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METALLAVIOLENES. AN ESR STUDY 

Summary 

The preparation and ESR-spectroscopic characterization of radical complexes 
[(R,,M)L(MR,)]? with L = 4,4’-bipyridine is described. where MR,, = BePh. MgPh. 
ZnPh. BEt,, GaMe,, InMe, and SiMe,. While the bis(trimcthylsilyl) derivative 
could be obtained via one-electron oxidation of the corresponding 4.4’-( 1 H. l’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 MgPhz 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 electron 
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 [ 11. 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” [I]. 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, 

(i) between coordinated transition metals and their complexes [4.5], 
(ii) between electrodes and biological substrates [6], 

(iii) in membranes [7], micelles [gal, or vesicles [8b]. and 
(iv) on glass or semiconductor surfaces [9,10]. 

In those immobilized forms [7-IO], the viologens 2 have been extensively used as 

electron carriers in photochemical systems for solar energy conversion [8 10). 
Furthermore, the function of diquarternary salts 2 as herbicides (R = CH,: 

cx,22-.l2Xx/x~,/oooo-oooo/So3.oo 1, lYX.3 Elsevier Sequoia S.A. 
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Lnlikc pyrazine radical anion [ 121. the singly raiuced 4.4’-hipyridinc. 1 . , does 
not form tight ion pairs or triple ions with alkali met;11 cations. f four\xx. thr 

rcactictn of pyridinr or 4.4’-hip~ridit;~ wifh AIX i (X = MC. Et. Cl) and alkali nlctalx 

\vas shown 10 yield aluminum containing f/Z radical complesr~ ot‘ 4.4’~bipyitlinc 

Il31. 

fNcl , 
1 

+ 4 A!X3 
~.__ _._ _i/ 

AIX,- 

- NoAIX4 (3) 

In this paper wc describe tnorc organonwtallic radical con,plesrs (“mctafla\;i~b 

IWec” 4) of txdwxd 1: these nc3v toniplcres hasc bcrn identificld and ch;tracteri,vd 

by &xtron spin resonance (ESK). -+ 

(4) 

(MR,, = BcPh. MgPf-t. ZnPh. REt,. CiaMe,. InMe,. SiMc,) 



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 cheiate complexes [ 141. 

Results 

Beryllium, zinc, boron, gailium, in&urn. Solutions of 4.4’~bipyridine and of the 
corresponding organometal compound (BePh,, ZnPh,, BEt 3 or BEt ,Cl. GaMe,. 
InMe,) in THF react with potassium to yield very persistent and intensely blue l/2 
radical complexes. Whereas the organoindium radical does not exhibit any resolved 
ESR hyperfine structure ( “‘.“‘In: 100%. I = 9/2) [IS]. the line rich ESR spectra of 

B 

Fig. I. (A) ESK spectrum of the radical complex 4. MR,, = Znl’h. ;11 300 K in THF. (B) C‘ompu~cr 

simulation, line width 0.010 mT. 
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Fig. 3. (A) ESR spectrum of the radical complex formed from diphenylm.cgncaium and 4.4’-hipyridinc 31 

300 K in THF. (B) ESR specrrum after reaction with pokGum: (C) Computer simulation of sp~lrum n. 

hne width 0.010 mT. 



Depending on the ratios of the nuclear magnetic moments p, ,,,,/~,,,,, = 3.W and 

P71,,.,/P*h’~<,.8 = 1.27. the various isotopes exhibit different UK coupling constants 

[ 151. As an example. Fig. 2 shows the spectrum ol’ the his(organc)horon) complcr 

with its computer simulation. 
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1 
+ (2) MgPhZ 

- [Ph.] 

(5) 

In order to obtain l/2 radical complexa. however. 1 has to hc ralucat hy an 
alkali metal such ‘15 potassium. The radical m1o11 1 . then ccwrdin;ilcb \\ 1111 
organomctallic cntionh preswt in the diszociatwn equilibrium 1231 (WC next formu1.I). 

The uw of the hal~dtt XMR,, III C;IW of M = B. Xlp. or 41 Ir;idb 10 irl~nt~cal IISK 
spectra. In the ah~nc~ of halide. the pcrG4trncc :rncl ht,lhilit\ cjf the GIIIOIIIC~ 
c~~~~plrxtt~ is oh\ IOU~V ;IMI\IC~ h\ the Gmultanrcw~ I’cwrn;ltlon ot’ I~CLIII.I~C .I~IOI~N 
[ l7h. 15. lb]. 

In cast of the 3’. .2”-his(trim~thvlsil~l) by>trm the full! rrduccd c~wlpound 6 had 
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4MRn + 1 e *[Mb]+ + *[M%+ 2]- 

been characterized [2. 18. 241; thus an oxidative procedure [20] was employed to 

generate the radical intermediate: 

(6) 
Me-,SICI 

ESR parameters 

The ESR spectra of the metallaviolenes are characterized by their respective metal 
isotope splittings uM. The magnitude of uM is determined by several factors; at first. 
Ok is connected to the typical isotropic hyperfine coupling constant A,,,, for each 
isotope [25]. Furthermore, the ratio u,/A,,,(M) decreases within a main group of 
the periodic system with increasing atomic number; this has been demonstrated also 
for pyrazine radical complexes [ 15.161. The metal coupling constants of the metalla- 
violenes and of corresponding pyrazine complexes exhibit a ratio of approximately 
l/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 
[ 141, 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 tempcra- 
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 CI~ 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. 271. Be-. Al-. Mg-. and especially 
Si-coordination leads to relatively small values (1%. while Zn-. (;a-, B-, or carbonyl- 
metal coordination causes an increase of the “N parameter relative to the values for 
free or diprotonated 4,4’-bipyridine radical anion. We cannot offer an explanation 

for this peculiar variation of uK. 
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]: 

7 
a kl = Q x “I-, 

The data for the series of aluminum-containing radical complexes in Table 1 show 



Ihh 

that the ‘H coupling constant\ depend very littlc on the mc1:11 huhhtitucnt unlah 

drastic changes (K. H l Cl) a-c involved. ‘Ihe varying cqanc~mct;rl coordinaticw C;III 

be simulated by iI variation of the .Y-‘.~jectronepati\it\.” which corrcqonds to ;1 

change of the Coulomb integral h ,, in 3 HMO approach [JO]. Such :I procedure has 

proved to be successful in interpreting the spin distribution in 2.2’-bip>ridine radical 

complcxcs [ 141. Figure 5 shows the behavior of the squawi Htickcl ccwfficicnts c;, 

for the singly occupied MO (h,,, ) of the 4.4’-bipyridinc radical anicw as ;t functi~~n of 

/I ‘\. (0.0 < 17, < 2.0). 

Figure 5 displays ;I straightforward relation bctwcn (I,,,~) and cl,,, II’ both parame- 

ters exhibit almost linear but opposite behavior 3s a function of II, with a crashing 

at 11, = 1.0. In the light of this bchaviour. Lvhich predicted b> thccwv. .III arrangc- 

ment of the ESK data of the new radical complexes 4. of corresponding organ~~a- 

luminum [ 13.211 and pentacarbonvlmet~ll complexes 1271 and of rclatc’d refercncc 

radicals is presented in Table 1 [ 1.31.32]. 

As cxpcctcd. the coupling constants uI,,:, and u,,,~, &-a\\ closer on going from the 

isoconjugated hiphenyl radical anion to derivatives of reduced 4.4’-bipyidine. The 

data from Table I involve a sequence of :&‘-coordinated species which corresponda 

(with the one notable exception of BR,,) to that obtained for chel;ltc complexa 01 

2.2’-bipyridine [ 141. The neutral metal carbonyl fragment5 M(CO),z arc followed b> 

organometallic cations of magnesium. zinc. gallium. and bayIlium: nrkt arc the 

aluminium species t AIX,. for which the substitution of alkyl groups or h!dritle b! 

more electronegative chlorine atom5 results in a significant shift of the ratio 

Ull,2) /a III 21’ N-silyl and :l’-alkyl substitution as well as double protonation lead to 

almost equivalent parameters u,,,~) and (I~,,?, for h, - 1.0: and so the aaignnicnt in 

this case is ambiguous [ 1. 31. 331. The sequence found for ;Y-coordinated spc’cia 

reflects the increasing charge transfer between the ligand 7; radical anion and the 

organometallic cation after complexation: this corresponds to incrcawd covalcnc\ of 

the metal-ligand bond. 
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Replacement of ’ NX by ’ 0 or S has a further marked effect on the spin 
distribution: HMO calculations suggest a reversed sequence m,,,>, > (I,,,~, [ 1. 321. 

The variation of the squared Hiickel coefficients c,‘, as a function of h, is 
parallelled by an increase of the Hiickel energy c., of the singly occupied MO from 
- 0.71 p ( /I~ = 0.0) to - 0.21 13 (h, = 2.0). Accordingly. the reduction potentials 
have been observed to increase from - 1.76 V for 1 via - -0.3 V for the N-silylatcd 
and N-alkylated derivatives to potentials of approximately +OS V (vs. SCF,) for the 
bi( thio)pyrylium salts [ 11. 

The ESR spectroscopic comparison of organometallic radical complexes of 4.4’- 
and 2.2’-bipyridine [ 141 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,AI complexes [14]. the boron containing violene is distinguished by 
relatively small coupling constants u,, (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 Z to 17, 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 p-centers. On the other hand. it must also 

be considered that the radical anion 1; might coordinate with two undissociated [23] 
molecules BEt, ro ClBEt,. 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- 

cp \, ’ 
7\ 

R R 

(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 
R values were determined relative to the perylene radical anion in DME [35]. 



ESR wrvptrc~r sitnulcttiotw U’CI’L’ carried out at the Hochschulre~hc~iz~~itr~~~~~ 

Fwikfurt using the program ESPLOT [Ml. 

4.4’-Bipyridine (Fluka). diphenylzinc and dimeth~lcadnlillm (.4lfa). triethylborane 

(Aldrich). and diphenylthallium chloride (Alfa) \vcre obtained from commercial 

sources. 

The compounds diphcnylher?llium 1.371. diphc~~~lmagnc\ium [3X]. tliphcnyl- 

cadmium [3X]. trimeth~lgallium- [Ma] and trim~th~linditIni-~ii~tli~l~thctrat~ [34h]. 

trimethyl- [Na] and triphttn~l-thalliuln [i%] ~vcrt‘ prepared :tccordins 10 puhlishcd 

proccduro. 

I. I’-bis(trimcthylsiIyl)-4.4’( I H. l’H)-bip~ridin\:lid~nc 6 was cjhtained \ia rcductiw 

silylation of 4.4’-bipyridine b? the method of Hiinig and Schenk [IX]. 
Mcfullu~;~/~~ti~~.~ 4 were generally prepared in ;i waled glazs apparatu> under high 

vacuum or under argon. 1 mg of 4.4’-hip>ridintt 1 and an approxim;rtel> fiw-fold 

excess of MR,, _ , or of the halide XMR,, wcrc dissol\,cd in dry THF (401: cxccpt in 

the cat‘ of magnesium (which involws formation of the I ,,,’ I r:idic:il complex via 

single electron transfer) the weakly coloured solution5 uerc diamagnetic. After short 

contact of these solutions with ;I potassium mirror the intcnsc hluc color of the I ,/7 
radical complexes. the metallaviolencs. dt312lopcd. I‘hcw h<)tutionh had then to hc 

diluted for high-resolution ESR measurcmc‘nt~. All the radical cnmpl~ws arc pcr- 

sihtent in solution at room trmperaturc. 

The radical cation 4 Lvith K,,&- Me,!% was obtained h! treating ;I 

CH,CI,/Me,SiCl solution of the parent compound 6 with AIC‘I , [Xl]. thz chloro- 

silane being necessarv to prcvc‘nt hvdrolysix. 
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