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The reduction pathways were investigated for a series of [Re(C0)3(a-diimine)L'lo'+ (L' = 
C1-, Br-, I-, Otf-, THF, MeCN, n-PrCN, PPh3, P(OMe)3; a-diimine = bpy, i-Pr-PyCa, dapa, 
dpp, abpy) complexes. The individual one-electron reduction steps were studied mainly in 
THF, by a combination of cyclic voltammetry and in situ FTIR and W / v i s  spectroscopy. 
The stability of the reduced [Re(CO)3(a-diimine)L'Y-'' complexes depends on the ability of 
the a-diimine radical ligand to accommodate the unpaired electron in its lowest empty n* 
orbital, which increases in the order bpy < i-Pr-PyCa < dapa < dpp < abpy. The higher 
the energy of this n* orbital, the more pronounced is the donor character of the a-diimine 
radical. Concomitant polarization of the radical complex and increased electron density 
within the Re-(a-diimine) chelate ring labilize the Re-L' bond and may cause dissociation 
of L' and dimerization of the Re radicals, or substitution of L' by a better ~t acceptor. The 
kinetic stability of the Re-L' bond increases in the order halide << THF < PPh3, n-PrCN < 
P(OMe)3. The labilizing effect of the strong donating power of the reduced a-diimine ligand 
on the Re-L' bond becomes much more apparent upon the second one-electron reduction 
step. For a-diimine = bpy, i-Pr-PyCa, dpp, the products of the first one-electron reduction 
were converted in this step into the five-coordinated anionic [Re(CO)s(a-diimine)l- complexes, 
in which the n-electron density is largely delocalized over the Re-(a-diimine) chelate bond, 
as indicated by their low v(C0) frequencies and average C=O force constants. For a-diimine 
= dapa, the anionic [Re(C0)3(~,N,(N)-dapa)]- species was produced, in which the third imine 
nitrogen atom interacts only weakly with the Re center. Importantly, for L' = P(OMe)3, the 
strongest n acceptor employed, the stable six-coordinated [Re(C0)3(N,N-dapa)(P(OMe)3)3- 
anion was formed. The only stable six-coordinated [Re(C0)3(a-diimine)L'l- anions with L' 
= THF or PPh3 in the axial position were obtained for a-diimine = abpy. The abpy ligand 
is a strong n acceptor due to  its very low-lying n* LUMO of the azo bond character. In this 
case, even a third one-electron reduction step was observed, which is probably more localized 
on the aromatic rings of abpy and converted the abpy ligand into a strong donor. As a result, 
the interaction of the ligand L' = THF, PPh3 with the Re center in the dianionic product 
{ [Re(CO)3(abpy)12-* -L'} is very weak. 

Introduction 

Complexes of the type [Re(C0)3(a-diimine)L'lo'+, in 
which L' is a halide, bridging ligand, organic donor1 
acceptor, nitrogen donor or some other monodentate 
ligand, have been the subject of a large number of 
studies. In large part, this permanently growing inter- 
est stems from the ability of these complexes and their 
reduced forms to act as efficient sensitizers for energy 
and electron transfer processes,l and as catalysts in the 
selective reduction of C02.2 Thus, the complexes were 
successfully applied in the photochemica12a~c~e,hJ~m and 
electrochemica12b~d~h,i,kJ~mJ' conversion of CO2 into CO. In 
order to elucidate the role of these complexes as elec- 
trocatalysts in C1 chemistry, most fundamental studies 
have mainly been confined to cyclic voltammetry2d,f,k 3b-d 

@Abstract published in Advance ACS Abstracts, February 1, 1995. 
(1) See for example: (a) Luong, J. C.; Nadjo, L.; Wrighton, M. S J .  

Am. Chem. SOC. 1978,100,5790. (b) Stufkens, D. J. Comments Inorg. 
Chem. 1992, 13, 359 and references therein. (c) Yoon, D. I.; Berg- 
Brennan, C. A.; Lu, H.; Hupp, J. T. Inorg. Chem. 1992,31, 3192. 

0276-7333/95/2314-1115$09.00/0 

and ESR s p e ~ t r o s c o p y . ~ ~ ~ ~ ~ ~  It has been established that 
the one-electron reduction of [Re(CO)s(a-diimine)L'] (L' 

(2) (a) Hawecker, J.; Lehn. J. M.; Ziessel, R. J.  Chem. SOC., Chem. 
Commun. 1983,536. (b) Hawecker, J.; Lehn. J. M.; Ziessel, R. J. Chem. 
SOC., Chem. Commun. 1984, 328. (c) Sullivan, B. P.; Meyer, T. J. J.  
Chem. SOC., Chem. Commun. 1984, 1244. (d) Sullivan, B. P.; Bolinger, 
C. M.; Conrad, D.; Vining, W. J.; Meyer, T. J. J.  Chem. SOC., Chem. 
Commun. lSSK,1414. (e) Kutal, C.; Weber, M. A.; Ferraudi, G.; Geiger, 
D. Organometallics 1986,4, 2161. (D Breikss, A. J.; Abruiia, H. D. J. 
Electroanal. Chem. 1986, 201, 347. (g) Sullivan, B. P.; Meyer, T. J. 
Organometallics 1986,5, 1500. (h) Hawecker, J.; Lehn. J. M.; Ziessel, 
R. Helv. Chim. Acta 1986, 69, 1990. (i) Cabrera, C. R.; Abruiia, H. D. 
J.  Electroanal. Chem. 1986,209,101. (j) Kutal, C.; Corbin, J.; Ferraudi, 
G. Organometallics 1987, 6,  553. (kj OToole, T. R; Sullivan, B. P.; 
Bruce, M. R. M.; Margerum, L. D.; Murray, R. W.; Meyer, T. J. J .  
Electroanal. Chem. 1989, 259, 217. (1) Sullivan, B. P.; Bruce, M. R. 
M.; OToole, T. R.; Bolinger, C. M.; Megehee, E.; Thorp, H.; Meyer, T. 
J. In Catalytic Activation of Carbon Dioxide; Ayers, W. M., Ed.; A. C. 
S. Symp. Ser. 363; The American Chemical Society: Washington, DC, 
1988. (m) Calzafeni, G.; Hadener, K.; Li, J. J.  Photochem. Photobiol. 
A: Chem. 1992, 64,259. (n) Shu, C.-F.; Wrighton, M. S. Unpublished 
work. 

(3) (a) Kaim, W.; Kohlmann, S. Chem. Phys. Lett. 1987, 139, 365. 
(b) Kaim, W.; Kramer, H. E. A.; Vogler, C.; Rieker, J. J.  Organomet. 
Chem. 1989,367,107. (c) Kaim, W.; Kohlmann, S. Inorg. Chem. 1990, 
29, 2909. (d) Vogler, C. Thesis, Universitat Stuttgart,l990. 

0 1995 American Chemical Society 
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Scheme 1 

[Re(COMdmhpy )CIl +e', [Re(CO)3(dmbpy)ClF 

Stor et al. 

= halide) is exclusively localized on the a-diimine 
ligand, while in the subsequent one-electron reduction 
the Re center might also be involved. For [Re(C0)3- 
(bpy)Cl], a full description of the reduction pathways 
has been proposed,2f,k which is mainly based on the data 
obtained by cyclic voltammetry. Quite recently, an 
analogous reaction sequence for [Re(CO)s(dmbpy)ClI 
(dmbpy = 4,4'-dimethyl-2,2'-bipyridine) has been re- 
ported by Christensen et al.4 They followed for the first 
time the redox behavior of [Re(C0)3(dmbpy)Cl] by 
means of in situ FTIR reflection spectroscopy. In this 
way they were able to identify all reduction intermedi- 
ates and products involved, as summarized in Scheme 
1. The results obtained from these studies have clearly 
shown that the one-electron reduction of the bpy or 
dmbpy ligand in [Re(C0)3(a-diimine)L'l results in the 
fast dissociation of the halide ligand L'. 

Vogler et  al.3d have demonstrated for another series 
of [Re(C0)3(a-diimine)L'] (L' = C1-, Br-) complexes that 
the labilization of the halide ligand upon the one- 
electron reduction, as studied by cyclic voltammetry and 
in situ ESR spectroscopy, depends strongly on the 
n-acceptor properties of the a-diimine ligand and the 
character of the halide ligand itself. Thus, in the [Re- 
(C0)3(a-diimine)L'l'- radical complexes, Br- was more 
readily replaced by donor-solvent molecules (THF, 
MeCN) or by PPh3 than C1-. In addition, the rate of 
this substitution reaction appeared to decrease signifi- 
cantly with increasing n-acceptor ability of the a-diimine 
ligand. 

In this paper, we report electrochemical data for a 
representative series of complexes [Re(CO)da-diimine)- 
L']O'+ (L' = C1-, Br-, I-, O t f ,  donor solvent molecule, 
PR3; a-diimine = 2,2'-bipyridine (bpy), pyridine-2-car- 
baldehyde N-isopropylimine (i-Pr-PyCa), 2,6-diacetylpy- 
ridine bis(ani1) (dapa), 2,3-di(2-pyridylpyrazine (dpp), 
azo-2,2'-bipyridine (abpy)). These complexes were care- 
fully chosen with the aim to vary systematically the 
influence of both the a-diimine and L' ligands on the 
reduction routes, and to investigate trends in the 
stability and the spectroscopic properties of the reduc- 
tion products. The individual one-electron reduction 
steps and the following homogeneous reactions were 

(4) Christensen, P.; Hamnett, A,; Muir, A. V. G.; Timney, J. A. J. 
Chem. SOC., Dalton Trans. 1992, 1455. 

bPY iPr-PyCa 

Me f i M e  

Ph' 'Ph 
dapa 

dPP 

4' 

n = a-diimine N N  
Figure 1. Structures of the a-diimine ligands and the 
general molecular geometry of the [Re(CO)3(~-diimine)L']~'+ 
complexes. 
studied by conventional cyclic voltammetry and, for the 
spectroscopic characterization, by FTIR and UV/vis 
spectroelectrochemistry, performed in air-tight optically 
transparent thin-layer electrochemical (OTTLE) cells. 
The complexes studied are [Re(C0)3(bpy)L'lo/+ (L' = C1-, 
Br-, I-, O t f ,  THF, PPh& [Re(C0)3(i-Pr-PyCa)L'Io/+ (L' 
= Br-, O t f ,  THF, n-PrCN, PPh3), [Re(CO)~(dpp)Brl, 
[Re(CO)3(abpy)L'1°/+ (L' = Br-, O t f ,  THF, PPh3), and 
[Re(C0)3(NJV-dapa)L'1°'+ (L' = Br-, O t f ,  THF, MeCN, 
n-PrCN, PPh3, P(OMe)3). The structures of the a-di- 
imine ligands and the complexes [Re(CO)a(a-diimine)- 
L'I0'+ are schematically depicted in Figure 1. 

Experimental Section 
Materials and Preparations. Tetrahydrofuran (THF, 

Janssen) and acetonitrile (MeCN, Janssen) were distilled from 
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- O t f  

+ e- + L' = THF, 
PPh, 

112 RQ(C0)6(C-C-iPr-PyCa)2 

Scheme 2 

- Br- 
+ L' = PPh3 

fast 

I [ Re(C0)3(iPr-PyCa)L']' 

+e '  - L' = THF I 
[Re(C0)3(iPr-PyCa)]- 

+ e- 

+ e- - L ' =  PPh3 I 
a Nahenzophenone mixture and from PzO5, respectively, under 
a nitrogen atmosphere. Butyronitrile (n-PrCN, Aldrich) was 
distilled from CaHz prior to use. The supporting electrolyte 
B W F s  (Fluka) was dried overnight under vacuum at 80 "C. 
P(OMe)3 was distilled under vacuum from CaH2. Ferrocene 
(Fc) (BDH), bpy (Merck), dpp, PPh3, and Ag+Otf (Otf  = 
CF3S03-) (all Aldrich) were used as received. 

The ligands i-Pr-PyCa,5 dapa,6 and abpy7 were synthesized 
according to literature procedures. The [Re(CO)a(a-diimine)- 
(halide)] complexes (a-diimine = bpy? i-Pr-PyCa? dapag ) were 
prepared as previously described, with the modification that 
the reactions were performed by refluxing the components in 
toluene for 3 h. The synthesis of the [Re(CO)3(dpp)Br] complex 

(5) Bock, H.; tom Dieck, H. D. Chem. Ber. 1967, 100, 228. 
(6) (a) Alyea, E. C.; Merrel, P. H. Syn. React. Inorg. Metalorg. Chem. 

1974,4,535. (b) Lavew, A.; Nelson, S. M. J .  Chem. SOC., Dalton Trans. 
1984,615. 

(7) Kirpal, A.; Reiter, L. Ber. Dtsch. Chem. Ges. 1927, 60, 664. 
(8) Staal, L. H.: Oskam. A.: Vrieze, K. J .  Orgunomet. Chem. 1979, - 

170, 235. 

1989, 159, 19. 
(9)Albon, J. M.; Edwards, D. A.; Moore, P. J. Znorg. Chim. Acta 

L' = PPh3 

was performed following reported methods.1° For the synthe- 
sis of [Re(CO)3(abpy)Br] the same procedure was followed as 
for the dinuclear {[Re(CO)3BrIz(p-abpy)} species, except that 
a molar ratio [Re(CO)sBrl/abpy of 1:3 was used in order to favor 
the formation of the mononuclear species. All the [Re(C0)3- 
(a-diimine)(halide)l complexes were purified by column chro- 
matography on Silica 60, activated by heating overnight under 
vacuum at 150 "C, with gradient elution of n-hexane/THF. The 
[Re(CO)3(a-diimine)(Otf)] complexes were synthesized accord- 
ing to  literature procedures,zc except that Ag+Otf instead of 
H+Otf was used as a reactant. All electrochemical and 
spectroelectrochemical samples were degassed by several 
freeze-pump-thaw cycles and handled carefully under a 
nitrogen atmosphere. 

Spectroscopic Measurements and Instrumentation. 
IR spectra were measured on a Bio-Rad FTS-7 FTIR spec- 
trometer (five scans, resolution 2 cm-l). Electronic absorption 
spectra were recorded on a Perkin-Elmer Lambda 5 UV/vis 
spectrophotometer, equipped with a 3600 data station. For 
IR and UV/vis spectroelectrochemical experiments at  room 

(10) Ruminski, R.; Cambron, R. T. Znorg. Chem. 1990,29, 1575. 
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Table 1. CO-Stretching Frequencies of 
[Re(C0)3(a-diimine)L’] (L’ = C1-, Br-, I-, Otf ;  a-Diimine 
= bpy, i-Pr-PyCa) and Their Reduction Products in THF, 

unless Stated Otherwise 

Stor et al. 

complex v(CO)(cm-’) k,, (Nm-l) 

2019 s, 1917 s, 1895 s 
2019 s, 1919 s, 1895 s 
2020 s, 1921 s, 1900 s 
2034 s, 1930 s, 1914 s 
2019 s, 1917 s, 1894 s 
2037 s, 1950 s, 1922 s 
1996 s, 1883 s, 1868 s 
1997 s, 1888 s, 1867 s 
1995 s, 1889 s, 1866 s 
2015 s, 1919 s, 1892 s 
1988 s, 1951 s, 1887 s 
1859 s 
1947 m, 1843 s, br 
2020 s, 1919 s, 1897 s 
2034 s, 1934 s, 1912 s 
2020 s, 1919 s, 1896 s 
2036 s, 1930 s, br 
2037 s, 1951 s, 1923 s 
1994 s, 1875 s, 1849 s 
1995 s, 1875 s, 1851 s 
2005 s, 1886 s, br 
2011 s, 1914 s, 1887 s 
1984 s 
2014 s, 1993 s, 1907 m. 

1890 vs, 1871 s 
2017 s, 1994 s, 1913 m. 

1893 vs, 1874 sh 
1948 m, 1840 s, br 
1946 m, 1845 s, br 
1980 m 

1527 
1528 
1532 
1551 
1526 
1568 
1483 
1486 
1485 
1524 

1425 
1529 
1552 
1529 
1561 
1569 
1469 
1470 
1499 
1517 

1422 
1426 

The imine-carbon atoms of the i-Pr-PyCa ligands are coupled. In 
n-PrCN at room temperature. Other v(C0) bands could not be observed. 

temperature an OTTLE cell1’ was used, equipped with a Pt- 
minigrid working electrode (32 wiredcm). Spectroelectro- 
chemistry at  low temperature was performed in a homemade 
cryostated OTTLE cell, which has been described in detail 
elsewhere.lZ Either NaCl or CaFz windows were utilized for 
IR OTTLE measurements and CaFz or quartz windows were 
employed for UV/vis OTTLE measurements. The working 
electrode surroundings were carefully masked to avoid the 
spectral beam passing through the nonelectrolyzed solution. 
Cyclic voltammetry and controlled-potential electrolyses within 
the OTTLE cell were carried out by using a PAR Model 174 
potentiostat. For all spectroelectrochemical samples, the 
concentrations of [Re(C0)3(a-diimine)L’Io/+ and B-Fs were 

M and 3 x lo-’ M, respectively. Cyclic voltammograms 
were recorded under the following conditions: M [Re- 
(C0)3(a-diimine)L’Io/+ in THF in the presence of 10-1 M BQ- 
NPFs, Pt disk electrode of 0.8 mm2 area. All potentials are 
reported with respect to  the standard13 ferrocene/ferrocenium 
(Fc/Fc+) couple. 

Results 

IR Spectroelectrochemistry. All [Re(CO)s(a-di- 
imine)L’l0’+ complexes studied undergo two subsequent 
reduction steps which may be followed by secondary 
chemical reactions (see Schemes 2-6). Infrared spectra 
of the reduction products were investigated in the CO- 
stretching region, and the frequencies are summarized 
in Tables 1-3. Reduction of the carbonyl complexes will 
be accompanied by a lowering of the stretching frequen- 

(11) KrejEfk, M.; DanBk, M.; Hartl, F. J. Electroanal. Chem. 1991, 

(12) Hartl, F.; Luyten, H.; Schoemaker, G. C. Appl. Spectrosc. 1996, 

(13) Gritzner, G.; Kuta J .  Pure Appl. Chem. 1984, 56, 461. 

317, 179. 

in press. 

Table 2. CO-Stretching Frequencies of 
[Re(C0)3(a-diimine)L’] (L’ = , Br-, O f ;  a-Diimine = dpp, 

abpy) and Their Reduction Products in THF 

2023 s, 1924 s, 1903 s 
2000 s, 1891 s, 1875 s 
2008 s, 1898 s, 1881 s 
2014 s, 1922 s, 1896 s 
1960 m, 1855 s, br 
2028 s, 1943 s, 1917 s 
2039 s, 1953 s, 1928 s 
2026 s, 1941 s, 1915 s 
2044 s, 1972 s, 1946 s 
2004 s, 1900 s, 1871 s 
2017 s, 1915 s, 1893 s 
2019 s, 1934 s, 1896 s 
1984 s, 1880 s, 1854 s 
1991 s, 1891 s, 1860 s 
1966 s, 1845 s, 1807 s 
1970 s, 1840 s, 1813 s 

1537 
1493 
1504 
1527 
1444 
1556 
1573 
1553 
1596 
1498 
1524 
1536 
1468 
1481 
1418 
1421 

cies and force constants of the CO ligands in the 
products. In particular, the changes in force constants 
along the redox series are good indicators of the chang- 
ing donor/acceptor character of the a-diimine ligand. 
The CO-stretching vibrations of the mononuclear tricar- 
bony1 complexes, having C, symmetry, are described by 
four CEO force constants, viz. K,, Keq, k=,eq, and Keq,eq. 

These force field parameters can only be calculated, 
using the Cotton-Kraihanzel Energy Factored Force 
Fields m e t h ~ d , l ~ , > ~  when the frequencies of the 13CO- 
enriched positional isotopomers are also ~ I I O W I I . ~ ~ ~  This 
allows then the correct assignment of the two low- 
frequency v(C0) bands to the A and (A’)z normal 
vibrational modes for all members of a redox series. The 
empirical method by T i m n e ~ l ~ ~  requires knowledge of 
the geometry of the complexes which may vary ap- 
preciably, see e.g. the formation of pentacoordinated 
species [Re(C0)3(a-diimine)l- (vide infra). Therefore, 
only the average CGO force constants k,,14e were 
calculated according to eq 1 (see Tables 1-3) and 
employed in a qualitative discussion of the electronic 
effects: 

k,, = 4.0383 x 10-4&ivi2/&i (1) 
i 2 

where gi is the degeneracy of the ith CO-stretching 
mode, of frequency vi (cm-’1. 

A lowering of Ka,  as a result of the reduction means 
that the R M O  n-back-bonding increased. This clearly 
indicates that the added electrons are at  least partly 
delocalized within the Re-(a-diimine) chelate ring, 
which in turn increases the electron density on the Re 
center. The delocalization plays an important role for 
the stability and composition of the reduction products 
and depends considerably on the varying n-acceptorlo,n 
donor properties of the a-diimine ligands under study 
(vide infra). 

One-Electron Reduction of [Re(CO)s(a-diiminel- 
L’] (a-Diimine = bpy, L = C1-, Br-, I-; a-Diimine 
= i-Pr-F‘yCa, dpp, abpy, L’ = Br-) in THF. One- 
electron reduction of [Re(CO)s(bpy)Brl in THFBu4NPFs 

~ ~~ 

(14) (a) Cotton, F. A.; Kraihanzel, C. S. J. Am.Chem. SOC. 1962,84, 
4432. (b) Kraihanzel, C. S.; Cotton, F. A. Inorg.Chem. 1963,2, 533. ( c )  
Turner, J. J.; Grevels, F. W.; Howdle, S. M.; Jacke, J.; Haward, M. T.; 
Klotzbucher, W. E. J. Am. Chem. SOC. 1991,113,8347. (d) Timney, J. 
A. Inorg.Chem. 1979, 18, 2502. (e) Braterman, P. S. Metal Carbonyl 
Spectra; Academic Press: London, 1975; p 36. 
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I 
C C 
0 0 

Figure 2. Structure of the C-C-coupled dimer [Re2(C0)6- 
(C-C-i-Pr-PyCa)21.16 

at 293 K afforded the radical anion [Re(CO)s(bpy)Brl’- 
(v(C0) at 1997, 1888, and 1867 cmp1l4 only in very low 
yield. The formation of the closely related radical [Re- 
(CO)s(bpy)(THF)J can be excluded here since this radical 
appeared to be very unstable when formed by one- 
electron reduction of [Re(CO)3(bpy)(THF)l+ (vide infra). 
The second, major product formed upon reduction of [Re- 
(CO)s(bpy)Br] was identified as the metal-metal- 
bonded dimer [Rez(CO)6(bpy)al (v(C0) a t  1988, 1951, 
1887, and 1859 cm-l; W/vis Am= = 805,600,470 nm), 
in accordance with literature data.lfphsiJ5 The concentra- 
tion of [Re(CO)s(bpy)Brl’- gradually decreased in the 
course of the electrolysis. Most probably, the radical 
anion lost Br- and transformed into [Rez(CO)6(bpy)al. 

One-electron reduction of the complexes [Re(C0)3- 
(bpy)ClI and [Re(CO)dbpy)II also gave [Re2(C0)6(bpy)d 
as the main product, together with a small amount of 
[Re(CO)s(bpy)C11- (v(C0) at 1996,1883, and 1868 cm-l) 
and [Re(CO)s(bpy)Il’- (v(C0) at 1995, 1889, and 1866 
cm-l), respectively. From the radical anions [Re(C0)3- 
(bpy)L’l’-, the C1 derivative appeared to be most stable 
and could be generated at much higher concentration 
than the corresponding Br and I complexes under 
identical conditions. A similar trend has been observed 
for the closely related [Re(CO)s(dab)L’l’- (L’ = C1-, Br-) 
species.3d 

One-electron reduction of [Re(C0)3(i-Pr-PyCa)Brl in 
THF yielded both [Re(C0)3(i-Pr-PyCa)Brl’- (v(C0) at 
1994, 1875, and 1849 cm-l) and the metal-metal- 
bonded dimer [Rez(C0)6(i-Pr-PyCa)aI (v(C0) at 1984 
cm-l, other bands obscured; W/vis Am= = 785 nm) only 
as minor products. Instead, a novel complex was 
obtained with v(C0) bands at 2014, 1993, 1907, 1890, 
and 1871 cm-l. Quite recently, this product has been 
isolated and structurally characterized by X-ray diffrac- 
tion.l6 I t  appeared to be a C-C-coupled dimer contain- 
ing two Re(CO)s(i-Pr-PyCa) fragments and no Re-Re 
bond. The imine nitrogen atoms of the two i-Pr-PyCa 
ligands have adopted a bridging coordination to the two 
Re centers and the imine carbon atoms of these two 
ligands are coupled (see Figure 2). The formation of this 
complex, which will be denoted as [Rez(CO)s(C-C-i-Pr- 
PyCa)z], most likely occurs by a radical coupling reac- 
tion. A detailed description of its structure will be given 
in a forthcoming article.16 

One-electron reduction of [Re(CO)s(dpp)BrI in THF 
(Scheme 4) also led to the formation of the radical 

(15) Servaas, P. C.; Stor, G. J.; Stuflens, D. J.; Oskam, A. Inorg. 

(16) Rossenaar, B. D.; Kleverlaan, C.; Stukens, D. J.; Oskam, A. 
Chim. Acta 1991,178, 185. 

To be published. 
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anionic complex [Re(CO)3(dpp)Brl’-, as evidenced by its 
CO-stretching frequencies at 2000,1891, and 1875 cm-l 
which closely resemble those of [Re(CO)3(bpy)BrI- 
(Table 1). However, contrary to the related bpy and 
i-Pr-PyCa complexes, the radical anion did not easily 
lose Br- and did not transform into the dimer [Ren(CO)6- 
(dpp)~]. Instead, [Re(CO)3(dpp)Br]’- slowly converted 
into a new, stable product with v(C0) frequencies at 
2008, 1898, and 1881 cm-l. These frequencies closely 
resemble those of the solvated radicals [Re(CO)da- 
diimine)(THF)l’ (a-diimine = i-Pr-PyCa, abpy) (see 
Tables 1 and 2) and are therefore attributed to [Re(co)3- 
(dpp)(THF)1’. 

In sharp contrast to the above-mentioned complexes, 
no dissociation of Br- occurred upon one-electron reduc- 
tion of [Re(CO)3(abpy)Br] in THF (see Figure 3). The 
radical anionic product [Re(CO)s(abpy)Brl’- (v(C0) a t  
2004, 1900, and 1871 cm-1) did not decompose a t  the 
applied reduction potential of the parent complex even 
30 min after the reduction had been completed. I t  is 
thus the most stable member of the series of [Re(C0)3- 
(a-diimine1Brl’- complexes under study. 

All complexes [Re(C0)3(a-diimine)Brl appeared to be 
thermally stable in the presence of a 100-fold excess of 
PPh3. However, substitution of Br- by the better x 
acceptor PPh3 was observed upon the one-electron 
reduction of the parent complexes. The substitution 
was very fast for [Re(CO)s(bpy)Brl’- since this radical 
anion was formed in the course of the electrolysis only 
as a minor product with a very weak v(C0) band at 1997 
cm-l (Table 1). The main product was identified as the 
radical [Re(CO)3(bpy)(PPh3)l’ (v(C0) at 2017, 1918, and 
1894 cm-l) by the close similarity of its v(C0) frequen- 
cies with those of [Mn(CO)3(bpy)(P(nBu)3l’ at 2012,1923, 
and 1891 cm-l.17 No dimer [Rez(CO)6(bpy)2] was de- 
tected in this case. This observation again illustrates 
that the Re-Br bond in the reduced complex [Re(C0)3- 
(bpy)Brl’- is strongly labilized. [Re(CO)3(bpy)(PPh3)l’ 
was reoxidized to give initially a product with v(C0) 
bands at 2037,1950, and 1922 cm-l, which are assigned 
to the cation [Re(C0)3(bpy)(PPh3)1+.ls [Re(CO)s(bpy)- 
(PPh3)]+ reacted back thermally with Br-, still present 
in the solution, to give the parent complex [Re(C0)3- 
(bpy)Brl. 

In contrast to this, the conversion of the initially 
generated radical anions [Re(C0)3(dpp)Brl’- and, in 
particular, [Re(C0)3(abpy)Brl’- into the radicals [Re- 
(CO)3(dpp)(PPhs)l’ (v(C0) a t  2014,1922, and 1896 cm-’) 
and [Re(C0)3(abpy)(PPh3)1’ (v(C0) at 2019, 1934, and 
1896 cm-l) was a very slow process which required 
typically more than 10 min for its completion. 

One-Electron Reduction of [Re(CO)s(a-diimine)- 
L] (a-Diimine = bpy, i-Pr-PyCa, abpy, L = OW). 
One-electron reduction of the complexes [Re(C0)3- 
(a-diimine)(Otf)l with the weakly coordinated O t f  
(CF3S03-) ligand was studied by IR spectroelectrochem- 
istry with the aim to provide more evidence for correct 
assignment of the various reduction products obtained 
from the secondary chemical reactions of the radical 
anions [Re(C0)3(a-diimine)Br]- (vide supra). This strat- 
egy was particularly helpful in those cases where the 

(17) Stor, G. J.; Morrison, S. L; Stufkens, D. J.; Oskam, A. Orga- 

(18) van Dijk, H. K.; van der Haar, J.; Stufkens, D. J.; Oskam, A. 
nometallics 1994, 13, 2641. 

Inorg. Chem. 1989,28, 7 5 .  
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Figure 3. IR (CO-stretching region) (A) and W/vis (B) spectra of the products formed during the three-step one-electron 
reduction of [Re(COMabpy)BrI in THF: (-) [Re(CO)dabpy)BrI; (- - -1 [Re(C0)3(abpy)Brl'-; (- - -1 [Re(CO)3(abpy)(THF)]-; 
(. * *) { [Re(C0)3(abpy)l2-- * .THF}. 

Scheme 4 

[Re(COMdpp)BrI 

+ e- 

dissociation of the Br- ligand was a slow process, or 
when the assignment of the 4CO) bands was not 
straightforward due to near concidence of the v(C0) 

frequencies for different compounds, such as [Re(C0)3- 
(bpy)Brl/[Re(C0)3(bpy)(THF)l+ or [Re(CO)s(i-PrPyCa)- 
Brl'-lCRe(CO)3(i-Pr-PyCa)(THF)J (Table 1). 
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Figure 4. IR (CO-stretching region) (A) and UV/vis (B) spectral changes during two successive one-electron reductions of 
[Re(CO)3(bpyXOtf)l in THF: (1) [Re(CO)dbpy)(Otf)l; (2) [Re(CO)dbpy)(THF)I+; (3) [RedCO)s(bpy)zl; (4) [Re(CO)a(bpy)l-. 

All complexes [Re(CO)3(a-diimine)(Otf)l (a-diimine = 
bpy, i-Pr-PyCa, abpy) (Tables 1 and 2) were transformed 
already at the onset of the one-electron reduction in 
THF into the cationic complexes [Re(CO)a(a-diimine)- 
(THF)]+ (see Figure 4A). Similarly, the cations [Re- 
(C0)3(a-diimine)(PPh3)1+ were obtained in the presence 
of a 100-fold excess of PPh3 in THF. For example, the 
corresponding thermal substitution of O t f  by THF or 
PPh, in the complex [Re(CO)3(bpy)(Otf)l took several 
hours at ambient temperature. This electrocatalytic 
ligand substitution reaction was not further investigated 
and most likely occurs via the same mechanism as 
proposed by Kochi et d.19 for the related electrocatalytic 
substitution of MeCN in [(MeCp)Mn(C0)2(MeCN)I by 
PR3 or P(OR)3. In our case, the radical chain process is 
initiated by substitution of the labile O t f  ligand in the 
reduced complex [Re(CO)~(a-diimine)(Otf)]- by either 
THF or PPh3 to give the radicals [Re(CO)s(a-diimine)- 

L']' (I,' = THF or PPh3). As follows from Table 7, both 
radicals can transfer the unpaired electron to parent 
[Re(CO)3(a-diimine)(Otf)l, by which process they are 
oxidized to the corresponding cations (the propagation 
step). The electrocatalytic reaction is terminated by 
one-electron oxidation of the radicals [Re(COMa-di- 
imine)L']' at the electrode potential applied. The latter, 
heterogeneous electron transfer a t  the electrode surface 
may significantly compete with the homogeneous elec- 
tron transfer provided that both processes are outer- 
sphere electron transfers. Since this is likely the case, 
both, radical chain and electrode mediated,lg electro- 
catalytic mechanisms may operate. 

One-electron reduction of the cations [Re(C0)3(a- 
diimine)L']+ (a-diimine = bpy (see Figure 41, i-Pr-PyCa, 
abpy; L' = THF, PPh3) a t  a lower electrode potential 
gave primarily the corresponding radicals [Re(CO)s(a- 
diimine)L']' (see Schemes 2, 3, and 5 and Tables 1 and 

(19) Hershberger, J. W.; a n g l e r ,  R. J., Kochi, 3. K. J. Am.Chem.Soc. 2)* The [Re(C0)3(a-diimine)(pp~)~ were formed 
as single, stable species. Contrary to this, stable 1983, 105, 61. 
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radicals [Re(C0)3(a-diimine)(THF)I’ were obtained only 
for the abpy and dpp (see above, and Scheme 4) 
complexes. [Re(CO)3(bpy)(THF)I’ converted to the dimer 
[Re2(CO)6(bpy)z] as the only detectable product. [Re- 
(CO)3(i-Pr-PyCa)(THF)l was formed only in low yield, 
together with a very small amount of the metal-metal- 
bonded dimer [Rez(C0)6(i-Pr-PyCa)21. The C-C-coupled 
dimer [Rez(CO)s(C-C-i-Pr-PyCa)zI (Figure 2) was the 
main product in this case. 

A different reaction sequence was observed for [Re- 
(C0)3(i-Pr-PyCa)(Otf] in n-PrCN. The complex trans- 
formed thermally into a product with v(C0) bands at 
2036 and 1930 (broad) cm-l. The two lowest frequency 
v(C0) bands coincide. This effect has also been observed 
for several [Re(C0)3(a-diimine)(MeCN)I+ complexes.3d 
This v(C0) pattern is a typical property of [Re(C0)3- 
(N)# complexes, having three N-donor atoms trans to 
the carbonyls (a local 123” symmetry). Therefore, we 
identify the product as [Re(C0)3(i-Pr-PyCa)(n-PrCN)lf. 
One-electron reduction of this cation afforded two 
products in comparable concentrations: the C-C- 
coupled dimer [Rez(C0)6(C-C-i-Pr-PyCa)21 and a second 
complex with v(C0) bands at 2005 and 1886 (broad) 
cm-l. Again on the basis of the broadness of the 1886 
cm-l band,3d the latter frequencies are assigned to the 
[Re(C0)3(i-Pr-PyCa)(n-PrCN)1’ radical. Both processes, 
the thermal conversion of [Re(C0)3(i-Pr-PyCa)(Otfl into 
[Re(CO)3(i-Pr-PyCa)(n-PrCN)l+ and the formation of the 
solvent-stabilized radical [Re(CO)a(i-Pr-PyCa)(n-PrCN)1’, 
show that n-PrCN coordinates more strongly to the Re 
center than THF. 

In Situ Electrochemical Generation of Doubly 
Reduced Anions [Re(CO)s(a-Diimine)l- (a-Diimine 
= bpy, i-Pr-Pyca, dpp) and [Re(CO)s(a-diimine)- 
L]- (a-Diimine = i-Pr-PyCa, L = n-PrCN; a-Di- 
imine = abpy, L = THF, PPhs). All singly reduced 
Re(a-diimine) complexes, described in the preceding 
text, could be reduced in a subsequent one-electron, 
a-diimine-localized step. The composition of the doubly 
reduced species was mainly dependent on the particular 
a-diimine ligand used (see schemes 2-5 and Figures 3 
and 4). 

Reduction of [Re(CO)s(bpy)L’I’- (L’ = C1-, Br-, I-), 
stabilized by an excess of L’ in the solution, of the 
metal-metal-bonded dimer [Rez(CO)6(bpy)21, and of the 
radical [Re(CO)3(bpy)(PPh3)1’ produced the same com- 
pound possessing v(C0) bands at 1947 and 1843 (broad) 
cm-l (see Figure 4A). These frequencies are assigned 
to the five-coordinated anionic complex [Re(CO)a(bpy)l-, 
in accordance with previous results obtained by cyclic 
voltammetry,2f,k with the results of Christensen et  al.,4 
and with its invariable v(C0) frequencies, regardless the 
composition of the parent complexes. Similarly, [Re- 
(C0)ddpp)l- (v(C0) at 1960 and 1855 (broad) cm-l) was 
obtained by one-electron reduction of both [Re(C0)3- 
(dpp)(THF)I and [Re(CO)s(dpp)(PPh3)1’. It should be 
noted that all reductions were fully chemically revers- 
ible. Reoxidation of [Re(COMbpy)l- in THF in the 
presence of 1 equiv of Br- led both to [Re2(CO)6(bpy)zl 
and a small amount of [Re(CO)s(bpy)BrI’-. This obser- 
vation indicates existence of an equilibrium between the 
two products (see Scheme 2). 

The closely related anion [Re(C0)3(i-Pr-PyCa)l- ( Y -  

(CO) at 1948 and 1840 (broad) cm-l) was formed in THF 
by reduction of [Re(CO)s(i-Pr-PyCa)BrI-, [Re(CO)s(i-Pr- 

Stor et al. 

PyCa)(THF)I’ (both generated in low concentration in 
THF, see above) and the stable radical [Re(CO)s(i-Pr- 
PyCa)(PPhs)l’, and of the dimers [Re2(CO)&Pr-PyCa)zl 
and [Re2(C0)6(C-C-i-Pr-Pyca)]. Only in n-PrCN, the 
reduction of [Re(C0)3(i-Pr-PyCa)(n-PrCN)I, present in 
equilibrium with [Rez(CO)s(C-C-i-Pr-PyCa)l (see above), 
afforded a small amount of the six-coordinated anion 
[Re(C0)3(i-Pr-PyCa)(n-PrCN)]- having a weak v(C0) 
band at 1981 cm-l. The lower v(C0) frequencies of this 
anion were obscured by those of dominant [Re(CO)s(i- 
Pr-PyCaIl- (v(C0) a t  1946 and 1845 (broad) cm-l). 
Nevertheless, the assignment of the 1981 cm-l band to 
[Re(C0)3(i-Pr-PyCa)(n-PrCN)]- is strongly supported by 
the IR spectra of [Re(CO)3(N~-dapa)(n-PrCN)I- (see 
below, Table 3) and [Re(C0)3(bpy)(n-PrCN)l- (v(C0) a t  
1980,1861, and 1851 cm-l). The latter six-coordinated 
anion was recently generatedz0 in high yield in n-PrCN 
a t  213 K. 

A remarkable difference in behavior upon reduction 
was observed for the radical complexes containing the 
abpy ligand. In THF, both stable radicals [Re(C0)3- 
(abpyIBr1’- and [Re(CO)3(abpy)(THF)l’ were converted 
in separate experiments into the same product with 
three distinct v(C0) bands at 1984,1880, and 1854 cm-l 
(see Scheme 5 and Figure 3A). In contrast, [Re(C0)3- 
(abpy)(PPh3)] was reduced to give a different species 
which exhibited v(C0) vibrations at 1991, 1891, and 
1860 cm-l. The appearance of three new v(C0) bands 
indicates that the doubly reduced complexes have 
retained a six-coordinated geometry since the related 
six-coordinated complexes [Re(CO)3(DBCat)L’l- (L’ = 
PPhd21 and adducts [Mn(CO)s(DBCat)l-.L’ (DBCat = 
3,5-di-tert-butylcatecholate, L’ = pyridine, PPh3, 
P ( c H ~ x ) ~ ) ~ ~  also exhibit three well-separated v(C0) 
bands. Up to now, only five-coordinated anions such 
as [Mn(C0)3(DBCat)l-,22 [W(C0)3(DBCat12-,23 [Mn- 
(C0)3(bp~) l - ,~~  and [Re(C0)3(a-diimine)l- (a-diimine = 
bpy, i-Pr-PyCa, dpp) (see Tables 1 and 2) appeared to 
be characterized by only two v(C0) bands. The doubly 
reduced products are therefore assigned as [Re(C0)3- 
(abpy)(THF)I- and [Re(CO)3(abpy)(PPh3)1-, respectively. 

Contrary to the other complexes, both [Re(C0)3- 
(abpy)(THF)I- and [Re(CO)3(abpy)(PPh3)1- could even 
be reduced in a third one-electron step. The resulting 
products showed three well-separated CO-stretching 
vibrations of equal intensities at 1966, 1845, and 1807 
cm-l, and a t  1970, 1840, and 1813 cm-l, respectively. 
The small difference between the corresponding average 
CO force constants k,, (see Table 2) implies that the 
sixth ligand L’ = THF, PPh3 only weakly interacts with 
the Re center. Hence, both dianionic complexes are 
formulated as ([Re(C0)3(abpy)12-. * 4’). 

Reduction of [Re(CO)s(N,iV-dapa)Ll (L’ = Br-, 
OW). In both starting complexes, the dapa ligand is 
bidentately coordinated to the Re center via the pyridine 
nitrogen atom and one of the imine nitrogen atoms, as 

(20) van Outersterp, J. W. M.; Hartl, F.; Stufkens, D. J .  Organo- 

(21) Hartl, F.; VlEek, A,, Jr.  Inorg. Chem. 1992, 31, 2869. 
(22) Hartl, F.; Stufkens, D. J.; VlEek, A., Jr.  Inorg. Chem. 1992,31, 

(23) Darensbourg, D. J.; Klausmeyer, K. K.; Mueller, B. L.; Reiben- 

metallics 1996, in press. 

1687. 

spies, J. H. Angew. Chem., Znt. Ed. Engl. 1992,31, 1503. 
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+ L = T H F  

Scheme 5 
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- Otf + L' = THF, PPh3 1 
L = THF, PPh3 

+ e* L' = THF, PPh3 

evidenced by the lH NMR s ~ e c t r a . ~ , ~ ~ ~  Contrary to the 
other complexes discussed so far, this ligand may, 
however, use its nitrogen-donor sidearm to adopt a 
tridentate coordination. In order to find out if this 
property plays an important role in the redox chemistry 
we studied the reduction pathways of Re(C0)3(N,N- 
dapa)l'l in detail. 

When [Re(CO)3(NJv-dapa)(Otf)l was dissolved in THF, 
a slow thermal reaction occurred to give a product with 
CO-stretching vibrations at  2022,1925, and 1900 cm-l. 
As such a reaction was not observed for [Re(CO)s(i-Pr- 
PyCa)(Otf)l (see above), these frequencies are attributed 
to the six-coordinated [Re(C0)3(N,N,N-dapa)l+ complex, 
in which the O t f  anion has been substituted by the 
third nitrogen atom of the dapa ligand. This indicates 
that this donor atom coordinates more strongly than 
THF. All [Re(CO)a(N,N-dapa)(Otf)l, not yet thermally 
transformed into [Re(CO)3(N,N,N-dapa)l+, reacted to 
give the latter product in 100% yield prior to  the onset 
of the first one-electron reduction step. The thermal 
lability of [Re(CO)3(N,N-dapa)(Otf)l became evident 
when the complex was dissolved in THF/lOO-fold excess 
of PPh3, or in MeCN or n-PrCN. In the former case, a 
mixture of [Re(CO)3(N,N,N-dapa)l+ and [Re(C0)3(N,N- 
dapa)(PPh3)1+ was obtained, whereas in the latter case, 
[Re(C0)3(N,N-dapa)L'If (L' = MeCN or n-PrCN) was 
exclusively formed (see Table 3 for the corresponding 
v(C0) frequencies). These thermal reactions clearly 
illustrate that there is a competition between PPh3 and 
the third nitrogen atom of the dapa ligand regarding 
their coordination to Re, and that MeCN and n-PrCN 
coordinate more firmly than PPh3 in the cationic 

(24) (a) Alyea, E. C.; Ferguson, G.; Restivo, R. J. Inorg. Chem. 1975, 
14,2491. (b) Restivo, R. J.; Ferguson, G. J.  Chem. SOC., Dalton Trans. 
1976, 518. (c)  Blake, A. J.; Lavery, A. J.; Hyde, T. I.; Schroder, M. J. 
Chem. SOC., Dalton Trans. 1989, 965. (d) Edwards, D. A.; Mahon, M. 
F.; Martin, W. R.; Molloy, K. C.; Fanwick, P. E.; Walton, R. A. J.  Chem. 
SOC., Dalton Trans. 1990, 3161. (e) Stor, G. J.; van der Vis, M.; 
Stufkens, D. J.; Oskam, A. To be published. 

Table 3. CO-Stretching Frequencies of 
[Re(C0)3(N,Wdapa)L'] (L' = Br-, O f f )  and Their 

Reduction Products in THF, unless Stated Otherwise 
complex v(CO)(cm-') k,, (Nm-') 

2022 s, 1924 s, 1901 s 1535 
2033 s, 1935 s, 1916 s 1555 
2037 s, 1934 s, br 1566 
2038 s, 1936 s, br 1568 
2022 s, 1925 s, 1900 s 1535 
2036 s, 1949 s, 1927 s 1569 
2044 s, 1963 s, 1929 s 1582 
2009 s, 1899 s, br 1514 
2012 s, 1901 s, br 1518 
2000 s, 1887 s, 1860 s 1483 
1998 s, 1886 s, 1852 s 1478 
2000 s, 1891 s, 1853 s 1481 
2013 s, 1916 s, 1898 s 1525 
2011 s, 1914 s, 1891 s 1519 
2020 s, 1929 s, 1898 s 1535 
1940 s, 1862 s 1460 
1964 s, 1856 s, 1840 s 1439 
1983 s, 1865 s, 1842 s 1454 
1980 s, 1856 s, 1842 s 1448 
1980 s, 1865 s, 1843 s 1453 
1997 s, 1892 s, 1872 s 1490 

a In MeCN at 243 K. In n-PrCN at 233 K. C I n  n-PrCN at room 
temperature. 

complexes when used as solvents. In accordance, no 
[Re(C0)3(N,N-dapa)(PPh3)1+ appeared in MeCN or n- 
PrCN. 

Similar competitive substitution reactions took place 
even during the one-electron reduction of the aforemen- 
tioned dapa complexes (see Scheme 6). Upon passing 
the one-electron reduction step in THF, [Re(C0)3- 
(N,iV,jV-dapa)l+ was smoothly converted into a product 

(25) (a) Angelici, R. J.; Basolo, F.; Poe, A. J. J.  Am. Chem. SOC. 1983, 
85,2215. (b) Reimann, R. H.; Singleton, E. J.  Chem. SOC., Dalton Trans. 
1973, 841. (c )  Wuyts, L. F.; van der Kelen, G. P. Inorg. Chim. Acta 
1977,23,19. (d) Bond, A. M.; Colton, R.; McDonald, M. E. Inorg. Chem. 
1978, 17, 2842. (e) Bombin, F.; Carriedo, G. A.; Miguel, J. A.; Riera, 
V. J. Chem. SOC., Dalton Trans. 1981,2049. (0 Carriedo, G. A.; Riera, 
V. J. Organomet. Chem. 1981, 205, 371. (g) Bond, A. M.; Colton, R.; 
McCormick, M. J. Inorg. Chem. 1977, 16, 155. 
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Scheme 6 

[Re(CO)3(N,N-dapa)(Otf)l A. [Re(C0)3(N,N-dapa)Br] 

I - otfl 
+ e -  - Br' I m n-PrCN 

I [Re(CO),(N,N-dapa)(n-PrCN)]+ - [Re(CO)3(N,N,N-dapa)]*- [Re(CO),(N,N-dapa)(n-PrCN)]' 

I slow 

[Re(CO),(N,N,(N)-dapa)I' [Re(CO),(N,N-dapa)(n-PrCN)]- 

- Otf + L = PPh3, 
P(OMe)3 I 

[Re(CO),(N,N,N-dapa)]' + [Re(CO),(N,N-dapa)L]' 

B. 

L = P(OMe)3 + e- 

[Re(CO),(N,N-dapa)L]* 

with CO-stretching vibrations at 2000, 1887, and 1860 
cm-1. These frequencies can reasonably be assigned to 
the radical [Re(C0)3(N,N,N-dapa)T, as coordination of 
THF has been found to be too weak (see above) to 
compete significantly. It should be noted that the 
intensity pattern of the v(C0) bands of both [Re(C0)3- 
(N,N,N-dapa)]+ and [Re(CO)3(N,N,N-dapa)l' (see Table 
3) rules out their meridional geometry with in-plane 
coordinated dapa.16,24,25 

One-electron reduction of [Re(C0)3(N,N-dapa)L'l+ (L' 
= MeCN or n-PrCN) initially afforded the corresponding 
radicals [Re(C0)3(N,N-dapa)L'J with typically coincident 
lower v(C0) frequencies (see Table 3). However, in 
contrast to the cations [Re(C0)3(N,N-dapa)L'l+ (L' = 
MeCN or n-PrCN), the radicals appeared to be ther- 
mally more labile, as they slowly transformed to [Re- 
(CO)s(N,N,N-dapa)l', even when the temperature was 
decreased to 243 K (in MeCN) or to 223 K (in n-PrCN). 
In the presence of PPh3, the radical [Re(CO)s(N,N-dapa)- 
(PPh3)J was obtained as the major product besides a 

small amount of [Re(CO)3(N,N,N-dapa)l. These results 
clearly indicate that, in particular, coordination of a 
better n-acceptor is more important for the stability of 
the radicals, than for that  of the parent cationic 
complexes. 

Exactly the same conclusion can be drawn for the 
complexes [Re(C0)3(N,N-dapa)Brlo'*- and [Re(C0)3(N,N- 
dapa)(P(OMe)3)1+'* (see Scheme 6). The only exception 
to the reactivity pattern of the tricarbonyl complexes, 
as outlined above, was an occurrence of a CO-substitu- 
tion reaction for the radical [Re(CO)dN,N-dapa)(P- 
(OMe)s)l' in the presence of excess P(OMe)3 which 
afforded a bis(carbony1) product with two intense v(C0) 
bands at 1940 and 1862 cm-l. As such a CO substitu- 
tion was not observed in the presence of excess PPh3, it 
is concluded that [Re(CO)2(N,N-dapa)(P(OMe)3)2l' had 
been formed. 

In a subsequent one-electron reduction step, [Re(C0)2- 
(N,N-dapa)(P(OMe)3)21' was converted into a tricarbonyl 
complex with v(C0) bands at  1997,1892, and 1872 cm-l. 
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Table 4. Absorption Maxima in the Visible Region of 
[Re(CO)3(a-diimine)L’] ( L  = C1-, Br-, I-, OW; a-Diimine 
= bpy, i-Pr-PyCa) and Their Reduction Products in THF 
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Table 5. Absorption Maxima in the Visible Region of 
[Re(C0)3(a-diimine)L‘] (L’ = Br-, O t f ;  a-Diimine = dpp, 

abpy) and Their Reduction Products in THF 
complex A,, (nm) 

385 
355 
385 
365,330 
500,390 
805,600,470 
750 sh, 680 sh, 630 sh, 560 
410 
365,270 
380 
375 
395,330 
450 sh, 395 
390 
785 
510,285 

The shift of these frequencies with respect to those of 
[Re(CO)s(N,N-dapa)(P(OMe)s)l’ (see Table 3) is almost 
equal to the frequency shifts observed upon the reduc- 
tion of [Re(C0)3(abpy)(PPhs)l’ to give [Re(C0)3- 
(abpy)(PPha)l- (see Table 2). The above frequencies are 
therefore assigned to the doubly reduced six-coordinated 
[Re(CO)3(N,N-dapa)(P(OMe)3)1- complex. This means 
that one of the coordinated P(OMe13 ligands is substi- 
tuted by CO, still present in the thin solution layer of 
the OTTLE cell. 

Two different anionic complexes were obtained by one- 
electron reduction of [Re(CO)a(N,N,N-dapa)T. In n- 
PrCN at 233-293 K, the six-coordinated anion [Re- 
(CO)3(N,N-dapa)(n-PrCN)l- (v(C0) at 1980, 1856, and 
1842 cm-l, 233 K) was most likely formed as the only, 
stable product which did not even react with a 100-fold 
excess of PPh3. In THF at 293 K, another species was 
generated which exhibited v(C0) bands at 1964, 1856, 
and 1840 cm-l, i.e. at much lower wavenumbers than 
those of six-coordinated [Re(C0)3(N,N-dapa)(n-PrCN)I-, 
but a t  apparently higher wavenumbers than those of 
the five-coordinated, closely related anion [Re(CO)a(i- 
Pr-PyCa)]- (see Table 1). We therefore attribute the 
v(C0) frequencies in THF to a six-coordinated anion [Re- 
(CO)3(N,N,(N)-dapa)]-, in which, however, coordination 
of the third N-atom of dapa to the Re center is very 
weak. 

Scheme 6 summarizes the reduction pathways of [Re- 
(CO)&V,N-dapa)L’l (L’ = Br-, O t f )  in THF or n-PrCN 
in the absence (A) and presence (B) of PPh3 or P(OMe)3. 

WNis Spectroelectrochemistry. Several redox 
reactions described in the preceding section were also 
followed by W/vis spectroscopy under the same condi- 
tions (concentration, temperature). The W/vis data of 
the starting complexes and the products are sum- 
marized in Tables 4-6. 

The [Re(C0)3(a-diimine)Brl complexes under study 
show one (a-diimine = bpy, i-Pr-PyCa, dapa) or two (a- 
diimine = dpp, abpy) absorption bands in the visible 
region. The lowest energy bands of all parent complexes 
belong to CT transitions from n-interacting Re d,- 
halide p, orbitals to the lowest n* orbital of a-diimine 
(L) (i.e. to transitions of a mixed MLCTL’LCT charac- 
ter).26 For [Re(CO)s(dpp)Cl], the band a t  higher energy 

(26) Stor, G. J.; Stufkens, D. J.; Vernooijs, P.; Baerends, E. J.; 
Fraanje, J.; Goubitz, K. Inorg. Chem. 1994, 33, in press. 

[Re(CO)ddpp)BrI 415,320 sh 
[Re(CO)ddpp)BrI’- 425,310 
[Re(CO)ddpp)(THF)I‘ 425,310 
[ R ~ ( C ~ ) ~ ( ~ P P ) ( P P ~ ~ ) I ‘  450 
[Re(CO)ddpp)l- 530,410 sh, 320 
[Re(CO)dabpy)BrI 570,345 
[Re(COMabpy)BrI’- 500,380 
[Re(Co)dabpy)(TIIF)I- 470,350 sh, 290 
[Re(CO)3(abpy). - .THF12- 480,360 

Table 6. Absorption Maxima in the Visible Region of 
[Re(CO),(N,N-dapa)L’] (L’ = Br-, OW) and Their 

Reduction Products in THF 
~ ~ 

complex A,, (nm) 
[Re(CO),(N,N-dapa)Br] 415 
[Re(CO)3(N,N-dapa)(O~l 315 
[Re(CO),(N,N,N-dapa)If 390 

[Re(CO)3(N,N,N-dapa)1’ 405 
[Re( CO)&V,N-dapa)(PPh3)]‘ 430 
[Re(C0)3(N,N,(M-dapa)l- 540 

[Re(CO),(N,N-dapa)(PPh3)]+ 375 

has been assigned to an intraligand n - n* transition 
of the dpp ligand.1° 

Upon the one-electron reduction of [Re(COMbpy)L‘l 
(L’ = C1-, Br-, I-, O t f )  the metal-metal-bonded dimer 
[Re2(CO)s(bpy)nl was formed, which shows an intense 
band a t  805 nm, and two weaker bands at 600 and 470 
nm, respectively (Figure 4B). The 805 nm band most 
probably belongs to Re d, - n* (bpy) MLCT transi- 
t i o n ~ , ~ ~  analogous to the related [Mn2(C0)6(bpy)21 dimer.27 
One-electron reduction of [Re(C0)3(i-Pr-PyCa)L’l (L’ = 
Br-, O t f )  only produced a very small amount of [Rea- 
(CO)&-Pr-PyCa)zl which showed again a low-energy 
band at 785 nm. For the C-C-coupled dimer [Rea(CO)s- 
(C-C-i-Pr-PyCa)zl, formed as the main product, the 
lowest-energy MLCT transition had shifted to 390 nm 
due to loss of conjugation between the pyridine and 
imine groups. 

The final reduction product, the five-coordinated 
anion [Re(CO)s(bpy)l-, exhibits a broad and intense 
absorption band at 560 nm with shoulders at 630,680, 
and 750 nm (Figure 4B). Similarly, [Re(CO)s(i-Pr- 
PyCa)L’l (L’ = Br-, O t f )  and [Re(CO)s(dpp)BrI afforded 
the five-coordinated anions [Re(CO)3(i-Pr-PyCa)l- (Ama 
510 nm) and [Re(CO)s(dpp)l- (Ams 530, 410 (sh), 320 
nm), respectively. The absorption band between 500 
and 600 nm might be assigned either to an intraligand 
transition in the a-diimine ligand or, more probably, to 
an electronic transition with a partial bpy2- - Re’ CT 
character.22 

The W/vis spectra of the reduction products formed 
in the course of the successive reduction of [Re(C0)3- 
(abpy)Brl in THF, i.e. those of the radical anion 
[Re(C0)3(abpy)Brl’-, the anion [Re(CO)3(abpy)(THF)]-, 
and the dianion ([Re(CO)s(abpy)l. .STHF}~-, are depicted 
in Figure 3B. 

Cyclic Voltammetry. Cyclic voltammograms of the 
complexes [Re(C0)3(a-diimine)L’lo’+ (L’ = C1-, Br-, I-, 
O t f ,  PPh3) were recorded in THF. The electrode 

(27) (a) Kokkes, M. W.; de Lange, W. G. J.; Stufkens, D. J.; Oskam, 
A. J. Orgunomet. Chem. 1985,294,59. (b) Stufkens, D. J. Coord. Chen. 
Rev. 1990,104, 39. (c) van der Graaf, T.; Stuflrens, D. J.; Oskam, A.; 
Goubitz, K. h o g .  Chen. 1991, 30, 599. 
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Table 7. Reduction Potentials (V vs Fc/Fc+) of the 
Complexes [Re(CO)~(a-diimine)L’lo’+j 
complex Ep.2 (AEd Ep.210 

[Re(CO)dbpy)ClI -1.91 (110) -2.38 
[Re(CO)dbpy)BrI -1.91 (110) -2.33 
[Re(COh(bpy)II -1.91 (105) -2.27 
[Rez(CO)6(bpY)zlb -2.08 (100) 
[Re(C0)3(bpy)(Otf)lc -1.54 (95) 
[Re(CO)dbpy)(THF)l+ -1.73 (75) -2.23 
[Re(CO)dbpy )(PPh3)l+ e -1.62 (75) -2.10 
[Re(CO)3(i-Pr-PyCa)Brl -1.75 (90) -2.37 
[Re2(C0)6(C-C-i-Pr-PyCa)z] -1.96 
[Re(CO)3(i-Pr-q.Ca)(Ot0Ic -1.36 (90) 

[Re(C0)3(i-Pr-PyCa)(PPh3)lf e -1.45 (85) -2.08 
[Re(C0)3(N,Ndapa)Br] -1.64 (90) -2.16 
[Re(CO)3(N,N-dapa)(Otf)le -1.29 (100) 
[Re(CO),(N~,N-dapa)I+ -1.59 (105) -2.16 
[Re(CO),(N,N-dapa)(P(OMe)s)l+f - 1.40 (70) - 1.95 
[Re(CO),(N,N-dapa)(PPh3)]+ e -1.35 (80) -1.82 
[Re(CO)ddpp)BrIs -1.56 (80) -2.05 
[Re(C0)3(abpy)Brlh -0.80 (90) -1.49 
[Re(CO)dabpy)(OtOlc -0.46 (115) 
[Re(CO)dabpy)(THF)I+ d,h -0.62 (70) -1.36’ 
[Re(C0)3(abpy)(PPh3)1’ e t h  -0.51 (80) -1.46’ 

“Peak potentials of the first and second reductions. boxidation of 
[Re~(C0)6(bpy)z] at -0.29 and -0.60 V vs Fc/Fc+. No second reduction 
observed. Measured in situ in a [Re(CO)3(a-diimine)(Otf)]/TI-IF solution. 
e Measured in situ in a [Re(C0)3(a-diimine)(Otf)]/excess PPh$I’HT solution. 
f Measured in situ in a [Re(CO)s(abpy) (Otf)]/excess P(0Me)y”HF solution. 
8 Both in the absence and presence of excess PPh3. A third, electrochemi- 
cally quasireversible, chemically reversible reduction at = -2.86 V vs 
Fc/Fc+. AE, = 90 mV. j CV of M solutions in THF/lO-’ M B W F 6  
at v = 100 mV/s, 0.8 mm2 Pt disk electrode, 293 K. 

[Re(CO)3(i-Pr-PyCa)(THF)]+ -1.64 (120) -2.21 

Stor et al. 

potentials, presented in Table 7, were measured against 
the standard Fc/Fc+ redox ~ o u p l e . ’ ~ ~ ~ ~  

The cyclic voltammograms (CV) of the complexes [Re- 
(CO)s(a-diimine)Br] (a-diimine = bpy, i-Pr-PyCa, dapa, 
dpp), measured without excess Br- in the THF solution, 
exhibited two one-electron cathodic peaks separated by 
approximately 400-600 mV (see Table 7). The only 
exception was the CV of the complex [Re(CO)dabpy)- 
Brl in which the two cathodic peaks were found at 
significantly more positive potentials (Table 7) and were 
separated by 690 mV (see Figure 5A). In this case, even 
a third cathodic peak appeared at Ep,c = -2.86 V. 

On the basis of previous r e s ~ l t s , 2 ~ ~ ~ ~ ~ * ~ ~ - ~  the first 
reduction is assigned to 

+ e- 
[Re( C 0 ),(a-diimine)Br] - 

[Re(CO),(a-diimine)BrI’- (2) 

For all [Re(C0)3(a-diimine)Brl studied, this process was 
electrochemically reversible and diffusion controlled, as 
evidenced by identical or slightly different AE, values 
for the [Re(C0)3(a-diimine)Bry[Re(C0)3(a-diimine)BrJ- 
and Fc/Fc+ redox couplesz8 and by a constant value of 
the current function iPu-ll2, respectively. The reduction 
was chemically reversible on the CV time scale, cor- 
responding to the scan rate range of u = 50-500 mV/s, 
only for the complexes [Re(C0)3(a-diimine)Brl, a-di- 
imine = dpp and abpy (the current ratio ipa/iPc = 1). The 
one-electron reduction of these two [Re(CO)s(a-diimine)- 
Brl complexes was chemically reversible even in the 
presence of a 100-fold excess of PPh3 in the THF 

(28) Electrochemical reversibility of all electrode processes was 
compared with that of the Fc/Fc+ couple in the same solution to account 
for effects such as uncompensated iR drop, electrode passivation, etc. 

A. 
I I I 

-0.5 -1.0 -1.5 

V vs Fc/Fc* 

B. 
I I I 

-0.5 -1.0 -1.5 

V v s  Fcffc’ 

Figure 5. Cyclic voltammogram of [Re(CO)~(abpy)BrI in 
the absence (A) and presence (B) of PPh3. Conditions: 
M solution in THF/lO-l M BQNPF~ (A), and 10-1 M PPh3 
(B); Pt disk electrode, 293 K, u = 100 mV/s. 
solution. This observation is in full agreement with the 
IR spectroelectrochemical results (see above) which 
indicated only slow substitution of Br- by THF (a- 
diimine = dpp) or by PPh3 (a-diimine = dpp, abpy). 

The radical anions [Re(CO)s(a-diimine)BrJ- (a-di- 
imine = bpy, i-Pr-PyCa, dapa) were not stable on the 
CV time scale (ipa/ipc was less than 1 within u = 50- 
500 mVls and did not change significantly with the 
increasing scan rate). On the reverse scan, a small 
anodic peak appeared in all cyclic voltammograms at  a 
more positive potential than that of the anodic coun- 
terpeak of the [Re(C0)3(a-diimine)BrMRe(C0)3(a-di- 
imine)Brl- redox couple. On the basis of the IR OTTLE 
results (see above) and on comparison with cyclic 
voltammograms of the related complexes [Re(CO)s(a- 
diimine)(Otf)l (see below, Table 71, the small anodic 
peaks are assigned to reoxidation of the radicals [Re- 
(CO)3(a-diimine)(THF)T (a-diimine = bpy, i-Pr-Pyca) 
and [Re(CO)3(Nflfl-dapa)3’, formed from the labile 
radical anions [Re(C0)3(a-diimine)BrJ- by dissociation 
of Br- and rapid coordination of the solvent or the third 
nitrogen atom of the dapa ligand, respectively. It is 
noteworthy that the radical [Re(CO)3(bpy)(THF)J was 
not detected on the OTTLE time scale due to its fast 
conversion to [Re2(C0)6(bpy)21 (see above). The forma- 
tion of the dimer on the CV time scale was revealed by 
the presence of two additional anodic peaks in the CV 
of [Re(CO)s(bpy)Brl at Ep,a  = -0.60 and -0.29 V, 
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observed on the reverse scan after passing the first 
cathodic process, and a new, electrochemically revers- 
ible, redox couple at Ell2 = -2.03 V, observed during 
repeated potential sweeps between the two cathodic 
processess of parent [Re(CO)s(a-diimine)BrI (Table 7). 
In accordance with literature data, the chemically 
irreversible anodic processes2f are assigned to 

+ e- 

[Re2(CO)6(bpy)21 - [R~Z(CO)~(~PY)Z]+ (3) 

and 

respectively. Both positively charged dimers readily 
decompose to give parent [Re(CO)s(bpy)BrI, the only 
product detected on the IR OTTLE time scale. The 
redox couple at -2.03 V is attributedZd,ek to 

e- 

[Re2(CO)6(bpy)21 o [Re~(CO)6(bpY),l’- ( 5 )  

No peaks due to redox reactions of [Re(CO)s(bpy)- 
(THF)I’ and [Rez(CO)6(bpy)zl were found in the CV of 
[Re(CO)s(bpy)Cl]. The one-electron reduction of this 
complex (Table 7) was chemically reversible on the CV 
time scale (ipa/ipc = 1) having thus manifested, in 
accordance with the IR OTTLE experiments, higher 
stability of [Re(CO)s(bpy)ClI’- in comparison with the 
Br derivative. 

In the presence of PPh3, one-electron reduction of [Re- 
(CO)s(a-diimine)Brl (a-diimine = bpy, i-Pr-PyCa, dapa)] 
led to the stable radicals [Re(C0)3(a-diimine)(PPh3)1’ 
(see the IR 0”TLE results). In the corresponding cyclic 
voltammograms, the fast follow-up conversion of the 
primary reduction product [Re(C0)3(a-diimine)Brl- to 
[Re(CO)s(a-diimine)(PPh3)1’ was again evidenced by the 
appearance of small anodic peaks after switching the 
scan direction behind the cathodic peak of the chemi- 
cally irreversible reduction of parent [Re(CO)s(a-di- 
imine)Brl. These small peaks could reasonably be 
assigned to reoxidation of [Re(C0)3(a-diimine)(PPh3)3’ 
as their E , ,  values agreed well with those obtained from 
cyclic voltammograms of corresponding [Re(CO)s(a- 
diimine)(PPh3)]+ (see below, Table 7). For a-diimine = 
bpy, all CV peaks of [Rez(CO)s(bpy)z] (Table 7) disap- 
peared upon addition of PPh3, in line with the spectra- 
electrochemical results described in preceding sections. 

The second, more negative, redox couple in the CV of 
[Re(CO)3(a-diimine)Brl (a-diimine = bpy, i-Pr-PyCa, 
dapa, dpp, abpy) (Table 7) was chemically irreversible 
(ip,a/ip,c < l), independent of a-diimine or addition of 
excess PPh3 into the THF solution (see Figure 5A). The 
irreversibility may best be explained by attributingzdvfsk 
the second reduction step to 

[Re(CO),(a-diimine)BrI’- =) 

- e- 

[Re(CO),(a-diimine)BrI2- (6) 

As evidenced by the spectroelectrochemical results, 
the doubly reduced complexes [Re(CO)3(a-diimine)Br12- 
are extremely labile and readily lose Br- to give either 
five-coordinated anions [Re(C0)3(a-diimine)l- (a-di- 
imine = bpy, i-Pr-PyCa, dpp) or six-coordinated anions 
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1 1 I 1 1 I 
0.0 -0.5 -1.0 -1.5 -2.0 -2.5 

V vs Fc/Fc+ 

Figure 6. Cyclic voltammogram of [Re(CO)3(bpy)(Otf)l. 
Conditions: M solution in THFL0-l M BUPF6 ,  Pt 
disk electrode, 293 K, u = 100 mVh; * = Fc/Fc+. 

[Re(CO)3(abpy)L’l (L’ = THF, PPh3). The remaining 
anion in the series, [Re(CO)3(N~,(~-dapa)l- ,  can be 
considered as a transient case (see above). All anions 
should undergo one-electron reoxidation which, how- 
ever, was not clearly detectable in the cyclic voltammo- 
grams of most [Re(CO)3(a-diimine)Brl studied. An 
exception is the cyclic voltammogram of [Re(CO)s(abpy)- 
Brl (Figure 5A) which exhibits a small, positively 
shifted, anodic peak at -1.22 V which can reasonably 
be assigned to the reoxidation of stable [Re(CO)s(abpy)- 
(THF)I-. For, the chemically reversible redox couple 
[Re(CO)3(abpy)(THF)3’RRe(C0)3(abpy)(THF)l- was found 
at E112 = -1.31 V (AE, = 90 mV) in the cyclic voltam- 
mogram of [Re(CO)3(abpy)(Otf)l in THF (see below). The 
small difference in E,, can be ascribed to an influence 
of kinetics of the irreversible reduction of [Re(C0)3- 
(abpy)Brl’-, involving dissociation of Br- from [Re(C0)3- 
(abpy)Br12- and concomitant coordination of THF. 

The one-electron reduction of [Re(CO)s(abpy)Brl- in 
the presence of excess PPh3 appeared to be chemically 
reversible (ip,a/ip,c = 1 within u = 20-500 mV/s) (see B 
in Figure 5B), which seemed to be in contradiction with 
the above interpretation. However, the reversible redox 
couple B in Figure 5B is in fact composed of two 
different redox couples, [Re(CO)3(abpy)BrI-/Re(C0)3- 
(abpy)Br12- and [Re(CO)3(abpy)(PPh3)3’/[Re(C0)3(abpy) 
(PPh,)l-, that accidentally coincide (see Table 7). 

Both six-coordinated anions [Re(CO)s(abpy)L’I- (L’ = 
THF, PPh3) could subsequently be reduced at -2.86 V 
in an electrochemically quasireversible (AEp = 130 mV 
vs 90 mV for Fc/Fc+ and chemically reversible (ipa/ip; = 
1 a t  u = 100 mV/s) one-electron step to give, according 
to the IR OTTLE results (see above), the stable dianions 
{[Re(CO)3(abpy)12-. 4’). Very weak coordination of L’ 
to the Re center in the dianions, as evidenced by their 
very similar average CO force constants (see Table 21, 
is probably responsible for the observed electrochemi- 
cally quasireversible character of this reduction step. 

Cyclic voltammograms of the complexes [Re(CO)da- 
diimine)( Otf)] (a-diimine = bpy, i-Pr-PyCa, dapa and 
abpy) in THF are, in general, more complex than those 
of corresponding [Re(C0)3(a-diimine)Brl. They exhibit 
three characteristic cathodic peaks (denoted as A, B, and 
D, see Figure 6) which were accompanied, in the case 
of a-diimine = bpy and i-Pr-PyCa, by a fourth cathodic 
peak a t  -2.08 (C in Figure 6) and -1.96 V, respectively. 
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The cathodic peak current, iP,,, of the redox couples B 
and D was typically observed to  be significantly lower 
in comparison with i , ,  of the most positive redox couple 
A (see Figure 6). This means that the cathodic peak of 
the redox couple A can be assigned to  one-electron 
reduction of parent [Re(C0)3(a-diimine)(Otf)l (see Table 
7). The reduction is followed by a secondary reaction 
producing a species which can successively be reduced 
at  more negative potentials. 

The IR OTTLE experiments have demonstrated that 
[Re(CO)3(a-diimine)(Otf)l (a-diimine = bpy, i-Pr-PyCa, 
abpy) are converted in an electrochemically initiated 
electron-transfer chain (ETC) step to the corresponding 
cations [Re(C0)3(a-diimine)(THF)I+. In these cases, we 
therefore attribute the redox couples B and D to 

Stor et al. 

e- 

[Re(CO),(a-diimine)(THF)l+ - 
[Re(CO),(a-diimine)(THF)I* (7) 

and 

e- 
[Re(CO),(a-diimine)(THF)I' m 

[Re(CO),(a-diimine)(THF)I- (8) 

respectively (see Table 7). A similar reaction sequence 
can be applied for [Re(CO)3(N,N-dapa)(Otf)l which is 
reduced at  -1.29 V. On the basis of the IR OTTLE 
experiments (see above), the reduction initiated trans- 
formation of [Re(CO)s(N,N-dapa)(Otf)] to [Re(C0)3- 
(N,N,N-dapa)l+ which was subsequently reduced in two 
steps to give [Re(CO)3(N,N,N-dapa)3' and [Re(C0)3(NJV, 
(N)-dapa)l-. These reductions were observed in the CV 
of [Re(CO)3(N,N-dapa)(Otf)l as two cathodic peaks a t  
-1.59 V (B) and -2.16 V (D), respectively. 

Comparison of the cyclic voltammograms of [Re(C0)3- 
(bpy)L'l (L' = Br- and O t f )  revealed, in accordance with 
literature data,2d,f,k that the redox couple C in the CV 
of [Re(CO)s(bpy)(Otf)] (see Figure 6) can be assigned 
according to eq 5. In agreement with this assignment, 
the two successive oxidations of [Rez(C0)6(bpy)zI, as 
described by eqs 3 and 4, were also found in the CV of 
[Re(CO)3(bpy)(Otf)l a t  -0.51 and -0.23 V, respectively 
(Figure 6). Similarly, the cathodic peak of the redox 
couple C in the CV of related [Re(C0)3(i-Pr-PyCa)(Otf)l 
was assigned to one-electron reduction of the C-C- 
coupled dimer [Rez(CO)6(C-C-i-Pr-PyCa)zl (Table 7), the 
major product formed upon the reduction of the parent 
complex (see above). It is important to note that the 
cathodic peak C of [Re~(r=0)6(C-C-i-Pr-PyCa)z] was much 
less developed than that of [Rez(CO)s(bpy)zl under 
identical conditions, i.e. concentration of parent [Re- 
(CO)3(a-diimine)(Otf)], temperature, scan rate. This 
observation is not surprising, as it is likely to assume 
that the formation of [l3e~(C0)6(C-C-i-Pr-PyCa)~l is a 
slower process than the formation of the metal-metal- 
bonded dimer [Rez(CO)6(bpy)zl. 

In the presence of excess PPh3, all complexes [Re- 
(CO)3(a-diimine)(Otf)l (a = bpy, i-Pr-PyCa, dapa, abpy) 
were thermally converted to [Re(C0)3(a-diimine)(PPh3)1+ 
prior to  the CV experiments. Consequently, only two 
redox couples were observed during negative CV scans 
(see Table 7) which are assigned to 

e- 
[Re(CO),(a-diimine)(PPh,)I+ - 

[Re(CO),(a-diimine)(PPh3)I' (9) 

and 

e- 
[Re(C0)3(a-diimine)(PPh3)l' - 

[Re(CO),(a-diimine)(PPh,)l- (10) 

The second reduction (10) was chemically and electro- 
chemically reversible only for a-diimine = abpy. This 
result once more confirms the inherent stability of [Re- 
(C0)3(a-diimine)(PPh3)1- , as was revealed by the above 
described IR OTTLE experiments. 

Discussion 

The experimental results clearly show that the nature 
of the products, formed by reduction of the complexes 
[Re(C0)3(a-diimine)L'1°'+, is mainly determined by the 
a-diimine ligand. A schematic MO diagram of the 
parent complexes is presented in Figure 7. 

The relative positions of the orbitals are derived from 
MO calculations performed on [Mn(CO)s(bpy)L'I com- 
plexes (L' = C1-, Br-, I-).26 The HOMO consists of two 
close-lying orbitals which are an antibonding Re dn-L' 
pn combination with a variable halide pn contribution. 
Apart from this weak n interaction, there is a much 
stronger Re-L' a interaction, giving rise to a filled 
bonding orbital and an empty antibonding orbital, which 
are mainly L' pa and Re do* in character, respectively. 
The LUMO is mainly a-diimine n* in character. The 
energy of the n* LUMO decreases in the order bpy > 
i-Pr-PyCa dapa > dpp > abpy, as evidenced by both 
the shift of the CT band of [Re(CO)3(a-diimine)L'1°'+ to 
higher energy (Tables 4-6) and the negative shift of the 
one-electron reduction potential of these complexes 
(Table 7) in the same order. The lower the energy of 
the n* orbital, the better the a-diimine ligand is able to 
accommodate the added electron(s). The stability of the 
products of the first, second, and (for abpy) third one- 
electron reduction steps is strongly influenced by this 
property and will be discussed in this section. 

The First One-Electron Reduction Step. One- 
electron reduction of the complexes [Re(CO)3(a-diimine)- 
L'lo/+ destabilizes the x* LUMO of the a-diimine ligand, 
which is expected to accommodate the unpaired elec- 
tron. However, the resulting decrease of the v(C0) 
frequencies by 20-30 cm-' clearly points to an increase 
of the electron density also on Re and the CO ligands. 
In full line with the Koopmans theorem, the relative 
energies of the frontier orbitals are not considerably 
changed upon reduction and the electronic effects are 
delocalized over the whole complex. Only the n* SOMO 
of the a-diimine ligand is slightly shifted to higher 
energy, for example in comparison with the empty do* 
orbital. Hence, the observed labilization of the Re-L' 
bond is ascribed to profound changes in the a-diimine 
nature, from a n acceptor in [Re(C0)3(a-diimine)L'lo'+ 
to a rather strong (T donor in the [Re(CO)s(a-diimine)- 
L'l'-'* products. Its extent appears to increase with a 
negative shift in the one-electron reduction potential of 
the parent complexes which reflects a lower tendency 
of a-diimine to accommodate the unpaired electron. The 
most labile Re-L' bonds can therefore be expected for 



Reduction Path ways for [Re(C0)3(a-diimine)I,’]0i+ 

,- d d  
4. . . . - ‘, ,.“ a-diimine n* 

, ’. 
Re da*-,‘ . . . . 

Figure 7. Schematic MO diagram of [Re(CO)a(a-diimine)- 
L’I0/+, derived from MO calculations performedz6 on [Mn- 
(CO)g(bpy)L’] (L’ = C1-, Br-, I-). 

the reduction products with the bpy and i-Pr-PyCa 
ligands, especially if L’ is a negatively charged halide 
or a hard Lewis base like THF. 

Indeed, one-electron reduction of [Re(C0)3( a-diimine)- 
L’I0/+ (L’ = halide, THF; a-diimine = bpy, i-Pr-PyCa) 
resulted in the fast dissociation of L’ from [Re(CO)s(a- 
diimine)L’l’-/*. For a-diimine = bpy, the [Re(CO)3(bpy)l 
radicals readily dimerized to give the metal-metal- 
bonded complex [Rez(CO)s(bpy)zl, whereas the [Re(CO)3- 
(i-Pr-PyCaIl’ radicals reacted to  give the C-C-coupled 
dimer [Re2(C0)6(C-C-i-Pr-PyCa)z1 as the main product, 
together with a very small amount of the metal-metal- 
bonded dimer [Rez(C0)6(i-Pr-Pyca)2]. Obviously, the 
i-Pr-PyCa ligand in [Re(CO)&Pr-PyCa)l’ tends to ac- 
commodate the unpaired electron in the n* orbital 
localized mainly on the nonaromatic imine group which 
exerts higher reactivity toward a C-C-coupling reaction 
than an aromatic imine group. 

The observed slow substitution of Br- by THF in the 
[Re(CO)~(dpp)Brl’- radical anion indicates that the Re- 
Br bond is still considerably labilized. The reduction 
potential of [Re(C0)3(dpp)(THF)]+ is expected to be more 
positive than that of [Re(CO)s(dpp)Br], as observed for 
the analogous bpy and i-Pr-PyCa complexes (Table 7). 
Apparently, the dpp radical ligand is still a sufficiently 
strong donor in the [Re(CO)3(dpp)Brl’- radical anion to 
cause dissociation of the negatively charged Br- ligand. 
This reasonably explains the observed lability of 
[Re(C0)3(dpp)Brl’- toward the attack of THF. The 
donor power of the dpp radical anion in the product [Re- 
(CO)3(dpp)THFl’ decreases to such an extent that the 
Re-THF bond is relatively stable. 

One-electron reduction of [Re(C0)3(abpy)L’1°’+ (L’ = 
Br-, THF) gave rise to the formation of the stable 
[Re(C0)3(abpy)L’l’-” complexes. In this case, the rather 
positive reduction potentials of the parent species 
indicate that the added electron is completely localized 
on the azo bond of the abpy ligand. The polarization 
effect of the abpy radical on the Re-Br bond in 
[Re(CO)~(abpy)Brl’- is therefore very limited and the 
complex is able to withstand the attack of THF. 

The same arguments can be used to explain the 
experimentally observed stability of the radicals [Re- 
(C0)3(a-diimine)(PPh3)1’ (a-diimine = bpy, i-Pr-PyCa, 
dpp, and abpy). The JG* LUMO of the a-diimine is 
relatively low in energy in the parent complexes [Re- 
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(CO)~(a-diimine)PPh31+ (see Table 7), thereby making 
it more able to accommodate the unpaired electron. Also, 
the Re-PPh3 bond is more resistent toward a cleavage 
in comparision with the THF and Br- ligands due to 
the stronger n acceptor and weaker u donor character 
of PPh3. Consequently, it is not surprising that, al- 
though [Re(CO)s(abpy)Brl’- is stable enough to with- 
stand the substitution of Br- by THF (vide supra), the 
Re-Br bond is labilized sufficiently for the substitution 
of Br- by PPh3. This experimental result is fully in 
accord with the above interpretation. In this respect, 
an even higher stability can be predicted for the axial 
Re-CO bond in the [Re(C0)4(a-diimine)l’ radicals. 
Recent electrochemical results on [Re(CO)4(bpy)l+ seem 
to support this trend.29 

The increased localization of the unpaired electron on 
the a-diimine should also be reflected in an increase of 
the CO-stretching frequences and k,, for the [Re(CO)3- 
(a-diimine)Brl’- and [Re(C0)3(a-diimine)(PPh3)] radi- 
cals in the order a-diimine = bpy < i-PrPyCa < dpp 
abpy. With the exception of the complexes with the bpy 
ligand, all reduced complexes indeed comply with this 
expected trend (Tables 1-3). 

“he Second One-Electron Reduction Step. One- 
electron reduction of the metal-metal-bonded dimer 
[Rez(C0)6(a-diimine)zl (a-diimine = bpy, i-Pr-PyCa) 
resulted in the formation of the five-coordinated anionic 
[Re(C0)3(a-diimine)l- complex. This reduction step is 
localized with all probability on the a-diimine JC* LUMO 
of the dimers. As a consequence of the strong polariza- 
tion effect caused by a considerable a-donor character 
of coordinated bpy‘- and i-Pr-PyCa‘- (see above), the 
Re-Re bond in [Rez(CO)6(a-diimine)zl’- is rapidly split 
upon generation of both the five-coordinated anionic [Re- 
(CO)s(a-diimine)l- and radical [Re(C0)3(a-diimine)l’ 
complexes. The latter radical complex is readily re- 
duced a t  the applied potential to give [Re(CO)s(a- 
diimine)l-. Alternatively, the radical dimeric species 
[Rez(CO)s(a-diimine)zl’- might be stable, so that a 
second one-electron reduction is needed to induce the 
splitting of the Re-Re bond. However, the experimen- 
tal results are not in favor of the latter explanation, 
since reduced [Rez(C0)6(a-diimine)21’- were not detected 
in the course of the spectroelectrochemical experiments, 
but only on the CV time scale. Similarly, it has recently 
been shown that the related metal-metal-bonded com- 
plexes [(CO)sMnMn(C0)3(a-diimine)l were readily split 
into [Mn(C0)51- and [Mn(C0)3(a-diimine)l’ upon one- 
electron r e d u ~ t i o n . ~ ~  

One-electron reduction of the C-C-coupled [Rez(CO)s- 
(C-C-i-Pr-PyCa)zl dimer was also shown to produce the 
five-coordinated [Re(CO)3(i-Pr-PyCa)l- complex. The 
mechanism of this reaction remains to be established. 

One-electron reduction of [Re(C0)3(a-diimine)L’l’ (L’ 
= PPh3, a-diimine = bpy, i-Pr-PyCa, dpp; L’ = THF, 
a-diimine = dpp) also led to the formation of the five- 
coordinated anionic [Re(CO)3(a-diimine)l- complex. Ap- 
parently, the donor ability of the a-diimine dianionic 
ligand in [Re(C0)3(a-diimine)l- is extremely enhanced. 
It prevents even the coordination of PPh3 as a weak 
nacceptor molecule, which occurs during the first one- 
electron reduction step. Instead, a strong minteraction 

~ ~ ~~~ ~ 

(29) Shaver, R. J.; Rillema, D. P. Inorg. Chem. 1992, 31, 4101. 
(30) van der Grad, T.; Hofstra, R. M. J.; Schilder, P. G. M.; Rijkhoff, 

M.; Stutkens, D. J.; Oskam, A. Organometallics 1991, 10, 3668. 
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may take place between the n* HOMO of the a-&imine 
dianion and the asymmetric member of the set of LUMO 
orbitals of the Re(C0)3+ fragment, like in the isoelec- 
tronic [Mn(CO)s(DBCat)l- 22 and W(C0)3(DBCat)2- 23 
(DBCat = 3,5-di-tert-butylcatecholate) complexes. This 
interaction in the five-coordinated [Re(CO),(a-diimine)l- 
anion allows the a-diimine dianion to  exert very strong 
n-donor character and to increase considerably the 
electron density on Re. Experimentally, this n-delocal- 
ization is evidenced by much lower v(C0) frequencies 
and average CO force constants of the [Re(CO)s(a- 
diiminell- anions in comparison with the stable six- 
coordinated anions [Re(C0)3(a-diimine)L’l- (a-diimine 
= dapa, L’ = P(OMe)3, n-PrCN; a-diimine = abpy, L’ = 
THF, PPh3) (Tables 1-3). 

One-electron reduction of [Re(C0)3(abpy)Br1’- or [Re- 
(C0)3(abpy)(THF)1’ produced the doubly reduced six- 
coordinated [Re(C0)3(abpy)(THF)l- complex. The six- 
coordinated geometry of the latter anionic complex 
indicates a relatively low donor ability of the abpy 
dianion. This implies that both added electrons are 
accommodated completely in the lowest n* orbital of the 
abpy ligand localized31 on its azo bond. Such a distribu- 
tion of the electron density over the abpy ligand induces 
only the dissociation of the negatively charged halide, 
but the Re-THF bond remains thermally stable. The 
one-electron reduction of [Re(C0)3(abpy)(PPhs)T to give 
[Re(CO)3(abpy)(PPh3)1- may obviously be explained in 
the same way. 

The Third One-Electron Reduction Step. The 
third reduction step a t  rather negative potentials was 
observed only for the abpy complexes. One-electron 
reduction of [Re(C0)3(abpy)(THF)l- or [Re(CO)s(abpy)- 
(PPh3)l- resulted in the formation of complexes with 
slightly different CO-stretching frequencies. Therefore, 
it was decided that ([Re(CO)3(abpy)12-* .THF} and 
([Re(CO)3(abpy)12-* * aPPh3) were formed, respectively. 
The weak interaction of the donor solvent and/or phos- 
pine molecule with five-coordinated [Re(CO)3(abpy)12- 
suggests that the abpy ligand can partly accommodate 
even the third added electron, probably on the pyridyl 
rings. Thus, only the third reduction step led in this 
case to the splitting of the Re-I,‘ bond (I,’ = THF, PPh3). 
This behavior reflects the considerably increased n-do- 
nor character of formally abpy3-, which corresponds to 
the population of another n* orbital of much higher 
energy. Noteworthy, two one-electron and one two- 
electron reduction steps, localized on abpy, have recently 
been reported31 for the [(Ru(bpy)z)2@-abpy)l4+ complex. 
The exceptional n-acceptor ability of the bridging, easily 
reducible abpy ligand has been explained by a consider- 
ably low energy of its frontier n* orbitals. 
The [Re(CO)s(N,N-dapa)LI (L = Br-, Otf) Com- 

plexes. The energy of the n* SOMO of the dapa ligand 
in the complexes [Re(C0)3(NJV-dapa)I,’I0/+ is compa- 
rable with the energy of the n* SOMO of i-Pr-PyCa 
(Table 7). Nevertheless, no dimeric products, charac- 
teristic for the i-Pr-PyCa complexes, were formed upon 
one-electron reduction of [Re(CO)s(NJV-dapa)Br]. Apart 
from possible, but less important steric reasons, this is 
presumably due to the ability of the third nitrogen atom 
of the dapa ligand to coordinate a t  the open site on the 
Re center, created by dissociation of Br- from [Re(C0)3- 

Stor et al. 

(31) KrejEfk, M.; ZbliS, S.; Klima, J.; Sykora, D.; Matheis, D.; Klein, 
A.; Kaim, W. Znorg.Chem. 1993,32, 3362. 

(NJV-dapa)Brl’-. This was manifested by the one- 
electron reduction of [Re(C0)3(NJV-dapa)I,’1°/+ (L’ = Br-, 
O t f )  in the presence of excess PPh3. Although in both 
reactions the [Re(CO)3(NJV-dapa)(PPh3)1’ complex was 
formed as the main product, the [Re(C0)3(NJVJV-dapa)3’ 
complex was observed as the second, minor product. It 
is obvious from these results that the third nitrogen 
atom of the reduced dapa ligand can compete even with 
PPh3 for coordination at  the open site on Re, due to 
energetically convenient closure of the second chelate 
bond. 

In view of the above-mentioned, it is not surprising 
that the one-electron reduction of the radical complexes 
[Re(CO)3(NJV,N-dapa)1’ and [Re(C0)3(NJV-dapa)(PPh3)1’ 
gave rise to the formation of the anionic [Re(C0)3(NJV, 
(N)-dapa)l- complex. Due to the same reasons as 
already discussed for the analogous [Re(CO)~(a-di- 
imine)(PPhs)I (a-diimine = bpy, i-Pr-PyCa, dpp) com- 
plexes, [Re(CO)3(NJV-dapa)(PPh3)1’ loses the PPh3 ligand 
after one-electron reduction. Like the i-Pr-PyCa dian- 
ion, coordinated dapa2- also possesses strong donor 
character, which in turn makes the interaction of its 
third nitrogen with the Re center in [Re(C0)3(NJV,(N)- 
dapa)]- rather weak. 

One-electron reduction of [Re(CO)s(N,N-dapa)- 
(P(OMe)3)1+ in the presence of excess P(OMe13 produced 
[Re(CO)3(NJV-dapa)(P(OMe)3)1’. Subsequently, this com- 
plex readily transformed into [Re(CO)z(NJV-dapa)- 
(P(OMe)3)27. Recently, a similar reduction-induced CO- 
substitution reaction has been observed32 for [Ru(CO)z(i- 
Pr-DAB)(Me)(P(OMe)s)I+, which was reduced in the 
presence of excess P(OMe13 to give [Ru(CO)(i-Pr-DAB)- 
(Me)(P(OMe)&J. For both the Re and Ru complex, no 
CO substitution was observed in the presence of excess 
PPh3. This may be due to the stronger n-acceptor 
character and smaller cone angle of P(OMe13 compared 
with PPh3. Nevertheless, the electron density on the 
Re center strongly increases upon substitution of CO 
by P(OMe13, as displayed by the much lower k a v  value 
of [Re(CO)2(NJV-dapa)(P(OMe)3)21 (kav = 1460 Nm-l) 
compared with [Re(C0)3(NJV-dapa)(P(OMe)3)1’ (kav = 
1535 Nm-l). Therefore, it is understandable that one- 
electron reduction of [Re(CO)z(NJV-dapa)(P(OMe)3)21’ 
leads to a dissociation of one of the P(OMe)3 ligands. 
Noteworthy, one P(OMe13 ligand still remains coordi- 
nated in the anionic [Re(C0)3(NJV-dapa)(P(OMe)3)1- 
product due to its significant nacceptor character, 
which can compensate for the strongly increased donor 
power of dapa upon its reduction to formal dianion. The 
open site on the Re center is reoccupied by CO still 
present in the solution. A similar reaction has been 
observed for the [Re(CO)z(DBS&)(PPh3)zl complex, which 
reacted to give [Re(CO)3(DBCat)(PPh3)1- upon one- 
electron reduction in the presence of C0.21 The reverse 
substitution of P(OMe13 by CO strongly decreases the 
electron density in the Re d, orbitals. This is evidenced 
by the increase of k a v  when [Re(CO)z(NJV-dapa)- 
(P(OMe)&I’ (kav = 1460 Nm-l) transforms into [Re(COI3- 
(NJV-dapa)(P(OMe)3)1- (kav = 1490 Nm-l), despite a 
second electron is added to the complex. 

Summary and Conclusions 
(1) The combination of cyclic voltammetry and in situ 

spectroelectrochemical FTIR and UV/vis measurements 

(32) Nieuwenhuis, H. A.; Hartl, F.; Stufkens, D. J. To be published. 
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provided an excellent tool for the elucidation of the 
reduction pathways for a series of complexes [Re(C0)3- 
(a-diimine)L'IO'+ (a-diimine = bpy , i-Pr-PyCa, dapa, dpp, 
abpy; L' = Br-, donor solvent, PR3, P(OR)3). 

(2) The stability of the Re-L' bond in the radical 
products of the first one-electron reduction, [Re(C0)3- 
(a-diimine)L'l'-'., appeared to increase in the order bpy 
< i-Pr-PyCa < dapa < dpp < abpy, i.e. with the ability 
of the a-diimine ligand to  accommodate the unpaired 
electron in its z* LUMO, as was manifested by the less 
negative reduction potentials of the parent complexes 
and by the increasing CO force constants of the radical 
products in the same order. 

(3) The second one-electron reduction step drastically 
destabilizes the coordination of the ligand L' and leads 
to the delocalized Re-(a-diimine2-) z bonding in the 
five-coordinated anions [Re(CO)da-diimine)]- (a-di- 
imine = bpy, i-Pr-PyCa, dpp). 
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(4) The six-coordinated anionic complexes [Re(C0)3- 
(a-diimine)L']- may be formed under the following cir- 
cumstances: (a) a-diimine accommodates completely 
both added electrons (abpy with the easily reducible azo 
bond); (b) L' is an efficient z-acceptor ligand like P(OR), 
or (c) L' is present in a very large excess (the 
n-PrCN solvent); (d) a-diimine coordinates as a tripo- 
date ligand (dapa: L' is then the third nitrogen atom). 
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