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Self-Assembled Metallacycles with Pyrazine Edges: A New Example in
Which the Unexpected Molecular Triangle Prevails over the  Expected
Molecular Square

Sofia Derossi, * Massimo Casanova, ' Elisabetta lengo, "¢ Ennio Zangrando,* ¥ Mauro Stener, T and
Enzo Alessio* f

Dipartimento di Scienze Chimiche, Uersitadi Trieste, Via L. Giorgieri 1, 34127 Trieste, Italy

Received October 2, 2007

The combination of cis-protected metal fragments with linear linkers is expected to yield molecular squares. We
found instead that treatment of the 90° angular precursor trans-[RuCl,(dmso—S),] (1) with an equivalent amount of
the linear and rigid pyrazine (pyz) linker unexpectedly yields, in a number of different experimental conditions, the
molecular triangle [{ trans,cis-RuCl,(dmso—S),(«-pyz)} 5] (3), together with polymeric material. Very similar results
were also obtained from the reaction between 1 and the preformed corner fragment trans,cis,cis-[RuCl,(dmso—
S)a(pyz)2] (6). In both cases, the expected molecular square [{ trans, cis-RuCly(dmso—S),(u-pyz)} 4] (4) was observed
only as a transient species. These results suggest that 3, which is the first example of a neutral molecular triangle
with octahedral metal corners and pyrazine edges, is both the thermodynamic and the kinetic product of the reactions
described above. The X-ray structure of 3 shows that the main distortions from ideal coordination geometry concern
the N—Ru-N angles, which are narrower than 90°, and the coordination bonds of pyz. The pyrazine molecules,
which are basically planar, are significantly tilted from linearity. Calculations performed on 6 indicated that the
N-Ru—N angle is ca. six times more rigid than the tilt angle of pyrazine. The structural and theoretical findings on
3 and 6, together with the previous examples of molecular triangles and squares with cis-protected metal corners
and linear pyz edges, suggest that the entropically favored molecular triangles might be preferred over the expected
molecular squares with metal corner fragments that spontaneously favor N,,,—M—N,y, angles narrower than 90°
because of the presence of ancillary ligands with significant steric demand on the coordination plane. The rather-
flexible coordination geometry of pyrazine can accommodate the moderate distortions from linearity required to
close the small metallacycle with modest additional strain.

Introduction ing to this synthetic paradigm, and some of them are finding
applications as receptors and molecular vessels for trapping
reactive intermediatésnd for stoichiometritand catalytic
reactionst

Perhaps the most simple among all of the metal-directed
If-assembly processes is the combination of‘aa@@ular

cis bis-acceptor metal fragment with an equimolar amount

The metal-mediated rational construction of discrete
molecular assemblies is one of the thriving areas of supra-
molecular chemistry.Many examples of structurally fasci-
nating compounds have been designed and prepared accords- e
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Scheme 1. Self-Assembly of a 90Angular Metal Fragment with a
Linear Linker to Yield a Molecular Square
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approachby Holliday and Mirkir? (previously defined as
themolecular library modeby Stang and co-workefsthis
combination shouldjn principle, lead selectively to the
corresponding 4+ 4 molecular square (Scheme 1).

This was actually found by Fujita and co-workers in 1990

when they described the selective preparation of the molec-

ular square {{Pd(en)i-4,4-bipy)}s(NOs)s by the self-
assembly of Pd(en)(N¢ (en= ethylenediammine) and 4;4
bipy (4,4-bipy = 4,4-bipyridine), in what is universally
recognized as the first example of a rationally designed
metallacycle’. However, the outcome of this apparently
straightforward self-assembly reaction is indeed scarcely
predictable, also with simple linkers such as'4jipy 8°
There are indeed several examples in which the directional
preference of the components is not fulfiled and the
combination of predetermined linear linkers and @fgular

Derossi et al.
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Figure 1. Schematic representation of the main distortions that may occur
in the formation of a molecular triangle from a®9@ngular metal fragment
and a linear linker; coordination angle (left), coordination geometry (center),
bending of the linker (right).

ratio, nature of the metal center, nature of the ancillary
ligands on the metal fragments, and nature of the linkers
(even small variations within the same class of ligand can
lead to different products),*>2°-32 put the role of each factor
is far from being well understood. On the other hand, it is
normally accepted that the formation of a triangle is favored
for entropic reasons (assembly of six rather than eight
fragments), whereas it is disfavored by enthalpic consider-
ations because some distortiansistobviously occur upon
closure of the small metallacycle, leading to strain. In
particular, one or more of the following distortions are
expected: if coordination angles smaller than °9Qii)
nonlinear coordination geometries, aiit) connectors being
distorted from linearity to some extent (Figure 1).

For this last reason, molecular triangles are expected to
be favored over the corresponding squares when extended
and constitutionally flexible linkers are employg&dmall

metal fragments leads to mixtures of molecular squares andgjstortions of bond angles that lead to deviations from

molecular triangles, which mdy!® or may not!®17 be in
equilibrium (Scheme 2).

In some cases, the formation of triangles occurs exclu-
sively 1726 |In others, molecular triangles are found in the
solid state, and it is unclear what species occur in soléfigh.

linearity will be easily distributed along the frame of the
ligand without much enthalpic loss.

As a consequence, pyrazine (pyz), which is the shortest
and stiffest linear aromatic nitrogen linker, would be expected
to give molecular squares exclusively, when combined with

Itis recognized that several factors play a role in affecting gee ¢js pis-acceptor metal fragments. Indeed there are in the
the square/triangle preference: solvent, temperature, reagentgarature several examples of structurally characterized
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3905.

(15) Ferrer, M.; Gutigez, A.; Mounir, M.; Rossell, O.; Ruiz, E.; Rang,
A.; Engeser, MInorg. Chem.2007, 46, 3395-3406.

(16) McQuillan, F. S.; Berridge, T. E.; Chen, H.; Hamor, T. A.; Jones, C.
J. Inorg. Chem.1998 37, 4959-4970.

(17) Yu, S.-Y.; Huang, H.-P.; Li, S.-H.; Jiao, Q.; Li, Y.-Z.; Wu, B.; Sei,
Y.; Yamaguchi, K.; Pan, Y.-J.; Ma, H.-Wnorg. Chem.2005 41,
9471-9488.

(18) Schnebeck, R.-D.; Randaccio, L.; Zangrando, E.; LipperArigjew.
Chem, Int. Ed. 1998 37, 119-121.

(19) Neels, A.; Stoeckli-Evans, Hnorg. Chem.1999 38, 6164-6170.

11244 Inorganic Chemistry, Vol. 46, No. 26, 2007

molecular squares, both cationic and neutral, having pyz
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Self-Assembled Metallacycles with Pyrazine Edges

Scheme 2.
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Self-Assembly of a 90Angular Metal Fragment with a Linear Linker to Yield a Mixture of Molecular Squaned Molecular Triangles
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Scheme 3. Reaction oftrans[RuClx(dmso-S),] (1) with an
Equimolar Amount of Pyrazine (pyz) Yielding the Neutral Molecular
Triangle ftrans,cisRuCh(dmso-Sk(u-pyz)}s] (3)
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rather than the anticipated molecular square (Scheme 3). We
also report a detailed discussion, supported by the X-ray
structures of3 and of the corner completxans,cis[RuCly-
(dmso-Sk(pyz)] (6), and by theoretical calculations, on the
reasons for this preference.

Experimental Section

Materials. All of the reagents and solvents were used without
further purification. The precursotsans[RuCl(dmso-S)] (1) and
trans,cis,CisfRuCl(dmso-O)(CO),] (2) were prepared following

however, there are also two examples in which the combina- ppjished proceduref:2

tion of pyrazine with cis-protected square-planar metal
fragments vyields the corresponding molecular triangles
exclusiely: [{ Rh(PPR)x(u-pyz)}s](ClO4)s2° and [ Pt(PES),-
(u-pyz)}3)(CFsSOs)e.2

Instrumental Methods. 'H NMR spectra were recorded at 400
MHz on a JEOL Eclipse 400FT spectrometer. All of the spectra
were run at room temperature, unless stated otheriisehemical
shifts in CDCk were referenced to the peak of a residual

Intrigued by these results, we decided to investigate the non-deuterated solvend  7.26). Infrared spectra were recorded

reactivity of the Ru(ll>dmso compoundgsrans[RuCl,-
(dmso-S)] (1) andtrans,cis,cigRuClL(CO)(dmso-0}] (2)
toward pyrazine. We have shown that these complexes, afte
the dissociation of two cis-coordinated sulfoxides, lead
selectively and under mild conditions to the highly sym-
metrical 90 cis bis-acceptor neutral fragmentsns,cis
[RuCly(dmso-S),] and trans,cis|[RuCl(CQO),], respec-
tively.3° By exploiting the binding properties dfand2, we

on a PerkinElmer 983G spectrometer. Y¥ls spectra were
obtained on a Jasco V-500 W\Wis spectrophotometer. Elemental
Ianalysis was performed at the Dipartimento di Scienze Chimiche,
University of Trieste. The reactions betwekand pyrazine were
monitored over time byH NMR spectroscopy with the following
procedure: 1 mL samples were periodically withdrawn from the
solution, immediately rotary-evaporated to an oil, redissolved in
CDCl;, and the NMR spectrum was immediately registered.
Synthesis of the Complexes.{frans,cisRuCl,(dmso—S)(u-

prepared a series of new ruthenium-mediated assemblies opyz)} 4] (3). To a yellow-orange solution dfans[RuCl(dmsoc-

pyridylporphyrins. The X-ray structures of many of these

S)] (1) (203.0 mg, 0.41 mmol) in chloroform (5 mL), an equimolar

supramolecular assemblies, including metallacycles andamount of pyrazine (33.4 mg, 0.41 mmol) was added. Within a

molecular sandwiches of porphyrins, were determifRed.
Here, we report that combination wans[RuCly(dmso-

S)] and pyz leads to the selective formation of the neutral

molecular triangle{ltrans,cisRuChk(dmso-S(u-pyz)} 5] (3),

(33) Kumazawa, K.; Biradha, K.; Kusukawa, T.; Okano, T.; Fujita, M.
Angew. Chem.nt. Ed. 2003 42, 3909-3913.

(34) Willermann, M.; Mulcahy, C.; Sigel, R. K. O.; CerdM. M;
Freisinger, E.; Miguel, P. J. S.; Roitzsch, M.; Lippert,|Borg. Chem.
2006 45, 2093-2099.

(35) Slone, R. V.; Hupp, J. T.; Stern, C. L.; Albrecht-Schmitt, TIrierg.
Chem.1996 35, 4096-4097.

(36) Rajendran, T.; Manimaran, B.; Lee, F.-Y.; Chen, P.-J; Lin, S.-C,; Lee,
G.-H.; Peng, S.-M.; Chen, Y.-J.; Lu, K.-lI. Chem. Soc., Dalton Trans.
2001 3346-3351.

(37) Lau, V. C.; Berben, L. A.; Long, J. R. Am. Chem. So2002 124,
9042-9043.

(38) Kraft, S.; Beckhaus, R.; Haase, D.; Saak,Aigew. ChemInt. Ed.
2004 431583-1587. (b) Kraft, S.; Hanuschek, E.; Beckhaus, R.;
Haase, D.; Saak, W-Chem. Eur. J2005 11, 969-978.

(39) Alessio, EChem. Re. 2004 104, 4203-4242.

(40) lengo, E.; Milani, B.; Zangrando, E.; Geremia, S.; AlessicAigew.
Chem, Int. Ed.200Q 39, 1096-1099. (b) lengo, E.; Zangrando, E.;
Minatel, R.; Alessio, EJ. Am. Chem. So002 124, 1003-1013.
(c) Scandola, F.; Chiorboli, C.; Prodi, A.; lengo, E.; AlessioCBord.
Chem. Re. 2006 250, 1471-1496. (c) lengo, E.; Scandola, F.;
Alessio, E. Struct. Bonding2006 121, 105-144. (d) lengo, E.;
Zangrando, E.; Alessio, EAcc. Chem. Re006 39, 841-851.

few minutes, the solution turned deep red. A ruby-red precipitate
formed overnight at room temperature and was removed by
filtration. Addition of methanol to the mother liquor induced the
precipitation of an orange-red solid, which was filtered off and
thoroughly washed with methanol. For further purification, the solid
was redissolved in a minimum amount of chloroform, rapidly
filtered over celite to remove small amounts of residual solid, and
finally rotary-evaporated to dryness. The dry solid was paire
according to'H NMR analysis. Yield: 75 mg (45%). Anal. Calcd
for Ca4HagN6CleOsRUsSs (M 1224.95): C, 23.5; H, 3.95; N, 6.86.
Found: C, 23.9; H, 4.02; N, 6.934 NMR (CDCl;, 6 ppm): 9.37
(s, 12H, pyz), 3.31 (s, 36H, dms®). UV—vis spectrum in CHGI
(Amax NM): 375, 450 (sh). Crystals o8 suitable for X-ray
investigation were obtained from a chloroform solution by slow
diffusion of n-hexane.

trans,cis,Cis[RuCl,(dmso—S)(pyz),] (6). To a yellow-orange
solution oftrans-[RuClL(dmso-S)] (1) (203.0 mg, 0.41 mmol) in
chloroform (10 mL), a 20-fold molar excess of pyrazine (652.4
mg, 8.2 mmol) was added. After standing overnight at room

(41) Alessio, E.; Mestroni, G.; Nardin, G.; Attia, W. M.; Calligaris, M.;
Sava, G.; Zorzet, Snorg. Chem.1988 27, 4099-4106.

(42) Alessio, E.; Milani, B.; Bolle, M.; Mestroni, G.; Faleschini, P.; Todone,
F.; Geremia, S.; Calligaris, Mnorg. Chem.1995 34, 4722-4734.
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Table 1. Crystallographic Data and Details of Refinements3p6, and7

Derossi et al.

compound 3.3.5(CHC}) 6 7
empirical formula Q7d‘|51,5C|16,5NeOeRLGSG C12H20C|2N402RUSZ C10H3C|2N402RU
fw, g mol~! 1642.74 488.41 388.17
T,K 100(2) 293(2) 293(2)
wavelength, A 1.00000 0.71073 1.54178
cryst syst monoclinic monoclinic orthorhombic
space group P2:/n P2:/c Pbca
a A 14.222(2) 8.996(3) 9.635(2)

b, A 21.631(4) 11.221(3) 16.181(3)
c, A 24.221(4) 19.466(4) 18.170(4)
B, deg 105.53(9) 96.32(2)

vV, A3 7179(2) 1953.0(9) 2832.8(10)
z 4 4 8

Dealca g CNT 3 1.520 1.661 1.820

u (Mo—Ka), mm1t 4.021 1.301 12.478
F(000) 3260 984 1520

6 range, deg 2.4830.18 2.91-27.48 5.87-64.64
no. collected data 39719 22 307 21531
unique data 7255 4058 2307

Rint 0.0215 0.0631 0.0470
data,l > 20(l) 6341 2389 1931
refined params 599 212 173

RIa[I > 20(1)] 0.0613 0.0348 0.0608
WR2[1 > 20 ()] 0.1784 0.0693 0.1538
GOP 1.163 0.824 1.092
residuals, e A3 1.922,—-1.023 0.444:-0.363 1.110-1.160

AR1L= Y [|Fo| — |Fcll/T|Fol, WR2 = [FW(Fo? — FAHFW(FH)? V2 ° GOF = { J[W(Fe? — F)?)/(n — p)} /2

temperature, during which time the solution turned deep red, the were solved by direct methods and subsequent Fourier an&lyses
solvent was rotary-evaporated. Addition of 1 mL of acetone to the and refined by the full-matrix least-squares method base8 on
remaining oil induced the rapid formation of deep-red crystals with all of the observed reflectiorfé.A difference Fourier map in
(suitable for X-ray investigation) that were removed by filtration, 3 revealed the presence of 3.5 molecules of chloroform in the
rapidly washed with cold acetone and diethyl-ether, and vacuum- asymmetric unit. The contribution of hydrogen atoms at calculated
dried at room temperature. Yield 140.2 mg (70%). Anal. Calcd for positions were included in the final cycles of refinement. All of
C12Ho0N,Cl,ORUS (M, 488.40): C, 29.5; H, 4.13; N, 11.5. the calculations were performed using #¥nGX Systemversion
Found: C,29.4; H, 4.05; N, 11.44 NMR (CDCls, 6 ppm): 9.29 1.70.0145
(d, 4H, H2,6), 8.57 (d, 4H, H3,5), 3.28 (s, 12H, dms®). Selected
IR (KBr, cm™): vs—0 1097 (VS);vru-s 425 (M); vry-ci 341 (m).
UV —vis spectrum in CHGl(Amax, NM): 320 (with very broad tail
that covers all of the visible range). The electronic structures of the systems considered in this

trans,cis, Cis[RUCI (CO)a(pyz);] (7). To a yellow solution of work were obtained by solving the Kohitham (KS)
trans,cis, CiRUCL(dmso-O)}(CO)] (2) (103.0 mg, 0.27 mmol) in  equations, according to the density functional theory formal-
chloroform (2 mL), a 20-fold molar excess of pyrazine (430.0 Mg, jsm46 The ADE program’’ which solves the KS equations
5.4 mmol) was added. Small grystals of the product precipita_lted with the standard LCAO implementation, was employed. The
omperature he amountof recipate wa ncreased by th gradua01Oing Dasis sets belonging to tADF database were

b ’ precip yhe g adopted: Ruthenium TZP frozen core 3d; chlorine and sulfur

addition of ca. 2 mL of diethyl ether (over 3 days). The yellow ) )
crystals were collected by filtration, washed with cold methanol DZP frozen core 2p; carbon, nitrogen, and oxygen DZP

and diethyl ether, and vacuum-dried at room temperature. Yield frozen core 1s; hydrogen DZP. Such a choice has proven

70 mg (67%). Anal. Calcd for GHsN.Cl,O,Ru (M, 388.17): C, accurate and computationally economic in previous works

30.9; H, 2.07; N, 14.4. Found: C, 31.1; H, 2.04; N, 14B8NMR on transition-metal complexé$.The geometries of the

(CDCls, 6 ppm): 9.00 (d, 4H, H2,6), 8.80 (d, 4H, H3,5). Selected molecular triangleftrans,cisRuCk(dmso-S(u-pyz)} 5] (3),

IR (KBr, cm™): ve—o 2071 (s), 2003 (vS)yru-ci 339 (m). of the molecular square{frans,cisSRUCL(dmso-S)(u-
Crystallographic Measurements. Crystal data and details of  pyz)},] (4), and of the corner complexans,cis,cisfRuCl-

data collections and refinements for the structures reported are(gmso-S),(pyz),] (6) were minimized employing the gen-
summarized in Table 1. Diffraction data for the structur® efere
collected at the X-ray diffraction beamline of the Elettra Synchro- (43) Otwinowski, Z.: Minor. W. InProcessing of X-ray Diffraction Data

tron, Trieste (ltaly), using the rotating crystal method with a Collected in Oscillation ModeCarter, C. W., Jr., Sweet, R. M., Eds.;
monochromatic wavelength of 1.0 A. Data were collected on a CCD Methods in Enzymology, Macromolecular Crystallography, Part A;
MAR detector. Measurements were performed at 100 K using a A?]a(ligmllf Press: New York, 1997; \f/0|Ume 27|6, pp 3G26. i
nitrogen stream cryo-cooler. Data collection ®and of 7 were (44) Sheldrick, G. MSHELX97 Programs for Crystal Structure Analysis

. . . (Release 972); University of Gdtingen: Gdtingen, Germany, 1998.
carried out on a Nonius DIP-1030H system (Ma Kadiation,4 (45) Farrugia, L. JJ. Appl. Crystallogr 1999 32, 837-838.

=0.71073 A) and on a Bruker Kappa CCD imaging plate mounted (46) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and

; : ; Molecules Oxford University Press: New York, 1989.
on a Nonius FR591 rotating anode+ 1.54178 A), respectively. (47) Baerends, E. J.; Ellis, D. E.; Ros, @hem. Phys1973 2, 41-51.
Cell refinement, indexing, and scaling of all of the data sets were (4g) stener, M.; Calligaris, MJ. Mol. Struct. THEOCHEM 200Q 497,

performed using prograni@enzoand Scalepack? The structures 91-104.

Computational Methods
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Self-Assembled Metallacycles with Pyrazine Edges

3 detectable species in solution (with sharp proton NMR
signals) was3 (Figure 2).
3 could be precipitated from these (or more concentrated)

5 solutions upon the addition of methanol. The solution8 of
in chloroform were substantially stable, even though they
4 turned greenish within a few days and some additional dark-
R red precipitate formed, probably because of the slow hy-
3 drolysis of dmso.

Similar results, always with the concomitant formation of
the precipitate, were found when the reaction betwkand
pyz was performed in refluxing chloroform (1 h) or at room
temperature in other solvents (dichloromethane, nitromethane,
methanol, water, acetone). Formation of the precipitate was
. ). avoided by a 4-fold reduction of the concentration of the
reactants ([] = [pyz] = 3 mM). In this case, the reaction
being slower, some less-intense resonances for the end-on

Figure 2. Downfield region of thelH NMR spectrum (CDG) of the RU-DVZ i I rved in the first min fter
reaction betweetrans[RuCl(dmso-S)] (1) and pyz (1:1) after 10 minutes U-pyz Species cou d be observed in the first utes afte

(top) and afte 2 h (bottom). The singlets originate from pyz coordinated th€ mixing of reagents. Aft'er 1 day, the only visible
in symmetrical environments. resonance for pyz was the singlet &fbut the amount of

free dmso was larger than expected (i.e., more than the
eralized gradient approximation BP exchange-correlation residual bound dmseS). Because there was no precipitate,
functional?®> this implies that not all of the pyz and ruthenium is involved
in the formation of3, and that, in solution, there must be
oligomeric species containing pyz and dmso whose NMR
From our previous studies, it is well-established that both signals are too broad to be detected.

10.0 9.8 9.6 ppM 94 9.2 9.0

Results

trans-[RuCl,(dmso-S)] (1) andtrans,cis,CisRUCI(CO),- On the basis of the above results, we anticipated that both
(dmso-0Oj] (2) are suitable precursors of 96is bis-acceptor 3 and 4 are symmetric metallacycles of formulétifans,-
neutral fragmentstans,cis[RuCl,(dmso-S),] and trans,- cisRuCh(dmso-Sk(u-pyz)tn], most likely a molecular

cis[RUCKL(COY),, respectively}® and we wanted to testthem  triangle fi = 3) and a molecular squar@ & 4). On the
in self-assembly reactions with a simple linear and rigid other hand5 is most likely a dinuclear intermediate, that is,
linker such as pyrazine. [{trans RUCKL(dmso—-S)} o(u-pyz)] or [ transRuCh(dmso-

A 12 mM chloroform solution ofl, upon the addition of  S),(H,0)}(u-pyz)] (the region of dmseS resonances for
an equivalent amount of pyrazine, turns from yellow to deep this compound is not very clear because of the general low
red-orange within a few minutes; the absorption maximum abundance df and because of overlapping signals and does
shifts from 440 to 375 nm (plus a shoulder at ca. 450 nm), not allow us to determine the number of bound dmso
with a ca. 40-fold increase in intensity. When the reaction ligands). This hypothesis is consistent with the time evolution
was monitored by!H NMR spectroscopy (Experimental of 5 and with the downfield shifted pyz resonance in this
Section), the following observations were madé) the species. It was indeed suggested that for species in which
resonance of free pyd (= 8.59) disappeared within minutes  pyz bridges diamagnetic metal fragments, the frequency of
and was replaced by three downfield shifted singléts=( the pyz protons’ resonance depends on the metal/pyz ratio;
9.36 3), 9.49 @), and 9.74 %)), typical of pyz in a sym- it is expected to occur more downfield in dimers, in which
metrical environment, with an integration ratio of ca. 8 ( pyz/metal= 2, compared to metallacycles in which pyz/
: 15 @) : 35 () (Figure 2); {i) well-resolved dmse S sing- metal = 13652
lets, with 3-fold integrals, are associated to both speBies Treatment ofl with a 20-fold excess of pyz led to the
and4 (6 = 3.31 @), 3.20 @)), that is, as expected for sym-  isolation oftrans,cis,cisRuCl(dmso-S(pyz)] (6).5 The
metrical metallacyclic species withans,cisRuCh(dmso- 'H NMR spectrum of6 in CDCl; consists of two doublets
S), corners and bridging pyz molecules as edgés), the (4H each) aty = 9.29 and 8.57 for the two equivalent end-
resonances 0% and, more slowly, those of disappeared  on pyz molecules and one singlet (12Hyat= 3.28 for the
with the concomitant formation of a red precipitate, probably equivalent dmseS ligands.6 is an example of anetal-
due to polymeric species that resulted insoluble in all of the containing ligandand can be regarded as a good model for
tested organic solvents (except dmso) and in whter. the corner of metallacycle3 and 4.

During the first hour of the reaction, some very broad  Tg favor the formation of the molecular squade we

resonances in the region of pyz were observed, possibly dueattempted an alternative approach, that is, the reactidn of
to oligomeric species still in solution. After 2 h, the only

(52) The reaction o with an equimolar amount of pyrazine led initially

(49) Becke, A. DPhys. Re. A 1988 38, 3098-3100. to dinuclear and trinuclear intermediates and then to insoluble species

(50) Perdew, J. PPhys. Re. B 1986 33, 8822-8824. and, for the moment, was not investigated further.

(51) The NMR spectrum of this precipitate in dmdg-the only solvent in (53) Similarly, the treatment o2 with an excess of pyz afforded the
which it is partially soluble, shows very broad resonances exclusively. corresponding corner complearanscis,cis-[RuCl(CO)(pyz)] (7).
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Scheme 4. Reaction oftrans[RuCl(dmso-S)] (1) with an Equimolar Amount of the Complementary Corner Compiars,cis,cisfRuCly(dmso-
Sk(pyz)] (6) Yielding Again the Neutral Molecular Trianglg trans,cisSRuCh(dmso—Sy(u-pyz)} 3] (3)

H3C Cl <
SC\?é' - ACH3

he, P OO e p 9 P
. H;éu s,’, | w8=0 . H3?3" s/, | \\N\/l . \/\‘ CIJI N;}m
| \s\\\CHz ; / \N/\\ |¢N§) K/N A CH
HsC : ¢ TCHs MG | HaCs [ —ri—N N——rRu—$=CHs
3 H3CH / | N\ 7 A
1 6 Hac 3 c //s \/CHs

Table 2. Selected Interatomic Distances (Angstroms) and Angles (Degrees) in Molecular Tréangle

Ru(1)-N(1) 2.197(9) Ru(2N(3) 2.156(8) Ru(3)N(5) 2.164(9)
Ru(1)-N(2) 2.165(8) Ru(2}N(4) 2.194(9) Ru(3)}N(6) 2.161(8)
Ru(1)-S(1) 2.305(3) Ru(2)S(3) 2.280(3) Ru(3)S(5) 2.284(3)
Ru(1)-S(2) 2.248(3) Ru(2)S(4) 2.287(3) Ru(3)S(6) 2.281(3)
Ru(1)-CI(1) 2.436(3) Ru(2>-CI(3) 2.435(3) Ru(3)-CI(5) 2.430(3)
Ru(1)-CI(2) 2.418(3) Ru(2}CI(4) 2.426(3) Ru(3)-CI(6) 2.453(3)
Ru(1)-Ru(2) 7.184(2) Ru(BRu(3) 7.047(2) Ru(2YRu(3) 7.009(2)
N(1)—Ru(1)-N(2) 80.7(3) N(3)-Ru(2-N(4) 82.2(3) N(6)-Ru(3)-N(5) 86.0(3)
S(1-Ru(1)-S(2) 93.54(10) S(3)Ru(2-S(4) 93.74(11) S(5)Ru(3)-S(6) 94.21(10)

with an equimolar amount of the complementary fragment  Solid-State Structure of 3. The X-ray investigation

6 (Scheme 4). The reaction was performed in Cpex indicated thaB is indeed the trinuclear metallacyckdrians,-

ambient temperature and monitored 1y NMR spectros- cisRuCh(dmso-Sh(u-pyz)} 5], which is actually the first

copy. example of a neutral molecular triangle with pyrazine edges

Within minutes, the resonances of the starting compoundsand octahedral metal corners. When redissolved in GDCI
disappeared and were replaced by thosgarid4 (as before, the crystals gave the typical NMR spectrun3pfndicating
the sharp pyz singlets of the two metallacycles are ac- that no isomerization had occurred during crystallization. In
companied by very broad and weak resonances in the pyzaddition, no resonances correspondingt@and5 appeared
region). In this case4 was initially more abundant tha® with time, confirming thaB is stable in chloroform solution.
but gradually decreased with time (hours), and the reddish  The ORTEP drawing o8 is depicted in Figure 3, and a
insoluble precipitate formed. After a few hours at room selection of bond lengths and angles is given in Table 2.
temperature (or cd h at 30°C), the only species detectable  The metallacycle presents a pseudo-threefold symmetry axis,
in solution was agaif. Consistent with the hypothesis that and a view down this direction is evidence that all of the
5is a dinuclear species, its resonances were not observed ifymso oxygens are oriented in the same direction with each
this case. S=0 bond eclipsing one of the coordination bonds in the

Attempts to obtain molecular mass data through ESI-MS equatorial plane. The bridging pyrazines form dihedral angles
experiments were unsuccessful, and only mononuclear frag-with respect to the Riplane in the range 66.0(2¥3.2(3Y,

ments could be detected. Crystals®buitable for X-ray  with a syn,syn,antorientation. The Ru-Ru distances (side
investigation were obtained from a chloroform solution by of the triangle) vary from 7.00 to 7.18 A.

slow diffusion ofn-hexane. The structure analysis & shows that the strain within

the small metallacycle does not significantly affect the
coordination geometries of the ruthenium ions, which are
only slightly distorted with respect to ideal 9@ngles. The
largest deviations concerned, as expected, theRN-N
angles that fall in the range from 80.7(3) to 86.0(3)
However, they are not significantly different from the
N—Ru—N angle of 84.73(12)found in the X-ray structure

of thecornercomplextrans,cis,cigRUClL(dmso-S)(pyz)]

(6) (below).

In the molecular triangle3, the largest distortions with
respect to an ideal coordination geometry concern theNRu
bonds; in fact, the pyrazine molecules, which are basically
planar (the N-centroid(pyrazine}N angles are in the range
from 176.2 to 178.9), are not linearly coordinated, but are
significantly tilted as apparent from the centroid(pyrazine)
N—Ru angles that fall in the range from 165.3 to 171.9
Figure 3. ORTEP drawing (50% probability ellipsoid) of molecular For comparison, i1 these angles are 179.2 and 176tBat
triangle 3 (carbon atom labels not reported for clarity). is, much closer to the ideal value of 180
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Figure 4. Left: crystal packing of3 showing the molecular triangles piled along thexis referred by centers of symmetry (small black dots, molecules
of CHCI; are in black). Right: view of two stacked molecular triangles down axisottom triangle is in black).

Table 3. Selected Interatomic Distances (Angstroms) and Angles
(Degrees) inCorner Complex6

Ru—N(1) 2.158(3) Ru-S(2) 2.275(1)
Ru—N(2) 2.142(3) Ru-Cl(1) 2.405(1)
Ru—S(1) 2.255(1) Ru-CI(2) 2.406(1)

N(1)~Ru—N(2) 84.75(12)  N(2}Ru—Cl(1) 89.44(9)
N(1)—Ru—S(1) 176.50(9)  N(2XRu—CI(2) 89.80(9)

N(1)-Ru-S(2) 88.25(9) S(HRuU-S(2) 93.11(4)
N(1)-Ru-Cl(1)  90.97(8) S(1yRu—Cl(1) 85.75(4)
N(1)-Ru-Cl(2)  90.30(8) S(1}Ru—CI(2) 92.96(4)
N(2)—Ru—S(1) 94.01(9) S(2YRu—CI(1) 92.99(4)

N(2)—Ru—S(2) 172.63(9)  S(3Ru-CI(2) 87.92(4)

CI(1)-Ru—CI(2) 178.46(4)

significantly, shorter than those measured in the molecular

triangle 3 (Table 2). The SO bonds of the two dmseS

ligands are almost coplanar with the Rygfane, confirming

the stereochemistry found i8 and in other octahedral

ruthenium and rhenium complex&sThe two pyrazine

ligands form dihedral angles of 71.6(1) and 62.0(&jth

The crystal packing o8 shows that the molecular triangles the equatorial coordination plane. As noted above, the
stack on top of each other along thexis to form columns. N—Ru—N angle in6 is similar to those found in metallacycle
The stacking is antiprismatic, that is, in each column the 3. This geometrical feature can be mainly ascribed to the
metallacycles are related by centers of symmetry and Steric demand of the trans-located dmsbligands; in fact,
separated alternatively by ca. 6.49 and 7.99 A (Figure 4). in 6 the S-Ru—S angle is 93.3, and similarly it falls within
The packing indicates that 37.1% of the unit cell is occupied the range 93.594.2 in 3. For comparison, in the corre-
by solvent laying in between the piled complexes, and 3.5 sponding corner complex in which the dms® ligands are
chloroform molecules of crystallization per each triangular replaced by the less sterically demanding CO ligatidss, -
unit were successfully refined. cis,cis[RUCL(COX(pyz)] (7), the X-ray structure (Support-

The corner comple (Figure 5) presents coordination ing Information) shows that the ARu—N angle (88.49-
distances (Table 3) that are overall comparable to those found(13)°), and correspondingly also the angle between the two

in analogous Ru(ll) complex&s and are slightly, but transligands, OC-Ru—CO (88.0(2]), are much closer to
the ideal value of 90

Figure 5. ORTEP drawing (40% probability ellipsoid) obrnercomplex
6 with atom labeling scheme.

(54) Alessio, E.; lengo, E.; Zangrando, E.; Geremia, S.; Marzilli, P. A;;
Calligaris, M.Eur. J. Inorg. Chem200Q 2207-2219. (55) Calligaris, M.; Carugo, OCoord. Chem Re 1996 153 83—154.
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N—Ru—N (o) and the centroid(pyrazineN—Ru (3) angles.

Calculations. In an attempt to rationalize the surprising
stability of molecular triangl&, calculations were performed
on this species, on corner complkgxand on the hypothetical
molecular squarg frans,cisRuCh(dmso—Sh(u-pyz)} 4] (4).

The calculated geometrical parametergfFigure 6), and

in particular the averaged mean—Ru—N (83.1°) and
centroid(pyrazineyN—Ru (168.2) angles, are in excellent
agreement with those determined by X-ray crystallography
(above). As expected, the corresponding angles calculated Ao?, A? (degrees®)

for molecular squaré (88.1 and 178.% respectively; Figure Figure 8. Upper panel: calculated energetic profileés a function of

6) are closer to the ideal values. On the contrary, the the variation of the tilt angle of pyrazine\g, filled circles) and of the
calculated structure for corner compléxdoes not fit very b Rde B e L, o e storione.
well with the crystallographic structure, because all of the

angles are closer to the ideal values; for example, the The internal energy difference involved in the reaction 4
calculated N-Ru—N angle is 88.2, compared with 84.73- A < 30 was calculated to be-14.4 kcal/mol in favor of

Energy (kcal/mol)

0 200 400 600 800

(12)° found experimentally. the square, which means 0.6 kqadr fragment This large
The X-ray diffraction data evidenced that the main calculated difference is not unexpected because, as noted
distortions in the molecular triangle concern the Ru—N above, calculations were unable to reproduce well the

(o) and the centroid(pyrazineN—Ru () angles. To assess geometry of corner fragmest The X-ray structures suggest
the energetics involved in these distortions with respect to that much of the enthalpic toll for the distortion of the
the ideal coordination, we have performed calculations on N—Ru—N angle has beealready paid forin the synthesis
modified structures of6, in which botha and 8 were of 6 and should not contribute to a large extent to the
systematically varied (Figure 7) and the energy differences formation of the trinuclear metallacycl8. In addition,
with respect to the minimum value were calculated. internal energy cannot be employed as a stability argument,
The results, represented as energy profiles with respect tobecause entropic effects are completely neglected. In par-
the two angles (Figure 8), show that indeed variations of ticular, the contribution of solvent entropy is expected to be
the tilt angles are much-less energy demanding than those quite significant, but it is hard to assess.
concerning distortions of the NRu—N anglea. To give a
more-quantitative description of such effects, we have plotted
in the lower panel of Figure 8 the energy as a function of It is now evident that thelirectional bonding approach
the square angle, obtaining an excellent linear relationship, which rationalizes the metal-mediated construction of su-
which indicates that harmonic profileg,= 1/2k;(Aa)? and pramolecular assemblies, allows for several exceptions. For
E = 1/2,(ApB),? are actually found for both distortions. The example, quite often the combination of°3fis bis-acceptor
linear regressions provide the values for the force constantsmetal fragments with linear linkers leads to mixtures of
k; = 0.154 andk, = 0.024 kcal mot! degrees!, showing molecular squares and triangles, rather than to the expected
that o is over six times more rigid tha#. molecular squares only. However, th&clusie formation

Discussion
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Scheme 5. Self-Assembly of a 90Angular Metal Fragment with the Complementary’ %nhgular Corner ComplexMetal-Containing Liganjito
Yield a Molecular Square

M M

Y1 Y
wi vl

Table 4. Relevant Geometrical Parameters in Molecular Triangles with Pyrazine Edges

metal (compound) Ru(l1)3) Rh(l) (8) Pt(1l) (9) Zn(11)a(10)
M-+-M (A) 7.009, 7.047, 7.184 6.955, 6.993, 6.994 6.937, 6.944, 6.949 7.391
M---opposite pyz centroid (A) 6.336, 6.674, 6.757, 6.356, 6.517, 6.467 6.408, 6.409, 6.487 6.872
N—M—N (deg) 80.7,82.2,86.0 80.5,81.4,81.8 82.0,82.1,83.2 81.6
X—M—XP (deg) 93.5,93.7,94.2 95.5,97.4,97.6 93.8,94.2,95.3 100.9
N—pyz centroie-N (deg) 175.9#178.13 177.88179.91 178.14178.55 177.32
M—N—pyz centroid (deg) 165.28171.90 165.56172.77 167.08171.62 167.97
pyz mean plane/M3 (deg) 66.0, 68.3, 73.2 84.5,84.8,88.1 86.0, 86.8, 88.4 89.2
ref present work 20 21 19

aThe complex has a crystallograptig symmetry with metals connected by the 2,5-bis(2-pyridyl)pyrazine liga¥dis the ligand donor atom located
trans to pyrazine (sulfur i, phosphorus ir8 and9, chlorine in10).

of molecular triangles from this combination of building because in this case only four rather than eight fragments
blocks, in particular with short inflexible linkers, is a rare have to be assembled (Scheme 5).

and unexpected event. A remarkable example was reported However, the rapid formation of molecular trian@é&om

by Cotton and co-workers in the course of their extensive the mixture ofl and6 suggests that some pyz ligand must
investigation of metallacycles obtained by self-assembly of rapidly dissociate fron6 (even though no signal for free
dinuclear metal fragments with bridging dicarboxylates. pyz was observed in the NMR spectrum). In both cases, the
When in 1999 the molecular triangld Rhp(DArF)(ua- gradual disappearance of the resonance4 eéems to be
C.04)}3] (DArF = N,N-diarylformamidinate), rather than concomitant with the formation of the precipitate (polymeric
the expected molecular square, was selectively obtained withmaterial).

oxalate, that is, the shortest and stiffest of all dicarboxylates, There are in the literature already two previous examples
Cotton wrote: Wwe simply do not know why this strained of molecular triangles that are formephantitatvely upon
triangular structure, cf. the bowed oxalate bridge, isee the reaction of pyrazine with 9Gangular metal fragments.

adopted rather than the expected square ofie” In each case, the metal corner ista gquare-planar fragment,
As mentioned in the Introduction, pyrazine, which is the either Rh(I) in [ Rh(PPR),(u-pyz)} 3](ClO4)s (8)%° or Pt(Il)
shortest and most-rigid linear aromatic linkeriisprinciple, in [{Pt(PES)2(u-pyz)} 3](CF:SOs)s (9).2* Another strictly

the less prone to make molecular triangles when reacted withrelated example concerns the zinc molecular triaqgleCl,-

cis bis-acceptor metal corners. We found instead that the (PPh)(u-bppz} 5] (10, bppz= 2,5-bis(2-pyridyl)pyrazine):
reaction between pyrazine and the neutraP @hgular 9in this metallacycle, the edges of the triangle are occupied
precursorl yields, in a number of different experimental by pyrazine moieties, whereas each pyridyl group makes an
conditions, the neutral molecular triang{grpns,cisRuCh- additional axial bond with a zinc corner. All of these
(dmso-Sk(u-pyz)} 5] (3) (Scheme 3) together with polymeric  molecular triangles have been structurally characterized in
material. The reaction is accompanied by the formation of the solid state by X-ray crystallographky?* The solution
transient species and, in particular, of another symmetrical NMR spectra of8 and9 are consistent with the structures
metallacycle, most likely the corresponding molecular square found in the solid state, even though other symmetrical

[{trans,cisRUCL(dMSo-Sh(u-pyz)} 4] (4). Compound4 is, metallacycles cannot be excluded.
however, unstable in solution, whereas the molecular triangle  Selected geometrical parameters for these four systems are
is stable and could be isolated and crystallized. compared in Table 4. The metametal distances i8 and

Quite remarkably, similar results were obtained also from 9 are closely comparable (6.94.99 A), although slightly
the reaction between the two preformed complementary shorter than those measuredi(v.00-7.18 A). On the other
angular fragmentsl and 6 (Scheme 4). The prevailing hand, the metai-metal distances are significantly longer in
formation of metallacycld in the initial stage of this reaction  the zinc metallacyclel0, most likely to allow metal
is consistent with the hypothesis tlfbis a molecular square.  coordination by the axial pyridyl groups of bppz. It is worth
In fact, the two complementary angular fragmehtand 6 noting that in 8—10 the pyrazine moieties are roughly
have a higher degree of predisposition to give a molecular coplanar, and their planes are almost perpendicular to the
square, compared tb and pyz. In addition, formation of  Mj plane (range of dihedral angles-849°). On the contrary,
the molecular square is favored also on entropic terms, in metallacycle3 such dihedral angles are much smaller{66
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73°), probably because of the octahedral coordination of the Npy,—Pt=Ngy, angle. {i) Our calculations show that the
ruthenium corners rather than of packing effects. pyz—Ru coordination bond tolerates a remarkable degree of
In all of the cases the NM—N angles are smaller than tilting with a modest increase in stra@iiThe sum of these
the ideal value of 99 but not to such an extent to account, two relatively small distortions makes the triangle geo-
along for the formation of a triangle rather than a square. metrically possible with a moderate enthalpic loss.
The pyrazine linkers are, as expected, almost perfectly flat. ~As previously noted by Cottoft,when the self-assembly
The largest distortions from the ideal coordination geometry process is under thermodynamic control, if the enthalpic
concern, in all cases, the coordination bonds of pyrazine, token paid to the distortions that occur in the formation of
which are not linear, as evidenced by the centroid(pyrazine) the molecular triangle (i.e., the loss of the directional
N—M angles, which are always considerably smaller that preferences of the components) is lower than the entropic
the ideal value of 180 gain, the smaller metallacycle will prevail.
Nevertheless, in other similar cases, even with the same )
metal ions, molecular squares with pyz edges are formedConclusions
exclusiely. If we exclude the case of Ti(IBf in which the The metallacycle {trans,cisRuCh(dmso-S)y(u-pyz)} 3]
geometry of the metal center can be considered as tetrahedra(g) js the first example of aeutral molecular triangle with
in all of the other examples involving late transition metals octahedral (rather than square-planar) metal corners and
we note that molecular squares are formed, both with squarepyrazine edges. It was selectively obtained (together with
planar and octahedral metal corners, when the ancillary nolymeric material) from the reaction of the neutral° 90
ligands on the metal coordination plane have a low steric gngylar precursotrans[RuCh(dmso-S)] (1) either with

demand: ethylenediammine iiRt(en)f-pyz)}taJ(NOs)s**  pyrazine, in a number of different experimental conditions,
ammonia in {PY(NHs)2(u-pyz)}4](NOs)s,* CO in [{fac- or with the complementary corner fragmemans,cis,cis
ReCl(CO)(u-pyz}}4],* and [ facReBr(COMu-pyz)}t**and  [RuCl(dmso-S)(pyz),] (6). Taken together, these results
cyclen in f(cyclen)Ru-pyz}}4]*" (cyclen = 1,4,7,10-  gyggest that the molecular triangle is both the thermodynamic

tetraazacyclododecane). We note that the hard or soft naturgynq the kinetic product of the reactions described above.

of the ancillary ligands seems to be less relevant in  1he x_ray structure 08 shows that the main distortions
influencing the nature of the resulting pyz metallacycle. i the molecular triangle concern the4Ru—N and the

Ferrer and co-workers similarly observed that, for linear centroid(pyrazineyN—Ru angles, that are smaller than
linkers longer than pyz, the nature of the ancillary ligand on {he ideal values of 90 and 180respectively. Similar
the metal corners plays a decisive role in influencing the gistortions were found also in previous examples of cationic
nuclearity of the preferred metallacycfessquare planar  yolecular triangles with pyz edges and Rh(l) or Pt(ll)
Pd(enj" or Pt(enj" corners yield preferentially molecular corners®2tHowever, a N-Ru—N angle remarkably smaller
squares, sometimes in equilibrium with the corresponding han 90 was found also in the molecular structure of the
triangles, whereas Pd(bigy)or Pt(bipy}* corners afford  gtrain-free corner compleg. We attributed this distortion
the molecular triangles or square/triangle mixtures. in 6 to the steric demand of the trans-located dmSo

On the basis of all of these results, we believe that the |igangs.
preferential formation of the molecular triangle with pyrazine  gjculations performed o6 indicated that it is much
edges instead of the corresponding square is determined by, ,qer (ca. six times) to change the-Ru—N angle than
at least two concomitant factorsi) the presence of relatively  heo centroid(pyrazine)N—Ru angle, that is, the coordination
bulky ancillary ligands in the coordination plane induces a eometry of pyrazine is rather flexible.
spontaneous contraction of the coordination angle at the metalg The structural and theoretical findings 8ands, together
corner, that is, the metal fragment is_already spontaneously, i the previous examples of molecular tr,iangles and
predisposed to be the corner of a triangle rather than of agy,4res with cis-protected metal corners and linear pyz edges,
square. The gveragep)l}I—M—_prz a”g'e is still much larger suggest that the entropically favored molecular triangles
than 60 required for an equilateral triangle, but nevertheless might be preferred over the expected molecular squares when
it is narrower than the ideal value of 9fbr a square. Only pyz binds to metal corner fragments, suchrags, cisRUCh-
a milnor energetic c.ontripution is associated to this geo- (dmso-S),, that spontaneously favorgh—M—Noy, angles
metrical parameter in going from the corner complex t0 o ower than 90due to the presence of ancillary ligands
the molecular triangle. On the contrary, a widening of the i significant steric demand on the coordination plane. The
Neyz=—M=Npy, angle for the formation of the molecular aiherfiexible coordination geometry of pyrazine can ac-
square would require a large energy token, as evidenced by, mqdate the moderate distortions from linearity required
our calculations for the N,~Ru—N,,, angle. Interestingly, 4, ¢jose the small metallacycle with modest additional strain.
the X-ray structure _Of [PUNB)2(pyz)](NO3)2, the corner On the other hand, such corner fragments might prevent the
complex corresponding to the molecular sque@Fét(INl-b)z_- formation of the corresponding molecular squares owing to
(u-pyz)} 4](NO3)s,%* shows that the N,—Pt—Np,, angle is

very close to 90 (as in the metallacycle), that is, in this (se) similar distortions of the coordination directions were found in the
case the corner complex is geometrically predisposed to X-ray structure of a molecular triangle with the short rigid linker
give a square rather than a triangle, and the formation of {,'\T,‘i'ggzro,'\j‘%ﬁgl;f“(g?. CB?{I“ET.S'TfaeEt'W;Ea}ifj?(lf.r',glg("e Klj".r.pﬁgjﬁ'”’ i

the triangle would require a remarkable narrowing of the H.-J.J. Chem. Soc., Chem. CommaS892 321-322.
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the energy token required for widening the rigigyN-M— Scientific Division. This work was performed within the
Npyz angle to almost 90 frame of COST Action D31.
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