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Emission and Metal- and Ligand-Centered-Redox Characteristics of the Hexarhenium(lIl)
Clusters trans- and cis-[Res(u3-S)Cl4(L)2]>~, Where L Is a Pyridine Derivative or Pyrazine
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Preparations of a series of face-capped octahedral hexarhenium(lll) clusters having two N-heterocyclic ligands,
[BugN][trans-{ Res(us-S)Cla(L)2} ] (BusNT = tetran-butylammonium cation; l= pyrazine (a), 4,4-bipyridine

(3a), 4-methylpyridine %a), 4-(dimethylamino)pyridine §a)) and their cis analoguesll§, 3b, 5b, and 6b,
respectively), and their electrochemical and photophysical properties have been reported. An X-ray crystal structure
determination has been carried out fiato confirm the trans configuration ggHsoNsSsClsRes, orthorhombic,

space groucmca(No. 64),a = 19.560(5) Ab = 19.494(4) A,c = 18.592(4) A 3 = 115.76(2}, Z = 4). The

redox potential of the reversible RgRe''sReV process of these complexes and previously reportedNBu
[trans-andcis{ Res(us-S)kCla(4-cyanopyridinej} ] (2aand2b, respectively) and [BaN] [trans-andcis{ Res(us-
S)yCla(pyridine}}] (4a and 4b, respectively) in acetonitrile depends linearly on th&, pf the N-heterocyclic
ligands, with the potentials being more negative with basic ligands. The ligand-centered-redox waee4 for

2a, and2b were observed as split waveAH;», = 90—140 mV), the extent of the splitting being larger for the

cis isomer and largest for the pyrazine complexes. Electronic interaction between the two ligands through the
[Res(us-S)]?" core has been suggested. The second ligand-reduction wave was also obseBeeahfitsb, the
potential being shifted positively to coalesce with the first reduction wave on addition of the weak proton donor
imidazole. This is accounted for by the proton-coupled redox reaction at the free pyridyl site of thgpyriéline

ligands. All of the complexes show luminescence in acetonitrile at room temperature. While the complexes of
pyridine and 4-methylpyridine show photophysical characteristigs {40—750 nm,¢em 0.031-0.057,7em 4.2—

6.2us) similar to those (770 nm, 0.039, and 63 respectively) of [Reus-S)Cle]*~, emissions of other complexes

are significantly weak withlem, ¢em, andtem values in the ranges 76385 nm, 0.00160.0017, and 0.013
0.029us, respectively. Suggestions are given for the excited states localized on the cluster core and th# ligand
orbitals.

Introduction cap clusters composed of different chalcogenide ligands and
chalcogenide halide combinations have been prepared by
controlling the amount of starting materials for the solid-
state syntheses of the cluster uAfts?® Supramolecules and

Hexarhenium(lll) chalcogenide clusters with gRe-E)g]>"
cores (E= S, Se, Te) have been the subject of recent extensive
studies! 14 Versatility of the clusters has been proved by several
synthetic approaches that obtain variety of derivatives. Mixed-
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crystalengineering based on the fRe-E)g]?" core have been  Chart 1
reported recently.56:3%34 Examples are the cyano-bridged
aggregated complexes having three-dimensionat@é¢—M
frameworks such as @¥ns[Res(us-Sel(CN)gl215H0,
(H30).Cos[Res(us-Sep(CN)gl2: 14.5H0, and Mi[Res(us-Sey-
(CN)g]s*xH0 (M = Ga, Fe)320In addition to their synthetic
versatility, redox-activ&®®>3” and luminescent propertigs 9111214
reported for some [Réus-E)s]?" complexes demonstrate that
there may be further applications for this class of cluster
complexes.

The substitution of trialkylphosphine for the terminal halides

in [Reg(us-E)eXe]*~ (E =S, Se; X= halide) was controlled by trans-isomer cis-isomer
the amount of phosphine and the reaction temperature and
duration to give a series of the substituted complexess([RRe L pKa
E)sXe-n(PEE)n]* "~ (E = Se,n= 3—6; E=S,n= 2—6).3637 — _— ) 2
We recently reported the controlled synthesis of a series of NN 0.63 framARe(hs S)gcwpz)i] @
pyridine (py) and 4-cyanopyridine (cpy) complexes, {{Re- pz cis-[Reg(U3-S)Cla(pz)p] ™ (1b)
SXkCls—n(L)n]* ™~ (L = py,n=2—4; L =cpy,n=2).20For NC\>—CN 1.9 trans-|Reg(U3-S)5Cly(epy)y)” (2a)
the complexes wittm = 2, both trans and cis isomers were c_ e Ren (S C )
isolated. The substitution-inert nature of the terminal sites (X) , Py _ cis-|Reg(M3-S)sClalcpy ] (2b)
of [Res(us-E)sXe]*~ complexes is a key to the controlled N N N 444 trans-[Reg(13-S)sCly(bpy)s]” (3a)
syntheses of the complexes with various combinations of bpy cis-[Reg(pa-S)eClalbpy)a]® (3b)
terminal ligands, and because of this inertness, designed per-[Reg(tta-S)Clalbpy)a]” (3e)
syntheses of various new derivatives of thedReg E)g]?+ core NC\> i Sy s .

— 525 trans-[Reg(13-S)gCly(py)s]” (4a)

are highly promising. While studying the cpy derivatives, we

found that the two chemically equivalent cpy ligands coordinated Py cis-[Reg(U3-S)sCly(py))> (4b)
in a trans or cis orientation to the [Res-S)]?" core show N\ 2
" ) . ) ) N_»CH rans-[Reg(l3-S)yCl > (s

splitting of the ligand-reduction wave in the cyclic voltammo- OrChe g rans{Rehs SHCl(mpysl* ()
grams. This splitting indicates that there is a redox interaction mpy cis-[Reg(H3-8)5Cly(mpy)p}™ (5b)
between the ligands through the hexarhenium core. We also N\//:\>_N:CH3 o; s RegityS)Clydmap),)* (6a)
found that these py complexes show strong luminescence at =/ " “CH,4 . N

room temperature. To obtain further systematic information on dmap cis-[Req(i3-8)sCla(dmap)]™ (6b)

the redox interaction of the ligands through the hexarhenium

core as well as on the photoluminescent properties, we are investigated and photoluminescent properties of the new
introduced new N-heterocyclic ligands such as pyrazine (pz), complexes and those of the previously reported py compléxes
4,4-bipyridine (bpy), 4-methylpyridine (mpy), and (4-dimethy- are also discussed.

lamino)pyridine (dmap). Nine new [B@s-S)]?" clusters, ) )

[trans and cis-{ Res(u3-S)kCla(L)2} 12~ and jner{ Res(us-S)e- Experimental Section

Cls(bpy)s}] ™, summarized in Chart 1, are reported in this paper.  Materials. [BusN]aRes(uz-SkClg] (BusN* = tetran-butylammonium
The pz, bpy, and cpy ligands are able to be reduced, so that thecation) was prepared according to the method in the literatiBa1,N] -
ligand—ligand interactions in their R&eomplexes are discussed [trans- and cis-{ Res(us-S)Cls(cpy)}] (2a and 2b, respectively) and
on the basis of the extent of splitting of the ligand-based redox [BuaN]z[trans-andcis-{ Res(us-SkCla(py)2}] (4aand4b, respectively)
processes in the cyclic and differential-pulse voltammograms. were prepared as described previou8ipll ligands, pz, bpy, mpy,

Proton-coupled electron transfer properties of the bpy complexesand dmap, were purchased from Wako Chemicals and used without
further purification. [BuUN]PFs was recrystallized twice from ethanol,

and acetonitrile for the electrochemical measurements was distilled
under an argon atmosphere. For the photophysical measurements,
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From the red-brown products held on the top of the column, geometrical
isomersla and1lb were separated as follows.
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Yield of the trans isomerla: 0.050 g (18%). Absorption data
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(acetonitrile; Ama/nm (/M1 cm™)): 502 (190), 316 (9800), 269 gel column to separate the geometrical isomers. Yellow-orange products

(24 100), 237 (36 000), 222 (52 300). Anal. Calcd fapENeSsCla- were held on the top of the column. The first and the second bands
Res: C,22.24;H, 3.73; N, 3.89; S, 11.87; Cl, 6.56. Found: C, 22.42; gave only small amounts of oily products, which were not identified.
H, 3.68; N, 4.00; S, 11.92; Cl, 6.68. FAB-MSwz = 2160 (M" — The third band was collected with 1/6 acetonitrile/dichloromethane,
BuwN). *H NMR (CD:CN, 23°C): 6 0.96 (t, 24H, BuN), 1.35 (q, and the eluate was left for several days to allow for evaporation. The
16H, BuN), 1.60 (g, 16H, BuN), 3.07 (m, 16H, BuN), 8.62 (d, 4H, yellow solid was filtered off, washed sequentially with water and a
Hm), 9.35 (d, 4H, H). mixed solvent of acetone and ether, and then dried in vacuo. Yield of

The second band was collected with 1/80 ethanol/dichloromethane, the trans isomeba: 0.022 g (8%). Absorption data (acetonitrifg;a’
and the eluate was left for several days to allow for evaporation in air. nm (/M= cm™)): 422 (1010), 376 (sh, 2200), 268 (26 100), 240
The red-brown solid that deposited was collected, washed sequentially(40 500), 224 (59 500). Anal. Calcd for£1seN4SsClsRes: C, 24.17;
with water and ether, and then dried in vacuo. Yield of the cis isomer H, 3.96; N, 2.56; S, 11.73; Cl, 6.49. Found: C, 24.01; H, 3.78; N,
1b: 0.040 g (14%). Absorption data (acetonitrilenas/nm (e/M 1 2.63; S, 11.71; Cl, 6.61. FAB-MSm/z = 2186.'H NMR (DMSO-ts,
cm™)): 516 (250), 270 (24 100), 237 (39 600), 220 (53 000). Anal. 23 °C): ¢ 0.93 (t, 24H, BuN), 1.30 (q, 16H, BuN), 1.57 (q, 16H,
Calcd: same a%a. Found: C, 22.49; H, 3.66; N, 3.74; S, 11.91; Cl, BuwN), 2.43 (s, 6H,—CHs), 3.14 (m, 16H, BuN), 7.34 (d, 4H, H),
6.55. FAB-MS: m/z = 2160.*H NMR (CDsCN, 23°C): 6 0.96 (t, 9.09 (d, 4H, H).

24H, BuN), 1.35 (g, 16H, BuN), 1.60 (g, 16H, BuN), 3.07 (m, 16H, The fourth band was collected with 1/6 acetonitrile/dichloromethane,
BwN), 8.65 (t, 4H, Hy), 9.44 (d, 4H, H). and the eluate was left for several days to allow for evaporation to

(b) [BusN]o[trans{ Res(u3-SkCla(bpy)2}] (3a), [BuaN]z[cis{Res dryness. The yellow solid was washed sequentially with water and a
(#3-S)Cla(bpy)2}] (3b), and [BusN][mer{ Res(us-S)kCls(bpy)s}] (3c). mixed solvent of acetone and ether and then dried in vacuo. Yield of

[BusN]s[Res(us-S)Cle] (0.300 g, 0.13 mmol) and 44bipyridine (0.404 the cis isomebb: 0.051 g (18%). Absorption data (acetonitrifg;a/
g, 2.6 mmol) were dissolved in 60 mL of DMF. The solution was nm (/M~* cm™): 424 (sh, 970), 376 (sh, 2300), 270 (25 600), 239
refluxed fa 1 h and then evaporated to 5 mL in vacuo. On addition of (43 300), 226 (57 800). Anal. Calcd: same&ss Found: C, 24.21;
20 mL of water, a yellow-orange precipitate was formed, which was H, 3.81; N, 2.73; S, 11.78; Cl, 6.47. FAB-MSn/z = 2186.'H NMR
collected by filtration. The solid was dissolved in dichloromethane, (DMSO-ds, 23°C): 6 0.93 (t, 24H, BuN), 1.30 (g, 16H, BuN), 1.57
and the solution was chromatographed on a silica gel column to obtain (g, 16H, BuN), 2.44 (s, 6H, CH), 3.14 (m, 16H, BuN), 7.34 (d, 4H,
the geometrical isomers. Yellow-orange products were held on the top Hn), 9.15 (d, 4H, H).
of the column. The first yellow-orange band eluted with 1/25 ethanol/ (d) [BuN],[trans{ Res(us-S)Cla(dmap).}] (6a) and [BusN] A cis-
dichloromethane gave a small amount of oily product, which was not {Res(u3-S)kCla(dmap)s}] (6b). [BusN]s[Res(us-S)Cle] (0.300 g, 0.13
identified. mmol) and 4-(dimethylamino)pyridine (0.064 g, 0.52 mmol) were
The second band was eluted with 1/25 ethanol/dichloromethane, anddissolved in 70 mL of DMF. The solution was refluxed for 15 min
the eluate was left for several days to allow for evaporation in air. The and then evaporated to 5 mL in vacuo. On addition of 20 mL of water,
orange solid that deposited was filtered off, washed sequentially with a yellow-orange precipitate was formed, which was collected by
water and a mixture of acetone and ether, and then dried in vacuo.filtration and then dissolved in dichloromethane. The solution was
Yield of the trans isomerd3a: 0.030 g (10%). Absorption data  chromatographed on a silica gel column to obtain the geometrical
(acetonitrile;Amadnm (/M1 cm™)): 496 (sh, 430), 414 (2400), 324  isomers. Yellow products were held on the top of the column. The
(sh, 20 000), 274 (sh, 68 800), 248 (85 500), 224 (sh, 67 200). Anal. first two bands gave only small amounts of the products and were
Calcd for GoHsoNeSsClsRes: C, 27.00; H, 3.84; N, 3.63; S, 11.69; Cl,  discarded.
6.13. Found: C, 26.93; H, 3.36; N, 3.78; S, 11.47; CI, 6.37. FAB-MS:  The third band was eluted with 1/6 acetonitrile/dichloromethane, and
m'z = 2309."H NMR (CDsCN, 23°C): ¢ 0.96 (t, 24H, BuN), 1.35 the eluate was left for several days to allow for evaporation. The yellow
(9, 16H, BuN), 1.60 (g, 16H, BuN), 3.07 (m, 16H, BuN), 7.59 (t, solid that was obtained was filtered off, washed sequentially with water
8H, Hr), 8.73 (d, 4H, H), 9.45 (d, 4H, H). and a mixed solvent of acetone and ether, and then dried in vacuo.
The third band was eluted with 1/25 ethanol/dichloromethane, and Yield of the trans isomer6a: 0.018 g (6%). Absorption data
the eluate was left for several days to allow for evaporation in air to (acetonitrile;Ama/nm /M~ cm)): 420 (1450), 310 (sh, 46 700),
dryness. The orange solid was washed sequentially with water and a281 (83 000), 243 (50 000), 224 (64 000). Anal. Calcd feiHgNeSs-
mixture of acetone and ether and was then dried in vacuo. Yield of the Cl.Res: C, 24.61; H, 4.13; N, 3.74; S, 11.43; Cl, 6.32. Found: C, 23.89;
cis isomer3b: 0.038 g (13%). Absorption data (acetonitrifg;a,/nm H, 3.87; N, 3.89; S, 10.88; Cl, 5.63. FAB-MSn/z = 2244."H NMR
(e/M~1 cmh)): 505 (sh, 380), 413 (4400), 308 (sh, 25 300), 274 (sh, (DMSO-ds, 23°C): 6 0.93 (t, 24H, BuN), 1.30 (q, 16H, BuN), 1.57
51 300), 244 (87 500), 224 (sh, 69 900). Anal. Calcd: sam8tas (g, 16H, BuN), 3.04 (s, 12H, BkN), 3.14 (m, 16H, BuN), 6.60 (d,
Found: C, 27.89; H, 3.92; N, 3.76; S, 11.46; Cl, 6.34. FAB-M8z 4H, Hy), 8.61 (d, 4H, H).

= 2311."H NMR (CDsCN, 23°C): 9 0.96 (t, 24H, BuN), 1.35 (g, The fourth band was collected with 1/6 acetonitrile/dichloromethane,
16H, BuN), 1.60 (q, 16H, BuN), 3.07 (m, 16H, BuN), 7.59 (t, 8H, and the eluate was left for several days to allow for evaporation to
Hm), 8.73 (d, 4H, H), 9.53 (d, 4H, H). dryness. The yellow solid was washed sequentially with water and a

The fourth band was eluted with 1/20 ethanol/dichloromethane, and mixed solvent of acetone and ether and then dried in vacuo. Yield of
the eluate was evaporated to dryness. The residue was recrystallizedhe cis isome6b: 0.034 g (13%). Absorption data (acetonitrifg;a’/
by diffusing ether into the acetonitrile solution. The yellow-orange solid nm /M~ cm™)): 420 (1400), 278 (82 900), 244 (sh, 48 000), 224
was collected by filtration, washed with a mixture of acetone and ether, (63 000). Anal. Calcd: same &s. Found: C, 24.64; H, 4.02; N, 3.69;
and then dried in vacuo. Yield &c: 0.014 g (5%). Absorption data S, 11.43; Cl, 6.36. FAB-MS:nm/z = 2243.'H NMR (DMSO-ds, 23
(acetonitrileAma/nm /M~ cm™2)): 314 (21 300), 247 (65 500). Anal. °C): 6 0.93 (t, 24H, BuN), 1.30 (q, 16H, BuN), 1.57 (g, 16H, BuN),
Calcd for GeHeoN7SsClsRes: C, 25.22; H, 2.76; N, 4.48; S, 11.71; Cl,  3.05 (s, 12H, CH), 3.14 (m, 16H, BuN), 6.61 (d, 4H, H,), 8.65 (d,
4.85. Found: C, 24.45; H, 2.75; N, 4.85; S, 11.49; Cl, 4.51. FAB-MS: 4H, H,).

m'z = 2191."H NMR (CDsCN, 23°C): 6 0.96 (t, 12H, BuN), 1.35 Physical Measurements.UV—visible absorption spectra were

(9, 8H, BuN), 1.60 (g, 8H, BuN), 3.07 (m, 8H, BuN), 7.68 (t, 12H, recorded on a Hitachi U3410 or U3000 spectrophotometer. Cyclic

Hm), 8.73 (d, 6H, H), 9.48 (d, 4H, H), 9.54 (d, 2H, H). voltammetry was performed with a BAS-50W potentiostat and a
(c) [BusN]z[trans{ Res(us-SkCla(mpy)2}] (5a) and [BusN];[cis- software package. The working and counter electrodes were a glassy-

{Res(us-SkCla(mpy)z}] (5b). [BusN]s[Res(us-S)kCle] (0.300 g, 0.13 carbon disk and a platinum wire, respectively. Cyclic voltammograms
mmol) and 4-methylpyridine (0.121 g, 1.3 mmol) was dissolved in 50 were recorded at a scan rate of 100 mV/s. The sample solutions (ca. 1
mL of DMF. The solution was refluxed fol h and then reduced to  mM) in 0.1 M [n-BusN]PF¢/acetonitrile were deoxygenated with a
dryness in vacuo. On addition of 20 mL of water, a yellow-orange stream of argon gas. The reference electrode was Ag/AgCl, against
precipitate was formed. After filtration, the precipitate was dissolved which the half-wave potential of FéFc (E1(Fc™)) was 0.43 V. The

in dichloromethane, and the solution was chromatographed on a silica®H NMR spectra were obtained at 270.05 MHz with a JEOL JNM-EX



1768 Inorganic Chemistry, Vol. 39, No. 8, 2000 Yoshimura et al.

Table 1. Crystallographic Data for
[BusN]2[trans{ Res(uz-S)kCla(pz)}] (18)

Nevertheless, the ease with which substitution for the terminal
chloride ligands occurs depends significantly on the incoming

empirical formula GoHgoNeSsClsRes ligand, more basic N-heterocycles tending to require shorter
fw 2160.65 reaction times and smaller excesses over the hexarhenium
EE 397610 6 reactant. Treatment of [B@s-S)Clg)3>~ with a 20-fold molar
Cryst syst orthorhombic excess of pz gaviéa and1b under reflux for 3 h. Onl 1 h of

space group
color

Cmca(No. 64)
red

reflux was sufficient to obtairBa and 3b from the reaction
mixture of [Rey(us-S)Cle]3>~ and a 20-fold excess of bpy. The

z 4 mpy complexegta and4b were prepared undél h reflux of

alA 19.560(5) the reaction mixture with 10 equiv of the ligand. In the case of
Efé ig'ggggg the most basic ligand dmafa and6b were obtained after only
V/A3 6057(4) 15 min and 1.2 h of reflux with 4 and 2.5 equiv of the ligand,
Deadg cnm3 2.369 respectively. Two geometrical isomers, trans and cis, of all the
u(Mo Ka)/lem™ 125.86 complexes were separated by silica gel chromatography by
E,S'Fiwb/% 31-3é-24-0 eluting with mixed solvents of dichloromethane and increasing

amounts of ethanol or acetonitrile. It was reported previously

AR = JIIFo| — |FdIY|Fol. PRy = [SW(IFo| — |Fe)&IW|Fo|qY2 that, for the py and cpy complexes, the trans isomers eluted
first, followed by the corresponding cis isomers, the assignment
270 spectrometer. All peaks were referenced to the methyl signals of being confirmed by the X-ray structural analydgé&Ve have

TMS atd = 0. Corrected emission spectra were obtained by using a assigned the trans isomers of all the complexes to the com-
red-sensitive photodetector (Hamamatsu PMA-11, model C5966-23) pounds eluted first (vide infra).

fand an Nd:YAG Laser (Continuum Surelite) at 355 nm exc_ltatlon. The Characterization of the complexes, including the assignment
instrumental responses of the system were corrected by using a software

i i s ofl
package for the detector. Lifetime measurements were conducted byOf the isomers, was performed mainly on the basis of'the
using a streak camera (Hamamatsu C4334) as a detector. EmissiodVMR spectra and, in one instance, the X-ray crystallographic

quantum yields were estimated by usingHwN][Moe(us-Cl)sClg] (¢em determination. All signals of the complexed ligands were
= 0.19)° as a standard. Sample solutions were deaerated thoroughlyobserved at lower fields than those of the free ligands in the

by purging with an Ar gas stream for 15 min prior to the experiments range of diamagnetic metal complexes, supporting th#sRe
and then sealed in their cells. oxidation state for all the complexes. The spectra of the-CD
X-ray Structural Determinations. A single-crystal oflawas sealed CN solutions remained unchanged after a week at room
ina glgss capillary. X-r.ay data were'collected_ at ambient temperature temperature, suggesting that ligand dissociation from thé §Re
on a Rl_ga_ku AFC_SR diffractmeter with graphlte_—monochromated Mo (us-S)]?* core does not take place. As to the spectra of the
Ko radiation. Unit cell parameters were obtained by least-squares geometrical isomers, we have shown previously for the py and

refinement of 25 reflections (25 26 < 30°). Decay corrections were | that th . Is of the t :
based on the measured intensities of reflections monitored periodically cpy complexes that the dsignals of the trans isomers were

throughout the course of the data collection. The crystal showed no OPServed at higher fields than those of the corresponding cis
significant decay. The data were corrected for Lorentz and polarization isomers. We found that, for the present pz, bpy, mpy, and dmap
effects, and an absorption correctiangcans) was applied to data set. complexes, the isomers eluted first by silica gel chromatography
The crystal structure was solved by direct methods (SIR9&jomic always show their K signals at higher magnetic fields than the
coordinates and anisotropic thermal parameters of the non-hydrogenisomers eluted later. Moreover, X-ray structural analysis
atoms were refined by full-matrix least-squares calculations. The confirmed that the first eluted isomelra, of the pz complexes
hydrogen atoms on the pyrazine ligands were placed at calculatedpas 3 trans geometrical configuration (vide infra) (Figure 1).
positions and were refined using a model with an isotropic thermal By considering all these facts, we conclude that the isomers
parameter 1.2 times that of the attached carbon atom. All calculations eiuted first and having Hsignals in upper magnetic fields are

were performed using TEXSAHN. Crystallographic data are listed in Lo
Tablepl. g 4 arap the trans ones for all of the N-heterocyclic ligands.

The pz and bpy ligands have two nitrogen coordination sites,
but they coordinate to the Reenter as monodentate ligands.
In addition to being indicated by X-ray structural analysis, the
monodentate coordination dfa is supported by itdH NMR

Results and Discussion

Preparation and Characterization of the Complexesin a
previous paper, we reported the preparation of a series of

octakisfs-sulfido)hexarhenium(lll) complexes of mixed chlero spectra, Whi.Ch clgarly show that the two ni.trogen sites of these
pyridine (py) and chlore4-cyanopyridine (cpy) terminal ligands are inequivalent. One set of the signals appears in the

ligan Re(1- e (L) 1@ (| = n=o—4 L = _region of cpordinated pyridyl groups, Wheree_ls the other set is
cg; SS: g),ek()l;str?gs?egc;c(io)nn]of the I(ingRéey(’:omplex [F\;%(#S_ in the region of the corresponding free Ilg_and. The mer
S)Clg]3~ with py or cpy in DMF solution with varied ratios of cor_mfl_guratlon of th(_a (bpy) complexSc_was confl_rr_ned .by t_he
the reactants and reaction timléShe new complexes, [R@:s- spllttlng of the H, signal of the co.ordlnated pyridine ring in a
SECl(L)2]>~ (L = pz, bpy, mpy, dmap), were prepared by 2:1 ratlo. as well as the. obgervatlon of.th@ Hgngl from the
synthetic procedures similar to those reported for their py and uncoordinated pyridyl ring in the free ligand region. .
cpy analogues. The reaction is not a simple terminal ligand ~ For the hexahalogeno complex fges-SeXe]*~ (X~ = halide
substitution of [Re(us-SkClg)>~ because simultaneous reduction  i0n), there are distinct absorption peaks at ca. 430 nm (the chloro
of the hexarhenium core takes place during the reaction. COmplex shows a peak at 436 nm in acetonitrile that shifts to
longer wavelengths as X becomes heavier). This band was
(39) Maverick, A. W.; Najdionek, J. S.; MacKenzie, D.; Nocera, D. G.; assigned to LMCT (X to Re) transition$® The present
Gray, H. B.J. Am. Chem. Sod.983 105 1878-1882. complexes containing N-heterocycles show less defined absorp-

(40) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliari, A.; Burla, tiqn i ; i -
M. C.: Polidori, G. Camalli, MJ. Appl. Crystaliogr1994 27, 435, tion in the region 306450 nm due to overlap of possible metal

(41) TEXAN: Single-Crystal Structure Analysis Packagddolecular to-N-heterocyclic ligand charge transfer with the LMCT tran-
Structure Corp.: The Woodlands, TX, 1992. sition, except for5 and 6, for which the LMCT bands are
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Figure 1. ORTEP drawing showing the complex anion and numbering
scheme for [BuN].[trans{Res(us-SkCla(pz)}] (1a). Ellipsoids are
drawn at the 50% probability level, and hydrogen atoms are omitted
for clarity.

Table 2. Selected Bond Distances (A) and Angles (deg) for
[BusN]o[trans{ Res(us-S)Cla(pz)}] (14)

Re—-Re 2.5886(8)2.6008(6) Re-S—Re 65.19(73-65.41(7)
av 2.5942 av 65.27
Re-S 2.394(3%-2.418(3) SRe-S  172.7(1}174.5(1)
av 2.405 av 173.5
Re—-N 2.21(1) S-Re-S  89.20(9)-90.35(9)
Re—Cl 2.419(4), 2.421(4) av 89.8
av 2.420 Re-Re-N 134.6(3)-135.0(3)
Re—Re—Re 89.50(3)-90.50(3) av 134.8
av 90.00 Re-Re-Cl 134.7(1)-135.7(1)
Re—Re—Re 59.80(2)-60.27(2) av 135.2
av 60.00

still observable at 426430 nm. A band observed at ca. 413
nm for 3a and 3b would involve the contribution from the
MLCT transition to the bpy ligands, since the intensity is
considerably higher than that of the LMCT transition (@b
Re) of other Rgcomplexes. It should be noted that complexes
1-3, which contain N-hetrocyclic ligands having low-lyiog
orbitals, show absorption shoulders at 4820 nm, whereas
complexesA—6 show no shoulders.

X-ray Structure of [Bu sN]o[trans-{ Res(r3-S)Cla(pz)2}].
Single crystals suitable for X-ray crystallography were obtained
by slow diffusion of ether into the acetonitrile solution of
[BugN]o[trans{ Res(us-SkCla(pz)}] (18). The ORTEP drawing
of the anion oflais shown in Figure 1. Table 2 summarizes

Inorganic Chemistry, Vol. 39, No. 8, 2000769

Table 3. Redox Potentials of the New Complexes in 0.1 M
[BusNJPFs/CH:CN

Eu%V vs Ag/AgCI (AES)

Re'y
Ré''sReV L-/L

40.86 (70) —1.34,—1.45
40.86 (70) —1.33,—1.47
+0.83 (60) —1.19,—1.28
40.83 (60) —1.18,—1.29
40.79 (60) —1.45 (2€),

[BuaN]2[trans{ Res(us-S)Cla(pz)}] (1)
[BuaN]2[cis-{ Res(us-S)kCla(pz)}] (1b)
[BuaN]z[trans{ Res(us-S)kCla(cpy)}] (28)
[BuaN]2[cis-{ Res(us-S)kCla(cpy)}] (2b)
[BusN]2[trans{ Res(u3-S)eCla(bpy)}] (33)

—1.96 (2¢€)
[BuaN]2[cis-{ Res(uz-S)Cla(bpy)}] (3b) +0.79 (60) —1.44 (2¢),
—1.94 (2¢)
[BuaN]2[trans{ Res(us-SkCla(py)2}] (48)  +0.77 (60)
[BuaN]2[cis-{ Res(us-S)Cla(py)z}] (4b) +0.77 (60)
[BusN]o[trans{ Res(us-S)kCla(mpy)}] (58) +0.75 (60)
[BuaN]2[cis-{ Res(us-SeCla(mpy)}] (5b)  +0.75 (60)
[BusN]o[trans{ Res(u3-S)kCls(dmap}}] (6a) +0.68 (60)
[BuaN]2[cis-{ Res(us-S)Cla(dmap)}] (6b)  +0.68 (60)

aEyp = (Epat Epd/2, whereEp, andE, are the anodic and cathodic
peak potentials, respectively; values in VORAE, = E,a — Ey; values
in millivolts.

l()uAI

1 4 1
-0.8 -0.4 0
V/ Ag/AgCl
Figure 2. Cyclic voltammograms of [BiN]y[cis{Res(us-SkCls-

(dmap)}] (upper) and [BuN]z[cis{ Res(us-SkCla(pz)}] (lower) in 0.1
M [BusN]PFs/CH:CN solution. Scan rate= 100 mV/s.

T
-1.2

solutions. Electrochemical data for all of the complexes are
summarized in Table 3. The cyclic voltammograms oo
[Res(uz-S)Cla(pz)]?~ and cis-[Res(uz-S)Cly(dmap)]?~ are
shown in Figure 2.

(a) Dependence of ), for the Re'' /R sREY Couple on
Terminal N-Heterocyclic Ligands. All of the complexesl—6,
including geometrical isomers, exhibit a reversibld/gRé€' s-

ReV wave. The one-electron nature of the wave has been
confirmed coulometrically for comple2a. No difference in the
Re's/Re"sReV redox potentials is observed between cis and
trans isomers for a given N-heterocyclic ligand. Hie values

selected bond lengths and angles. Each rhenium atom is locatedor the Ré'¢/Re!'sRe" couple are significantly more positive

at vertex positions of the BR®ctahedron. Two rhenium atoms
coordinated by pz ligands are orientated in mutually trans
positions. The ReRe and Re-S distances are in the ranges
2.5906(8)-2.6008(6) and 2.395(3)2.418(3) A, respectively.
The Re-N(pz) distance is 2.21(1) A. All distances and angles

than that for [Re(us-S)Clg]*~,%8 indicating that the ground state
of the hexarhenium core is stabilized by the N-heterocyclic
ligands. Within a series dfans or cis-[Res(us-S)Cla(L)2]%~
complexesE;;, becomes more positive in the ordert.dmap

< mpy < py < bpy < cpy < pz, suggesting that the

are in the ranges of the values observed for py and cpy coordination of electron-withdrawing groups makes thes{Re

analogues.

Electrochemical Studies Electrochemical properties of the
new series of complexes were investigated by cyclic and
differential-pulse voltammetries in 0.1 M [BN]PF¢/acetonitrile

(us-S)]?+ core more difficult to oxidize. Figure 3 shows a good
linear correlation between the;;, and the K, values of the
N-heterocyclic ligands. Linear regression analysis of the plot
gives eq 1.
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Figure 3. Correlation between thekp of the free ligands and the redox
potential of the complexes.

E,,=0.8737— 0.0197(K,) R=0.99 Q)
Clearly theo electrons of the N-heterocyclic ligands affect
the HOMO levels of the rhenium clusters. The correlation should

allow us to tune the redox potential of the'R¢éRe!" sReV couple
of the [Re(us-S)]?" core by choosing an N-heterocyclic ligand
with an appropriate Ig,.

(b) Ligand—Ligand Redox Interactions. The free ligands
pz and cpy exhibit a one-electron reduction wavEgt= —2.1
and By, = —1.79 V vs Ag/AgQCI, respectively. As shown in
Figure 2, reversible two-step one-electron redox waves are
observed for complexeka, 1b, 2a, and2b in the range from
—1.2 to —1.5 V vs Ag/AgCIl. These waves were assigned to
ligand-centered redox processes §1) (L*7)(L) and (L*7)(L)

— (L*)2 L = pz, cpy), since complexes—6 show no redox
waves in the negative potential region upt@.0 V. Figure 4
shows the cyclic voltammograms of the bpy comple3aand

3b. These complexes show two-step redox waves for the
reduction of the bpy ligands at ca.1.44 and—1.96 V. The
first and the second ligand reduction waves of comple3es
and 3b are assigned to (bpy)y— (bpy ). and to (bpy ), —
(bpy?™)2, respectively. The first reduction wave of the free bpy
ligand was observed &, = —1.89 V vs Ag/AgCl in 0.1 M
[BusN]PFs/acetonitrile. The second reduction wave was not
observed up te-2.2 V. Thus, the ligand redox potentials shift
to positive potentials by at least 0-60.7 V from those of the
free ligand. Since only the ligand-reduction waves were
observed, the LUMOs of the pz, bpy, and cpy complexes must
be ligand oriented. For complexds-6, it is not clear whether
the LUMOs are metal or ligand centered, as no reduction waves
was observed.

Now we discuss further the splitting of the reduction waves
of the two ligands coordinated to the &es-S) core. Figure 5
shows the differential-pulse voltammograms of the ligand-
reduction processes for the six compledes 1b, 2a, 2b, 3a,
and3b. Except for3aand3b, splitting of the ligand redox wave
is clear. The extent of the splitting\Ej/,) is correlated with
the comproportionation constalt, which is equal to [(£)-

(LIZL) 2L )2 #2
K. = expFAE,,/RT)

The AE;;, andK; values thus obtained are 120 mV and 107
for 1a, 140 mV and 232 fofLb, 90 mV and 34 foRa, and 110
mV and 72 for2b, respectively. The largest peak separation is
found for 1b. It is seen that a cis isomer tends to show larger

(F = Faraday constant) (2)

(42) Richardson, D. E.; Taube, thorg. Chem.1981, 20, 1278-1285.
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10 uAI

1 by 1 |
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Figure 4. Cyclic voltammogram of [BiN].[trans{Res(us-S)Cls-
(bpy)}] in 0.1 M [BusN]JPFs/CH:CN solution (upper) and that after
the addition of a few drops of water (lower). Scan ratel00 mV/s.

-1.4 1.0

is-[ReSsCly(pz)a}”

;

trans-[RegSsCla(pz),]%

:

cis-[RegSsClacpy)l”

10puA

5

trans-[RegS 8C14(CP)')2]2_

!

is-[ReSgCla(bpy)a]*

P

trans-[RegSsCla(bpy)2)®

!

1.6 1.4 1.2

E/V vs. Ag/AgCl

Figure 5. Differential-pulse voltammograms of the ligand-reduction
waves in 0.1 M [BuN]PF/CHsCN solution. Scan rates 20 mV/s.

splitting than the corresponding trans isomer. Splitting of the
ligand-reduction waves foBa and 3b is not obvious. The
differential-pulse voltammetric waves f@b is broader than
that for 3a, however, and the\E;/, values must be larger for
the cis isomeBa.
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Scheme 1
iy - . 4 F2e il 2 16
[Re"sRe" (13- S)pClybpy)o] =t2=  [Re"s(us S)sClybpy)ol” =12 [Re(us-)sClylbpy Dol =5 (Re s(ka-S)Clabpy”)o]
+0.79V -1.45V -1.96 V
+2e, +2H*

Two main factors controlling the splitting of a ligand-
reduction wave in metal complexes were pointed out by Vicek,

oxo-bridged diruthenium complex [R{x-O)(u-CH;COO0)(2,2-
bipyridine)y(1-methylimidazole) 2", where addition of the weak

i.e., electrostatic repulsions between ligands and metal-mediatedoroton donor imidazole (6, = 14.4) caused the redox wave

ligand—ligand electronic interactiorfS. The electrostatic repul-
sion is unlikely to be important in the present complexes,

RU'RU'/RU'RU" to shift positively, coalescing with the Ru
Ru'"/RU"RuU" wave to give an apparent one-step two-electron

particularly in the case of trans isomers, where the two ligands wave?8 This is explained by protonation of the oxide bridge at
are separated by three Re atoms and are too far apart to havéhe RURU' stage but not at the RRU" stage to cause the

effective through-space interactions. It is more likely that an
electronic interaction through the [Kes-S)]?" core is respon-
sible for the observed splitting of the ligand-reduction waves.
For some oxo-centered trinuclear ruthenium(lll) complexes,
redox interactions of the three N-methyl-4Btpyridinium
ligands are shown to be mediated by vacarit orbitals
composed of metalsdand oxo pr orbitals?*“5as the trirhod-
ium(l1l) analogue which has a filled* orbital shows no redox
interaction?* In the case of the Réus-S) core, the d electrons
of Re(lll) may be used mainly for ReRe o bonding and the
vacant d orbitals may be available for the ligand interactfofs.
The low-lying 7z* orbital of pz may be closer to unoccupied

shift of only the RURU'/RU'RU" wave.

We added the weak proton donor imidazole to the acetonitrile
solutions of3a and 3b. Coalescence of the ligand-reduction
waves was again observed. Selective protonation at bipyt
not at bpy~ by imidazole occurred, so that the more positive
Hbpy /Hbpy wave was observed rather than that of by
bpy~. The necessary condition to observe the coalescence is
that the redox potential of the HobpiHbpy process is equal to
or more positive than that of the bpybpy~ process. The
processes are summarized in Scheme 1.

Estimation of the K, values of the coordinated bpy of
[Res(us-S)Cla(bpy)]?>~ was hampered by precipitation of the

metal d orbitals than that of cpy, so that the electronic interaction protonated species. Addition of a strong agigdluenesulfonic

is stronger for pz than for cpy. The fact that the interaction of acid) caused precipitation of both isomers. The precipitation,
the cis isomer is stronger than that of the corresponding transwhich was reversed upon addition of triethylamine, may be
isomer may suggest that the electrochemical interactions caused by the formation of a neutral speciess(##eS)Cls-

decrease as the number of spacer Re atoms between the tw@Hbpy),, upon protonation. Neutral hexarhenium complexes such

ligands increases from two (cis) to three (trans). The interactionsas Re(us-S)kCla(py)s are often less soluble. The reporteld,p

between the bpy ligands of complex&a and 3b are weaker
although their redox potentials are not significantly different
from those ofl and 2. For Creutz-Taube type dinuclear
complexes, it is known that the bridging 4Wipyridine ligand

is less interactive because of twisting of its two aromatic ritigs.
It is possible that similar twisting of the two aromatic rings
would be responsible for the absence of significant splitting of
the ligand-reduction waves &a and 3b.

(c) Proton-Coupled Electron Transfer of the 4,4-Bipyri-
dine Complexeslt was found that the second ligand-reduction
waves of the bpy complex&a and3b in acetonitrile are very
sensitive to moisture. The redox waves observes] at= —1.94
V (cis) and—1.96 V (trans) in the freshly prepared solutions

values for coordinated 4:bipyridines in [Ru(NH)s(bpy)]2+ 4°
and ReX(COy(bpy) (X = CI, Br, )% fall within a range of
4—4.5. The K, values for the coordinated bpy ligands in
[Res(uz-S)Cla(bpy)]?~ would be similar to those of the
mononuclear complexes. When 4bipyridine is reduced, the
pKa value should increase. Th&pvalues of the one-electron-
reduced bpy ligand may be approximated from thg palues

of the charge-transfer-excited state of some bpy complexes
where the formation of bpy is assumed. The values for the
excited states of [Ru(Ngs(bpy)Z™ 42 and ReX(CO)(bpy)>°
were estimated to be 111 0.1 and ca. 13.7, respectively. The
pKa values of the two-electron-reduced Bpyigands in [Re(us-
S)kCly(bpy?™)2]¢~ would be even larger, and proton transfer from

shift to positive potentials on standing, while other redox waves imidazole and water is very reasonable.

are unaffected. Addition of a few drops of water to the solutions

Luminescence of the ComplexedAll of the complexes are

causes a more drastic change, the second reduction wave beintminescent in acetonitrile at room temperature. Table 4

coalesced with the first one (originally atl.44 and—1.45 V

summarizes the photophysical data @ 1b, 3a, 3b, 5a, and

for the cis and the trans isomers, respectively) to give a Sbtogether with those fota, 4b, andmer[Res(us-SkCla(py)s] -
reversible one-step four-electron wave (per one complex) (7) at 298 K. It is clear that the emission characteristics are

centered at-1.44 V (Figure 4) (small splitting of the wave is
noted, possibly due to the ligantigand interaction (vide

significantly different between the group of py and mpy
complexes 4a, 4b, 5a, 5b, and 7) and that of bpy and pz

supra)). This observation is reminiscent of the behavior of the complexes 1a 1b, 3a and 3b). The latter group of the

(43) Vicek, A. A. Coord. Chem. Re 1982 42, 39-62.

(44) Abe, M.; Sasaki, Y.; Yamada, Y.; Tsukahara, K.; Yano, S,; Ito, T.
Inorg. Chem.1995 34, 4490-4498.

(45) Abe, M.; Sasaki, Y.; Yamada, Y.; Tsukahara, K.; Yano, S.; Yamaguchi,
T.; Tominaga, M.; Taniguchi, |.; Ito, Tinorg. Chem1996 35, 6724~
6734.

(46) Honda, H.; Tanaka, K.; Noro, T.; Miyoshi, E. Private communications.

(47) Creutz, CProg. Inorg. Chem1983 30, 1.

complexes show significantly smallégm (0.0016-0.0017) and
Tem (0.013-0.029us) values and largetem values (765785

(48) Kikuchi, A.; Fukumoto, T.; Umakoshi, K.; Sasaki, Y.; Ichimura, A.
J. Chem. Soc., Chem. Commu®895 2125-2126.

(49) Lavallee, D. K.; Fleischer, E. B. Am. Chem. S0d.972 94, 2583~
2599.

(50) Giordano, P. J.; Wrighton, M. 8. Am. Chem. Sod979 101, 2888—
2897.
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Table 4. Photophysical Data for the Hexarhenium(lll) Clusters in
CHCN at 298 K

complex AenddNM  em TenlUUS

[Res(us-S)Clg]*~ 2 770  0.039 6.3
[Res(us-S)Bre]* @ 780 0.018 5.4
[Res(us-Skle]* 2 800 0.015 4.4
[Res(t3-S)(CN)g] 4~ P 720 0.056 11.2
[trans{ Res(us-S)kCla(pz)} 1>~ 782  0.0017 0.029,0.0%3
[cis-{ Res(us-S)Cla(pz)s} ]2~ 785 0.0010 0.021
[trans{ Res(us-S)kCla(bpy)} 1>~ 763 0.0013 0.019
[cis-{ Res(us-S)Cla(bpy)} 1>~ 768  0.0011 0.013
[trans{ Res(us-SkCla(py)2} 12~ 750  0.033 4.5
[cis-{ Res(us-S)kCla(py)} 17~ 745  0.042 5.1
[mer{ Res(us-S)kCls(py)s}] ™ 740  0.045 5.9
[trans{Res(us-SkCla(mpy)}]>~ 749  0.031 4.2
[cis{ Res(us-S)kCla(mpy)} 1%~ 745  0.057 6.2

aReference 8% Reference 9¢ The decay was fitted by a double
exponential curve.

nm) compared to the corresponding values for the former
complexes (0.0310.057, 4.2-6.2 us, and 746-750 nm,

Yoshimura et al.

of the excited states of these complexes are similar. Although
direct evidence for the natures of the LUMOs of these
complexes from the cyclic voltammetric measurements was not
obtained (vide supra), we believe, by taking these photophysical
data into account, that the LUMOs of these complexes are more
likely to be localized on the cluster cores.

Conclusion

Preparation methods for a series of hexanuclear octahedral
rhenium(lll) clusters have now been established in which the
number and geometrical configuration of terminal N-heterocy-
clic ligands are controlled. Versatile redox characteristics of the
complexes have been revealed: (i) the'gR€e"sReY redox
process is correlated linearly with the liganlpralues, with
a slope of 0.019 V/K,, but is independent of the geometry (cis
and trans isomers) of the complexes, (ii) the ligand-centered
redox processes observed for the pz, bpy, and cpy complexes
indicate that the ligand* orbitals consist the LUMOs of the
complexes, (iii) the ligand redox waves show splitting, the extent

respectively). The influence of geometrical isomerism appears of which depends on the kinds of ligands and the geometrical

to be insignificant. Clear trends in the photophysical data for

configurations of the complexes, and (iv) proton-coupled two-

the cis and trans isomers are observed, however, which are ingjectron redox reactions per one ligand (Hbplypy) in [Re(us-

opposite directions for the two groups. Thus, for the py and
mpy complexesgem andtem are smaller anden, is shorter for

S)kCly(bpy)]?~ were observed in acetonitrile upon addition of
the weak proton donor imidazole. Luminescent properties of

the trans isomer, while for the pz and bpy complexes the trendsthe Re complexes are further demonstrated for those containing

are in the opposite direction.

On the basis of the photophysical data for two series of
hexarhenium(lll) complexes, [B@s-S)Xel*~ (X = ClI, Br, 1)
and [Re(uz-E)s(CN)g]*~ (E=S, Se, Te), it has been suggested

py and its derivatives, suggesting promising photophysical and
photochemical studies of the Reomplexes. Different emissive

excited states have been suggested for the first time: cluster
core excited states for the complexes with py and mpy ligands

that the photoemissive excited state is largely localized on the ang Jigandz* orbitals for the bpy, pz, and cpy derivatives.

ResEg core8® The pz, bpy, and cpy complexes all show ligand-
centered-redox waves in the regieil.2 to—1.5 V, indicating
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the emissive excited state could be oriented at the ligand-

centereds* orbitals. An alternative interpretation is that the
emissive excited state is still the cluster core orbital from which
intersystem crossing to nonemissive ligamt orbitals could
quench the emission pathway.

The ¢em and tem values of the py and mpy complexes are
similar to those of [Rg{us-S)Cle]*~, indicating that the natures
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