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Use of 1,4,7,10-tetraazacyclododecane (cyclen) as a capping ligand and 4,4'-bipyridine (4,4'-bpy) as a bridging
ligand enables assembly of redox-active Rus triangle and Ru, square complexes. The former is produced by reacting
[(cyclen)Ru(DMSO)CI]CI with 4,4'-bpy in a 3:1 ethanol:water mixture to precipitate [(cyclen)sRus(4,4'-bpy)s]Cle
18H,0-THF (4), whereas the latter is generated as [(cyclen)sRuy(4,4'-bpy)s](CF3S0s5)g-2CF3SOsH-5MeOH (7) by
reacting (cyclen)Ru(CFsSO3); with 4,4'-bpy in methanol. The crystal structure of 4-11H,0 reveals an equilateral
triangle in which the 4,4'-bpy bridges are bowed outward, such that the pyridine rings are all forced to be perpendicular
to the Rus triangle. Consequently, adjacent pyridine rings are essentially coplanar, and the cyclic voltammogram
of [(cyclen)sRus(4,4'-bpy)s]* in acetonitrile displays three distinct one-electron oxidation events. Cyclic voltammetry
measurements reveal redox processes centered at Ey, = 0.207, 0.342, and 0.434 V versus Cp,Fe%* that are
assigned to 6+/7+, 7+/8+, and 8+/9+ couples of the [(cyclen)sRus(4,4'-bpy)s]™ triangle, respectively. In contrast,
the structure of [(cyclen)sRus(4,4'-bpy)sJ8* features a regular square geometry wherein the rings of the bridging
4,4'-bpy ligands are free to rotate, leading to just one four-electron oxidation couple centered at 0.430 V. Density
functional theory calculations performed on [(cyclen)sRus(4,4'-bpy)s]®* reveal metal-based orbitals with contributions
from the st system of the bridging 4,4'-bpy ligands, providing a likely pathway for electron transfer.

Introduction catalysis’ photoinitiated guest-to-host and host-to-guest
. . o energy transfet and intermolecular electron transfer via both
The directed assembly approach, in which ligand-capped 5 to-metdland ligand-to-ligantlexchange mechanisms.

It_ralssmonh-metal \(/jertei(jes are corl?btl)rlled with ”?'d olrganllc Our motivation for pursuing architectures of this type that
INkers, has produced a remarkable array of MOIeCUlar;,.qrhorate conjugated linkers derives from a desire to

polygons  and polyhedrla.'!'he_se m_olecules haV(_a been engender electron delocalization between many metal centers
targeted for potential applications in areas as diverse aSgnd over long length scales. Ultimately, it is hoped that

selective guest encapsulation for chemical sensieggction related systems may find applications as components in
molecular electronics devicés.
The ability of pyrazine (pz) to facilitate strong electronic
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Taube ion, [(NH)sRu(-pz)RU(NH)s)>".82 Numerous ana-  switching mechanism for turning on and off the flow of
logues of this molecule, featuring substitutions of the bridging electron transfer in molecular electronic devi¢&s o date,
ligand? metal center8,and ancillary ligand§,have since attempts to constrain adjacent aromatic rings in biphenyl and
permitted a systematic investigation into the factors that affect related bridging moieties to be perfectly coplanar have met
electronic coupling in mixed-valence systeth3he study with only partial succes¥. Efforts to utilize planar variants
of higher nuclearity complexes, however, has been much of 4,4-bpy with conjugated linkers connecting the rings (e.g.,
more limited, focusing mainly on linear chain motifs in which  diazapyrene, 3,8-phenanthroline, and 3,5,6,8-tetraazaphenan-
not all metal centers are equivaléhtin an effort to probe  throline) actually resulted in significantly reduced coupling,
the nature of electron delocalization over more than two due to stabilization of an alternative* orbital pathway for
metal centers, we recently synthesized [(cydRm)(pz)]°* electron delocalizatioff16
(cyclen=1,4,7,10-tetraazacyclododecane), a “Crelltaube A number of molecular squares have been constructed
square” in which four equivalent ruthenium centers are using 4,4-bpy as a linket”'® In the cases where these
bridged by pyrazine to yield an apparent class Ill mixed- complexes have been crystallized, however, the pyridyl rings
valence compleR. within each bridging unit are far from coplanar (typically,
The related bridging ligand 4:bipyridine (4,4-bpy) = 25—37°).17¢18 |n addition, it has been suggested on the
provides a means by which electronic coupling might be basis of solution NMR experiments that the square complex
varied through the rotational freedom about its centratdlC ~ [(2,2-bpyuPdy(4,4-bpy)]®* is actually in equilibrium with
bond. The inherent tendency for the two pyridyl rings to twist a 4,4-bpy-bridged molecular triangle: [(Z;Bpy)sPds(4,4-
around this bond is evident in the gas-phase structure bf 4,4 bpy)]®".1”¢ Although none have yet been isolated in pure
bpy determined by electron diffraction, wherein the molecule form,!® triangles of this type are of considerable interest,
exhibits a twist angle op = 37.2 .12t has been predicté#4 because the strain arising because of the discrepancy between
that if the two rings of a bridging 4:4)py unit are forced to  the triangle corner angle of 6@nd the preferred NM—N
be coplanar, the exchange coupling between metal center§15) Marvaud, V. Launay, J.-P.: Joachim, Chem. Phys1993 177, 23.
will increase substantially over the almost negligible coupling (16) (a) Benniston, A. C.; Li, P.; Sams, C. Aetrahedron Lett2003 44,
observed experimentally when the two rings are offskt. 3947. (b) Benniston, A. C.; Harriman, A.; Li, P.; Sams, C. A.; Ward,

.. . . M. D. J. Am. Chem. So@004 126, 13630.
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Ward, M. D.Chem. Soc. Re1995 121. (c) Lent, C. SScience200Q 1995 117, 6273. (d) Leung, W.-H.; Cheng, J. Y. K.; Hun, T. S. M,;
288 1597 (d) Carroll, R. L.; Gorman, C. BAngew. Chem., Int. Ed. Che, C.-M.; Wong, W.-T.; Cheung, K.-KOrganometallics1996 15,
2002 41, 4378. (e) Braun-Sand, S. B.; Wiest, @.Phys. Chem. A 1497. (e) Fujita, M.; Sasaki, O.; Mitsuhashi, T.; Fujita, T.; Yazaki, J.;
2003 107, 285. (f) James, D. K.; Tour, J. MChem. Mater2004 16, Yamaguchi, K.; Ogura, KChem. CommurL996 1535. (f) Slone, R.
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(8) (a) Creutz, C.; Taube, H. Am. Chem. So&969 91, 3988. (b) Creutz, T.; Guzei, I. A.; Rheingold, A. LCoord. Chem. Re 1998 171, 221.
C.; Taube, HJ. Am. Chem. S0d.973 95, 1086. (h) Olenyuk, B.; Fechterikter, A.; Stang, P. JI. Chem. Soc., Dalton
(9) (a) Adeyemi, S. A.; Braddock, J. N.; Brown, G. M.; Ferguson, J. A.; Trans.1998 1707. (i) Cruse, H. A.; Leadbeater, N. Borg. Chem.
Miller, F. J.; Meyer, T. J.J. Am. Chem. Socl972 94, 300. (b) 1999 38, 4149. (j) Béanger, S.; Hupp, J. T.; Stern, C. L.; Slone, R.
Lavallee, D. K.; Fleischer, E. Bl. Am. Chem. S0d.972 94, 2583. V.; Watson, D. F.; Carrell, T. GJ. Am. Chem. S0d.999 121, 557.
(c) Fleischer, E. B.; Lavallee, D. K. Am. Chem. Sod972 94, 2599. (k) Aoyagi, M.; Biradha, K.; Fujita, MBull. Chem. Soc. JprL999
(d) Tom, G. M.; Creutz, C.; Taube, H. Am. Chem. S0d.974 96, 72, 2603. (I) Schnebeck, R.-D.; Freisinger, E.; LippertHEar. J. Inorg.
7827. (e) Sutton, J. E.; Sutton, P. M.; Taube,litbrg. Chem.1979 Chem200Q 1193. (m) Sun, S.-S.; Anspach, J. A.; Lees, A. J.; Zavalij,
18, 883. (f) Sutton, J. E.; Taube, thorg. Chem1981, 20, 3125. (g) P. Y. Organometallic2002 21, 685. (n) Dey, S. K.; Bag, B.; Zhou,
Neyhart, G. A.; Hupp, J. T.; Curtis, J. C.; Timpson, C. J.; Meyer, T. Z.; Chen, A, S, C.; Mitra, Slnorg. Chim. Acta2004 357, 1991.
J.J. Am. Chem. S0d.996 118 3724. (h) Lay, P. A.; Magnuson, R. (18) In preparing this manuscript, we discovered a recent report of-a 4,4
H.; Taube, H.Inorg. Chem.1988 27, 2364. (i) Patoux, C.; Launay, bpy-bridged Ru square complex, [(dppiRwCls(4, 4-bpy)] (dppb
J.-P.; Bely, M.; Chodorowski-Kimmes, S.; Collin, J.-P.; James, S.; = 1,4-bis(diphenylphosphine)butane): Queiroz, S. L.; Kikuti, E.;
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angle of 90 can be anticipated to force all bridging pyridyl  solution of the solid resulted in dark red, needle-shaped crystals of
rings to be perpendicular to the plane of the triangle. Herein, 4-11H,0 suitable for X-ray analysis. The crystals were collected
we report the synthesis and characterization of a triangularand dried in air to yield 0.91 g (32%) of product. B¥is spectrum
complex, [(cyclerdRus(4,4-bpy)]®*, which indeed exhibits (H20) Amax (em): 246 (53 000), 257 (sh, 46 000), 353 (6000), 431
coplanar pyridyl rings and enhanced electronic coupling (Sh: 51 300), 466 (54 000), 509 (sh, 46 500) nm. 1R 3145

: . ot (M), ven 2923 (M), Vorer 1487 (M), 1410 (m), 1059(m), 1001 (m),
relative to the square complex, [(cyclgRu(4,4-bpy)]®*. 988 (M), 817 (5) o™ 2H NMR (D;0): 6 8.48 (d.Js = 6.8 Hz,

12H; PyHy), 7.46 (d,Jun = 6.8 Hz, 12H; Pyi#), 5.48 (s, 6H;
NH), 5.33 (s, 6H; NH), 3.75 (tJun = 6.8 Hz, 4H; THF), 3.28 (t,
Preparation of Compounds. With the exception of1, all Jun = 8.8 Hz, 24H; CH)), 3.15 (t,Jun = 8.8 Hz, 24H; CH), 1.88
compounds were synthesized under a dinitrogen atmosphere, usingt, Jun = 6.8 Hz, 4H; THF). This compound is diamagnetic. Anal.
standard glovebox and Schlenk line techniques. The RuDS0)  Calcd for GgHi3CleN1gO21Rus: C, 36.70; H, 7.01; N, 13.28.
compound was prepared as described previciidiyethanol was Found: C, 36.32; H, 6.60; N, 13.63. The water and THF content
distilled over Mg and degassed via three freegemp—thaw cycles of this compound were confirmed by thermogravimetric analysis.
prior to use. All other reagents were obtained from commercial  [(cyclen)sRus(4,4-bpy)s](BPhs)s-7H20 (5). Addition of a solu-
vendors and used without further purification. The cyclen employed tion of NaBPh (400 mg, 1.2 mmol) in 5 mL of water to a solution
was purchased from Strem Chemical Co. of 4 (270 mg, 0.15 mmol) in 10 mL of water resulted in the
[(cyclen)Ru(DMSO)CIICI (1). A suspension of Ru(DMSGEl, immediate formation of a red precipitate. After being stirred for 1
(3.3 g, 6.9 mmol) and cyclen (1.2 g, 6.9 mmol) was heated at reflux h, the precipitate was collected by filtration and washed with water
in absolute EtOH (20 mL) for 2 h, during which time the reactants (3 x 5 mL) and ether (5 mL) to yield 470 mg (95%) of product.
dissolved and a darker yellow precipitate formed. After being cooled UV —Vis spectrum (MeCN)imax (em): 232 (sh, 138 000), 254 (sh,
to room temperature, the solid was collected by filtration, washed 79 500), 376 (7600), 454 (sh, 34300), 483 (45 000), 523 (sh, 28 000)
with benzene (5 mL) and ether (2 5 mL), and dried in air to ~ NM. IR (solid, ATR): vnu 3223 (W), vcu 3054 (W), 2999 (W)yen
yield 1.9 g (66%) of product. IR:wny 3163 (M), 3126 (S)yen 734 (s), 705 (s) cmt. This compound is diamagnetic. Anal. Calcd
2938 (m), 2917 (MYgner 1035 () cml. ESt—MS (MeCN): m/z for CyogH21BsN180/RWs: C, 71.41; H, 6.60; N, 7.57. Found: C,

Experimental Section

387 (1 — CI]"). Anal. Calcd for GoH2¢CI,N4ORUS0.5H,0: C, 71.48; H, 6.71; N, 7.85.
27.84; H, 6.31; N, 12.99; S, 7.43. Found: C, 27.93; H, 6.65; N, [(cyclen)Rus(4,4-bpy)s](PFs)s (6) as a 1 mM solution in
12.61; S, 7.80. acetonitrile. Compound4 (7.1 mg, 4.Qumol) and AgPFk (6.1 mg,

[(cyclen)Ru(DMSO)(MeCN)](BF,). (2). A solution of 1 (500 24 ymol) were added to 4 mL of acetonitrile. The mixture was
mg, 1.3 mmol) and NaBF (290 mg, 2.6 mmol) in 4 mL of allowed to stir for 12 h, during which time the solution turned red
acetonitrile was heated at reflux for 20 h. Upon removing the solvent and a gray precipitate of AgCI formed. The reaction mixture was
in vacuo, we extracted the yellow residue into a minimal amount filtered, and the resulting red filtrate was employed in cyclic
of MeNO; (ca. 3 mL) and filtered the resulting mixture to remove Voltammetry measurements, after addition of,BBF; (150 mg,
NaCl. Diffusion of ether vapor into the filtrate yielded 150 mg 1o yield a 0.1 M solution) as the supporting electrolyte. Analysis
(23%) of product as yellow needle-shaped crystals suitable for X-ray Of an identical reaction performed in GON showed that the
analysis (see the Supporting Information, Figure S1). IR (solid, complex remained intact during the anion exchafdigeNMR (CDs-
ATR): wvcy 2940 (m), 2884 (m)ycn 2261 (W), verso 1017 (s) CN): ¢ 8.43 (d,Jun = 6.8 Hz, 12H; Pyh), 7.51 (d,Jus = 6.8
cm-. Anal. Calcd for GoHsoBFsNsORUS: C, 25.90; H, 5.43; N,  Hz, 12H; PykB), 4.77 (br, 6H; NH), 4.57 (s, 6H; NH), 3.20
12.59; S, 5.76. Found: C, 25.58; H, 5.23; N, 12.24; S, 5.28. = 8.8 Hz, 24H; CH), 3.05 (t,Jun = 8.4 Hz, 24H; CH). A1 mM

(cyclen)RU(CRS0s)s (3). CompoundL (0.91 g, 2.2 mmoly was  Solution of [(cyclemjRus(4,4-bpy)](CFsSOy)s was prepared in a
heated at 70C under reduced pressure (10 mmHg) for 16 h to completely analogous fashion employing AGSE;.
remove any adsorbed water. The resulting solid was stirred and ~ [(cyclenkRus(4,4-bpy)s(CFsSO;)s*2CF;SOsH-5MeOH (7). A
heated at 88C in neat CESO;CH; (4.5 g, 27 mmol) for 20 hto ~ solution of3 (800 mg, 1.1 mmol) and 44py (170 mg, 1.1 mmol)
give a dark pink suspension, which was then filtered using a Hirsch in methanol (10 mL) was stirred and heated under dinitrogen at 60
funnel until all of the CHCRSO; had passed through. The °C for 2 days to give a dark pink-red solution. Upon the solution

remaining sticky solid was washed with ether ¥310 mL) and being cooled to room temperature, diffusion of ether vapor into
dried in vacuo to yield 1.6 g (98%) of product as a bright pink the reaction solution yielded 290 mg (11%) of product as dark red,
powder. IR (solid, ATR):vny 3197 (w), 3169 (W)ycy 3022 (w), needle-shaped crystals suitable for X-ray analysis—uig spectrum
vs01251 (m), 1226 (m), 1199 (s), 1171 (S) Chuer = 1.65u¢ at (MeOH) Amax (em): 245 (55 300), 259 (sh, 37 700), 368 (19 800),
295 K. ES—MS (MeCN): m'z422 (2 — H — 2CRSO;] ™). Anal. 415 (sh, 27 900) 445 (41 800), 491 (sh, 32 600) nm. IR (solid,
Calcd for GiHodRoN4OoRUS:: C, 18.34; H, 2.80; N, 17.78; S, 13.35  ATR): vi 3145 (m),ven 2923 (M) vso 1274 (M), 1254 (m) crm.
Found: C, 18.73; H, 2.86; N, 17.36; S, 13.71. 'H NMR (MeCN): 6 8.42 (br, 16H; Pyd), 7.64 (br, 16H; Pyif),

[(cyclen)sRus(4,4-bpy)s]Clg 20H,0-THF (4). A solution of 1 5.00 (br, 8H; NH), 4.54 (br, 8H; NH), 2.78 (64H; GH This
(1.8 g, 4.3 mmol) and 4\ipyridine (0.67 g, 4.3 mmol) in a compound is diamagnetic. Anal. Calcd fors;8134730N24035
mixture of 18 mL of EtOH and 5 mL of water was stirred and RWSie: C, 31.33; H, 3.92; N, 10.08; S, 9.61. Found: C, 31.70; H,
heated at reflux under dinitrogen for 7 days. During this time, the 4-06; N, 9.97;'S, 9.51.
solution turned red-purple in color and a precipitate of the same  X-ray Structure Determinations. Single crystals o2 and 4-
hue gradually formed. Upon cooling to room temperature, the solid 11HO were coated in Paratone-N oil, mounted on glass fibers,
was collected by filtration, washed with ether £210 mL), and transferred to a Siemens SMART diffractometer, and cooled in a
dried in air. Diffusion of THF vapor into a concentrated aqueous dinitrogen stream. Initial lattice parameters were obtained from a
least-squares analysis of more than 30 centered reflections; these
(20) Evans, I.; Spencer, A.: Wilkinson, G. Chem. Soc., Dalton Trans, ~ Parameters were later refined against all data. A full hemisphere
1973 204. of data was collected for all compounds. Data were integrated and
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Table 1. Crystallographic Dagafor [(cyclen)Ru(DMSO)(MeNQ)](BF4)2 (2), [(cyclenkRus(4,4-bpy)s]Cle31H,O- THF (4-11H,0), and
[(cyclenyRus(4,4-bpyu](CF3S0s)s: 2CRSOsH-5MeOH (7)

2 4-11H,0 7
formula Gi2H29BoFgNsORUS GgH154CleN1803RUg Cg7H134F30N24035RWS10
fw 566.15 2131.99 3371.06
T(K) 158 122 172
space group Pc P2m c
Z 4 1 1
a(d) 9.0164(10) 19.0160(13) 39.586(8)

b (A) 19.309(2) 9.325(2)

c(R) 12.3730(14) 8.9761(9) 24.118(13)

5 (deg) 90.238(2) 121.958(13)

V (A3) 2154.0(4) 2811.0(4) 7553(3)

Geatea (g/cTT) 1.746 1.259 1.482

cryst size (mrf) 0.30x 0.30x 0.15 0.42x 0.12x 0.05 0.14x 0.06x 0.02
R: (WR)® (%) 6.75 (17.54) 4.37 (10.83) 10.03 (23.21)
diff. peak, hole (e A1) 2.615-1.917 0.824:-0.521 0.590-0.391

a Obtained with graphite-monochromated MacKA = 0.71073 A) radiation fo2 and4-11H,0 and with 0.77500 A synchrotron radiation far® R; =
Y1IFol — IFell/ZIFol, WRe = {Z[W(Fo? — Fo)Z/ T W(Fo)Z} Y2

corrected for Lorentz polarization effects using SAINT and were were determined using ferrocene as an internal standard. Magnetic
corrected for absorption effects using SADABS version 2.3. susceptibility data were measured on a Quantum Design MPMS-
Single-crystal diffraction data for7 were collected using XL SQUID magnetometer. Mass spectrometric measurements were
synchrotron radiation at the Advanced Light Source at Lawrence performed on VG Quattro (Micromass) spectrometer equipped with
Berkeley National Laboratory. A crystal was coated in paratone-N an analytical electrospray ion source instrument. NMR spectra were
oil and mounted on a Kaptan loop, transferred to a Bruker D8 measured with a Bruker AVB 400 MHz instrument.
controller, and cooled in a dinitrogen stream. Data were collected  Electronic Structure Calculations. Density functional theory
using a Bruker Platinum 200 with an APEX2 vER7 detector. (DFT) calculations were performed using the NWChem 4.5
Initial lattice parameters were obtained from a least-squares analysisquantum chemistry software packad&eometries were taken from
of more than 30 centered reflections; these parameters were latethe crystal structure of-11H,O and then optimized using the
refined against all data. A full hemisphere of data was collected. HCTH/407 functionak? Effective core potentials, including rela-
Data were integrated using Bruker SAINT version 7.06 and tivistic effects, were employed for Ru (LANL2DZ) together with
corrected for Lorentz and polarization effects using SADABS.  the corresponding Gaussian basis 3&tsie 6-3HG* basis was
Space group assignments were made on the basis of systematiemployed for C and N. The Ahlrichs auxiliary basis sets were used
absencesk statistics, and successful refinement of the structures. for fitting the Coulomb potentig*
Structures were solved by direct methods with the aid of successive
difference Fourier maps and were refined against all data using Results and Discussion
the SHELXTL 5.0 software package. Thermal parameters for all )
non-hydrogen atoms were refined anisotropically, except in solvent  SynthesesThe synthesis ofthe square complex[(cyc/Bu)-
molecules disordered over multiple partially occupied sites and (PZ) " had previously been accomplished by reacting
carbon atoms in the cyclen rings @f Hydrogen atoms ir2 and [(cyclen)Ru(DMSO)CI|C# (1) and pz in a 3:2 ethanol:water
4-11H,0 were assigned to ideal positions and refined using a riding mixture and heating the solution at reflux for 12 Attempts
model with an isotropic thermal parameter 1.2 times that of the to synthesize [(cycleaRw(4,4-bpy)]™ in an analogous
attached carbon atom. The structure ©fwas solved in the manner afforded an oily mixture of products that did not
nonstandard space gro@f rather thanP1 because of the ease  reqdily crystallize. Over the course of these experiments, it
with which the tvv_ln law could be expressed. The twinned triclinic was noted that a precipitate formed during the reaction and
space group assignment was chosen @&/m because of t_)etter ._that more precipitate was obtained if the amount of water in
refinement of the structure and a complete absence of disorder in ] .
the solvent employed was decreased to a 3:1 ethanol:water

the 4,4-bpy rings in the twinned triclinic solution, which indicates . hi dtri | |
that there is long-range order in the twisting of the rings (i.e., MXture. Inthis way, an unexpected triangular complex was

twinning) rather than disorder. The poor resolution of the structure iSolated in pure form as the red-purpl_e SF’lid [(cychen)-

(1.1 A) is attributed to the extreme disorder associated with the (4,4-bpy)]Cle:18H0-THF (4). The oxidation of cyclen to

triflate counteranions and methanol solvate molecules, both of which imcyclen (1,4,7,10-tetraazacyclododeca-1-ene) during the

were accounted for using just oxygen atoms. Crystal and refinement

parameters are summarized in Table 1. (21) Apra, E.; et alNWChem, A Computational Chemistry Package for
Other Physical MeasurementsAbsorption spectra were mea- Pargllell Computersversion 4.5; Pacific Northwest National Labora-

d with a HewlettPackard 8453 spectrophotometer. Infrared tory: Richland, WA, 2003,

sured wi _ p p - (22) Boese, A. D.; Handy, N. GI. Chem. Phys2001, 114, 5497.

spectra were recorded on a Nicolet Avatar 360 FTIR spectrometer (23) (a) Hay, P. J.; Wadt, W. R. Chem. Phys1985 82, 270. (b) Wadlt,

equipped with a horizontal attenuated total reflectance (ATR) W. R, Hay, P. JJ. Chem. Physl985 82, 284. (c) Hay, P. J.; Wadt,

accessory. Cyclic voltammetry and differential pulse voltammetry gv'lr?dbger:ﬁ"}'thgizgfgﬁéﬁgﬁgl&ﬂg;ﬂ% T,': H'éjr.';;g%zi

was performed in a 0.1 M acetonitrile solution of BiPF; or Buy- New York, 1976; Vol. 3, p 1. () Check, C. E.; Faust, T. O.; Bailey,

NCIO, using a Bioanalytical systems CV-50W voltammagraph, a J. M.; Wright, B. J.; Gilbert, T. M.; Sunderlin, L. S. Phys. Chem.
i i ; i i ; A 20071 105 8111.

platinum disk quklng .electrode, a platinum wire Supportlng (24) (a) Eichkorn, K.; Treutler, O.; Ohm, H.; Haser, M.; Ahlrichs,Ghem.

electrode, and a silver wire reference electrode. Reported potentials’ ~ ppys. | ett1995 240, 283. (b) Eichkorn, K.; Weigend, F.: Treutler,

are all referenced to the ferrocene/ferrocenium (Fc/Eouple and O.; Ahlrichs, R.Theor. Chim. Acc1997 97, 119.
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reaction of cyclen ruthenium complexes with various pyridine equiv of AgPF for 12 h. Removal of the AgCI by filtration
ligands is sometimes observé&drlo rule out the possibility  then resulted in an acetonitrile solution of [(cyclgR)e(4,4-
that the cyclen ligands had been oxidized during this reaction, bpy)s](PFs)s (6) suitable for use in cyclic voltammetry
we performed HMQC and COSY NMR experiments (see measurementdH NMR experiments performed on GON
Figures S2 and S3 in the Supporting Information). The solutions formed using identical reaction conditions indicated
absence of any correlations between the, @tdton signals that the triangular geometry remains predominantly intact
at 3.28 and 3.15 ppm and proton signals in the rang@ 5 in acetonitrile; approximately 5% decomposition was ap-
ppm indicates that the sNCH moiety is not present in  parent. Attempts were also made to synthesize a BEIlt
compound4. of the triangular complex directly; however, reactions of
Compound4 is soluble in water and methanol. In the [(cyclen)Ru(DMSO)(MeCN)](BE). (2) with 4,4-bpy yielded
visible region, its absorption spectrum in water is dominated only oily products that were not readily crystallized.
by an intense, broad band centered at 466 nm, with shoulders Synthesis of square-containing compound [(cyclen)-
at 431 and 506 nm (see Figure S4 in the Supporting (4,4-bpy)](CFsSGs)g-2CRSO;H-5MeOH (7) was achieved
Information). The solvent dependence of this main feature by utilizing (cyclen)Ru(CESGOs)s (3) in place ofl in the
supports its assignment as an MLCT transition, in which a reaction with 4,4bpy. The enhanced solubility & over 1
4d electron of Rllis promoted into ar* orbital of a 4,4- prompted the use of methanol as the solvent rather than an
bpy ligand?” The stability of the triangle in solution is  ethanol:water mixture. The concentration of the reactants
supported by the diffuse reflectance spectrun?oivhich employed (0.1 M) was similar to that employed in the
matches that of the solution spectrum. In addition, tHe synthesis of triangle-containing compouAd0.2 M), and
NMR spectrum of4 dissolved in DO displayed sharp  variation of these concentrations By0.05 M did not alter
resonances consistent with the presence of a triangularthe outcome of the reactions. It has been suggested previously
[(cyclenkRus(4,4-bpy)]®" complex with Ds, symmetry. that, at lower concentrations of reactants, entropy effects can
After standing at room temperature for 24 h, the solution begin to favor the formation of triangular species over
displayed the same sharp spectrum, indicating that nosquares’e Although we observed no such trend, the verity
isomerization or decomposition of the triangular motif had of this contention is not ruled out here, because our successful
occurred. In an effort to ascertain the thermodynamically syntheses included other variables, such as the counteranion
favored 4,4bpy-bridged species, we heated a sampld of and reaction solvent. Compoufds soluble in a variety of
in D,O at 80°C for 72 h. The major component (ca. 70%) solvents, including water, methanol, ethanol, acetonitrile,
of the resulting spectrum consisted of the original triangular THF, and DMF. The UV-vis spectrum of7 in methanol is
complex. The remaining 30% of the spectrum consisted of very similar to that of4, with only slight shifts in the
a series of broad overlapping peaks, with approximately 10% absorption maxima (see Figure S5 in the Supporting Infor-
matching those observed for the square compleX and mation). For the MLCT bands, these shifts do indicate,
the remaining 20% presumably arising from decomposition however, that the ruthenium 4d orbitals are better matched
of the molecule into mononuclear species. In general, partialin energy with thez* orbital of the 4,4-bpy ligand in the
decomposition of the triangular and square complexes attriangular complex than in the square compléx. NMR
elevated temperatures thwarted attempts to probe the therexperiments performed on a @CN solution of7 showed
modynamics associated with the expected equilibrium be- that the square complex was stable in solution at room

tween triangles and squares temperature for at least 24 h. Measurements performed after
heating the solution at 7GC for 72 h revealed approximately
4[(cyclen}Ruy(4,4-bpy),]*" = 40% decomposition of the molecule, but gave no indication

of triangle formation.
Crystal Structures. Crystallographic analysis @¢11H,0O
revealed the first structurally characterized'4pyridine-

To adjust the solubility of the triangular complex for . . . ot :
electrochemical studies, we screened several different anionsb”dged triangle, [(CyclenRus(4,4-bpy)| " (see Figure 1

as potential replacements for the chloride anions. [(cysRes) and Table 2). With idealizeds point symmetry, the

i - molecule features three cyclen-capped Ranters situated
(4,4-bpy)](BPh)s: 7H,O (5) readily precipitates upon ad- : : :
dition of NaBPh to an aqueous solution df Additionally, at the corners of an equilateral triangle with edge lengths of

o ) ) . 11.264 A. Each edge is spanned by a-bgy ligand, with
in situ anion-exchange reactions were performed in aceto- : e .
o i : . the Ru-Nypy distances of 2.106(5) A lying in the midst of
nitrile to obtain solutions of the triangular complex. An
appropriate amount of in acetonitrile was stirred with 6 the 2.053-2.125 A range reported for RirNe, bond
pprop distance€® The constraints imposed by the RidRu-+-Ru

(25) Note that, previously, this compound was incorrectly assumed to be angles _Of 60 as;qc!ated with this tna_ngular g(_aome_try are at
[(cyclen)RuCH|CI.5 odds with the rigidity of the 4,/4bpy linkers, distorting the

(26) (a) Ferreira, K. Q.; Santos, F. G.; da Rocha, Z. N.; Guaratini, T.; da i i i i i
Siva, R, S: Trouni, Elnofg. Chem. Commur2004 7. 20, (b) octahedral coordination environment of .ruthenlur'n to give
Ferriera, K. Q.; Cardoso, L. N.; Nikolaou, S.; da Rocha, Z. N.: da Nbpy—RU—Nppy angles of 83.7(3)and bowing the 4,4bpy

3[(cyclen)Ru,(4,4-bpy),]®* (1)

@) %il)v?:, R:j. SP.; Téo%r(lji, glnFor% Ccr_l‘em2d004§14,T55451-Jm n ligands outward from the edges of the Ruangle. The

a) Fora, P.; rRuad, D. . P.; Gaunder, R.; laubeJ.ram. em. . A .

Soc. 1968 90, 1187. (b) Zwickel, A. M.; Creutz, Clnorg. Chem. resulting cu'rvature forces the planes o_f the pyridine rings to
1971, 10, 2395. be perpendicular to the plane of theRuangle and affords
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Figure 1. Structure of the triangular [(cyclesus(4,4-bpy)]®" complex Figure 2. Structure of the square [(cyclaRuw(4,4-bpy)]®" complex in
within 4-11H;0, as viewed parallel to the axis of the crystal. Red, gray, 7. as viewed parallel to theaxis of the crystal. Red, gray, and blue spheres
and blue spheres represent Ru, C, and N atoms, respectively; H atoms argepresent Ru, C, and N atoms, respectively; H atoms are omitted for clarity.
omitted for clarity. The complex resides on a site within the crystal. The complex resides on an inversion center within the crystal.

Table 2. Selected Interatomic Distances (A) and Angles (deg) for in the triangular complex o4-11H,0, these slightly longer
[(cyclenkRus(4,4-bpy)]Cle31H,O- THF (4-11H,0) and . . . .
[(cyclenyRus(4,4-bpy)](CFsSOs)s-2CF:SO:sH-5MeOH (7) Ru---Ru separations are consistent with linear rather than

bowed 4,4bpy bridging ligands. On a related note, the mean

4-11H,0 7 . . .

—— 5 106(;2 1021750 Nbpy—RU—Nppy angle of 93(5) in 7 is wider and closer to

u— . . . . . . .y . .
e angies, which are — 1.0.and 5.6 or opposing pairs of

wRu : : , whi =1 . i i
Nppy—RU—N 83.7(3) 89(2), 97(1) - : :
stifRqu:%en 88.8(2), 99.13(10) 81(1990.1(6), 89.4(3}106.9(9) 4,4-bpy Ilgand_s. Although these twist angles are greatgr th_an
Neycor—RU-Ngyoen ~ 82.01(9), 98.6(4)  83(1)92.8(7), 160(9)-178.2(9) those found within the trlangular complex, they are signifi-
Rur--Ru---Ru 60 90 cantly lower than observed in the crystal structures of other
mean G-C—C—C (¢) 0.25 1.0,5.6

4,4-bpy-bridged squaréssiincluding [(dppb)RuClg(4,4 -
a C-C—C—C torsion angle €) of just 0.25 between  bpyk] (¢ = 10.9 and 42.6).1% Very likely, the small twist
adjacent pyridine rings. As observed for the molecular @ngles are a result of the packing arrangement within the
squares in [(cyclenRuy(pz)]Cle24H,05 the triangular crystal, and are not retained upon dissolution. The [(cyglen)
complexes stack in a perfectly eclipsed fashion via inter- Rus(4,4-bpy)]®" squares irY are also stacked in a perfectly
molecular N-H---Cl-=-H—N interactions, forming one-  €clipsed fashion, forming one-dimensional columns along
dimensional columns that run along thexis of the crystal. ~ theb axis of the crystal. Surprisingly little electron density
Interestingly, the THF solvate molecules are located within 1S evident within the interior channels of these square
the interior channels of the triangular columns. columns; however, this is potentially just a consequence of
Analysis of a single crystal of [(cyclefu(4,4-bpy)]- the poor resolution of the crystal structure.
(CF:S0y)s*2CR:SO:H-5MeOH (7) using a synchrotron X-ray Electrochemistry. Reversible electrochemical behavior
source yielded data enabling identification of the square Was not observed fot in either water or methanol. In both
complex depicted in Figure 2. Because of the high degreecases, repeated cycling of the voltage resulted in the
of disorder in the triflate counteranions and methanol solvate formation of fine precipitates, indicating that the products
molecules and the extremely narrow width of the needle- Of the oxidation/reduction events are insoluble. Cyclic
shaped crystal, the diffraction data was of low resolution Voltammetry experiments employing solutions ®fn ac-
and large errors are associated with the distances and anglegtonitrile, DMF, and acetone were hindered by the intense
listed in Table 2. In this structure, four cyclen-capped Ru Peaks in the cyclic voltammogram corresponding to oxidation
centers are arranged in a nearly perfect square, with a mear®f the tetraphenylborate anions, which masked the ruthenium-
edge distance of 11.34 A. Note that, compared with those Pased oxidation events. Fortunately, however, acetonitrile
solutions of [(cyclenRus(4,4-bpy)](PFs)s (6) and [(cycleny
(28) Selected examples: (a) Szalda, D. J.; Fagalde, F.; Katz, NCtB. Rus(4,4-bpy)](CFsSOs)s were found to be suitable for
g.ységgggfl'_'o%fg;‘tfl?gg 5262%5; (Sb). Cng?f’eg' JJ'; %h_aﬂgfgf;ght"s’" s . €lectrochemical measurements. The results for measurements
Persoons, Alnorg. Chem 1997, 36, 3284. (c) Coe, B. J; Harris, 3. performed on compoun8l are described below; those for
A sty | s A fen ) € Poes 11 el [cylen)Ru(a.-bpy)(CRSOJs ere essentaly denicl
Hembury, G. A.; Drew, M. G. B.: Taniguchi, S.: Inoue, ¥org. As shown at the top of Figure 3, the cyclic voltammogram
Chem. 2001, 40, 2478. (e) Bonnet, S.; Collin, J.-P.; Gruber, N.;  obtained fo a 1 mM solution of 6 in acetonitrile displays
Sauvage, J.-P.; Schofield, Balton Trans.2003 4654, () Coe, B. e incompletely reversed and two fairly distinct redox

J.; Curati, N. R. M.; Grabowski, S. R.; Horton, P. N.; Hursthouse, M.
B. Acta Crystallogr., Sect. E2004 60, m1562. processes centeredBf, = 0.207 V AE, = 36 mV), 0.324
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Figure 3. Cyclic voltammogram (upper) and differential pulse voltam-
mogram (lower) of6 in acetonitrile. The measurements were performed
on a platinum electrode at scan rates of 100 and 20 mV/s, respectively,
with 0.1 M BwNPF; as the supporting electrolyte. Ferrocene (Fc) was
employed as an internal standard.

V (AE, = 89 mV), and 0.434 V AE, = 99 mV) versus
Fc/Fc™. These events are reasonably assigned to the 6
7+, 7+/8+, and 8+/9+ couples of the triangular complex,
respectively. Consistent with the foregoing assignments, the
differential pulse voltammogram for the same solutiorbof
(shown at the bottom of Figure 3) displays three oxidation
peaks of approximately equal magnitude at 0.272, 0.360, an
0.456 V versus Fc/Fc Addition of a stoichiometric amount
of ferrocene to the solution confirmed that each peak
corresponds to a one-electron oxidation event, and a simula
tion of the profile with three Gaussian peaks gave relative
areas of 1.2:1.1:1.0 (see Figure S6 in the Supporting
Information).

The separation between the first two redox couples in the
cyclic voltammogram o suggests an approximate com-
proportionation constant df; = 10?° associated with the
following equilibrium.

@)

The second pair of redox couples is marginally closer in
energy, implying a slightly lesser degree of stability for the
[RU'RU",]®" mixed-valence complex. Thus, consistent with
the greater average oxidation statetef.67 for ruthenium
centers, the estimated comproportionation constant is slightly
lower for the following equilibrium, withK, = 10%°.

[RuII3]6+ + [RU“RUHIZ]&L = 2[RuII2RuIII]7+
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Unfortunately, the electrochemical regions of stability are
probably too narrow to permit facile isolation of either of
the mixed-valence triangular complexes, [(cyck&u(4,4 -
bpy)]™™ or [(cyclenkRus(4,4-bpy)]®t. These results are
striking, however, given that 4:4py-bridged Recomplexes
are generally found to exhibit essentially no electronic
coupling?®2° The lack of coupling in such dinuclear com-
plexes can be attributed to the rapid rotation in solution of
the pyridine rings of 4,4bpy ligand with respect to each
otherl314.16.29.31n contrast, the ring rotations are severely
restricted by the bowing of the 4;#py ligands in the
triangular [(cyclemRus(4,4-bpy)]"™ complexes, resulting
in enhanced electronic coupling.

It could perhaps be argued that the enhanced wave
separation in the triangular molecule is simply due to charge
repulsion effects, rather than true electronic coupling through
the bridging ligands. It has been established that such
electrostatic interactions are proportional to the products of
the charges on the metal ioffsTaking the example of
[(NH3)sRu(u-4,4-bpy)Ru(NH)s] 5, the relevant equilibrium
is

[RuIIZRuIII]7+ + [RuIII3]9+22[RuIIRuIII2]8+

[RUII2]4+ + [RuIII2]6+ = Z[RUIIRUIII]5+ (4)
The relative repulsion factors are thenX22) + (3 x 3) =
13 on the left, versus 2 (2 x 3) = 12 on the right. Hence,
the mixed-valence state is more stable electrostatically by 1
part in 13. Applying the same method, the stabilization of
the two mixed-valence states of an JRuiangle can be
calculated as follows. Reaction 2 above describes the
equilibrium associated with the fir$t; value, which leads
to relative repulsion factors of [& (2 x 2)] + [2 x (2 x
3) + (3 x 3)] = 33 on the left, versus X [(2 x 2) + 2 x
(2 x 3)] = 32 on the right. The first mixed-valence state for
the triangle is therefore stabilized electrostatically by only 1
part in 33. Reaction 3 describes the equilibrium associated
with the secon. value, which leads to relative repulsion
factors of [2x 2) + 2 x 2 x 3)]+[3 x 3 x 3)] =43
on the left, versus X [2 x (2 x 3) + (3 x 3)] =42 on the
right. The second mixed-valence state for the triangle is
therefore stabilized electrostatically by even less, only 1 part
in 43. Thus, the increase in the number of-RRu interac-
tions, plus the stepwise nature of the oxidation of the total
molecule, actually leads to less electrostatic stabilization for
the mixed-valence states of the Rtriangle than for a
similarly bridged Ru species.

The electrochemistry of the square complex [(cyclen)
(4,4-bpy)]®" provides further evidence that the electronic
communication observed in the triangular complex is de-

(29) (a) Powers, M. J.; Meyer, T.lhorg. Chem1978 17, 1785. (b) Sutton,
J. E.; Sutton, P. M.; Taube, Hnorg. Chem.1979 18, 1017.

(30) Sutton, J. E.; Taube, Hnorg. Chem.1981, 20, 3125.

(31) (a) Fleischer, E. B.; Lavallee, D. K. Am. Chem. So@972 94, 2599.
(b) Tom, G. M.; Creutz, C.; Taube, H. Am. Chem. S0d.974 96,
7827. (c) Callahan, R. W.; Brown, G. M.; Meyer, T.ldorg. Chem.
1975 14, 1443. (d) Powers, M. J.; Meyer, T. J. Am. Chem. Soc.
198Q 102, 1289.

(32) Richardson, D. E.; Taube, i&oord. Chem. Re 1984 60, 107.
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overlapping, unresolved one-electron couples rather than a
single four-electron redox couple. More directly, the dif-
ferential pulse voltammogram confirms the four-electron
nature of the overlapping redox couples (see Figure S7 in
04 the Supporting Information). The addition of a stoichiometric
amount of ferrocene to the solution and simulation of the
profiles of the differential pulse voltammogram with Gauss-
2 ian peaks gave relative areas of 3.8:1.0 for the broad, square-
based couple versus the FclFmouple.

0477 The cyclic voltammogram of [(dppkRwCls(4,4-bpy)]
in dichloromethane also reveals no evidence of electronic
A coupling, exhibiting a single four-electron redox couple at
08 0.6 04 02 00 02 - 8 o .
. + E1» = 0.55 V versus Ag/AgClH Similarly, just one redox
Potential vs. Fc/Fc™ (V) couple was observed in the cyclic voltammograms of

Figure 4. Cyclic voltammogram of7 in acetonitrile. The measurement  ginuclear 4.4bpv-bridged complexes. namel =1.36
was performed on a platinum electrode at a scan rate of 1000 mV/s with Ry 9 P ' Bl :

0.1 M (BwN)CIO;, as the supporting electrolyte. At significantly slower vV (AEp; = 90 mV) versus a sodium chloride calomel
scan rates, the oxidation was irreversible. Ferrocene (Fc) was employed aslectrode for [(2,2bpyk(py)Ru(u-4,4-bpy)Ru(py)(2,2-

an intemal standard. bpy)]** in acetonitrile solutio?? and 0.369 V AE, = 111

pendent on the alignment of the 4py rings. As shown  MV) versus NHE for [(NH),Ru(u-4,4-bpy)Ru(NH)s] ** in

in Figure 4, very different behavior is apparent in the cyclic @ 0-1 M agueous HCI soluticti.It should be noted that, in
voltammogram obtained foa 1 mM solution of 7 in @l of the aforementioned cases, only the peak-to-peak
acetonitrile. At slow scan rates, one broad, irreversible Separation of the redox couples signals a series of overlapping
oxidation wave is observed: however, as the scan rate isone-electron waves rather than one multielectron wave. These
increased, the reverse wave becomes increasingly distinctPrevious results serve to highlight the unusual degree of
At 1000 mV/s, a reversible four-electron redox couple COupling attained within the triangular [(cycleRus(4,4-
centered at 0.430 VAE, = 120 mV) versus Fc/Fcis bpy)]™ species, for which the redox couples are separated
obtained, corresponding to formation of theti®n state ~ €nough to be distinctly resolved and allow estimation of
of the square compleX.Upon comparison with the reversible =~ Comproportionation constants.

one-electron couple for the internal standard of ferrocene, Electronic Structure Calculations. DFT calculations
which displays a peak-to-peak separatiom\&, = 70 mV, were performed on [(cyclesRus(4,4-bpy)]®" in order to

the significance of the breadth of the couple becomes evident.probe the nature of the orbitals implicated in the electron-
The broadening is consistent with a series of closely transfer events. Figure 5 shows the energy levels and some

2 A 0.382

Current (pA)

-14.0 4

1 — 2a/

45 4 T —2¢
%“ ]
— -15.0 4
> d

o

S -

g a "

Ll 1+ %
-15.5 |

e

-16.0 - - fa)

te), 1)y 1a,’

Figure 5. Frontier energy level scheme and depictions of the highest occupied molecular orbitals for the triangular complexsRey@etnbpy)s] ¢,
as calculated using DFT.
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orbital depictions for the frontier orbitals of the closed-shell, Outlook
triangular complex. Below the HOMOGLUMO gap of 1.06
eV, the nine highest occupied orbitals lie within an energy
spread of 0.60 eV and arise from combinations of the t
orbitals of the three Rucenters. The six filled orbitals
highest in energy, 14, 1€', 2€', and @', are almost entirely
ruthenium-based, with no 4;8py character. In contrast, the
two orbitals below these, Taand 1e& exhibit significant
orbital contributions from the bridging 4:%py ligands,
which provide ar orbital system connecting the ruthenium

The foregoing results suggest that electronic coupling can
be achieved through bridging 4;8py ligands by utilizing a
triangular geometry that constrains the pyridyl rings to be
coplanar. With the use of appropriate blocking ligands, this
effect can perhaps be extended to larger supramolecular cage
constructs, such as a Ru-4,4-bpy) tetrahedron. These,
together with related pyrazine-bridged cage complexes, are
of particular interest for potential guest-specific sensing

n-type orbitals. These then represent the orbitals most likely @PPlications. Future research will focus on the elaboration
responsible for electron exchange upon oxidation of the of such species, as well as related modular, linear systems

molecule. Indeed, consistent with the 0.154 V region of of possible utility as redox-active components in molecular
stability observed by cyclic voltammetry, the results of DFT €léctronic devices.
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(33) After a single voltage loop in the cyclic voltammetry experiment for

7 employing BUNCIO, as the electrolyte was scanned, subsequent . - . . .
loops revealed a second, less intense redox couple at higher potential, SUPPOrting Information Available: - A depiction of the struc-

which iwas presumably due to some decomposition product. Experi- ture of 2, HMQC and COSY NMR spectra for 4, WUWisible
ments performed using BNPFs as the supporting electrolyte revealed  spectra of compounds 4 and 7, a plot of the differential pulse

two completely irreversible oxidation waves at the same potentials as ; ;
those observed in BMCIO, electrolyte solution. We conclude that voltammqgram for 7, and a complete ver_S|0n of ref 21 (PDF). This
the square complex is somewhat unstable in acetonitrile, but that Material is available free of charge via the Internet at http://
rapidly scanning the voltage with BNCIO,4 as the electrolyte has pubs.acs.org.

enabled us to see the series of four overlapping, one-electron reversible

waves associated with the intact complex before decomposition occurs. IC060570L
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