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New Synthetic Routes to Biscarbonylbipyridinerhenium(l) Complexes
cis,trans[Re(X2bpy)(CO)2(PR3)(Y)]"" (Xobpy = 4,4-X,-2,2-bipyridine) via Photochemical
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Photochemical ligand substitution &dc-[Re(Xbpy)(CO}(PRs)]T (Xobpy = 4,4-X5-2,2-bipyridine; X = Me,

H, Cks; R = OEt, Ph) with acetonitrile quantitatively gave a new class of biscarbonyl compleisssans-
[Re(Xzbpy)(COX(PRs)(MeCN)]*, coordinated with four different kinds of ligands. Similarly, other biscarbon-
ylrhenium complexesgis,transfRe(X:bpy)(COR(PR)(Y)]"™" (n=10, Y = Cl~; n= 1, Y = pyridine, PRs), were
synthesized in good yields via photochemical ligand substitution reactions. The structiisgrahsfRe(Me,-
bpy)(CO){ P(OEt}} (PPh)](PFs) was determined by X-ray analysis. Crystal datagHzN.OsFsPsRe, monoclinic,
P2i/a, a = 11.592(1) A,b = 30.953(4) A,c = 11.799(2) A,V = 4221.6(1) B, Z = 4, 7813 reflectionsR =
0.066. The biscarbonyl complexes with two phosphorus ligands were strongly emissive frofMIb@IF state
with lifetimes of 20-640 ns in fluid solutions at room temperature. Only weak or no emission was observed
in the cases Y= CI~, MeCN, and pyridine. Electrochemical reduction of the biscarbonyl complexes with Y
Cl~ and pyridine in MeCN resulted in efficient ligand substitution to give the solvento complEggsans-
[Re(X2bpy)(COR(PRs)(MeCN)J*.

Introduction transfer reaction$;® and macrocyclic tetrametallic assemblies,
. ) o ) “molecular squares”, have been constructed using the rhenium
Many kinds of tricarbonyldiiminerhenium complexésc- complexes as cornefs.
[Re(LL)(COX(L")]"" (LL = diimine ligand, L' = monodentate On the other hand, only a few biscarbony! diimine complexes

ligand,n = 0 or 1) have been synthesized, and their photo- [Re(LL)(CO)(L')(Y)]™" have been reported due to the lack of
physical and photochemical properties have received a greaty general synthetic meth8dt! From the few examples reported
deal of attention in the last two decade$Recently, they have  of the biscarbonyl complexes, several intriguing features are
been frequently used as building blocks for multifunctional apparent: (1) relatively long-lived emissions in solution even
bimetallic complexes and supramolecular systems because theyt room temperature, (2) photocatalytic functions of some
photochemical and electrochemical properties of rhenium complexes for the reduction of GO(3) thermal and photo-
complexes can be widely changed by the relatively straightfor-
ward introduction of various kinds of mono- and bidentate (5) Schanze, K. S.; Walters, K. A. IRhotoinduced electron transfer in
ligands (L' and LL)# For example, covalently linked doner gg&ig?:rgsgx %?E’S?gg‘g"’;@%?h%’,' I?)/l; ?SS‘:lhza;fze' K. S., Eds.; Marcel
acceptor pairs containing the rhenium complex(es) have been (6) sSchanze, K. S.; MacQueen, D. B.; Perkins, T. A.; Cabana, L. A.

utilized in many studies for intramolecular electron- and energy- Coord. Chem. Re 1993 122 63-89.
(7) (a) Slone, R. V.; Hupp, J. Tnorg. Chem1997, 36, 5422. (b) Slone,
R. V.; Yoon, D. I.; Calhoun, R. M.; Hupp, J. T. Am. Chem. Soc.

* Corresponding author. E-mail: ishitani@apc.saitama-u.ac.jp. 1995 117, 7, 11813-11814.
T National Institute for Resources and Environment, 16-3 Onogawa, (8) Although the biscarbonyl complexes [Re(LL)(GMRs)2]™ were
Tsukuba, Ibaraki 305, Japan. spectroscopically detected following the electrochemical reduction of
* Present address: Unilever Research, Port Sunlight Laboratory, Quarry [Re(LL)(CO)(PRs)] ™ in the presence of excess £Be products have
Road East, Bebington, The Wirral CH63 3JW, U.K. not been isolated, and consequently, the use of this electrochemical
§ Department of Chemistry, University of Nottingham, Nottingham NG7 reaction as a synthetic method has not been established. See refs 36a,b
2RD, U.K. in this paper.
(1) Stufkens, D. JComments Inorg. Chemi992 13, 359-385. (9) (a) It has been reported that this substitution reaction is initiated by
(2) (a) Koike, K.; Hori, H.; Westwell, J. R.; Ishizuka, M.; Takeuchi, K.; electron transfer from an electron donor to the excited state of Re-
lbusuki, T.; Enjouji, K.; Konno, H.; Sakamoto, K.; Ishitani, O. (bpy)(CO}CI and, consequently, proceeds via a reaction mechanism
Organometallicsl997, 16, 5724-5729. (b) Hori, H.; Johnson, F. P. different from the photochemical ligand substitution reactions reported
A.; Koike, K.; Ishitani, O.; Ibusuki, T.J. Photochem. Photobiol., A in this paper. (b) Pac, C.; Kaseda, S.; Ishii, K.; Yanagidd, &hem.
1996 96, 171-174. (c) Hori, H.; Johnson, F. P. A.; Koike, K.; Soc., Chem. Commuh991, 787.
Takeuchi, K.; Ibusuki, T.; Ishitani, Q1. Chem. Soc., Dalton Trans. (10) Ishitani, O.; George, M. W.; Ibusuki, T.; Johnson, F. P. A.; Koike,
1997 1019-1023. K.; Nozaki, K.; Pac, C.; Turner, J. J.; Westwell, J.IRorg. Chem.
(3) Kalyanasundaram, K2hotochemistry of polypyridine and porphyrin 1994 33, 4712-4717.
complexesAcademic Press Ltd.: London, 1992. (11) (a) Casper, J. V.; Sullivan, B. P.; Meyer, T.ldorg. Chem.1984
(4) Balzani, V.; Juris, A.; Ventyri, M.; Campagna, S.; SerroniC&em. 23, 2104-2109. (b) Schutte, E.; Helms, J. B.; Woessner, S. M.; Bowen,
Rev. 1996 96, 759-833. J.; Sullivan, B. PInorg. Chem.1998 37, 2618-2619.
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chemical stability, (4) the appearance of the MLCT (metal-to- ~ Materials. Acetonitrile and CHCI, were dried over Cai Tetra-
ligand charge-transfer) absorption band at longer wavelength hydrofuran (THF) was distilled from Na/benzophenone just before use.
by ~40 nm compared with those of the corresponding tricar- Ligands bpy and Mgpy (Tokyo Kasei Kogyo Co.) were used as
bonyl complexes, and (2, symmetry, which simplifies the received. 2-Chloro-4-trifluoromethylpyridine was kindly supplied from

: : : Ishihara Sangyo Co. and used for the preparation of)¢6py*° CIRe-
interpretation of the/(CO) region of the IR spectra compared (bpy)(CO}* was synthesized according to the literature, and a similar

. 116 -

tq those of the tricarbonyl compl_exé’s. In add'.tlo.n’ the method was used for the synthesis of CIRefy)(CO) and CIRe-

blsca}rbonyl complexes may potentially work as bwldmg blocks {(CFa)2bpy} (CO)s using Mebpy and (CB);bpy as the chelating ligands,

for “linear-shaped” supramolecules such as photoactive molec- respectively.

ular-scale wires. In contrast, tricarbonyl (_:or_nplex(éa):Re- Synthetic ProceduresWhile the synthesis of the SpFsalt of [Re-

(LL)(CO)3(L")]™* could be used only as building blocks for “L-  (bpy)(CO}PRy)]* (R = OEt or Ph) was reported as a two-step

shaped” supramolecules because the substitutable ligands, i.e synthesis? the Pk~ salt of [Re(X%ebpy)(CO} P(OEtx}]* (X = H, Me,

LL and L', are in positions cis to one another. CFs) can be prepared in a single step in reasonable yields as follows.
Only two practical synthetic methods for the biscarbonyl  [Re(bpy)(CO)s{P(OEt)s}]"PFe~ (1a). A THF solution (100 mL)

diimine complexes have been reporfgd) thermal substitution ~ containing 104 mg (0.23 mmol) of CIRe(bpy)(G@nd 65 mg (0.25

of the tricarbonyl complex CIRe(bpy)(C@ith a phosphine mmol) of silver trifluoromethanesulfonate was refluxed under an argon

gand such s PBfin soluion al hgh temperaure o gve  ATOSNEE 151, Moy emovaibe o prechiae b ot

cis,trans-or cis,cisfRe(bpy)(CO}PRs)2]* 1 and (2) the photo- ) )

. o . overnight under an Ar atmosphere. Evaporation under reduced pressure
chemical substitution of CIRe(bpy)(COpy P(OEt} in the left a yellow solid, which was washed with ether and then recrystallized

presence of an electron donor to yield,trans[Re(bpy)(CO)- from CH,Cl,—ether to yield 132 mg of solid. To the solution of the
{P(OEtp}2] "9 Unfortunately, these methods have serious solid in 5 mL of methanol was added dropwise a concentrated
limitations as general synthesis routes for biscarbonyl diimine NH,*PR~ methanolic solution. The precipitated £Fsalt of 1a was
complexes because the effective substitution can occur only withcollected by filtration, washed with water, and then dried in vacuo.
two identical phosphorus ligands. Yield: 133 mg, 80%. For the RF salt, it was confirmed that thié

We report here the first example of the photochemical _NMR_ spectrum and the IR bands for CO stretching are essentially
substitution of the axial CO ligand in a tricarbonylbipyridine- identical to those reported for the Shfsalt!®
rhenium(l) complex, which may open up a novel general syn-  [Re(BPY)(CO)(PPh)]"PFs” (1d). A similar procedure foflawas
thetic route for a new class of biscarbonyl complexistrans- applied to the synthesis ad. Yield: 88%. The spectroscopic data of

T . . ; 1d have been reported elsewhéte.
[kRed(xzblE)yl/_)(C%)z(PRa)(\l()] _,rhcc_)ordlnated with four different 4 IRe(Mebpy)COM{PIOENTPFs (1) and [Rel (CF3:bpy} (CO)s
inds of ligands (eq 1). elr structures, spectroscopy, an {P(OEt)s}]"PFs~ (1j) were synthesized in a manner similar to that of

electrochemistry are also reported. 1a using CIRe(Mebpy)(CO) and CIRé (CFs):bpy} (CO) instead of
CIRe(bpy)(CO).
—, PR3 * — Ry 1% Data for 1i. Yield: 93%. Anal. Calcd for @H,/N-OgFsPReS: C,
f
MR M YN ® Lo ) 34.33; H, 3.54; N, 3.64. Found: C, 34.11; H, 3.32; N, 385NMR
lco°° y L co (8, 300 MHz, CDC}): 8.84 (s, bpy-3,3, 8.65 (d,J = 5.7, bpy-6,6),
- 7.38 (d,J = 5.7 Hz, bpy-5,9, 3.78 (quintet)yp = J = 7.0 Hz, POCH),
xm’d""m X 2*11,R3 ¥ 2.68 (s, CH—bpy), 1.04 (t,J = 7.0 Hz, CH—[CH,OP]). 3C NMR
<a  H PRy 7a 0 POE); MCN (0, 75.5 MHz, CDC4): 193.6, 193.4 (€0), 156.0 (bpy-2,3, 154.1
ig N}L pf(}))g) %b g ggggt? PB{’ (bpy-4,4), 152.1 (bpy-6,9, 128.4, 126.6 (bpy-3;3bpy-5,3), 62.4 (d,
1 t c t — —
BoOHOREL A O O
e 3 CI 2 . : = ) ) .
26 H PPh;  MeCN (CHsCN): Ama/nm (€/10° M~ cm 1) = 330 (sh, 5.9), 315 (18.6), 304
%g H PPhj3 PPh3 (15.8)
h Me P(OEt PPh e
2i Me PEOES; P(OE?)3 Data for 1j. Yield: 85%. Anal. Calcd for @H21N,O¢F1.P.Re: C,
2j CFs  POEy3 P(OEy3 28.87; H, 2.42; N, 3.21. Found: C, 28.85; H, 2.24; N, 239NMR
(6, 300 MHz, CDC}): 9.15 (d,J = 5.8, bpy-6,6), 8.78 (s, bpy-3,3,
Experimental Section 7.88 (d,J = 4.7 Hz, bpy-5,9, 3.78 (quintetJyp = J = 7.0 Hz, CH-

_ ) __ OP),0.98 (tJ=7.0 Hz, CH). 3C NMR (9, 75.5 MHz, CDC}): 192.2,
General ProceduresUV/vis spectra were recorded using a Hitachi 195 g (C=0), 156.3 (bpy-2,3, 155.0 (bpy-6,8, ~141 (m, bpy-4.4,
330 Spectrophotometer or an Otsuka-Denshi Photal-2000 mUItiChanne|124.2’ 121.3 (bpy'S:SbDY'S,S), 62.8 (d,Jc p=7.5Hz, CI‘&OP), 15.4
spectrophotometer with a;25 W)/l, (25 W) mixed lamp. Emission (d, Jep= 6.1 Hz, CH—[CH.OP]). IR (CI—bCN): »(CO)lent = 2053,
spectra at 25C were measured with a Hitachi F-3000 fluorescence 1971” 1935. UVAVis (CECN): Amadnm (€/10° M—Lcm™2) = 363 (3.7),
spectrophotometer. To determine the quantum yields for emission, agoo (9.5), 309 (9.6), 274 (15.8).
solution (0.5 M HSO,) of quinine bisulfate was used as the standard
(¢em = 0.546)12 after applying a correction for differing refractive

indices of the solvents. IR spectra were recorded in acetonitrile with a tion of the acetonitrile complexe2a and2f. The yields and elemental
JEOL JIR-6500 FTIR spectrophotometer using 1-Zmesolution. analysis, and IR data are summarized in Tables 1 and 2, respectively.
Proton NMR was measured on a Bruker AC300P system (300 MHz) 0400 NMR data are given in the Supporting Information.

or a JEOL JNM-LA 500FT system (500 MHz). Emission lifetime _
- . One-Step Method. [Re(bpy)(COY P(OEt)s} (MeCN)]"PFs~ (2a).
measurements were carried out as described elsewh@he redox A vessel containing an acetonitrile solution (80 mL) of 200 mg (0.27

Containing tetra buthylammonium terafloroborate (0.1 M) as the | TMOD Of 1a1ias imersed n a water bath maintainec-6°C and
supporting electrolyte by cyclic voltammetric techniques .using an ALS/ tthpClJrralgﬁtesvitﬁn: 3: aﬁnl a}ra%]s?sr}ilglga%%psﬁ:)e fot:sllggh ?rhhelg'];cl)]sgiisure
CHI CHI-620 electrochemical analyzer, with a glassy-carbon disk fylamp Y9 '
working electrode (3 mm diameter), a Ag/Aghl@®.1 M) reference - — -
electrode, and a Pt counter electrode. The supporting electrolyte was(13) Furue, M., Maruyama, K.; Oguni, T.; Naiki, M.; Kamachi, Morg.
dried in vacuo at 100C for 1 day prior to use Chem.1992 31, 3792-3795.

' (14) Wrighton, M.; Morse, D. LJ. Am. Chem. Sod.974 96, 998.
(15) Hori, H.; Koike, K.; Ishizuka, M.; Takeuchi, K.; Ibusuki, T.; Ishitani,
(12) Melhuish, W. HJ. Phys. Chem1961, 65, 229. 0. J. Organomet. Chen1997 530, 169-176.

The complexe® were synthesized by two methods: a photochemical
one-step method and/or a two-step method via thermal ligand substitu-
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Table 1. Yields and Elemental Analysis Data af

yield/%#
[Re(Xzbpy)(COR(PRs)(Y)] " one-step two-step elemental anal./%dfound (calcd)]
X PRs Y method method C N H

2a H P(OEty MeCN 87 32.31 (32.00) 5.52 (5.60) 3.40 (3.49)
2b H P(OEt) py 68 35.37 (35.03) 5.21 (5.33) 3.56 (3.58)
2¢c H P(OEt) PPh 75 84 44.62 (44.49) 2.80 (2.88) 3.86 (3.94)
2c H PPh P(OEt) 50

2df H P(OEt) P(OEt) 76

2e H P(OEt) Cl- 65 90 36.02 (36.03) 4.60 (4.67) 3.90 (3.86)
2f H PPh MeCN 65 4551 (45.39) 4.84 (4.96) 3.07 (3.10)
29 H PPh PPh 84 70 53.73 (53.98) 2.54 (2.62) 3.50 (3.59)
2h Me P(OEty PPh 90 45.97 (45.65) 2.71 (2.80) 4.30 (4.23)
2i Me P(OEty P(OEt) 96 35.61 (35.68) 2.83(3.08) 4.51 (4.66)
2j Ck P(OEt) P(OEt) 55 30.07 (30.83) 2.68 (2.77) 3.44 (3.58)

a|solated yields of the RF salts except for the neutral complee ? For the Pk~ salts except foe (neutral complex) an@i (CRSO;™ salt).
¢Based on2a or 2f used. The triethyl phosphite completa was used as the starting material, a2glwas produced in 4% vyield.The
triphenylphosphine complekd was used as the starting material, @wtwas produced in 25% yield The reported compourfd.¢ Accompanied
by 6% recovery of the starting complex even after 34 h of irradiation.

Table 2. »(CO) Frequencies (cm) and EFFF Force Constants (N of NH4sPRs (1 mL) and then a small amount of water. The solution

m~1) for 2 in CH,Cl, Solution was kept in a refrigerator overnight. The resulting orange-red solid was
complex ¥(CO) ke keo.cd washed with water. AIternati_\{eI)/Zj was successfully isolated by
column chromatography on silica gel using £Hp eluent.
2‘;’,‘ igig' ig;ﬁ ﬁgi gg-g Two-Step Method. [Re(bpy)(COY P(OEt)s} (PPhy)]*PFs~ (2¢).
2 1948: 1876 1477 55:6 The acetonitrile comple®a was photochemically synthesized using

190 mg oflaas described above. A solution 2é and 2 g of PPhin

gg iggg igg% ﬂg; ggé 150 mL of acetone was refluxed for 12 h under an argon atmosphere,
of 1944: 1872 1471 555 and then the solution was evaporated to dryness under reduced pressure.
29 1938, 1867 1463 54.6 Excess PPhwas removed from the crude mixture by column

2h 1946, 1873 1473 56.3 chromatography on silica gel using &&l,—ethyl acetate (90:10, v/v)

2he 1944, 1865 1466 60.8 as eluent. The yellow produ@c was recrystallized using ether

2i 1954, 1879 1484 58.1 CHCl, and dried in vacuo.

2j 1963, 1891 1501 56.0 [Re(bpy)(CO)A{P(OEt)s}Cl] (2e). A methylene chloride solution

(80 mL) containing?a (190 mg) and NEt'Cl~ (1.69 g) was refluxed
under an Ar atmosphere for 8 h. After evaporation of the solution, the
residue was dissolved in 100 mL of @El,, and then the solution was
washed three times with water. The organic layer was dried on MgSO
Yand evaporated to dryness under reduced pressure to leave a yellow
solid. Recrystallization from etheiCH,Cl, gave2e
[Re(bpy)(CO)(PPhs)2] "PFs~ (2g). An acetone solution (60 mL)
containing2f (100 mg) and PPh(1.0 g) was refluxed under an Ar
atmosphere for 12 h. After the solution was evaporated to dryness under
reduced pressure, the residue was washed with 100 mL of ether and
separated with column chromatography on silica gel usingGT++
ethyl acetate as eluent. The yellow layer was collected and evaporated

a Principal force constant8.Interaction force constantsln KBr
disk.

was then evaporated under reduced pressure. The resulting dark yello
solid 2a was washed with ether, recrystallyzed from eth@H.Cl,,
and dried in vacuo.

Procedures similar to those described above were adopted for the
one-step preparation @b,d,f,g as shown below.

[Re(bpy)(CO)A{ P(OEt)s} (py)]TPFs~ (2b) was obtained by irradia-
tion of a THF solution (50 mL) containing 200 mg @& and 1 g of
pyridine under an argon atmosphere for 12 h. The subsequent

procedures are analogous to those use®éor under reduced S . .
- . . . pressure, giving the prod2gas a yellow solid, which

f[Re(bpy)(C_:O_l)z{ P(|O Et)s} 2{;2[:6 L(Zd) was _obtzlggd b);;radéaggn was recrystallized using ethe€H,Cl, and dried in vacuo.
0 Lanfa;: %%Tm € dso ution ( T ) cotr:talmfng 12 hmg an Crystal Structure Determination of [Re(Me2bpy)(CO){ P(OEt)s} -
m R? b( b un PeFr) anl\c;:llrgolzll aﬂronlgsp Z?re or : d by irradi (PPhg)]"PFs~ (2h). All X-ray data were collected on a Mac Science
_ [Re(bpy)(COX(PPhe)(MeCN)]"PFs™ (2f) was prepared by imadia- v,y 18k four-circle diffractometer using graphite-monochromated Mo
tion of an acetonitrile solution (50 mL) containing 200 mdlafunder Ka (A = 0.71073 A) radiation. The unit cell dimensions were
an argon atmosphere for 4 h. Longer irradiation should be avoided, determined .from 22 reflections i'n the range°31 20 < 35. The
because decomposition ?f oc_curred to give green by'prod'uc'ts. crystallographic data are given in Table 3. A total of 9546 diffraction-

[Re(bpy)(CO)(PPhe),]"PFs" (20) was obtained by irradiation of intensity data were collected using th@-29 scan over all therange
an acetone solution (S0 mL) containing 52 mgiafand 0.31 g of (2.0-62.0°). Three standard reflections were measured at intervals of

PPH under an argon atmospherf for720'h. o . 100 reflections. The intensity data were corrected for Lorentz and

[Re(Mezbpy)(CO)z{ E(OEt)?’}?_] P'|:6 f(2|). An acetonltr(;le solutlonf polarization effects. The absorption correction was not applied. The
(150 mL) containing the GJSO;™ salt of 1i (513 mg) and 10 mL of vy structure was solved by the direct method using the SIR92
P(OEt} was irradiated under an argon atmosphere for 1 h. The solution rogrami® All computations were carried out using the CRYSTAN-
was then evaporated to dryness under reduced pressure, and the resultirg,, program syster#, Of the 7813 unique reflection®g, = 0.060)
dark yellow solid was washed with ether. The product was recrystal- over the index range.s %h>0 43> k>0 and 15> | > _1'5 thé
'yz‘zd using ethe;CHz(fjlz and dried in vacuo. T?e RF salt ﬁf tgﬁ 4349 reflections with criteriof, > 1.50(1) were used in the full-matrix
product2i was obtained using a procedure analogous to thaldor o4t squares refinement based on minimization of the funFtieio|
Elemental analysis of the GEO;~ salt was carried out. — |Fel)? The weighting scheme was* = 0%(F,) + 0.0002F[2. The

DL - o - . . :

~ [Re{(CF3)2bpy} (CO)A{ P(OEY)3}2] "PFs™ (2)). An acetonitrile solu- atomic and anomalous scattering factors were taken from the litetature.
tion (150 mL) containing 500 mg ofj and 10 mL of P(OEf) was
irradiated under an argon atmosphere for 8 h. The solution was (16) Altomare, A.; Cascarano, G.; Ciacovazzo, C.: Guagliardi, A.; Burla
evaporated under reduced pressure to give a brown oil, which contained M. C.; Polidori, G.; Camalli, M.J. Appl. Crystallogr1994 27, 435.
mainly 2j with a small amount of the starting compléjx To a solution (17) Edwards, C.; Gilmore, C. J.; Mackey, S.; Stewart, RYSTAN-
of the oil in 10 mL of methanol was added a saturated methanol solution GM, Ver. 6.3.3; Mac Science: Yokohama, Japan, 1996.
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Table 3. Crystallographic Data fo2h

empirical formula GsH42NOsFsPsRe pldeg 94.312(7) R2 0.066
fw 999.90 VIA3 4221.6(1) Ra? 0.058
cryst syst monoclinic z 4 53 2.813
space group P2,/a (no. 14) T/IK 295 Ao 0.0005
alA 11.592 (1) Dealedg CMT3 1.57 Apmaie A3 1.01
b/A 30.953 (4) ulem1 30.951 Apmin/e A3 -1.01
c/A 11.799 (2) F(000) 1992

AR = 3 (IIFol = IFcll)/3IFol. * Ry = [IW(IFol — IFc)¥IW|Fol7"% ¢S = [Tw(IFol — [Fe)Z(m — n)]*2

Table 4. Selected Bond Lengths (A) and Angles (deg) 2br
Bond Lengths 0.05;
Re(1)-P(1) 2.448(5) Re(HP(2) 2.349(7) © 0.04L
Re(1)}-N(1) 2.179(15) Re(HyN(2) 2.145(17) 2
Re(1)}-C(1) 1.84(3) Re(1)yC(2) 1.88(3) 8 0.03}
O(1)-C(1) 1.18(4) 0O(2yC(2) 1.17(3) §
Bond Angles 2 0.02
P(1)-Re(1)-N(1)  90.9(5) P(1yRe(1)-N(2) 89.3(5) 0.01l
P(1-Re(1)-C(1)  90.1(8) P(1}YRe(1)-C(2) 91.2(7) )
P(2)-Re(1)-C(1)  90.3(8) P(2yRe(1y-C(2) 91.2(7) 0.00¢ / ‘ . )
P(2)-Re(1)-N(1) 86.7(5) P(2yRe(1)-N(2) 89.9(5)
N(1)-Re(1}-N(2) 74.1(7) N(1yRe(1}-C(1) 95.9(8) 2100 Wz 000 ber/ 190?1 1800
N(1)—-Re(1)-C(2) 173.6(9) N(2rRe(1>-C(1) 170.0(8) avenumber/cm
N(2)—Re(1}-C(2) 99.9(9) C(1yRe(1y-C(2) 90.1(10) Figure 1. In situ FT-IR absorption spectra of an Ar-saturated
P(1)-Re(1)-P(2) 177.6(2) acetonitrile solution containinga (0.1 M) under irradiation with a 30

s monitoring interval. The cell path length was 2 mm.
Table 5. Electronic Absorption and Emission Data fdrat Room

Temperature
- — Therefore, the principal and interaction force constants can be
absorptionmay/nim emissiof calculated using the following equations:
a—a* a—a* Amax! Ten!

complex MLCT (bpy) (PPh) nm  ®enm  nNs keo = K(/[l){ (Vsym)z 4 (Vasyn)z}

2a 386 (4000) 294 (19 000) 639<0.002 d ., s R

2b 397 (4100) 295 (23 000) 651<0.002 12 keo.co™ K K (Veym)™ = (Vasym

2c  387(3800) 291 (18 000) 269 (20000) 620  0.031 350

2d 369 (4000) 289 (17 000) 6%8 0.017 250 Results and Discussion

2e  423(2100) 300 (13 000) Ad S o _

of 401 (3800) 301 (20 000) 270 (17 000) 650<0.002 d Photochemical Ligand Substitution Reaction of 1aAn Ar-

2g 410 (2800) 295 (20 000) 270 (22000) 619  0.037 640 purged acetonitrile solution containidgwas irradiated to give
2h 381 (3700) 290 (18 000) 267 (21000) 612  0.040 560 biscarbonyl complexkis,transfRe(bpy)(COX P(OEtx} (MeCN)™

2i 364 (5100) 283 (22 000) 669 0.026 34C (2a) in an 88% isolated yield (eq 1). The progress of this ligand
2j 404 (4900) 297 (23 000) 668 0003 20° substitution reaction was followed by in situ IR measurements
2 All complexes are P§ salts except for the neutral complée. in solution using a gastight optical cell of calcium fluoride, into
b Data were obtained from DMF solutions except for the data denoted which an Ar-purged acetonitrile solution had been introduced.
by the superscript. ¢ Data were obtained from MeCN solutiorfdNot This cell was placed in the optical chamber of an FT-IR
measured? Not detected. spectrometer and then irradiated using an optical fiber through

which 365 nm light was introduced from a Xe lamp with a band-
Spass filter placed outside the spectrometer. Figure 1 shows the

restrained for &H length 0.96 A and fixed thermal parametels, ~ IR spectral changes in the CO-stretching region following the

0.1-0.3. No secondary extinction corrections were applied. Table 4 . L . B
shows selective bond lengths and angle&fuf irradiation; two new bands attributable @a appear with

Energy-Factored Force Field CalculationsEnergy-factored force isosbestic points as the three band?‘@ﬂecr,eas_e' This SpeCtral,
field (EFFF) theory, when applied to transition metal carbonyls, has change clearly demonstrates the quantitative photochemical
been well demonstrated to determine both the principal force constant(s)conversion ofLlato 2a The quantum yield of the photochemical
keo and the interaction force constantfgb, co3 2 The biscarbonyl reaction was 0.089 at Z&C. The triphenylphosphine complex
complexe< have two equivalent CO groups and hence only two force 1d was also photochemically converted to the corresponding
constants:kco andkco,co With only two observed(CO) frequencies,  biscarbonyl complexf in quantitative yield.
and using the EFFF assumptions, it is possible to solve the force field |t is well-known that the complexefac[Re(LL)(COX(2)]
for this 'compound exactly _(Table 5). In th_eory, Cco stretghing (Z = alkyl or metal carbonyl moieties such as Me, Et, and
frequenciesx, cm™1) are described by the following secular equations: M(CO)s (M = Re, Mn, etc.)) are photolabile enough to undergo

facile homolytic fission of the ReZ bond via aoz* (and/or
A= Keym” = ulkeo + Keo,co 300*) excited state to give [R¥LL)(CO)3] and (2).119-22 In
5 contrast to this well-known reaction type, the present photo-
A= K(Vasyrr) = u(Keo —~ kCO,Ca

(19) Rossenaar, B. D.; George, M. W.; Johnson, F. P. A.; Stufkens, D. J.;
wherey is the reduced mass (0.145 83) afid= 4.04 x 1074, Turner, J. J.; JrVicek, Al. Am. Chem. So4995 117, 11582-11583.
(20) Rossenaar, B. D.; Kleverlaan, C. J.; Vandeven, M. C. E.; Stufkens,
D. J.; Vicek, A.Chem. Eur. J199§ 2, 228-237.
(18) Ibers, J. A.; Hamilton, W. Clnternational Tables for X-ray (21) Stufkens, D. JCoord. Chem. Re 199Q 104, 39-112.
Crystallography Kynoch Press: Birmingham, 1974; Vol. IV. (22) Meyer, T. J.; Casper, J. Chem. Re. 1985 85, 187-218.
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first example for the exclusive loss of the axial CO ligand from
tricarbonyl complexesfac-[Re(LL)(CO)(L")]"". A notable p
structural feature of the reactions is thanhust be a phosphorus ci9)

ligand?3 This type of photochemical ligand substitution reactions c \\\\

was not observed in the case of £ halides and pyridine & \‘
9
S\J
(16) 0

chemical ligand substitution is entirely different, providing the Ci23)
-

derivatives.

New Synthesis Methods of 2We have developed two
synthetic routes fog, i.e., the one-step and two-step methods,
by taking advantage of the photochemical ligand substitution
reactions ofl described above.

(1) Photochemical one-step synthesis: This procedure is
straightforward and involves irradiation of a solution containing
[fac-Re(X:bpy)(COX(PRs)]* and ligand L, e.g., pyridine and
phosphorus compounds at330 nm for 4-48 h, followed by
the usual workup? Isolated yields of2 are synthetically
reasonable (5596%), as shown in Table 1. Although there are
two possible structural isomers &f the cis,cis and cis,trans
forms, only the cis,trans isomer is produced by this method.

The method is certainly suitable for high-yield synthesis of
the biscarbonyl complexes which have the same phosphorus
ligands or one phosphorus and another neutral ligand2eg.,
2b, 2d, 2f, 2g, 2i, and2j. The one-step synthesis B having Figyre 2. ORTEP drawi_ng a_nd labeling scheme for thg _atoms of the
two different phosphorus ligands can be achieved in reasonablecation of2h. Thermal ellipsoids are at the 50% probability level.

ield but is accompanied by the formation of the com
gr 2g having two idgntical Iig);nds (P(OBtr PPh) in 5_3%;2( phosphorus ligands. The phosphorus ligands are not thermally
yields depending on the irradiation time. The two-step method SuPstituted even under reflux in the presence of an excess of
described below is more suitable for the synthesis of this type € ligand. The chloride complege was also obtained by this
of compound, because the isolation 2¢ and 2h from the method in a good yield.
byproducts is not straightforward. In the case of the chloro  Characterization of 2 and the X-ray Crystal Structure of
complex2e, the two-step method is more suitable because the 2h. All the complexes have two intense IR bands in #(€0O)
one-step reaction is very slow; even after 34 h of irradiation, fegion, which are similar in intensity (Table 2). In addition,
6% of the starting complex still remained in the solution. elemental analysis (Table 1) and electrospray-ionization mass

(2) Two-step method: This method utilizes the acetonitrile SPectroscopic data support the presence of two carbonyl ligands
complexe2a and2f as the precursor compound which can be N 2, i.e., [Re(Xbpy)(COKPR)(Y)]"" (n=0,Y =CI",n=1,
easily prepared in good isolated yields (eq 1 and Table 1) usingY = neutral ligands). IfH NMR, only three or four sets of
the photochemical one-step method described above. AnPeaks appear for Xpy or bpy, clearly indicating that all the
important point of this method is that the acetonitrile ligand is complexes2 have C,, symmetry, i.e., the trans configuration
much more thermally labile than the other ligands (eq 2). This of PRs and Y coordinating to the central rhenium atom (eqs

1 and 2).
X_ ek i o R, 17 X-ray cryste_lllographic data confirmed the identity2hf. The
Nepl €O, y ———= S Te/°° " ORTEP drawmg of.the [Re(Mbpy)(COX{ P(_OEt)g}(PPhg)l+ .
N o Incetene N | co * MecN (2) unit is shown in Figure 2. The two CO ligands are in cis
NCMe Y positions; P(OEgand PPhare, actually, in trans positions. This

is the first example of X-ray crystallographic data for biscar-
reaction efficiently proceeds just upon refluxing a solution ponyidiiminerhenium complexes, though more than 10 sets of
containing the acetonitrile comple24 or 2f) and ligand Y for  ¢rystal data have been reported for tricarbonyldiiminerhenium
several hours. The progress of the reaction can be easilycomplexe$5-362 The complex2h has a steric structure similar
followed by monitoring the CO-stretching bands using FT-IR
spectroscopy so that the end point of the reaction may be (25) Horn, E.: Show, M. RAust. J. Chem198Q 33, 2369-2376.
detected. Removal of the solvent and the excess ligand from(26) yam, V. W. W.: Wong, K. M. C.; Cheung, K. KChem. Commun.
the reaction mixture gaveis,transfRe(bpy)(CO}PRs)(Y)]"" 1998 135-136. _
(Y = the neutral ligandn = 1, PR~ salt; Y = CI-, n = 0) in (27) Gelling, A.; Orrell, K. G.; Osborne, A. G.; Sik, V.; Hursthouse, M.

. 0 . B.; Coles, S. JJ. Chem. Soc., Dalton Tran$996 203-209.
good yields (Table 1). The cis,cis isomer was not detected during (28) Guilhem, J.; Pascard, C.; Lehn, J.-M.; Ziessell.hem. Soc., Chem.

the reaction at all. Commun.1989 1449-1454. .
This method is especially suitable for the synthesis of the (29) 1\gvéréslzogv,llggl?lé;1%|ggma, D. P.; Welch, J. H.; Singh, IRorg. Chem.
biscarbonyl complexe&c and 2h, which have two different (30) Yam,\/_' W. W.; Lau, V. C. Y.; Cheung, K. lOrganometallics.996

15, 1740-1744.
(23) Recently, Rillema and co-workers reported photochemical ligand (31) Civitello, E. R.; Dragovich, P. S.; Karpishin, T. B.; Novick, S. G.;

substitution reactions of tetracarbonyldiiminerhenium(l) complexes Bierach, G.; Oconnell, J. F.; Westmoreland, T.lilbrg. Chem1993
[Re(LL)(CON]*(CRS0s7), giving the corresponding tricarbonyl 32, 237-241.
complexes [Re(LL)(CQJCFRsSGs)]. Shaver, R. J.; Rillema, D. P. (32) Moya, S. A.; Schmidt, R.; Pastene, R.; Sartori, R.; Muller, U.; Frenzen,
Inorg. Chem.1992 31, 4101-4107. G. Organometallics1996 15, 3463-3465.

(24) Irradiation using 313 nm light instead &f330 nm light caused a (33) Wallace, L.; Woods, C.; Rillema, D. forg. Chem1995 34, 2875~
decrease in the yield d@ accompanied by the formation of green 2882.

complexes. The photochemistry @fis under investigation in our (34) Shaver, R. J.; Perkovic, M. W.; Rillema, D. P.; Woods,lirg.
laboratory. Chem.1995 34, 5446-5454.



2782 Inorganic Chemistry, Vol. 39, No. 13, 2000

to that of the reported tricarbonyl bipyridine complexes; i.e.,
the octahedral coordination on the rhenium center is rather
distorted due to the chelating effect of the bpy ligand (Table

4). Some interesting features can be seen for the X-ray structure

of 2h compared with those of tricarbonyl complexes: shorter
Re—CO bond distances (1.84(3) and 1.88 (3) A) but longer CO
bond distances for the carbonyl ligands (1.18(4) and 1.17(3)
A) vs 1.90-1.94 A for Re-C; 1.10-1.16 A for equatorial CO

in most tricarbonyl complexes. The axis line-Re—P is bent
(2.#°) toward the space between the carbonyl ligands.

EFFF theory, when applied to transition metal carbonyls, has
been well demonstrated to determine both the principal force
constant(skco and the interaction force constantkgp co3"3°
The biscarbonyl complexe® have only two equivalent CO
groups, thus allowing the complete analysis of the force fi#flds.
The calculated force constants fdrare shown in Table 2. In
principle, the force constants of the CO groups in metal
carbonyls should be affected by the electron density on the
central metal because of theback-donation from the d-orbital
of the metal ion to the antibonding orbitals of the CO groups.
Therefore, the values &to depend on the electron-withdrawing
strength of the ligands Y and the substituents X, which are
in the order P(OE§)> MeCN > PPh > py > CI~ for Y and
CFk; > H >Me for X.

It has been reported that the-© bond lengthrco*! and the
bond angled between the CO groups in metal carbof$tsan
be estimated by the following equations:

rco=1.647—0.184 Inkeg (Feor A ke mdyn/A)
tarf(6/2) = 1(antisym)I(sym)

where | is the intensity of relevant vibration modes. The
calculatedco and using the above equations and the observed
IR frequencies in a KBr disk (Table 2) are 1.153 A and 99.8
The values obtained from the crystallographic datargese=
1.18(4) and 1.17(3) A anél = 91.2 (Table 6). The differences

Koike et al.
Table 6. Electrochemical Data fo2?

complex EyedVvP Egedve Ey>/VP E,>/Vd
2a —1.69 (75) —1.87 0.92 (68)
2b —-1.64 0.89 (61)
2c —1.71 (65) —2.26 1.09
2d —1.71 (65) —-2.32 1.10 (77)
2e —-1.87 0.47 (67) 1.13
2f —1.70 (64) —-1.91 0.89 (69)
29 —1.71 (64) —2.26 1.10
2h —1.80 (65) —2.33 1.05
2i —1.80 (69) —-2.37 1.06 (82)
2j —1.26 (67) —1.96 1.23 (86)

2The cyclic voltammograms a2 were taken in MeCN solutions
containingn-BusNBF4 (0.1 M) at a 200 mV/s scan rate using a glassy-
carbon working electrode, a Pt counter electrode, and a Ag/AgNO
(0.1 M, an MeCN solution) reference electrode under an Ar atmosphere.
All potentials are reported against a Ag/Aghl@ference® Redox
potential for the reversible or quasi-reversible process and peak potential
difference (mV) (in parentheses$)Peak potential for irreversible
reduction.d Peak potential for irreversible oxidation.
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Figure 3. UV/vis absorption (solid line) and emission (dotted line)
spectra of2h in a DMF solution at room temperature.
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dependence of the band on the property of X in thbpy
ligands. A red shift of the band occurs by-105 nm upon
changing the solvent from DMF to GBl,. A further shift to

between the calculated and observed values are less than 39he red occurs with an increase in the electron-withdrawing

for rco but are relatively large (8.6%) faf.

Spectroscopic and Electrochemical Properties of ZLable
5 summarizes the UV/vis absorption and emission dat&.for
Figure 3 shows the UV/vis absorption and emission spectra for

strength of X in the order GF> H > Me. The shift is also
dependent upon Y, shifting to the red in the order €l py >

PPk > MeCN > P(OEt} > CO. This change is attributable to
changes in the electron density on the central metal, which is

2h as a typical example. For all the complexes, the lowest energy affected by ther- and z-donating/accepting abilities of L and

absorption band is attributed to the metal-to-ligangh§)

PRs. This order for the electron-donating properties of the

charge-transfer transition. This assignment is based on aligands is also supported by the IR spectroscopic results (vide
considerable solvatochromic shift of the band and substantial Supra) and electrochemical data (vide infra).

(35) Anderson, P. A.; Keene, F. R.; Horn, E.; Tiekink, E. R.Appl.
Organomet. Cheml99Q 4, 523-533.

(36) (a) Stor, G. J.; Hartl, F.; Vanoutersterp, J. W. M.; Stufkens, D. J.
Organometallics1995 14, 1115-1131. (b) Johnson, F. P. A.; George,
M. W.; Hartle, F.; Turner, J. JOrganometallics1996 15, 3374
3387. (c) Christensen, P.; Hamnett, A.; Muir, A. V. G.; Timney, J. A.
J. Chem. Soc., Dalton Trand992 1455-1463. (d) Paolucci, F.;
Marcaccio, M.; Paradisi, C.; Roffia, S.; Bignozzi, C. A.; Amatore, C.
J. Phys. Chem. B998 102 4759-4769. (e) Klein, A.; Vogler, C.;
Kaim, W. Organometallics1996 15, 236-244.

(37) Cotton, F. A.; Kraihazel, C. Sl. Am. Chem. Sod.962 84, 4432.

(38) Braterman, P. Qvetal Carbonyl Spectr@Academic Press: London,
1975.

(39) Burdett, J. K.; Poliakoff, M.; Timmey, J. A.; Turner, JIdorg. Chem.
1978 17, 948.

(40) For tricarbonyl complexes, analysis of the force fields can be done
via tedious experimentation, e.g., the usé3fO isotope labeling, or

The strong absorption band around 290 nm can be assigned
to thesr—azr* transition localized on the bpy ligand, which shows
relatively low sensitivity to both solvent polarity and electronic
properties of the ligand £2 Thesz—x* transition band localized
on the phenyl groups of the PPlgand appears around 268
nm#2

The complexes which have two phosphorus ligands, except
for 2j, emit around 620 nm with emission lifetimes of 250
640 ns at room temperature. The emission was efficiently
guenched upon addition of ;OWe recently reported that the
emissive state d?d is triplet MLCT, which is the lowest excited
state!® Since the emission properties @€, 2g, 2h, and 2i
are similar to those o2d, their emissive states should also be
SMLCT. On the other hand2b and2j emit with lower emission

using arbitrary approximations. This is necessary as these complexesquantum yields and shorter lifetimes compared with the

exhibit only threev(CO) frequencies, but possess four force constants.
Gamelin, D. R.; George, M. W.; Glyn, P.; Grevels, F. W.; Johnson,
F. P. A.; Klotzbucher, W.; Morrison, S. L.; Russell, G.; Schaffner,
K.; Turner, J. JInorg. Chem.1994 33, 3246-3250.

(41) Morrison, S. L.; Turner, J. J. Mol. Struct.1994 317, 39.

complexes described above (Table 5). In contrast, the complexes

(42) The absorption maxima of free bpy and PRiere observed at 280
and 236 nm and 260 and 194 nm in MeCN solution, respectively.
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(@) or CI~ complexes Zb, 2€) were irreversibly reduced as shown
/’4 in Figure 4b, giving the solvento compl@s, the ;¢4 of which
f 10 pA is —1.69 V, as the product (Table 6). It has been reported that
' the one-electron reduction of the tricarbonyl complexes with
L' = CI~ or pyridine causes dissociation of theligand, while
the one-electron-reduced species of [Re(bpy)€P(OEts} |+
is much more stable because of the strongacidic character
, 1 , (L ‘ , of the P(OE) ligand?22:3643The one-electron-reduced species
1.2 1.1 1 09 J)) -5 -2 25 of 2b and 2e should be unstable enough to undergo a facile
Potential / V vs. Ag/AQNO 5 ligand substitution reaction as shown in eqs 3 arfé“4.
(b) 2b" + MeCN—2a" + py 3)
] 2C +MeCN—2a +CI- 4)
I:\w .
Table 6 summarizes the electrochemical propertie tifis
noteworthy that the first oxidation waves for the complexes with
N acetonitrile, pyridine, or Clligand @Qa, 2b, 2¢ 2f) are reversible

on a time scale of the cyclic voltammetric measurements (Figure
4b). This is in contrast to the irreversible anodic waves for most
Potential / V vs. Ag/AgNO 3 of the reported tricarbonyl diimine complex®83The oxidized
Figure 4. Cyclic voltammograms of 0.5 mM (a3c and (b)2b in complexes _o?a, 2b, _2e, and2f are stabilized to agreate_r_degree
acetonitrile solutions containing 0.1 MBusNBF, taken using a glassy- than the oxidized t_”(_:"_"rbonyl complexes, prOba_b!Y arising from
carbon working electrode, a Pt wire counter electrode, and a Ag/AgNO  Mmuch weakerr-acidities and the stronger-basicities of the
reference electrode. The scan rate was 200 mV/s. The cathodic curveacetonitrile, pyridine, and Clligands, compared to the axial
were obtained by scanning 1.5 times. CO ligand of the latter. On the other hand, only quasi-reversible
or irreversible oxidation waves were observed for the complexes
with two phosphorus ligands, which are relatively strongly
sr-acidic (Figure 4a). Inspection of the data in Table 6 clearly
the shorter lifetime of théMLCT excited state and the lower indicates that th.e oxidatio_n potential_s are more strongly affec_ted
emission quantum yield than the corresponding tricarbonyl by the_electronlc properties of the ligand L t_han the reduction
complexes, such as [Re(bpy)(GOR(OELE} ] (rem= 1034 ns, poter)tlals (fo_r exgmpléZa—g), while the substltuents Xon thg
Dem = 0.088,imax = 522 nm in MeCN), [Re(bpy)(CQpy)]* bpy Ilgand give important effects on the reductpn potentials
_ _ _ - (2d, 2i, 2j). These results suggest that the anodic wave® of
(tem = 669 1S, Dem = 0.16, Amax = 558 nm in MeCN), and 2 o' viip table 1o a metal-based oxidation, e |/ARE. Thi
[Re(bpy)(COYMeCN)]* (tem = 1201 NS @em = 0.41, Amax = » E.gTEE. TNIS

530 nm in MeCN)>450ne of the reasons should be the smaller IS gnal&gous to the behavior of Rediimine)(COX (X =
energy gap of2 between the’MLCT excited state and the halide).

ground state than those of the tricarbonyl complexes. The energyconclusion

gap low, however, does not interpret the “abnormally” lower

1.1 1 0.9 08 0.7 0.6 )) -14 -1.6 -1.8

containing the Ct or MeCN ligand Ra, 2e and2f) reveal no
or only weak emission at room temperature. Mos2afhow

emission quantum yields cfa, 2b, and 2f. Although, in this The present investigation has provided the first examples for
point, we do not know the reason, it is noteworthyttBan of the photochemical substitution of the axial CO ligand in
irradiation to an acetonitrile solution containi and P(OE# tricarbonylbipyridinerhenium complexes with a phosphorus

did not cause decomposition of the complex at all, and ligand. The photochemical ligand substitution reaction opens
consequently, photolability of the complex is not the reason. UP synthetlc routes fqr a new class of the biscarbonylbipyridine-
Figure 4a illustrates the cyclic voltammograms2afmea-  'henium complexesis, transfRe(X:bpy)(COR(PR)(Y)™". It
sured for an acetonitrile solution. In the cathodic scan, one Nas been found that they are relatively stable for the most part
reversible wave and another irreversible wave were observed,@nd, in some cases, are strongly emissive even in a fluid solution
and similar cathodic waves were observed for the complexes &t r00m temperature. This may suggest their suitability for use
which have two phosphorus ligands, i2c, 2d, and2g—j. The as photoc'atalysts. There is potentlal for the synthetic methods
electrochemical properties of the tricarbonyl bipyridine com- 0 be applied to make a building block for “linear-shaped” (one-
plexes [Re(%bpy)(COX(L)]™ (L' = halide, pyridine, MeCN, _d|menS|onaI) supra_lmoleg:yles because the substitutable Ilgar_lds,
PR, etc.) have been well investigated, and it has been I-€- PR and Y, are in positions trans to each other. These studies

established that the one-electron reduction of these complexesde underway in our laboratory.

IS attrig)utable to a bpy-based reducti*>*%In a previous Acknowledgment. We thank Dr. C. Pac (Kawamura Institute
paper.® we have reported that the first reversible reduction of for chemical Research) for his comments.

2d yields [Ré(bpy~)(CO){P(OEt}},] on the basis of spec- . . . o
troscopic data obtained by flow electrolysis. In an analogy, Supp_ortlng Information Available: An )_(-ray crystallographlc f_|Ie
therefore, the reversible wave of the other complexes might also" 2. in CIF format, and'H NMR chemical shift data fo@. This

be attributable to a bpy-based reduction. In contrast, the pyridine material is available free of charge via the Internet at http://pubs.acs.org.
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