
14s 

Journal of Organometallic Chemistry, 440 (1992) 145-152 
Elsevier Sequoia S.A., Lausanne 

JOM 22919 

Electron transfer catalyzed substitution 
in carbonyl complexes 

VI *. Highly variable rates of substitution 
by tetracyanoethylene 

Brigitte Schwederski, Wolfgang Kaim, Barbara Olbrich-Deussner 
and Thomas Roth 

Institut fir Anorganische Chemie, Unicersitd Stuttgart, Pfaffenwaldring 55, 
W-7000 Stuttgart 80 (Germany) 

(Received April 24, 1992) 

Abstract 

Rates of substitution of tetrahydrofuran (THF) or trimethyl phosphite by tetracyanoethylene 

(TCNE) in organometallic complexes (THF)W(CO),, (THF)Cr(CO),, [P(OMe),]Cr(CO),(C,Me,), 
(THF)Mn(CO),(C,Me,) and (THF)Mn(CO)Z(C,H,Me) in THF solution, have been determined. As 

indicated by the calculated second-order rate constants k, the manganese complexes (k > 1900 

Mm’ s-‘) react by a factor of at least 10” more rapidly than the W(COjj complex (k = 0.043 M-’ s-l). 

Measurements of recombination kinetics of photodissociated (acpy)Mn(CO),(C,Me,) (acpy - 4- 

acetylpyridine) in THF show that the substitution by TCNE of THF in the corresponding solvent 

complex proceeds faster by a factor of 2 x 10”. Of the two chromium complexes, the pentacarbonyl/THF 

system has a value of k of 0.39 Mm ’ sm ’ whereas the phosphite ligand in [P(OMe),]Cr(CO),(C,Me,) is 
substituted by TCNE with k = 1.59 Mm’ s-‘. The results and their correlation with electrochemical 

data support a self-induced homogeneous electron transfer mechanism: it is proposed that electron 

transfer between the reaction partners TCNE and the organometallic precursor leads to substitution- 

ally-labile 17 valence electron complexes as essential intermediates in the catalytic chain. Efficient 

oxidation of the precursors by the TCNE-substituted 17 VE species is possible because of intramolecu- 

lar metal-to-TCNE electron transfer, especially in the a-coordinated products with mixed carbonyl/ 

carbocycle iigands. 

Introduction 

Reactions of electron-rich organometallic compounds with acceptor substrates 

are often characterized by free radical mechanisms [2-41, involving single electron 
transfer steps [5-71. A continuing challenge in this area is to relate observed rates 
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to mechanisms and to energy data for the precursors. particularly with redox 
potentials in the cast of electron transfer [2-T]. 

A small but extremely cffectivc x-acceptor is tetracyanoethylene (I‘CNE). which 
readily reacts with many organometallics. yielding ;I varictk elf unusual complexes 
[X- 1.51. WC have previously reported qualitative obacrvation:, revealing apparcntl! 
very different rates of substitution of tctrahydrofuran (‘I‘HF) ligands in photogcn- 
crated solvent complcsca suc.h as in eqns. 1 01 2 by T(‘Nt7 [ I): :I ximilar reaction 

involving the substitution of trimethylphosphite in cq. .J b! I’C‘NI*. was :~lsc-r 
observed to proceed rather rapidly [ 1. I .$I. 

‘TCNE3 i- (THF)M( CO); ---a (q’-TCNE)M( CO)< + THF (1) 

(M-Cr. W) 

TC’NE + (THF)Mn(CO)I(CiHi ),Me,,) ------) 

( q’-TCNE)Mn(CO)Z( CiHi ,,Me,,) t THF (7) 

(I? = I, 5) 

TCNE -t [P(OMe),]Cr(CO),(C,Me,) ----$ 

( 171-1‘CNE)(‘r(CO)I((‘!,Mc,, t t P( OMc), (-31 

In this paper wc present kinetic data on the five substituticln reactions l--.3. 
which yield complexes with 17’ (N)- or 77’ (C=C)-coordinated TCNE’ ‘) [I]. 
Specifically. an attempt is made to relate the considerable diffurcncca in rates IO 
the rcdox potentials of precursors and products within a xclf-induced electron 
transfer catalytic mechanism [I h], which WC: describe as electron-tr:~ll~fer autocatal- 
ysis. 

Results and discussion 

When the TCNE complexes (TCNE)M(CO),, M = Cr. W, and (TCNI3Mn 
(CO),(C,H,_,,Me,,), n = 1 and 5. were prepared [I] from the THF solvates by 
reactions (1) and (2). a marked difference in the rates of thcil formation was 
noted. A quantitative determination of these diffcrenccs was thcreforc desirable. 

Reactions (l-3) all showed simple pseudo-first order kinctica \~hcn the 

organometallic precursor was treated with at lcast a ten-told molar cxccxs ot 
TCNE. Such behaviour is expected for a straightforward suhqtitution as clepictcd in 
eq. 4. 

L,,,ML’ + TCNE L L?,M(TCNE) t LA’ (1) 

Depending on the very characteristic [l] charge transfer absorption maxima of 
the TCNE complexes formed, various monitoring wavelengths in the visible spcc- 
trum were chosen for the kinetic measurements (Table 1. Fig. 1). 

Because of the wide range of rates of the substitutions (Table 2) the mixed 
carbonyl/carbocycle containing systems (2) and (3) had IO be studied !%I stnpped- 
flow techniques. Even so, the rate nt substitution oi ITIF in (THF)Mn- 
!CO),(C,lH,Mc) by TCNE was too high to measure under the ccjrtditions used. the 
reaction being complete within the dead-time of the slopped-flow !nstrumcnt used 
(cu. 4 ms). From that observation a lowor limit for the second-order rate constant 
of 14000 M ’ s ’ can be estimated. 



Table 1 

Absorption maxima of TCNE complexes in THF 

complex 

(CO),W(TCNE) 

(CO),Cr(TCNE) 

(C,Me,)(CO),Cr(TCNE) 

(C, Me,XCO), Mn(TCNE) 

(C,H,MeXCO),Mn(TCNE) 

h maxi nm 

677 

741 

661 

463 
753 

392 

785 

All other reactions were pseudo-first order in [L,ML’] for at least four half-lives 
and conformed to the rate expression: 

d[L,M(TCNE)] /dt = k,,,[L,ML’] (5) 
k obs = k[TCNE] (6) 

The second-order rate constants k calculated from eq. 6 (Fig. 2) show a spread 
of almost 5 orders of magnitude (Table 3). 

Of the reactions investigated, only the two slowest, which involve the pentacar- 
bonylmetals, showed a statistically non-zero intercept in the plots of kobs us. 
[TCNE], indicating the existence of an equilibrium (7). 

(THF)M(CO), + TCNE;(TCNE)M(CO), + THF (7) 
r 

(M = Cr, W) 

The existence of this equilibrium is also evident from a change of the ab- 
sorbance at infinite time, A,, owing to changes in the amount of the TCNE 
complex formed, this amount depending on the excess of TCNE used. The 
equilibrium constants (8) for the reactions (7) were calculated as 140 + 40 MS’ for 
M = W and 340 _t 40 M- ’ for M = Cr. 

K = [(TcNE)M(co),]/[(THF)M(co),] [TCNE] = k,/k, (8) 
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Fig. 1. Absorption spectra for the reaction of (THF)Cr(CO), with TCNE in THF. Spectra were 

recorded at intervals of 120 s, starting at I = 120 s. 
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Fig. 2. Dependence of kob s on the TCNE concentration [TCNE] for the reactions of (THF)M(CO)5, 
M = Cr ( [ ] )  or W (o )  and of [P(OMe)3]Cr(CO)z(C6Me 6) (zx) with TCNE in THF solution. The lines 
represent a least-squares fit to the experimental data. 

Table 3 

Electrochemical potentials E (V t , s .  Fc /Fc  + ) " and second-order rate constants k (M i s ~) relevant 
to the substitution L'ML,, +TCNE ~ (TCNE)MLn + L' in THF solution h 

ML,, L' Eo×(L'ML ~) ' (TCNE)ML, J k ' 

Eox Ered 

W(CO) 5 THF + 0.48 + 0.91 - 0.14 0.043 
Cr(CO) 5 THF + 0.20 + 0.73 0.2(/ 0.39 
Mn(CO)2(CsH4Me) THF +0.08 " " > 14000 ! 
Mn(CO)2(C 5 Me 5) THF - 0.22 + 0.50 - 0.60 1900 
Cr(CO)2(C6M %) P(OMe) 3 - 0.22 + (I.38 - 0.91 1.59 

a Eox: Anodic peak potentials for irreversible oxidation: Ercd: Half-wave potentials for reversible 
reduction, b TCNE has Ere d = -0 .22  V c s .  Fc /Fc  + in acetonitrile/0.1 M Bu4NCIO 4. c In THF/0.1 
M Bu4NCIO4; scan rate 200 mV/s .  ,t In acetonitrile/0.1 M Bu4NC104; scan rate 100 m V / s  (ref. 1, 
Fc /Fc  + has +0.46 V us. SCE under the conditions applied). " Not determined, f Lower limit from 
dead-time of stopped-flow instrument. 

TCNE + LnML' 
. . . . .  /L ruination -TCNE-" 

LnM(TCNE ) [LnML,]'~" TCNE 

electron transfer ~ L ligand substitution 

LnML'  [LnM(TCNE)] ÷" L' 

L' = THF or P(OMe) 3 

Overall stoichiometry: LnML' + TCNE , LnM(TCNE ) + L' 

Scheme 1. Self-induced electron transfer catalytic mechanism for the substitution of L' by TONE. 



the series of Table 3 clearly points to an increase in the extent of formation of 
potentially chain-carrying [IX] 17 VE species on lowering of f<,,,(L’ML,, 1. 

Substitution of I_’ =- THF or P(OMc), by TCNE leads to still cationic I7 VE 
complexes which can. howe\,cr. cio~ the eicctron trunsf‘er catalytic cycle (Scheme 
I) by oxidizing the precursor c~~mplcxcs. This second rcquir-cment for- ;i self-in- 
duced cicctron transfer catalytic reaction is fuifiiicd hccause the K’NE product 
complexes ha\,c generally higher peak potcntiais for anodic oxidation than the 
THF solvates or the phosphilc complex in the case of C‘r((‘O),(C‘!,Mc,,\ iTabii: 3). 

The high oxidation peak potentials or the products are ;I cons&c‘ncc of the “~13 
low basicity of TC’NE: aitcrn;ativcl\i. they may be attributed IO the partial or etcn 
complete intramolecuiar electron transfer from the metal to the 1’ChE iigand. ‘The 
approximate formulation (‘T‘CNE~ ‘)( ’ ML,,) iiiustrutcs why \uch ipcciex may bc 
difficult to oxidizc: the (reversibic) reduction of mat product complexes at 
potentials more negative th:t!i E,,.C, of I’CNE lends further- ~:uppor~ to thi5 itlca . 
(Table 3). 

Rapid initial cicctron transfer (if favourabie) bctwcen the ri,action partners. 
facile substitution of the first chain carrier, and efficient homogeneous electron 
exchange between oxidized product and precursor can lead to fast substitution as 
indicated in Tabic .3. There is an approximate correlation bctwecn thr case of 
oxidation of the precursor and the rate of substitution: the pentacarbonqltungstcn 
system shows essentially no cfl‘cct of special acceleration whereas the manganexe 
compounds react extraordin‘irily rapidly. With ‘“normal” two electron donors such 
as acetonitriie [I C,] or the hctcrocycies a-acctyipyridinc (acpy) or pyrazinc [ZO] the 
exchange of THF in compicsss (‘.I’f-ir;)Mn(CO),(C,,Ri) is rather sluggish despite 
the presence of low-lying magnetically and ii~~:rtnd-field-c~cired states: this slou 
substitution has even been held to bc responsible for the failure [Zl] to obl:Gn 
dinuclear complexes of pyr-amine [20]. In the course of studies directed at the 
known [Z] and recently I-ationaiiLed [Z] photolability oi’ certain complese< 

(L)Mn(CO),(C,R5) we ha1.c also measured (Table 4 and c;liculated the rate of 
recombinarion applicable lo cq. 9. 

(THF)Mn(CO)~(CiMe,) + acpy (9) 

(acpy: 4acetyipyridinc ( Ercli = ~-1.07 V IX. ~:c,IFc + 1) 

” Recombination reaction of light-induced dissociatron in T‘HF wlution (eq. 91. ” Monitored at abwrp- 

tion maximum of 512 nm. 
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The calculated second-order rate constant of 0.096 M-’ s-l for the substitution 
of THF by 4-acpy (eq. 9) is smaller by more than 4 orders of magnitude than the 
corresponding rate for TCNE (Table 3) confirming the operation of a special 
mechanism for the reaction of the latter. 

While the effect of the ease of oxidation of the precursor complex in the start 
reaction can be semi-quantitatively assessed from peak potentials, the variations of 
the substitution process proper [24] within the catalytic cycle (Fig. 3) can only be 
interpreted qualitatively. It is obvious, however, that the sterically more hindered 
pentamethylcyclopentadienylmanganese complex reacts more slowly than the 
monomethylcyclopentadienyl analogue despite a slightly lower oxidation potential. 
Similarly, the substitution of trimethylphosphite should be much more difficult 
than that of THF, yet even the P(OMe), complex of the very electron-rich 
Cr(CO),(C,Me,) undergoes the exchange with TCNE fairly rapidly (Table 3). The 
THF solvate of Cr(CO),(C,Me,) is too labile to serve as a well-defined precursor. 

The catalysis scheme in Fig. 3 draws attention to a mechanism by which 
unusually fast exchange reactions can proceed r!ia “hidden” electron transfer 
steps; such self-induced or autocatalytic electron transfer processes require no 
initiation from external electron sources or acceptors such as chemical oxidants or 
reductants, electrodes, or light [6,18,19]. Processes of the type shown in Fig. 3 may 
thus be part of efficient cycles in homogeneous organometallic catalysis; in any 
case, they are most certainly responsible for other “anomalously” facile substitu- 
tion reactions involving TCNE [9,25]. 

Experimental 

Reagents 
The THF used in the kinetic measurements was dried by reflux over potassium 

under argon. The precursor complexes were prepared by published procedures 
[1,15,16,23]; in the case of THF solvates this was by prolonged photolysis of dilute 
solutions (about 0.001 M) of M(CO),, M = Cr, W, or (C,R,)(CO),Mn at -35°C. 
The typical extent of conversion was > 90% as indicated by IR spectroscopy. 

Instrumentation and measurements 
Electrochemical potentials of the TCNE complexes were obtained by cyclic 

voltammetry in acetonitrile/O.l M Bu,NClO, [l], and the solvent complexes were 
studied in THF/O.l M Bu,NClO,. A PAR 273 potentiostat was used in conjunc- 
tion with a three electrode configuration: glassy carbon working electrode, plat- 

inum counter electrode, SCE or Ag/AgCl as reference. Potentials were deter- 
mined with the ferrocene/ferricinium couple as internal reference; the standard 
scan rate was 100 mV/s for the TCNE complexes and 200 mV/s for the solvates. 

For kinetic measurements, the solutions of the THF complexes were diluted to 
cu. 0.1 mM. Concentrations were estimated from the concentrations of the 
precursor complexes, assuming > 90% efficiency of photolysis. Under all condi- 
tions, the metal complexes were the limiting reagents ([L,ML’l ==z [TCNEI, 
pseudo-first order) and their exact concentrations were irrelevant for the determi- 
nation of the rate constants. Tests of the precursor complexes revealed no 
interfering reactions under the conditions and on the time scale used. Solutions of 
[P(OMe),]Cr(CO),(C,Me,) and TCNE in THF were prepared by weight. The 
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rccombina t ion  react ion (9) was studied by i r rad ia t ing  a 3 ;< I0 -~ M solut ion ot  
( a c p y ) M n ( C O ) ~ ( C ~ R f )  [23] [i~ T i l l :  in t i le presi:ncc of  Val'i(:,tlS ~tll lounts t)t acpy for 
i() s w i th  ~i 50 W l iB( ; )  lamp. Rccoilll ',inal.ior~ ot i l l c  F i l l :  <,.>h'atc w i th  acpx v,;i~ 
mc)ni torcd using ti~c MI . (TF bui ld LI| 51.] lltl/. 

A Shimadzu [ . V  'V is  spectre)meter t lV-l(>(), ~,, I>crkin Eiit~ci spcc l ro l~hotomctcr  
554 :~md a D|.trlul-fl s topped- l ]ow spec l rophot ( in lc tc r  w i ih  -4 m. ~, depict tiITIc [2(q. 
i l H C I I L I C c d  U.) LI Z e n i t h  P ( ,  ,~c rc  used  It) study the rcLi<;t[oi~ kii,.clJcs 4( l h u  

wavclcm,.ths, i )~dic~l tcd i~; 'l,ll < .I 
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