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Summary

The preparation and ESR-spectroscopic characterization of radical complexes
[(R,M)L(MR )]* with L = 4,4'-bipyridine is described. wherc MR, = BePh, MgPh,
ZnPh, " BEt,, GaMe,, InMe, and SiMe;. While the bis(trimethylsilyl) derivative
could be obtained via one-electron oxidation of the corresponding 4.4-(1H. 1'H)-bi-
pyridinylidene, the other complexes were prepared by the reaction of 4.4’-bipyridine
with potassium and the organometal MR, , | or the halide XMR , in THF. Use of
organo-cadmium or -thallium compounds in such a procedure leads to deposition of
the metals. The Grignard reagents MgPh, and BrMgPh reduce 4,4’-bipyridine in an
electron transfer process to yield an unsymmetrical complex. The new organome-
tallic 4,4’-bipyridinium (*‘ violene™) radical complexes can be incorporated into a
series of related radicals which exhibits the sensitivity of the unpaired clectron
distribution towards metal coordination.

Introduction

4,4'-Bipyridine 1 and its N,N’-dialkylated derivatives 2 (“ viologens™) are well
established among two step reversible redox systems [1]. The redox potentials of 1
and 2 lie in a convenient range for electrochemical measurements [1.2]; the intensely
colored one-electron reduction intermediates, the “ violenes™ [1]. are generally per-
sistent, and in addition the system does not impose any steric restrictions on the
groups coordinated to the nitrogen atoms. Accordingly. 1 and 2 [3] have found wide
application as electron transfer mediators,

(1) between coordinated transition metals and their complexes [4.5],

(ii) between electrodes and biological substrates [6],

(iii) in membranes [7], micelles [8a], or vesicles [8b]. and

(iv) on glass or semiconductor surfaces [9,10].
In those immobilized forms [7-10]. the viologens 2 have been extensively used as
electron carriers in photochemical systems for solar energy conversion [§ 10}.

Furthermore, the function of diquarternary salts 2 as herbicides (R = CH;:
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*paraquat’) has also been connected with their specific photochemical and redox
properties [11].

Unlike pyrazine radical anion [12]. the singly reduced 4.4"-bipyridine. 1+, does
not form tight ton pairs or triple ions with alkali metal cations. However. the
reaction of pyridine or 4.4°-bipvridine with AIX, (X = Me. Et. Cly and alkali metals
was shown to yield aluminum containing 1,2 radical complexes of 4.4’-bipvridine
[13].

= +3Na , + BAIX,

2 I - R ..
]\\\ ~ 2NoAIX 4
N - :
Na [AIX,H, ]
atx,
+Na ,  +4AIX,
3 .

- NaAIX g (3)

In this paper we describe more organometallic radical complexes ¢ metallavio-

fenes™ 4) of reduced 1: these new complexes have been identified and characterized
by clectron spin resonance (ESR). +

s /TN T ;jN*;R — ( /NN
N /Ny TN TN TR

(4)

(MR, = BePh, MgPh. ZnPh. BE( .. GaMe,. InMe.. SiMe,)
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A comparison with related radicals illustrates the effect of the metal coordination
on the spin distribution and may be contrasted with results obtained for correspond-
ing 2.2°-bipyridine chelate complexes [14].

Results

Beryllium, zinc, boron, gallium, indium. Solutions of 4.4’-bipyridine and of the
corresponding organometal compound (BePh,, ZnPh,, BEt, or BEt,Cl, GaMe;,
InMe,) in THF react with potassium to yicld very persistent and intensely blue 1 /2
radical complexes. Whereas the organoindium radical does not exhibit any resolved
ESR hyperfine structure (''*'"*In: 100%, I = 9,/2) [15]. the line rich ESR spectra of

+
[ <j>_‘C :].
PhZn— N—2nPh

B —-——WV\WJ / h xr ,"L,AW,M——

Fig. 1. (A) ESR spectrum of the radical complex 4. MR, = ZnPh. a1 300 K in THF. (B) Computer
simulation, line width 0.010 mT.
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Fig. 2. (A) BESR spectrum of the radical complex from the reaction of tricthyvlborane with 4.47-bipyvridine
and potassium at 300 K in THE. with amplificd outer section. i B) Computer-assisted spectrum synthesis,
line width 0.022 w1,

the other complexes could be analyzed after dilution of the samples: the spectra are
characterized by the relevant metal isotope hyperfine splitting.

Twolold coordination of organoberyllium cations leads to a septet splitting by
“Be (100%. 1 = 3/2) in contrast, the natural abundance of ©*Zn (4%, I = 5/2} is too
small to allow detection of the metal coupling [16] (Fig. 13 In case of the bis(al-
kylboron) or bis(dialkylgallium) radical complexes the ESR spectra consist of three
subspectra from the different isotope combinations "B/ '""B. "B,/ "B and ''B/"'B.
or “Ga/"Ga, Ga/'Ga and 7'Gay 'Ga. respectively (B2 195, 1+ 3 VB: 814,
1=3/2;Ga: 60%, 1=23,2: "'Ga: 40%. 1 =3/2).
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Fig. 3. (A) ESR spectrum of the radical complex formed from diphenylmagnesium and 4.4"-bipyridine at
300 K in THF. (B) ESR spectrum after reaction with potassium: (C) Computer simulation of spectrum B,
line width 0.010 mT.
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Fig. 4. (A) ESR spectrum of the radical cation of L 1-bisttrimethyisilyh-44° (1H. 1'HD-bipyrnidinylidenc.
generated by oxidation with AICH, in CHLClL, /Me SiCHat 300 K. (B) Amplified section which exhibits
the “°Si isotope coupling (77Si: 4.7%. 1 1, 2).(C) Computer simulation of spectrum A, hne width 0.011
mT.

Depending on the ratios of the nuclear magnctic moments py, /uy,, = 2.99 and
Moy, /teo,, = 1.27. the various isotopes exhibit different ESR coupling constants
[15]. As an example, Fig. 2 shows the spectrum of the bis(organoboron) complex
with its computer simulation.

Muagnesium. Diphenylmagnesium or phenvimagnesium bromide reduce 4.4°-bi-
pyridine in a single electron transfer reaction in the absence of alkali metal. The
complex SR spectrum exhibits two triplets (0.05 and 0.12 mT) as smallest hyper-
fine splittings and thus indicates a lower ssmmetry of the radical complex (Fig. 3(A).
A similar coordination behavior has been observed in the reaction of Grignard
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reagents with pyrazine [16.17]. Treatment of this paramagnetic solution with potas-
sium leads to the symmetrical 172 complex, with the expected ESR spectrum (Fig.
3(BY.

Sihicon. The reaction of 4.4 -bipvridine and trimethyvlchlorosilune with potassium
i DME gives fullv reduced 11%-bis(trimethyvisilvh-4.4°(1TH. 1'H)-bipyridiny hidene
[18]. Careful reoxidation of this electron-rich compound [2.19] with AICT . Me . SiCl
in methvlene chlonde {20] gives the blue radical intermediate: 1ty FSR spectrum s
shown in Fig. 4.

Cadmuem,  thallion. Mixtures of 4. 3-bipyvridine and  dimethvl- or diphenyl-
cadnmuum v THE react with potassium to give the elemental metal: a persistent
radical complex s not detected at room temperature. Similar results are obtamed
with trimethyl- or tniphenvi-thalliom.

The ESR parameters of the radical complexes 4. the metallaviolenes. are pre-
sented in Table 1, where the data for these new species are shown alongside those for
a sertes of related 13 electron-12 center = radicals.

Discussion

Reaction behavior

The Iigand 4.4-bipyridine has two coordination sites which. unlike those in the
2.2%-isomer. do not allow chelate formation. Another characteristic of this system i
the reduction of reduced 4.4’-bipyridine 1o form close. 1.e. ESR-detectable. coordina-
tion complexes with alkali metal cations in ethers [21]. However. stronger coordinat-
ing organometallic cattons " MR | do form persistent radicai complexes with 1
Grignard reagents alone react with 4.4°-bipvridine via single electron transfer {22] to
vield unsymmetrical complexes, possibly with coordination of organomagnesium
groups at both nitrogen atoms:

+ (2) MgPh
1 972 (thMg)N\ / \ /N—MgPhl

- [pn"]

(5)

In order 1o obtain 1,2 radical complexes, however. 1 has to be reduced by an
alkali metal such as potassium. The radical anion 1. then coordinates with
organometallic cations present in the dissociation equilibrium [23] (see neat formula),

The use of the halides XMR | in case of M = B, Mg, or Al leads to identical ESR
spectra. In the absence of halides. the persistence and stability of the cationwe
complexes is obviously assisted by the simultaneous formation of metallate anions
[12b0 150 16).

In case of the AN -bis(trimethvisilvl) system the fully reduced compound 6 had
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7/ N\ 7/ FnM—N = MR MR, L] 4

(4) K[Mgn + ZJ

+ -—
MR, 4 === 2[MR,] + 2[mRr,, 2]

been characterized [2, 18, 24]; thus an oxidative procedure [20] was employed to
generate the radical intermediate:

, AICly

Me,Si—N N—SiMe, ——— = 4 (MR, = SlMe3)
CH,Cl, |

N/

Me,SiCt

(6)

ESR parameters

The ESR spectra of the metallaviolenes are characterized by their respective metal
isotope splittings a,,. The magnitude of a\, is determined by several factors; at first,
ay is connected to the typical isotropic hyperfine coupling constant 4, , for each
isotope [25]. Furthermore, the ratio ay /A4, (M) decreases within a main group of
the periodic system with increasing atomic number; this has been demonstrated also
for pyrazine radical complexes [15.16]. The metal coupling constants of the metalla-
violenes and of corresponding pyrazine complexes exhibit a ratio of approximately
1/2 (cf. Tab. 1 and refs. 15, 16, 26, 27), however, such a general proportionality does
not exist with the parameters of corresponding 2.2-bipyridine radical complexes
[14]. where chelate effects play an important role. The metal coupling constants are
also sensitive to changes of the organic substituent R at the metal and to tempera-
ture variations. as has been demonstrated in detail for organoaluminum radical
complexes (Tab. 1 and refs. 13, 28).

The magnitude of the nitrogen coupling constant ay in metallaviolenes 4 is
largely determined by the nature of the coordinated metal. In agreement with the
pattern for pyrazine radical complexes [15. 16, 26, 27]. Be-, Al-. Mg-. and especially
Si-coordination leads to relatively small values a.. while Zn-. Ga-, B-, or carbonyl-
metal coordination causes an increase of the '*N parameter relative to the values for
freec or diprotonated 4,4’-bipyridine radical anion. We cannot offer an cxplanation
for this peculiar variation of a.

The most valuable piece of information gained from the ESR study of metalla-
violenes concerns the hydrogen coupling constants. which should be proportional to
the squared HMO coefficients of the singly occupied molecular orbital [29]:

ay=@x “/2,

The data for the series of aluminum-containing radical complexes in Table | show
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Fig. S, Squared HMO coefficients ¢ (¢ - 1 3) as a function of the Coulomb tegral g for reduced
4.4-biprridine.

that the 'H coupling constants depend very little on the metal substituent unless
drastic changes (R, H -+ Cly are involved. The varving organometal coordination can
be simulated by a variation of the N-“electronegativity™ which corresponds o a
change of the Coulomb integral A in a HMO approach [30]. Such a procedure has
proved to be successful in interpreting the spin distribution in 2.2°-bipyridine radical
complexes [14]. Figure 5 shows the behavior of the squared Hiickel coefficients ¢,
for the singly occupied MO (b,,,) of the 4.4’ -bipyridine radical anion as a function of
h (00 < hy <2.0).

Figure 5 displays a straightforward relation between ayy,,, and ayy, . both parame-
ters exhibit almost linear but opposite behavior as a function of /i with a crossing
at iy = 1.0. In the light of this behaviour, which predicted by theory. an arrange-
ment of the ESR data of the new radical complexes 4. of corresponding organoa-
luminum [13,21] and pentacarbonvimetal complexes [27] and of related reference
radicals is presented in Table 1 [1.31.32].

As expected. the coupling constants ay,,., and a,,,, draw closer on going from the
isoconjugated biphenyl radical anion 1o derivatives of reduced 4.4-bipvridine. The
data from Table 1 involve a sequence of N-coordinated species which corresponds
(with the one notable exception of BR,) to that obtained for chelate complexes of
2.2"-bipyridine [14]. The neutral metal carbonyl fragments M(CO), are followed by
organometallic cations of magnesium, zinc, gallium, and bervilium: next are the
aluminium species "~ AlX,. for which the substitution of alkyl groups or hvdride by
more clectronegative chlorine atoms results in a significant shift of the ratio
A2/ dyyeay- N-silyl and N-alkyl substitution as well as double protonation lead to
almost equivalent parameters gy, and ayy, for A, = 1.0: and so the assignment in
this casc is ambiguous [1, 31, 33]. The sequence found for N-coordinated specics
reflects the increasing charge transfer between the ligand = radical anion and the
organometallic cation after complexation; this corresponds to increased covalency of
the metal-ligand bond.

be
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Replacement of 'NX by 'O or 'S has a further marked effect on the spin
distribution; HMO calculations suggest a reversed sequence ay,, > ayy, [1. 32].

The variation of the squared Hiickel coefficients ¢, as a function of Ay is
parallelled by an increase of the Hiickel energy €, of the singly occupied MO from
=071 B (h=0.0) to —0.21 B (hy = 2.0). Accordingly. the reduction potentials
have been observed to increase from — 1.76 V for 1 via ~ —0.3 V for the N-silylated
and N-alkylated derivatives 1o potentials of approximately +0.5 V (vs. SCE) for the
bi(thio)pyrylium salts [1].

The ESR spectroscopic comparison of organometallic radical complexes of 4.4'-
and 2.2’-bipyridine [14] exhibits a largely parallel sequence of N-coordinated metal
fragments; however, the different position of the boron complexes must be noted.
Whereas the chelate complex 7 displays a spin distribution comparable to that found
in the R,Al complexes [14]. the boron containing violene is distinguished by
relatively small coupling constants a,; (Tab. 1, cf. also the sum of the ring proton
splittings).

Two explanations may be offered for this discrepancy. One explanation, assuming
a coordination of boronium cations *BEt, to 1+, would have to take into account
the ability of three-coordinate boron to take part in N-B back-bonding. This
interaction would increase the number of 7-centers. On the other hand. it must also
be considered that the radical anion 17 might coordinate with two undissociated [23]
molecules BEt; ro CIBEt,. The comparison of coupling constants in Table 1
strongly suggests the second alternative, a future publication will elaborate on
coordination equilibria involving radical anions [41].

Summarizing, the results presented for the new “metallaviolenes” have demon-

(7)

strated how the gap between the redox systems of 4,4-bipyridine 1 and of the
viologens 2 can be bridged through coordination of various organometallic frag-
ments to the nitrogen atoms of 1. Thus, metal coordination may possibly allow
modification and controll of the redox properties of this valuable and widely used
electron transfer system.

Experimental section
ESR spectra were recorded on a Varian E 9 spectrometer (frequency 9.5 GHz,

magnetic field strength 330 mT, field modulation 100 kHz). Coupling constants and
g values were determined relative to the perylene radical anion in DME [35].
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ESR computer simulations were carried out at the Hochschulrechenzentrum
Frankfurt using the program ESPLOT [36].

4.4’-Bipyridine (Fluka). diphenvlzince and dimethylcadmium (Alfa). triethvlborane
(Aldrich). and diphenylthallium chloride (Alfa) were obtained from commercial
sources.

The compounds diphenylberyllium [37]. diphenvimagnesium [38]. diphenvi-
cadmium [38]. trimethylgallium- [34a] and trimethvlindium-diethyvletherate [34b).
trimethyl- [39a] and triphenvl-thallium [39b] were prepared according to published
procedures.

L.1"-bis(trimethylsilyl)-4.4°(1 H. 1’H)-bipynidinvlidene 6 was obtained via reductive
silylation of 4.4’-bipyridine by the method of Hiinig and Schenk [18].

Metallaviolenes 4 were generally prepared in a sealed glass apparatus under high
vacuum or under argon. I mg of 4.4-bipyridine 1 and an approximately five-fold
excess of MR, | or of the halide XMR, were dissolved in dry THF [40]: except in
the case of magnesium (which involves formation of the 1,71 radical complex via
single electron transfer) the weakly coloured solutions were diamagnetic. After short
contact of these solutions with a potassium mirror the intense blue color of the 1,/2
radical complexes, the metallaviolenes. developed. These solutions had then to be
diluted for high-resotution ESR measurements. All the radical complexes are per-
sistent in solution at room temperature.

The radical cation 4 with R, = Me,Si was  obtained by treating a
CH,Cl1,/Me.SiCl solution of the parent compound 6 with AICL, [20]. the chloro-
silane being necessary to prevent hvdrolysis.

References

1 S. Hunig and H. Berneth, Top. Curr. Chem.. 92 (1980) 1.

2 S. Hunig and W. Schenk. Liebigs Ann. Chen.. (1979) 1523.

3 Cf. the use of mono-quarternary salts: 1. Tabushi and A. Yazaki. Tetrahedron, 37 (1981) 4183,

4 H. Fischer, G M. Tom and H. Taube. J. Am. Chem. Soc.. 98 (1976) SS12; J.E. Sutton and H. Taube.

Inorg. Chem., 20 (1981) 3125 S. Larsson, J. Am. Chem. Soc.. 103 (1981) 4034,

O. Schneider and M. Hanack. Angew. Chem., 94 (1982) 68: Angew. Chem. Int. Ed. Engl. 21 (1982)
79.

6 H.L. Landrum, R.T. Salmon and F.M. Hawkridge, J. Am. Chem. Soc.. 99 (1977) 3154, W.J. Albery,
M.J. Eddowes, H.A.Q. Hiil and A.R. Hillman. ibid.. 103 (1981) 3904: . Simon. H. Guather. J. Bader
and W. Tischer. Angew. Chem.. 93 (1981) 897: Angew. Chem. Int. Ed. Engl.. 20 (1981) 861.

7 J.J. Grimaldi. S. Boileau and J.M. Lehn, Nature, 265 (1977) 229,

8 (a) Cf. P.A. Brugger and M. Gratzel, J. Am. Chem. Soc.. 102 (1980) 2461: (b) E. Baumgartner and J.H.
Fuhrhop. Angew. Chem.. 92 (1980) 564: Angew. Chem. Int. Ed. Engl.. 19 (1980) 556: M.S. Tunuli and
J.H. Fendler. J. Am. Chem. Soc.. 103 (1981) 2507.

9 D.C. Bookbinder and M.S. Wrighton. J. Am. Chem. Soc.. 102 (1980) 5123: D.C. Bookbinder. N.S.
Lewis and M.S. Wrighton, ibid., 103 (1981) 7656.

10 H.D. Abruna and A.J. Bard. J. Am. Chem. Soc.. 103 (1981) 6898, and references cited therein. Cf. also
M. Gratzel, Ace. Chem. Res., 14 (1981) 376.

1 LA, Summers, The Bipyridinium Herbicides, Academic Press. New York 1980,

12 (a) N.M. Atherton and A L. Goggins, Trans. Faraday Soc.. 62 (1966) 1702: (b)y S.A. Al-Baldawi and
T.E. Gough, Can. J. Chem., 49 (1971) 2059.

13 W. Kaim. J. Organometal. Chem., 215 (1981) 325,

14 W. Kaim, Chem. Ber.. 114 (1981) 3789,

15 W. Kaim. Z. Naturforsch., B, 36 (1981) 677.

16 W. Kaim. Z. Naturforsch., B, 36 (1981) 1110.

17 W. Kaim, Angew. Chem.. 94 (1982) 150: Angew. Chem. Int. Ed. Engl.. 21 (1982) 140.

v



18
19
20

21
22
23

24
25
26
27
28
29
30

31
32
33
34

35
36
37
38
39
40
41

169

S. Hunig and W, Schenk, Licbigs Ann. Chem., (1979) 727.

W. Kaim, J. Am. Chem. Soc., in press.

H. Bock and W. Kaim, Acc. Chem. Res., 15 (1982) 9. The addition of Me;SiCl is recommended in
order to prevent hydrolysts.

W. Kaim, Angew. Chem.. 94 (1982) 150; Angew. Chem. Int. Ed. Engl, 21 (1982) 141.

Cf. W. Kaim, J. Organometal. Chem.. 222 (1981) C17: J. Am. Chem. Soc.. 104 (1982) 3833.

W. Strohmeier. Z. Elektrochem.. Ber. Bunsenges. Physik. Chem.. 60 (1956) 396: W. Strohmeier and K.
Humpfner, ibid.. 61 (1957) 1010.

N.C. Cook and J.E. Lyons, J. Am. Chem. Soc.. 88 (1966) 3396.

B.A. Goodman and J.B. Raynor. Adv. Inorg. Radiochem., 13(1970) 136.

W. Kaim, Angew. Chem., 92 (1980) 940; Angew. Chem. Int. Ed. Engl.. 19 (1980) 911.

W. Kaim. Inorg. Chim. Acta, 53 (1981) L151; Chem. Ber.. 115 (1982) 910.

W. Kaim. J. Organometal. Chem., 215 (1981) 337.

Cf.F. Gerson, ‘High Resolution ESR Spectroscopy’. Verlag Chemie, Weinheim 1970.

CI. the treatment of electronic absorptions in molecular complexes: K. Hensen and F.K. Fleischmann,
Z. Naturforsch., A, 25 (1970) 790.

Data from: J. Bruhin and F. Gerson, Helv. Chim. Acta, 58 (1975) 2422.

Z. Yoshida, T. Sugimoto and S. Yoneda, J. Chem. Soc.. Chem. Commun., (1972) 60.

C.S. Johnson, Jr. and H.S. Gutowsky. J. Chem. Phys., 39 (1963) 58.

Cf. Methoden der Organischen Chemie (Houben-Weyl-Muller), Verlag Thieme, Stuttgart 1970, 4. Ed..
Vol. 13/4; (a) p. 323. (b) p. 351.

J.R. Bolton, J. Phys. Chem., 71 (1967) 3702.

W. Kaim and H. Bock, J. Organometal. Chem., 164 (1979) 281.

G. Wittig and D. Wittenberg, Liebigs Ann. Chem., 606 (1957) 15.

W. Strohmeier. Chem. Ber., 88 (1955) 1218.

H. Gilman and R.G. Jones, J. Am. Chem. Soc., (a) 68 (1946) 517. (b) 62 (1940) 2357.

Traces of diethylether from etherates [34.38] were removed by repeated freeze /pump/thaw cycles.
W. Kaim. in preparation.



