene pillars forlb at the 10% probability level.

with the plane defined by C3C2—C1, as opposed to the shownin Chart 1b. The overall connectivity observed for toluene
situation found in the dirhenium cluster, where the average solvatelcis the same as that found for the 1,4-xylene solvate
torsion angle is 50° Parallel to the Mo@plane at about 3.1 A 1b, with a Mo—Mo distance of 2.102(3) A.

lies a 1,4-xylene molecule, as shown by the packing struc- The Mo—Mo bond is not elongated in the vicinity of 1,4-
ture. The aromatic ring is “stacked” between two adjacent xylene, as compared to the case for dichromium(ll) tetrakis-
Mo{ OOCHCCCe@(CO)}4 units, in such a way as to define a  (carboxylate), where the axial aromatic ring seems to elongate
linear Mo{ OOCR} 4+-1,4-xylene:-Mo{ OOCR; 4---pillar (see the CrCr distance as a function of the ligand basiéfy.
Figure 1, top) parallel to [100]. The methyl groups in the 1,4- Chromium(ll) is known to form one-dimensional arrays with
xylene rings are oriented between two adjacent carboxylate substituted benzene, whose topologies are similar to those of
planes, as shown in Chart 1a, whereas in the toluene solvate of

1c, the methyl group of the aromatic fragment is disordered  (19) cotton, F. A.; Daniels, L. M.; Kibala, P. Anakmaaan 1992 31
over the four available positions between the carboxylates, as1865.
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Table 1. Summary of Crystal Data and Refinement Details

for Mo JOOCCCHC0,(CO)gl4-2(L,4-xylene) (1b) and
CUz[OOCCCHCOz(CO)6]4(H 20)2 (2)

1b 2
formula G2oH24C0sM0,032 C36HgC0sCpO3y
formula wt 1824.03 1582.94
cryst syst triclinic triclinic
space group P1 P1
a, 8.296(3) 7.705(3)
b, A 14.247(4) 13.430(5)
c, A 16.108(5) 13.950(5)
o, deg 114.97(2) 69.724(5)
p, deg 92.02(3) 80.724(6)
y, deg 105.00(2) 79.883(6)
Vv, A3 1644.2(8) 1325.2(8)
z 1 1
D¢, Mg m—3 1.842 1.984
F(000) 892 770
u(Mo Ka)), mm2 2417 3.318
R2 0.0346 0.0721
R.° 0.0841 0.1624

*R =CZHF0| — IFl/ZIFol. Ry = [Z[W(Fo? — FAZ/ T W(FA)]Y2

T=25°C.

Table 2. Selected Bond Distances (A) and Angles (deg) for

Mo, [OOCCCHCO0,(CO)g]4+(1,4-xylene) (1b) and
Cu,[OOCCCHCO0,(CO)gla(H20)2 (2)

1b? 2b
Mo—01 2.105(3) Cu01 1.975(13)
Mo—02a 2.094(3) CuO2a 1.902(13)
Mo—010 2.113(2) Cu-010 1.960(14)
Mo—O11la 2.106(3) CuOlla 1.945(15)
Mo—Moa 2.099(1) Cu-Cua 2.631(5)
Cc1-01 1.260(4) Ccto1 1.294(19)
C1-02 1.281(4) C+02 1.34(2)
C10-010 1.272(4) C16010 1.25(2)
C10-011 1.271(4) C16011 1.21(2)
c1-c2 1.458(5) ctc2 1.550(10)
C2-C3 1.337(6) C2C3 1.29(3)
C10-C11 1.468(5) c1ecii 1.51(3)
Cl1-C12 1.328(6) Cl:C12 1.36(2)
Col-Co2 2.473(1) CotCo2 2.471(5)
Co3-Co4 2.466(2) Co3Co4 2.452(5)
Mo---C20 3.326(5) CuOlw 2.163(12)
Mo---C21 3.411(5) Mer-C22 3.301(5)
Mo1---Molb 6.202(2)
01-Mo—010 89.5(1) 0O%Cu-010 86.6(6)
01-Mo—Ol1la 90.3(1) 0%Cu-01l1la 89.2(6)
010-Mo2—-02a 90.6(1) 016Cu—02a 92.6(6)
02a-Mo—011la 89.4(1) 0O2aCua-0Olla 89.0(6)
01-Mo2—-02a 176.4(1) 0%Cu-02a 168.9(5)
010-Mo—011la 176.3(1) 016Cu-0O1la 166.9(5)
01-C1-02 122.8(3) O+Cu—0O1w 97.7(5)
C1-C2-C3 143.8(4) 016-Cu—-0O1w 102.2(5)
010-C10-011 122.9(3) 02aCu—0O1w 93.3(5)
C10-C11-C12 140.9(4) 011aCu—Olw 90.7(5)
Moa—Mo-+-Mob 175.37(2) 0+C1-02 119(2)
010-C10-011 127(2) C+C2-C3 142(2)

C1l0-C11-C12 138(2)
aSymmetry transformations: (ayx + 1,—y, —z + 1; (b) —x, —y,

1 — z P Symmetry transformation: (a}x, -y + 1, —z

Chart 1
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Rh(ll) tetrakis(trifluoroacetate’ While bis(benzene)chromium-
(0)2t is a mononuclear arene with a short-@ distance, the

Figure 2. Molecular structure diagram fd2 showing a partial
atomic-numbering scheme. Displacement ellipsoids are plotted at
the 33% probability level, and hydrogen atoms are shown as small
spheres of arbitrary radii.

where the negative potential on the arene points to an electroni-
cally unsaturated metd#, as in 1b. A considerable body of
structural evidence shows that the low-oxidation-state species
M,[OOCR], (where M= Cr(ll),® Mo(ll),2® Rh(I1)2%) can be
packed with aromatic compounds through the axial positions
of the metal centers. These noninnocent aromatic solvents, such
as 1,4-xylene, have been reported to coordinate to the axial posi-
tions of dichromium tetracarboxylates, where the aromatic ring
is stacked in am® fashion between two adjacent'Gicenters,
forming a chain or pillat? Numerous difficulties in obtaining
crystals suitable for X-ray diffraction arise from the disorder
found in the substituted arene in dichromium carboxylates and
the freezing point of the solvent. The Cr¢tjarene distances
reported for Cs(OOCCPR)4(1,4-xylene) are 3.310 A, with

an elongated GrCr core (2.291 A), while in GFOOCCPh),-
(1,4-difluorobenzene)the arene is 3.388 A away from the
metal. Interestingly, this complex exhibits a shorter—Cr
distance (2.176 A), where the €€r distance seems to correlate
to the donor ability of the arene. We were unable to observe
Mo—Mo bond lengthening upon stacking of the 1,4-xylene,
which is indicative of the nature of the pillar formation.

Figure 2 shows a molecular diagram of the complex
Cu{ OOCCCHCg(CO)} 4(H20), (2). Table 2 gives some bond
distances and angles and torsion angles2forhis complex
has a copper acetate dimer structure, with four carboxylate
groups bridging the cupric centers and two water molecules as
terminal axial ligands. The inversion center of the space group
P1 coincides with the midpoint of the coppecopper distance,
defining C; as the molecular symmetry group. The copper
copper distance is 2.636(6) A, a normal value for copper

(20) Cotton, F. A.; Dikarev, E. V.; Petrukhina, M. i
2001, 123 11655.

(21) Seyferth, D Sunssssssteiitg<>002 21, 2800.

(22) (a) Kurikawa, T.; Takeda, H.; Hirano, M.; Judai, K.; Arita, T,;
Nagao, S.; Nakajima, A.; Kaya, {assssuesieligs1°99 18 1430. (b)
Yasuike, T.; Yabushita, S A 099 103 4533.

(23) Campanci, C.; Dunbar, K. R.; Ouyang, X.Chem. Soc., Chem.

related arenes of Sc(0), Ti(0), and V(0) form multidecker arrays, Commun.1996 21, 2427.
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carboxylate dimers and very similar to the value reported for
copper acetate, 2.619 %,

The average cobattcobalt distance (2.467 A) in the four
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addition, 1,3-xylene has been reported to approach imZan
fashion to a dimolybdenum trifluoroacetate within a complex
scaffolding of TCNQ* The 1,3-xylene molecules of dimolyb-

carboxylate ligands is shorter than the measured value in thedenum carboxylates were found to be entangled by TCNQ to
free carboxylic acid, 2.483(3) A.In the same way, the the neighbor molecules of M(OOCCF),, but the 1,3-xylene
carboxylate fragment torsion angle (defined by-©-C—C) sits far from the Me-Mo center. This situation has been
has an average value of 34vhich is smaller than the average classified as enclathration by the authors. The currently observed
value measured for REOOCCCHC@(CO);}4Cl, (50°), for Moo{ OOCCCHCe@(CO)g} 4*+(1,4-xylene) interaction in the
HOOCCCHCg(CO)s (94°), and, of course, fotb (~0°). It is cluster of clusterd can be considered as a challenge, since the
likely that this torsion angle is defined by packing and/or steric negative electronic potential of the molybdenuoxo fragment
factors, and it may play an important role in the electronic point toward the 1,4-xylene faces, as shown in the synopsis.
communicating ability of the propiolic fragmeft. The cluster was modeled using doulleasis functions and
Cyclic Voltammetry. Both moleculesl and 2, have two  toluene as PCM, reprog‘ucmg the Mblo, Mo—O, and O-C
electroactive sites, namely the central ddre and the peripheral  distances within 0.03 A. The single-point DFT results on a
Cox(CO)s fragments; therefore, signals arising from both can Supermolecule ((arenejMo(RCOO):-+-(arene)) indicate that
be expected. The observed CV fbin CH,Cl, (DCM) has an the molybdenunmd orbital hardly combines with the benzene
oxidation peak at-750 mV, with a corresponding reduction at  OrPitals, owing to the low overlap (0.0002) existing with the
+617 mV. The measureig /i, ¢ ratio of 0.73 indicates a quasi- ~ SyStem of the arene. However, molybdenurorbitals (E) show
reversible oxidation, which can be attributed to the,Menter. a more pronounced overlap (0.047) with the filled aromatic
This signal Ei, = —694 mV) is significantly shifted when (E symmetry). Therefore, our calculations are oriented to
compared to the Mo(ll) oxidation value in M@OCCH)s (Ev determine the perturbation of a first solvation sphere (effective
—450 mV)? The voltammogram also shows an irre- fragment potential) and a second sphere of solvation (polarizable

versible reduction wave at1076 mV, which can be assigned continuum media). In an excellent recent review Tomasi
to the CCCe(CO) fragments. The rapid decomposition of compiled a broad spectrum of applications of this computational
Cup{ OOCCCHCo(CO)s} 4(H20), prevents the electrochemical methpd?7 The_PCM method calculates the free eneryBon)
measurements in Gi&l,, where the electrochemical behavior eduired to bring one molecule of solute from the gas phase to
of the parent ligand has been described. Since a change in thé Polarizable dielectric media. This requires opening a cavity
solvent to acetone hardly affects the shape and position of thel? the solvent where the solute can be fitteiGca), and
voltammogram of the ligand, we have recorded the voltammo- therefore, some steric repulsions aridé(); van der Waals
gram of2 in this solvent. It shows two electrochemical signals, contributions to the energy of this process are includetGgs

but differing from the case fot, as in2 they correspond to b_ut more |mport_antly, the electros_tatlc stab_|I|zat|on due to the
two completely irreversible reductions B, = —684 mV and dlelec_;trlc,AGeqet,, is solve_d sglf-con&stently with the solute wave
Epc= —976 mV. The last reduction is quvite comparable to the function. The last contribution greatly relaxes the solute in the
reduction potential measured for HOOCCCH@O)s in solvent:
acetone,E,c = —926 mV, suggesting that this reduction is AG
related to the —Coy(CO) core. The measured value for
HOOCCCHCg(CO)s in CHxCl, is —1015 mV?# The reduction
wave observed at684 mV can be attributed to the two-electron

solv — AGcav + AGrep +AGeIetr + AGdisp

On the other hand, the effective fragment potential method
calculates the energy of the solute surrounded by point charges

reduction of the Caicentral core, considering that a copper(ll) ©Of discrete molecules of solvent (benzene or 1,4-xylene). In a
monomer carboxylate would be reduced at abe870 mV26 previous run one calculates the electric dipoles, quadrupoles,
No metallic copper oxidation wave was observed in the oxida- @nd multipoles of a single solvent molecule and then one
tion sweeps, suggesting that the copper reduction step does notecalculates ab initio the effect of these electric charges on the
reach metallic copper at the attained potentials. The measurecSOlute-solvent array. o _
reduction potential suggests very stabilized copper(ll) centers. Our DFT results on the optimized clustdr agree with
The shifts of the potentials for the reduction and/or oxidation prewoustalssl\tljlm;itlolns 03 tlg:e rzja(t)ure %f the (talectrfoeglzc;asg\)ectra,
of the signals on the clusters, relative to those of the copper as a meta (Mg) to ngan (Ca(CO)) c arge transtet:
acetate (or molybdenum acetate), clearly suggest that bothsmgle-po[nt calculatlor] based on the.opt!mlzed geometry shows
dicopper and dimolybdenum cores transfer some electron densitytgz;g/th,\e;I h'g?]eSt otccu_[rnilled fﬁ).lnt'fg olr_kz;tsll (';5 ay dmmet?)/ or_blttal |
to the cobalt carbonyl ligand through the carboxylate bridge, (/0 M character ir), while the and nearby virtua

and both electroactive centers can be considered as mutuaII)P rpltals have CgCC(q*)_symmgtry. The observe_d pathochrqmlc
connected. shift of the MLCT with increasing solvent polarity in the visible

. . . t f1 al ith the MLCT nat f thi
Computational Methods. On the basis of their XAlfa SW spectra o7 L 8150 agrees Wi © nature ot fis

transition28? DFT calculations of this Mo(ll) clustet in three
result$® on the Cs(OOCCPh),-++(arene) system, Cotton et al. polarizable continuum media (PCM) indicate a net stabilizing
postulated an electron donation from the aremeofbital) to

. . . : effect of the Coulomb contribution on the solvent free energy,
Cr—Cr (7~ orbitals) to explain the elongation of the €Cr  \ hie the formation of the cavity is a destabilizing factor. The
bond. Cotton’s recent EH Interpretation of the packmg of stabilizing effect is more pronounced on the filled orbitals. As
RM(OOCCK)s--(arene) led him to conclude that high-elec- o \oq ¢ the energy gap between the LUMO andxickaracter
tron-density centers on the arene are preferred sites;¥or

bindind to the dirhodium trifl tate. “a Lewi o orbital is larger in methylene chloride than in THF, as shown
inding to the dirnodium trifluoroacetate, “a Lewis acriin in Table 3, which explains the bathochromic effect of the

solvent.

(24) (a) Van Niekerk, J. N.; Schoening, F. jisioafusstaliag 1953 6,
227. (b) de Meester, P.; Fletcher, S. R.; Skapski, /GG
Trans.1973 2575.

(25) Cotton, F. A.; Lin, C.; Murillo, C. A jaaksisaga) 2001, 40, 478.

(26) Koo, B. K. NN 2001, 22, 113.

(27) Tomasi, J.; Mennucci, B.; Cammi, RRgaiag 2005 105 2999.
(28) (a) Calvo-Peez, V. F.; Fehiner, T. P.; Rheingold, A. R. lnorg,
Chem.1996 35, 7289. (b) Gleklea, M.; Katzb, N. E.; Ketterlea, M.; Kaima,

W. inSisia-°002, 336, 55.
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Table 3. Free Energy Changes oAGsqy oOf
Mo,[OOCCCHCO0,(CO)gl4 (1b) Going from the Gas Phase to
the Solution, As Calculated by PCM

calcdAAGso calcd gap exptl Eyis

solvent (kcal/mol) (104cm™ (104cm™?)
CHClI, —45.10 7.54 17.15
CH3CgHs —8.43 7.49 16.63
C4HsO 26.0 7.26 15.26

aGap of energy between LUMO and the fill&dMO as compared to
the observed energy of the transition in the visible regig) A diagram
of the experimental results in these solvents is included in the Supporting
Information.
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Figure 3. Orbital diagram for the model compound M@OCH),
optimized with toluene as PCM (left), in the presence of two

Figure 4. Temperature dependence of the magnetic moment per
copper atom for compouna

Cw[OOCR](H20), does not correlate with the copparopper
distance or the electronegativity of the R substituent gf8up,
there is clear evidence of the electronic effect of the nature of
R on —2J.%0 In the case of R= CCHCg(CO), where the
magnetic contribution is diluted over an important amount of
diamagnetic fragments, the magnetic response of the copper-
(1) dimer is different from that observed for simple copper(ll)
carboxylates such as acetate, which is known to be antiferro-
magnetically coupled.

The temperature dependence of the effective magnetic mo-
ment per copper atom fd steadily decreases from 2.2 to
about 1.0ug from room temperatureot9 K (see Figure 4),
suggesting some kind of antiferromagnetic coupling between
the cupric centers. The efforts to fit the curve to the Bleaney
Bowers equation fos = 1/, coupled dimers were unsuccessful.
Since there are no great structural differences betvizeand

benzene fragment potentials (EFP; middle), and in the presence ofother copper(ll) carboxylates (i.e. acetate) which could explain
a benzene effective fragment potential and a continuum polarizablethe failure to fit the curve to the BleaneBowers equation,

(EFP+PCM; right).

Going further into the nature of the molybdentiarene
interaction, we constructed a model where two benzene (or
two 1,4-xylene) effective fragment potentials surround the
Mo { OOCH} 4 unit, as a way to test the effect of the potential
of the aromatic ring on the dimolybdenum center. The EFP
calculation (ab initio, non-DFT) on the optimized carboxylate
{Mo,(OOCH),} was also done in the presence of a polarizable
continuum media (toluene). Both EFP results indicate that the
benzene fragment polarizes the Milo axis (+-0.019 D) and
redistributes the negative charge over theNMlb—O planes.
The resulting energies of the model compound with EFP and
EFP+PCM are shown in Figure 3. The empty and filled orbitals

we used modern DFT theoretical methods to evaluate the
coupling constant. These have been successfully used on a
variety of copper dimees to explain the observed magnetic
coupling phenomena. The2J value was directly computed as
the difference between the broken-symmetry singlet{and

the triplet state (E-1), as proposed by Ruiz et &l.This
difference for2 is 363 cn1?, while the described value for
copper acetate at the same level of approximation is about 8000
cmL. Since both compounds have similar centra{@OCR 4
(H20), matifs, the difference can be ascribed to the electronic
properties of the cluster carboxylate ligand. Despite the lack of
accuracy of this level of calculation, the difference of 1 order
of magnitude between copper acetate @idearly suggests
that this cluster of clusters is a very weak antiferromagnet.

are destabilized in the presence of the arene multipoles and are  ~qncjusions. We have demonstrated experimentally that

stabilized in the presence of a polarizable continuum media.
These calculations are consistent with EHMO calculations on

electronic transitions of the Mo(HHOOCCCHCg(CO)s clusters
can be attributed to a MLCT, as indicated by its dependence

the dirhodium trifluoroacetates, which suggest that the aromatic , the nature of the solvent. In addition, according to our calcu-

systems act as Lewis bases and the metatal manifold
accepts the electron densffy.

The inclusion of a toluene polarizable continuum around
Mo2(OOCCCHC@(CO))4 shows the same trend found using
density functional theory on the optimized MOOCH), which

indicates a moderate electrostatic stabilization and a large de-

stabilizing cavitation free energy. Further computational details
are included as Supporting Information.

Cu{ OOCCCHCO02(CO)g} 4(H20),. Although it is clear
that the value for—2J in the copper(ll) carboxylate dimers

lations, electron donation occurs from the arensystem to
the dimolybdenunar* manifold in Mox{{ OOCR 4:++(Ar) in the
ground state. 1,4-Xylene seems to stabilize thefMd®OCR} 4
cluster by about 8 kcal mot, and the whole pillared cluster is

(29) Moreland, J. A.; Doedens, puifitmisiage 1978 17, 674.
(30) Steward, O. W.; McAfee, R. C.; Chang, S.-C.; Piskor, S. R,
Schreiber, W. J.; Jury, C. F.; Taylor, C. F.; Pletcher, J. F.; Chen, C.-S.
1986 25, 771.
(31) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, RO C-
1998 120, 11122.
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Effect of —~CCHCo(CO) on Mo and Cu Clusters

still a favored structure. The particular topology of the cluster
of clusters chain Mg{OOCHCCCg(COQ)y)s is determined by
the topology of 1,4-xylene and the polarity of the environment.
In the same way, the electronic nature o=ROOCCCCeg-
(CO)s strongly modifies the coupling constant in the copper-
(I1) cluster of clusters dimer compared to the case for copper(ll)

1959

ring. Anal. Calcd for Me(CeC0,0gH4)4(CgH10): C, 31.21; H, 0.93.
Found: C, 34.25; H, 1.29. Metal analysis by MS-ICP reveals a Co
to Mo mole ration of 7.84:2.

1c. Clusterl can also be crystallized as a toluene solvate from
a toluene solution, following the synthetic route described above.
IR (KBr): 2105 w, 2067 s, 2025 s, 1552 m, 1470 m, 1326 m, 723

acetate. Interestingly, in spite of the fact that the synthetic m cnT. The needles melt at 3%. Vis: in THF, 655 nm (5600

workup was the same for Mo(ll) and Cu(ll) clusters, the copper-
(I) cluster presents the oxo ligands in axial positions, while
molybdenum(ll) prefers the arene ligands. This synthetic

M~Icm™1) in CH,Cl,, 583 nm (1540 M! cm™); in toluene, 602
nm (5600 Micm™1).
2. Copper acetate was refluxed fb h in glacial acetic acid and

approach allows us to assemble heterometallic clusters withcrystallized before use to remove any basic acetate traces. It has

several Mo/Co ratios in order to design new metallic materials.

Experimental Section

All manipulations were carried out under a argon atmosphere

using standard Schlenk techniques. All solvents were dried un- ) .
| Xylene (10 mL), until the extracting solvent became colorless. Then,

der nitrogen using standard drying agents. Dicobalt octacarbony!
Coy(CO), was purchased from Fluka. Propynoic acid (propiolic
acid) was purchased from Aldrich and used without further
purification. Molybdenum(ll) acetate was prepared from Mo(€0)
(Alfa), which was reacted with acetic acid/acetic anhydride ac-
cording to Santure’s methddAll the solvents used were distilled

and dried under argon just before the preparation and all the
manipulations (unless stated) were carried out under an inert atmos

been shown that a basic media can decarboxylate HOOCC&HCo
(CO)%.5 A 2.81 mmol portion of HOOCCCHGECO) dissolved

in 50 mL of THF was slowly added to a THF solution of 0.70
mmol of copper(ll) acetate with stirring. Aftd h of reaction, the
solvent was completely evaporated under reduced pressure. The
resulting black-brown solid was extracted with portions of 1,4-

the 1,4-xylene solution was filtered through activated silica. After
volume reduction at reduced pressure, the solution was allowed to
stand at 5°C. The solution must be kept away from light. Plate-
shaped microcrystals were obtained after 1 day. Anal. Calcd for
CaeHgCoxCwO34 C, 27.3; H, 0.5; O, 34.4; Cu, 8.0; Co, 29.8.
Found: Cu, 8.5; Co, 29.1 (Co:Gua4.0). IR (KBr): 2102 m, 2032

S (Uco), 1594 m, 1539 m, 1340 m, 722 m cfn

phere using standard Schlenk techniques. Electronic spectra were X-ray Diffraction. Crystals of1b and 2 suitable for X-ray
measured on a UNICAM-UV3 spectrometer, under an inert atmos- Structural determinations were mounted on glass fibers at room tem-
phere. FTIR spectra were recorded on a Bruker IFS 28 spectrometerperature in a Siemens R3m diffractometer. The crystals are dichroic,

Syntheses. Procedure for Preparation of the Cluster Ligand
(CO)sCo,HCCCOOH. The cluster carboxylic acid (C@Jo,-

with a red tint, which is observed upon rotation. Cell parameters
were calculated from least-squares fitting of 25 high-angle reflec-

HCCCOOH was obtained by reaction of dicobalt octacarbonyl and tions (7.5= 6 =< 15°). The structures were solved by means of

propiolic acid (HCCCOOQOH) as describédkith the following mod-

direct methods using XS in SHELXPland completed by means

ifications: the raw solution was concentrated under reduced pressure?f difference Fourier synthesis. Full-matrix least-squares and isotro-

until an orange solid crystallized. The solid that was filtered off

was dissolved in methanol. Half the volumiezavl HCI was added

to the cold methanol solution and the resulting solution allowed to

evaporate slowly. This procedure yields 60% of the cluster

carboxylate and a pink aqueous solution (GClhe product was

identified by FTIR and elemental analyses as reported before.
General Procedure for the Synthesis of 1. Method A. 1aA

200 mg amount of the cluster ligand (GOp,HCCCOOH was

reacted with 60 mg of dimolybdenum(ll) tetraacetate in 5 mL of

THF over 1 h atoom temperature. A dark green solution quickly

pic refinement was performed for all non-hydrogen atoms until con-

vergence using XL in SHELXTE.The acetylenic hydrogen atoms

and 1,4-xylene hydrogen atoms in the title compolibdvere loca-

ted by Fourier synthesis and were not refined in subsequent least-

squares cycles. Crystal data fblo and2 are given in Table 1.
Magnetic Susceptibility. A 50 mg portion of crystalline

CseHsCosC034 (2) was placed in a gelatin capsule gnoheasured

in a Cryogenics SQUID magnetometer fio3 K up to room

temperature. The applied magnetic field was set at 0.1 T. Experi-

mental data were corrected for diamagnetic contributions for the

develops at room temperature, just after mixing the reagents with Copper and cluster groups-2.58 x 10~* cm¥mol).

magnetic stirring. The resulting deep green solution was dried under

vacuum and then extracted with 10 mL of warm 1,4-xylene. The
solid was dispersed with an ultrasonic bath, with warming t6G0

Cyclic Voltammetry. All measurements were recorded in a
BASi CV-50W voltammetric analyzer at various sweep rates: 50,
100, 200, 300, 400, and 500 mV!s A vitreous-carbon electrode

and then the solution was filtered through silica. The 1,4-xylene was used as the working electrode, a platinum electrode was used
solution was concentrated to half the volume and left in the dark as the auxiliary electrode, and a saturated calomel electrode was
at 15°C for 1 day. The next day, the solution was cooled tdCO used as the reference electrode. The observed voltammograms for
for 1 week. A large portion of the solvent sublimed above the green 1 and2 were obtained in CbCl, (and acetone) with tetrabutylam-
concentrate, leaving long dark green needles gathered at the bottonmonium hexafluorophosphate 0.1 M as supporting electrolyte.
of the tube in a concentrated solution. After the Schlenk tube was  Computational Details. The geometry optimization of cluster
thawed, some 50 mg of dark green needles were filtered out for 1 was carried out using LANL2DZ basis functions from PNL using
analyses. The yield dfawas 64% based on M@®OCCH),. Com- the B3LYP functional on the package GAMESS assumiig
poundla was characterized by elemental analysis and FTIR and symmetry. Single-point energy calculations of clusten super-
IH NMR spectroscopy. IR (KBr): 2103 m, 2065 s, 2027 s, 1544 molecule including benzene, and model fragments were carried out
m, 1475 w, 1478 m, 1428 m, 1327 m, 723 m¢mAnal. Calcd using doubleZz basis functions from PNL using the B3LYP
for Mo2(CoC0,08H)4(CeH10)2: C, 34.65; H, 1.37; Co, 25.66; Mo,  functional in the package GAMESS. Basis sets were obtained from
10.44. Found: C, 33.96; H, 0.75; Co, 26.36; Mo, 1141 NMR the Extensible Computational Chemistry Environment Basis Set
(300 MHz,dg-benzene): 7.250 (s, 4H), 5.410 (s, 4H), 2.290 (s, 6H). Database, Version 02/25/04, as developed and distributed by the
Method B. 1b. Further recrystallization ofla afforded thick Molecular Science Computing Facility, Environmental and Mo-
needles oflb. A single crystal used for X-ray diffraction was lecular Sciences Laboratory, which is part of the Pacific Northwest
obtained from the concentrate at the bottom of the Schlenk tube Laboratory, P.O. Box 999, Richland, WA 99352, and funded by
after the 1,4-xylene froze. IR (KBr): 2103 w, 2065 s, 2027 s, 1544 the U.S. Department of Energy. Comparisons of EFP, PCM, and
m, 1475-1478 m, 1327 m, 723 m cm. The medium-broad band EFP+PCM 184 were done at the Hartred=ock level using
appearing at 1544 criis assigned to the bending of the 1,4-xylene GAMESS!¢¢DFT!2 calculations were carried out for clusiusing
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the Amsterdam density functional (ADF) prografiThe Vosko- Note Added after ASAP Publication.In the version of this
Wilk —Nusair parametrizatidfh was used for the local density  paper published on the Web March 9, 2005, the units for density
approximation with gradient corrections for exchange (Becké88) (D) in Table 1 were incorrect. The units that now appear are
and correlation (LeeYang—Parr)}62 (BLYP), respectively. The correct.

numerical integration procedure applied to the calculations was
developed by te Veld&d The integration factor considered for all
calculations was 4.0. The frozen-core approximation was used to
treat core electron¥d A standard ADF TZP basis was used.

Supporting Information Available: CIF files giving all X-ray
crystallographic data, including atomic positions, thermal param-
eters, and bond distances and angleslfoc and 2 in cif format
and tables and figures giving optimized coordinates for the model
complexes Mg{OOCCCHC@(COJ)s)4, electronic spectra of cluster
1b in three different solvents, and cyclic voltammograms for
This material is available free of charge via the Internet at
http://pubs.acs.org.
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