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Summary 

Mono- and di-substituted derivatives of iron pentacarbonyi react with alkyi 
halides and polyhalides through two parallel paths, one radical and the other 
molecular. Only in two cases could the two mechanisms be isolated and studied 
separately. The reaction between Fe(C0)3(AsPh3), and CC4 to give Fe(CO),- 
(AsPh3),C12 is radical and affected by light and duroquinone. The proposed 
mechanism is similar to that of the reaction between Fe(CO),L, and halogens. 
The reaction between Fe(CO),(PlMe,), and Me1 to form Fe(CO),(PMe,),(COMe)I 
is first order in both reactants, and free CO or P(Me)J has no effect on the rate. 
The -kinetics are interpreted in term of a concerted nucleophilic dispIacement 
involving formation of anionic intermediate. 

Introduction 

Oxidative addition, insertion and reductive elimination are important steps 
in all the processes involving homogeneous catalysis by transition metals Cl]. 
The mechanisms of these reactions have been much studied 121. 

It is difficult to find substrates which undergo ah the three reactions under 
conditions in which they can be studied kinetically. If this were possible, the 
study would produce very interesting information on the catalytic processes. 
Suitable reactions seem to be the oxidative addition of a&y1 halides to disubsti- 
tuted complexes of the type M(C0)3L, (M = Fe, Ru; L = Group V ligands), 
which gives complexes of the type M(CO),L,(Me)X, the insertion of CO or 
other groups, and the reductive elimination in the presence of CO, which 
regenerates the original d&substituted complex. 

Some information on oxidative addition and on carbon monoxide insertion 
is reported for the iron complexes [S]. There is no evidence for the elimination 
reaction, but it is reasonable to assume that it does occur. This paper is concerned 
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TABLE 1 

CO STRETCHING FREQUENCIES OF F.z<CO)~LX~ AND Fe(CO)2L2X2 IN VARIOUS SOLVENTS 

Complex V<CO) Solvent 

(cm-l) 

2102.2057.2032 Toluene 
2084.2042.2022 Toluene 

2115.2064.2037 CCb 
2032.1997 Toluene 

2037.1992 CCb 
2102.2052.2025 Toluene 
2085.2040.2015 Toluene 

2112.2059.2030 cc4 
2022.1972 CHBr3 
2025.1978 CCh 
2020.1965 THF 
2030.1974 cc4 

B 

8 r C 

cc 

0 ,r ,Cc" 

2200 2000 1800 

Fig. 1. IR spectra in the CO stretching region for the reaction between Fe(CO)3(SbPh3)Z and CHBq at 
VariOUs times (5.10.15 and 20 ruin). A: Fe(C0)3(SbPh3)2; B: intermediate; C: Fe(CO)j<SbPh3)Br2: D: 
Fe(CO)2(SbPh3)2Br2. 
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the SbPhs which released in the previous step, producing the complex Fe(CO)*- 
(SbPh&Br2 (D). The reaction was complete in 20 minutes. Attempts to isolate 
the intermediate (B) were unsuccessful even at -70°C. The reaction with CBr4 
in toluene took a similar course. 

(dj Reaction of Fe(CO)3(AsWt3)2 with CHI,. This reaction was performed at 
room temperature in toluene with both commercial and purified CHI+ In the 
first case, the reaction was complete in 80 minutes and produced Fe(CO),- 
(AsPh& in low yield (30%). In the second case, the reaction was slower and 
proceeded via two parallel paths,‘one giving the monohalogenated derivative 
and the other an unstable intermediate which was difficult to characterize. 
These unstable intermediates were also formed with commercial CHIs, but in 
lower yields. In both cases the complex Fe(C0)2(AsPh3)21z was obtained finally. 

Reaction of alkyl halides with Fe(CO)& 
Fe(CO),L reacted with alkyl halides (CHCI,, Ccl,, CHBr,, CBr,, CHI,, CH,I) 

at room temperature to give the dihalogenated monosubstituted derivatives 
Fe(CO),LX,. For a given L the monosubstituted reacted more slowly than the 
disubstituted complexes. They were identified by their CO stretching frequen- 
cies [ll]. 
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F&s_ 2. Absorbance (A) of the CO stretching band of Fe(C0)3(AsPh$2 at various times t for the reaction 
with CCb; Zo = light intensity. 
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Kinetic measurements 
(a) Reaction of Fe(CO)3(AsFh3)2 with Ccl,. The reaction was performed at 

25°C in toluene with initial concentrations of the complex and CCb of 
-6 X 10d3 M and -1 X lo-* M, respectively. The reaction was monitored by ob- 
serving the disappearance of the CO stretching band of the disubstituted com- 
plex with time. The results are shown in Fig. 2. 

In complete darkness no significant reaction took place even in 15 hours. ln 
the presence of light an induction period was observed, which decreased with 
the light intensity. Under the same conditions the presence of duroquinone 
(6.3 X IO-* M) slowed down the reaction and increased the induction period. 

(b) Reaction tif Fe(CO)3(PMe3)2 with Mel. If Me1 is not freshly purified the 
formation of Fe(CO),(PMe,),I, and Fe(CO),(PMe,),(COMe)I is observed. When 
Me1 was freshly purified the reaction was stoichiometric in terms of the follow- 
ing equation up to 95% reaction: 

Fe(CO),(PMe,), + Me1 * Fe(CO)z(PMe,),(COMe)I 

The reaction was studied between -9.5”C and 19.9”C. Higher temperatures 
could not be used because of the volatility of Cl&I and because some of the 
dihalogenated complex was formed_ Since the reaction is fairly slow, it was 
studied either in pure MeI or in a very concentrated solution of Me1 in toluene 
(Table 2). The reactions were performed with exclusion of light in an apparatus 
previously described [1,2 3_ The reaction was monitored by observing the dis- 

appearance of the 1870 cm-’ CO stretching band of the disubstituted complex 
and the appearance of the band, of higher intensity, of the acetyl complex 
(Y(CO) = 1960 cm-l). 

TABLE 2 

SECO&D ORDER RATE CONSTANTS <k2) AT VARIOUS TEMPERATURES AND AT VARIOUS 
DIELECTRIC CONSTANTS CD) FOR THE REACTION Fe(C0)3<Phle3)2 -t Me1 - Fe<CO)~<PMe3)2<COMe)l 

T XMeI PC0 
(K) (molar fraction) (atm) 

10’ X k2 a 
(&f-l set-1) . 

D<20°C) D-l 
m+1 

263.7 1 0 1.27 + 0.05 7.000 0.400 
273.3 1 1 2.35 * 0.10 7.000 0.400 

273.3 1 0 3.14 + 0.10 7.000 0.400 

293.1 1 0 19.8 f 0.5 7.000 0.400 

293.1 1 1 19.0 f 0.5 7.000 0.400 

293.1 1 0.1 19.1 f 0.8 7.000 0.400 

293.1 1 16 19.8 + 0.6 7.000 0.400 

293.1 1 1C 18.9 i 0.5 7.000 0.400 

293.1 0.710 0 9.55 4.823 0.359 

293.1 0.406 0 4.62 3.521 0.313 

293.1 0.290 0 3.55 3.162 0.295 

293.1 0.280 0 4.10 3.101 0.270 

293.1 0.152 0 2.54 2.756 0.255 

293.1 0.078 0 2.50 f 0.15 2.560 0.254 

Q The errors in ha are the deviations from the mean for at least three runs. The activation parameters in 

Me1 as solvent are: AI@ = 13 kcellmol and ASf93.1~ = -33 e.u. b 

one = (5-10) X io-3nf. 
Saturated solution of PMe.$. CDuroquin- 
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Fig. 3. Second order rate constants (Iz2) vs Xhfe~ for the reaction between Fe<C0)3(PMe3)2 and Me1 in 

toluene at 19.9aC. 

The pseudo-first-order rate constants were obtained by plotting In A,/A vs. f 
for the disappearance of the band at 1870 cm-’ (where A0 is the initial absorb- 
ance and A the absorbance at time t) and by plotting In A&A, - A) vs f for the 
appearance of the band at 1960 cm-’ (where A, is the absorbance at the end of 
the reaction and A is that at time t). The rate constants obtained by the two 
methods for the same kinetic nm agreed within 5%. The reproducibility of the 
rate constants for different kinetic runs was within 10% the variations may 
be due in part to traces of oxygen, which induce radical reactions. Some kinetic 
studies w&e performed with a CO atmosphere and others in the presence of 
duroquinone or PMeJ. 

The reaction is first order in the disubstituted complex; it was difficult to 
determine the order in Me1 because it was not possible to obtain kinetic data for 
diluted solutions of MeI in toluene (see above). Furthermore, it is not valid to 
compare the second order constants obtained by dividing the pseudo-first-order 
constant by the MeI concentration, because the nature of the solvent varied too 
greatly from one solution to an other. The reaction order was obtained by 
plotting such second order rate-constants vs. the molar fraction of MeI(X(MeI)) 
(see Fig. 3). The plot of k2 vs. X(MeI) tends to a constant value when XMeI -+ 0, 
indicating that k2 remains constant on varying the Me1 concentrations for dilute 
solutions. Thus the reaction is first order in MeI. 
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Results and discussion 

Reaction mechanism of Fe(CO)3L2 and alkyd halides 
The disubstituted complexes react by two parallel paths. One of them is 

affected by light and radicals, and gives dihalogenated mono- or di-substituted 
compounds. The other is not influenced by light or radicals and produces un- 
stable compounds which quickly decompose. Only in the case of Me1 is a stable 
acetyl complex obttined [3]_ It is difficult to make a quantitative study if both 
paths are present, but in two cases we succeded in isolating the two reaction 
paths. In fact, the reaction between Fe(CO)3(AsPh3)2 and Ccl4 follows the first 
route, and the reaction of Fe(C0)3(PMe,) with CH31 in the dark the second 
route. 

Mechanism of the radical reactions_ 
The results of Fig. 1 for the reaction of Fe(CO)JAsPh& with Ccl, indicate 

that (a) there is no reaction in the dark; (b) there is an induction period which 
decreases on increasing the light intensity; (c) duroquinone (a radical scavenger) 
increases the induction period and decreases the reaction rate. 

These results are typical of a radical reaction 1131 initiated by light, which 
produces Cl- radicals from Ccl+ The radical reaction is observed also with other 
alkyl halides, some of which give radicals thermally [14]. The fact that the reac- 
tion is a radical process explains the increase of the reaction rate with decrease in 
the C-X bond energy 1141 which follows the order 

C-Cl > C-Br > C-I 

With the same alkyl halide but varying L the rate for Fe(C0)3L2 decreases in 
the following order 

SbPhJ > AsPh, > PPh, > PMe, 

This is the order of increasing basicity of L [15]. 
The first stable product of the reaction is the di-halogenated monosubstituted 

complex Fe(C0)3LX2. Tlnus the reaction proceeds via initial substitution of the 
ligand L; afterwards L reacts with Fe(C0 )3LX2 producing Fe(CO),L,X, in a pre- 
viously described reaction [ 163. Previous studies have shown that this reaction 
involves an initial step in which halogen radicals are formed photochemically or 
thermally from alkyl halides. These radicals react with Fe(CO),L, via one-elec- 
tron oxidation to give the radical cation [Fe(CO)JL2]+‘, as recently shown for the 
reaction of halogens with Fe(CO),L, [17]_ This mechanism is further supported 
by the observation of intermediate (B) (Fig. 1) during the reaction of Fe(CO),- 
(SbPhs), with CHBr,; this has the same infrared characteristics as the ion [Fe- 
(CO),L,]* described in ref. 17. The effect of the basicity of L on the rate indi- 
cates that the replacement of L is a rate determining step in the previously pro- 
posed scheme [17]. The monosubstituted complexes Fe(CO),L react with alkyl 
halides by the same mechanism as Fe(C0)3L2, giving the monosubstituted dihalo- 
genated complexes Fe(CO)JLX, with expulsion of a carbon monoxide ligand. 

Mechanism of the reaction between Fe(CO),(PMe,), and MeI [18] ’ 
This reaction was studied in pure Me1 and in concentrated solutions of Me1 



in toluene. The reaction is second order (see Experimental section) and the fall 
g 
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5 

in the rate constant on lowering the mol& fraction of Me1 is attributable to the 
decrease in the dielectric constant of the medium. The second order rate con- 
stants are listed in Table 2. The activation parameters in pure MeI are Hf = 13 
kcal/mol and AS’ = -33 em., and are consistent with an SN2 mechanism. It was 
conceivable that the reaction might proceed via a predissociation of CO or PMe, 
from the starting complex, freeing a coordination position for the attack of MeI, 
a~ found with other complexes [19], but this is not the case, for the following 
reasons: (i) an atmosphere of CO does not alter the rate; (ii) the reaction is quan- I 
titative; since PMe, reacts with MeI to form PMeJ the reaction would not be quan- 
titative if PMe3 dissociated from Fe(C0)3(PMe&. If, on the other hand, the for- ! l 
mation of PMe,I is a reversible process 1203, the addition of PMe,I would influ- j 
ence the rate; (iii) if predissociation of phosphine were a rate determining step, .! 

WCOMPEt3)2 would react more rapidly with MeI; whereas it did not react at ; 
alI. 

The radical mechanism can also be excluded because duroquinone does not i 
affect the rate, and because a radical mechanism produces only the dihalogenated i 
compound, as shown in experiments performed in daylight. 

The proposed mechanism is a concerted nucleophilic displacement (2-center 
SN2) [21]: _ 

Fe(CO),(PMe,), + Me1 2 [Fe(C0)3(PMe3),(Me)’ I-] 

CWCOMPMeMMe)’ I-1 inser~~nof c; Fe(CO),(PMe,)2(COMe)I 

6.0 - 

5.5 - 
I t I I 

0.250 CL300 0.350 D_, 0.400 

2D+l 

Fig. 4: --log k2 vs. D - 1 for the reaction between Fe<CO)3(PMe3)2 and Me1 at 19#C in mixtures of 

toluene and MeI_ 2D * ’ 
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Since it involves the formation of ionic species as intermediates this mechanism 

is consistent with the observed sensitivity of the reaction rate to the dielectric 
constant of the medium. The mechanism corresponds with those found for the 

reactions of iron carbonyls with halogens, which involve the formation of the 
ionic intermediates [Fe(CO),L2X’X-] 117,221. The presence of a polar activated 
complex is confirmed by the correlation between lg k, and (D - 1)/(2D + l), 
(where D is the dielectric constant of the solution) shown in Fig. 4 and Table 2. 
Such a linear correlation is a characteristic of Mentschukin reactions, which occur 
via ionic intermediates [23]. 
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