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Interaction of carbonylferrate- and hydridoearbonylferrate anions 
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Interaction of carbonyiferrate anions Fen(CO)I~,T_4 and hydridocarbonylferrate anions 
HFen(CO)~. q (where n = I--4; m = 5, 9, 12, 14, respectively) with Bronstad and Lewis 
acids HX (X = AcO, CF3CO 2, HSO4) and RX(R = Alk, Ac, Bn, Bz; X = CI, Br) i s a  
radical-chain process, oecuring via a one-electron redox-initiation stage, including prelimi- 
nary activating complex formation. A common approach to the description of the processes 
of reduction and carbonylation of different organic compounds was suggested. It is based 
upon the exchange reactions and the interconversions within the coordination spheres of 
17-electron coordinatively unsaturated iron earbonyl radical anions. Fe,(CO)",~T--I- 
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Carbonylferrate anions (CFA) (1) are known to be 
sufficiently strong bases and to accept protons readily, 
turning into hydridocarbonylferrate anions (HCFA)  (2), 
the further protonat ion of  which gives rise to neutral 
forms (3) (Eq. 1). 

F%(CO)~-_~ ~ HFe~(CO),;,_, _._.+- 

I a - - d  2 a - - d  

- - H2Fen (CO)m -1 ( l )  

3 

a : n  = 1, m = 5  c : n  = 3 ,  m = 12 
b : n  = 2 ,  m = 9 d : n  = 4 ,  m = 14 

Protons add to  i ron  a tom in m o n o n u c l e a r  complexes 
and to me ta l - -me ta l  bond in bi- and polynuclear com-  
plexes. The exception is provided by anions 2c and 2d, 
which add the second proton to the carbonyl moiety to 
give complexes  HFes(CO)[0(~t2-COH) (3c) and 
HFe4(COh:(~t3-COH) (3d). ! The salts of  anions 1 are 
stable under an inert atmosphere. Among H C F A  salts, 
2c and 2a are the most stable. All of  the compounds 3 
are unstable and decompose spontaneously, evolving 
hydrogen at room temperature.  1-3 Most stable com- 
pounds under these conditions (Fe(CO) 5 and the salts of  
the anion HFe3(CO)i-I) were also found l,z,4,s among 
decomposit ion products. 

The same tendencies are observed in the reaction of  
CFA (HCFA)  with Lewis acids. For  instance, alkylation 
and aeylation of  anion l a  result in the formation of 
compounds 4, rather stable under an inert atmosphere 
(Eq. (2)). 6-# 

F-~co)4 z- + P,x ,,- RFe<CO)4 + X -  

l a  4 

R = AIk. Ar. Ac. Bn. ArCO; X = CI,  Br. Ts 

(2) 

RFe{CO)~ + RX ~ R2Fe(CO)4 + X- (3) 

4 5 

Neutral complexes of the RzFe(CO)4 type (5) (Eq. 
(3)) are generally unstable. They  were synthesised only 
in the case of  e lec t ron-acceptor  substituents, for ex- 
ample R = C2F s, C3F7, 9 C H 2 C O 2 R ' ,  le and COCO2R '  
(R" = Alk) u .  

A binuclear complex, R2Fe2(CO)8 (R = CO2But), 
synthesised by an indirect me thod ,  t l  is known. 

The interaction of  carbonylferrate  anions l e  and ld  
with AcCI and MeOTfl results in acylation and alkyla- 
t ion of  a carbonyl ligand respectively,  giving rise to the 
complexes [Fen(CO),,r_2(COR)]-,  where R = Ac, Me; 
n = 3, m = 12; n = 4, m = 14.1,13-1~ As in the case of  
hydrogen analogs 3e and 3d, these  complexes are char-  
acterized by carbonyl ligand t ransformations,  which af- 
fect metal framework little. On the contrary,  mono-  and 
binuclear complexes 1 and 2, as  well as compounds  4, 
appeared to be the most effective in the reactions involv- 
ing metal coordination centers and  having a redox char-  
acter. Such reactions are rea l ized in the course of  pre- 
parative syntheses of a ldehydes ,  ketones, carboxylic ac- 
ids, their esters and amides, 16 o~-diketones, i't and reduc- 
tion of  ct,13-unsaturated carbortyl  compounds.  ~,zs Thus, 
the principal interest of  most workers was focused on 
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the investigation on the interaction of  Bronstad and 
Lewis acids with mono- and binuclear complexes la,b 
and 2a,b. 

The next important fact is the following: the majority 
of  catalytical carbonylation processes are catalyzed by 
either CFA (HCFA)- -  Bmnstad (Lewis) acid system 19.za 
or by iron carbonyI--Lewis base. 1)-22 

We found that the reactions of iron carbonyls with 
different Lewis bases are radical-chain processes with a 
two-stage redox initiation, z3---zs For instance, in case a 
base is an anion L-  [L = OR, SR, NR 2 (R = H, Alk, 
Ar), H, Hal, CN, SCN, NO2, and others] the reaction 
proceeds according to Eqs. (4) and (5). 

Fe,,(CO)rn + L- ~ [Fer,(CO)m_~C(O)L }- (4) 

[Fen(CO) m_~C(O)L]- + Fea(CO)m "~ [Fe.(CO)m_~C(O)L]" + 
! 

+ Fe.(CO)~- ~ Fe,,(CO),;,-_ 7 (5) 

n = 1 - - 3 ; m  = 5, 9, 12 

Radical and radical anion species, arising at the 
second stage, may be formally treated as Fe(l) and 
F e ( - l )  derivatives. These species initiate the propaga- 
tion of  two transformation chains, due to substitution in 
the coordination sphere of  radicals. The final diamag- 
netic products result either from the further dispropor- 
tionation giving Ire ~+ complexes and carbonylferrate 
anions of  Fe( -2)  or in electron-transfer reactions, zr-2s 

When studying the reactions involving CFA (HCFA) 
and Bronstad (Lewis) acids, radical species were also 
found, s,z9 The radicals were supposed 3~ to form by 
direct reduction of  alkyl halide by CFA or HCFA, for 
example: 

HFe(CO)~ + RX ,, HFe(CO)~, + R X ' -  ,, 

',' F--'~CO)4 + RH + X - .  (6) 

There are two contradictions in this scheme. First, a 
16-electron species, Fe(CO)4, is supposed to arise, though 
the existence of  such a species in solution has not been 
proved yet. 3z Second, the direct reduction of  RX seems 
improbable for thermodynamic reasons and is possible 
only for aromatic iodides, characterized by less negative 
values of  the reduction potential. 19,33 The purpose of  
this work is to clarify the role of  radical transformations 
in different processes with participation of  CFA (HCFA) 
on the one hand and Br~rnstad (Lewis) acids on the 
other. 

Results and Discussion 

ESR study of the reactions of CFA and HCFA with 
Bronstad acids. The interaction of Na2Fe(CO) 4 ' 1.5(diox) 

(diox is dioxane), Na2[Fe2(CO)s], (PPN)2[Fe2(CO)s I 
(PPN + = (PPhs)2N+),  (PPN)2[Fes(CO)t  t], 
(PPN)2IFe4(CO)I31, KHFe(CO), ,  (PPN)[HFe(CO)4],  
(PPN)[HFe3(CO)ttl ,  and (Et3NH)[HFe3(CO)Itl  with 
acetic, trifluoroacetic, and sulfuric acids was studied. 

In the reaction of  all of  the above-listed CFA and 
HCFA with Bronstad acids, intensive signals from iron 
earbonyl radical anions ( ICRA)  were observed: 
Fe2(CO) ~- (61)) (g = 2.0385), Fes(CO)t'~- (6(:) (g = 
2.0498), Fe4(CO)I" 3- (6d) (g = 2.0135), and Fe3(CO)t": 
(7) (g = 2.0013). The g factor values are given for the 
temperature of  - 8 0  ~ and agree with the published 
values, za-2s,34 At the same time, according to the gas 
chromatography data the elimination of  hydrogen takes 
place. 

The sequence of  ICRA formation in the reactions of 
mono- and binuclear CFA and HCFA is the following: 
6]) appears first, and 6c, 6d and 7 next. With Fe2(CO)g 2- 
salts the signals with g = 2.0328 (weak signal on the 
shoulder of  the intense 6b) and g = 2.0180 are observed 
as well. 

In the reactions of  trinuclear anions Fe](CO)II 2- 
and HFe3(CO)I t-  radical anion 6c is formed first, and 
7, 61), and 6d next. In addition, low intensity signals 
with g = 2.0180 and 2.0205 are observed. 

It is significant that the signals corresponding to 
HFe,(CO),~_ I (n = 1--3; m = 5, 9, 12), known from 
the works of  Krusic, 3 are absent in the ESR spectra. By 
analogy with the CFA protonation one would expect 
these radicals to form from ICRA in acidic medium 
according to Eq. (7). 

Fe,,(CO)~,-~ + H § = HFe,,(CO)~_~ (7) 

ESR study of the reactions of HFe3(CO)tl -  and 
HFe(CO)4-  with ferricenimn hexafluorophusphate. One- 
electron oxidation of the salts (PPN)[HFe3(CO)n ] and 
(Et3NH)[HFe3(CO)t I ]  by ferr icenium hexaftuoro-  
phosphate (FcPFr) gives the radical HFe3(CO)i t (g = 
2.0645, a H = 18.95 G at - 6 0  ~ published data3). It is 
rather stable at lower temperatures, but at temperatures 
higher than - 3 0  ~ passes slowly into Fe3(CO)l" ~. At 
the later stages other ICRA (7 and 6b) emerge in the 
spectra. 

On the contrary, it is impossible to observe the forma- 
tion of  the radical HFe(CO)~ even at the temperature of 
- 1 2 0  ~ in the react ion of  K H F e ( C O )  4 and 
(PPN)[HFe(CO)4 ] with FcPFr. The intensive generation 
of Fe2(CO)'~-, and then Fe3(CO)i~ and Fe3(CO)i2-, 
accompanied by hydrogen elimination GC registeration 
takes place from the initial stages of the process. In 
addition to the ICRA signals, rather intense signals with 
temperature-dependent width and g factor were found in 
the ESR spectra at - 80  ~ At such a temperature the 
parameters of  these signals are the following: g = 2.0561 
(AH0. 5 = 18.8 G), g = 2.0206 (AH0. 5 = 8.4 G), and g = 
2.0052 (AH0. 5 = 3.6 G). They are likely to belong to 
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exchange systems [Fc '+ M ' - I  ( M ' -  is ICRA 6b, 6r 
and 7). 

ESR study of the reduction of HzFe(CO) 4 by sodium 
mirror. The compound  H2Fe(CO) 4, prepared by proto-  
nation of complex la ,  decomposes slowly in M e T H F  
solution at temperatures  higher than - 3 0  ~ As this 
takes place the signals from ICRA 6b, 6r 6d and 7 as 
well as the tr iplet  with g = 2.0489 and a n = 24.2 G 
( - 4 0  ~ are observed in the ESR spectrum. At room 
temperature only the signal corresponding to radical 
anion 7 remains in the spectrum for some time. 

To elucidate the mechanism of  the radical species 
formation in the course of H2Fe(CO)4 decomposition its 
reduction by the sodium mirror was carried out. At 
-110  ~ the triplet with broadened lines in the g region 
of 2.0529 with a H = 22.2 G appears. At - 8 0  ~ it 
disappears and the triplet with g = 2.0435 and a n = 
22.4 G (g = 2.0421 at - 4 0  ~ and the signals corre- 
sponding to radical anions 6b, 6(:, and 7 arise. Later the 
intensities of  the ICRA signals decrease, and one more 
triplet with g = 2.0489 and a H = 24.2 G arises (Fig. 1). 
It is likely that there is an analogy between the reduction 
o f  H2Fe(CO)  4 and the cor respond ing  react ion of  
Fe(CO)5, followed by the subsequent formation of clus- 
ters of different nuclearity. ~4 Thus the triplet structure 
signals can be supposed to correspond to mono-,  bi-, and 
trinuclear radical anions: H2Fe(CO)~- (ga) (g = 2.0529), 
H2Fe2(CO)- ~- (gb) (g = 2.0421), and H2Fe3(CO)l'0-" (8(:) 
(g = 2.0489). It is interesting to note that the g factor 
values of  isoelect ronic  I C R A  are about the same: 
Fe(CO)~,- (6a) (g = 2.0486), 3,2s Fe2(CO) ~- (6"0) (g = 
2.0385), Fe3(CO)tT (6r (g = 2.0498). The formation of  
these radicals in the course of  H2Fe(CO) 4 reduction can 
be represented by Eqs. (8)--(11). 

_.•  H2r-e(co) ~- + co 

H2Fe(CO)4 ~ " H2Fe(CO)4- ~ (8) 

F--e(CO),~- + H 2 

6a 

. . •  HgF,~(CO)-~- + CO 

Fe.(CO),~- + H2Fe(CO) 4 8b 

r-~(CO);- + H= 

6b 

(9) 

__• H2F%(CO)~6- + CO 

Fe2(CO) ~- + H2Fe(CO)4 Se (I0) 

F%(COh~;- + H 2 

7 

F%(CO)~:;- _ . . -  F%(CO)~'- + CO 

6c 
(11) 

a 

a 

Fig. i .  The ESR spectrum, observed in the reduction of 
H2Fe(CO) 4 by sodium mirror in MeTHF at -40  *C 7 rnin 
after the beginning of the reaction. Radical anions: 
H2Fe2(CO). ~- (g = 2.0421, al- i = 22.4 G) (a) and H2Fe3(CO)(0- 
(g = 2.0489, a n = 24.2 G) (b). 

ESR study of the reactions of CFA and HCFA with 
orgauohaiogen compounds. When  allowed to react with 
alkyl halides RX (R = Me,  Et, Bun; X = CI, Br, I), 
BnCI, and with acyl halides (R = Ac, Bz; X = CI, Br) 
the salts Na2Fe (CO)  4" 1 .5 (d iox) ,  Na2[Fe2(CO)8] ,  
(ppN)2[Fe2(CO)sl,  KHFe(CO)4,  and (PPN)[HFe(CO)41 
are most reactive.  The in t ense  growth o f  signals 
from ICRA 6b, 6c, 7, and 6d ( - 6 0  ~ T H F )  is 
observed in the  ESR spec t ra .  W h e n  using the 
salts  ( P P N ) 2 [ F e 3 ( C O ) t I I ,  (PPN)2[Fe4(CO)I31 ,  
(PPN)[HFe3(CO)I I ] ,  and (E t3NH) [HFe3(CO) t l l  the 
ICRA signals of  low intensity are present in the ESR 
spectra only in the ease of  the react ions with more active 
carboxylic acid halides. 

Along with the ICRA signals the signal from the 
above mentioned radical (g = 2.0180) can be seen in the 
ESR spectra of such systems. This  species arises in other 
reactions, accompanied by interconversions of  ICRA as 
well. 

In the reactions of the most  active mononuctear  
anions Fe(CO)42- and H F e ( C O ) 4 -  with acid chlorides 
RCI (R = Ac, Bz) the acyl-conta inlng iron carbonyl 
radicals arise in addition to ICRA.  For  instance, in the 
ESR spectrum of  reaction mixture of  HFe(CO)4 -~ with 
RCI at - 6 0  ~ the doublet with g = 2.0370, a H = 26.0 
G (R = Bz) (9b) or g = 2.0377, a H = 22.1 G (R = Ac) 
(9a) appears at the first stages of  the reaction. The 
structure R(H)Fe(CO)~-  can be assigned to these radi- 
cals, different from the known 3 species HFen(CO)~,_ I. 
In the reaction of  benzoyl chlor ide  the singlet with g = 
2.0413 is also observed (Fig. 2). 

The ESR spec t rum o f  the  r eac t ion  of  
Na2Fe(CO)4" 1.5(diox) with benzoyl  chloride ( - 9 0  ~ 
MeTHF)  is the following: at the  initial stages the inten- 
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d 
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r b 

/ 
Fig. 2. The ESR spectrum, observed in the reaction of 
(PPN)[HFe(CO)4I with BzCl in THF at -60 ~ 4 min 
after the beginning of the reaction. ICRA: Fe2(CO) ~- (a), 
Fe](CO)1" ~ (b). Benzoyl-containing iron carbonyl radicals, 
Bz(H)Fe(CO)j-: g = 2.0370, a H = 26.0 G (c) and g = 
2.0413 (d). 

b a 

d 

i 
C 

S 
t i 

Fig. 3. The ESR spectrum, observed in the reaction of 
Na2Fe(CO) 4- 1.5(diox) with AcCI in THF at -60 ~ 8 n'fin 
after the beginning of the reaction. ICRA: Fe2(CO) ~- (a), 
Fe3(CO)I' 1- (b), Fe3(CO)I" 2- (c), Fe4(CO)I'3- (d), g = 2.0180 (e). 
Acetyl-containing iron carbonyl radicals, AcFe(CO)4": g = 
2.0436 (]), 2.0342 (g), and 2.0273 (h). 

sity of  the signal with g = 2.0489 (AH0 5 = 6.1 G) 
increases, then reaches the maximum, and falls. At the 
later stages the signal corresponding to radical anion 6b 
appears in the same region. According to the published 
data the initial signal corresponds to PhCOFe(CO)~ 
(10b) (g = 2.0491). 3s 

At the first stages of  the same reaction with acetyl 
chloride the acetyl -conta ining radicals with g = 2.0436 
(10a), g = 2.0342, and g = 2.0273 arise together with 
1CRA'6b and 6e (Fig. 3). However, unlike the previons 
case, the favourable arrangement of signals (between 

signals from 61~ and 6e) in the ESR spectrum makes it 
possible to make more reliable assignment. The acetyl 
structure of  these radicals can be proved by their prepa- 
ration using model reaction of  the oxidation of  complex 
( P P N ) [ M e C O F e ( C O ) 4 ]  by ferr icenium hexaf luoro-  
phosphate  in T H F  at - 8 0  ~ The fo rmat ion  o f  
(R'CO)2Fe2(CO)6 is related to a one-electron oxidation 
of R ' C O F e ( C O ) 4 -  to give the corresponding radicals 
which are dimerized, z9 Thus acetyl-containing radicals 
may be supposed to serve as intermediates in the process 
of  binuclear complex formation (Eqs. (12) and ( l  3)). 

R'COFe(O0); ~ R'COFe(CO)4 (12) 

R'COFe(CO)2 + R'COFe(CO),; 

--- (R'CO)=r-~(CO)d- ._~ -CO 

-do. -co2"- (R'(O)C=CWIFe~(CO);- 
([3) 

During the further one-electron reduction binuclear 
radical anions give known diamagnetic products, z9 

Hence,  the reactions of  CFA and H C F A  with 
Bronstad and Lewis acids are redox processes, in which 
one-electron oxidation of  CFA and HCFA resulting in 
the ICRA formation takes place. However, the acids 
mentioned above cannot serve as oxidizing agents for 
thermodynamic reasons. We described a similar situa- 
tion earlier for the system iron carbonyI--Lewis base, 
where the one-electron reduction of iron carbonyl to 
give ICRA occurs as well, but Lewis base is not a 
reducing agent, z3-zs This problem can be solved using 
the concept,  suggested earlier, of  the one-elect ron redox 
process with initial activating complex-formation.  36 In a 
rather general form, as applied to iron carbonyl systems, 
where the interaction of  a donor with an acceptor  
occurs, this concept can be formulated as follows: 

Type I Type I I 

D - + C  ~ D" + C ' -  B - + A  + ~ B' + A '  

D - + C  ~ DC- B - + A  + ~ BA 

D C - + C  I. DC" + C ' -  B - + B A  .,. B" + B A ' -  

If donor D -  (or B-)  cannot reduce acceptor  C (or 
A +) directly, but the formation of  a complex D C -  (or 
BA) takes place, it is this complex part icipation that 
makes the one-electron transfer possible. 

The reaction of iron carbonyls (arbitrarily C) with 
Lewis bases (D-)  belongs to type I (see Eqs. (4) and 
(5)). z3-25 For the reactions of CFA and HCFA (B-)  with 
acids (A*) the second scheme (type II) is applicable. In the 
context of this scheme one of the well-known processes - -  
either the protonation of CFA and HCFA (see reaction 
(1)) or the oxidative addition of  alkyl and acyl halides (see 
Eqs. (2) and (3)) - -  play the role of  the activating complex- 
formation stage, for example 
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HFe(CO}4 + RX = R(H)Fe(CO) 4 + X-. (14) 

The one-electron transfer itself occurs at the next 
stage. The resulting complex is reduced by the initial 
HFe(CO)4- according to Eq. (15). 

R(H)F--.e(CO)4 + Hr-e(CO)~, ,) 

- - ~  R(H)Fe(CO)~-  + HFe(CO)4 (15) 

With R = H at this stage it is possible to isolate both 
components of the one-electron transfer reaction in a 
pure state. 

ESR study of the reaction of HzFe(CO) 4 with 
(PPN)[HFe(CO)4]. No signals were detected in the 
ESR spectrum of the solution of H2Fe(CO) 4 in MeTHF 
at temperatures below -60  ~ The same is observed for 
the complex (PPN)[HFe(CO)4], dissolved in MeTHF 
over a wide range of temperatures (up to room tempera- 
ture). At the same time the interaction of H2Fe(CO) 4 
with (PPN)[HFe(CO)41 in MeTHF solution leads to 
ICRA even at -100 ~ At the initial stages of the 
process the intense growth of the ICRA 6b signals is 
seen in the ESR spectra. Then the signals corresponding 
to radical anions 6e, (~!, and 7 appear. The triplet of 
cluster 8c, to which the structure H2Fe3(CO)I" 0- can be 
assigned, arises as well. 

The studies on HFe(CO) 4- oxidation and H2Fe(CO) 4 
reduction (see above) showed that the 17-electron radi- 
cal HFe(CO) i and the 19-electron radical anion 
H2Fe(CO)~- , arising initially at the one-electron trans- 
fer stage (see Eq. (15), R = H) are unstable under the 
conditions of this reaction and are transformed rapidly 
into Fe2(CO)~-, the former according to Eq. (16), and 
the latter by Eqs. (8) and (9). 

HFe(CO)4 + HFe(CO)4 ,. H 2 + Fe2(CO)~- (16) 

The radical anions of greater nuclearity 6e, 6(I, and 
7, as well as 8c, originate in reactions (10) and (1 l). 

The 19-electron radical anion R(H)Fe(CO)j,- (R = 
MeCO and PhCO), forming by Eq. (15), is also trans- 
formed into the more stable 17-electron state as a result 
of elimination of aldehyde molecule or CO (Eqs. (17) 
and (18)). 

R(H)Fe(CO)~-  = RH + F e ( C O ) ; -  (t7) 

R(H)Fe(CO),~- = CO + R(H)Fe(CO):~- (18) 

9a,b 

In the last case radical species 9a and 9b, detectable 
in the reactions ofacyl halides ILK (R = MeCO, PhCO) 
with HFe(CO)4-, arise. 

The highly active radical anion Fe(CO)~- interacts 
with H2Fe(CO)4 by Eq. (9) or can be protonated in 
acidic medium, giving rise to the radical HFe(CO)4. 
The same conversions occur in the reactions of Fe(CO)4- 
with RX. 

Fe(CO)~- + RX ,, RFe(CO);. + X -  (t9) 

RF-~CO)~ + HFe(CO)~ --~ RH + F.e2(CO)~- (20) 

Further ICRA conversions, followed by an increase 
in their nuctearity, proceed via a radical-chain mecha- 
nism according to analogous Eqs. (21) and (22). 

Fe~(CO)~- + RX - RF~(OO) ;  + X-  (2 ] )  

RFe2(CO)~ + HFe(CO)• ) RH + F%(CO), : ; -  (22) 

The reactions of Fe(CO)42- with RX (R = alkyl and 
acyi) can be presented in a similar way. The one- 
electron transfer (Eq. (23)) operates with participation 
of the complexes produced in reactions (2) and (3). 

R2Fe(CO) 4 + RFe(CO)~" .,, 

- - ~  R2Fe(CO)4- + RFe(CO),; (23) 

R2Fe(CO) 4 - ,,,, R 2 + Fe(CO),~- (24) 

RFe(CO)4 + RF--e(CO)4 = FI 2 + Fe.,z(CO}~- (25) 

F-e(CO),;- + R2F--e(CO) 4 ,, R 2 + F-e2(CO)~- (26) 

For acyl derivatives the formation of binuclear radi- 
cal anion complexes (see Eq. (13)) is possible. 

At the final stages of the interaction of CFA and 
HCFA with Brenstad and Lewis acids the reduction of 
ICRA 6e and 6d in the exchange reactions of the type 
(27) and (28) to give corresponding CFA le and ld takes 
place, if the redox-potentials of these anions make such 
processes thermodynamically favourable. 37,~ 

F%(CO)~- ,  + Fe.,(CO}~_~ - 

- Fe . (CO)~_ I  + Fe..(CO)~-_~ (27) 

Fe,,(CO),;,-_~ + Hr--e(CO) 4 

,,' Fen(CO)2-_ 1 + HFe(CO}~, 

n = 3, 4; m = 12, 14 

n' = 1 , 2 ; m '  = 5 , 9  

(28) 
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Then either the protonation of complexes le and ld 
in acidic media or the addition of Lewis acid to carbonyl 
group of these compounds giving rise to products 5c and 
5d t$'-ts is possible. 

Hence, the investigation on the interaction of CFA 
and HCFA with Br~nstad and Lewis acids by means of 
ESR spectroscopy showed that it is a radical-chain 
process with the redox-initiation stage, including the 
preliminary activating complex formation. The key unit 
of the process is constituted by the chain propagation 
reactions, consisting in Bronstad or Lewis acid addition 
to ICRA. 

On the one hand, ICRA are rather stable species and 
their concentrations can reach sufficiently high values in 
the process of the reaction, and on the other they are 
coordinatevely unsaturated and electron-deficient sys- 
tems, thus having a labile coordination sphere, in which 
rapid ligand and electron exchange can take place. Such 
activity of ICRA was found by us first in the reaction of 
reductive carbonylation of nitro compounds, za and later 
was confirmed in some studies. 39,40 

The suggested scheme of radical-chain process used 
for the description of the interaction of CFA and HCFA 
with acids is of a common character, and it can be 
applied to all known reactions of such a type. Some of 
them are given below. 

Reaction of H2Fe(CO) 4 decomposition. At the first 
stage the deprotonation of a sufficiently strong acid 
H2Fe(CO) 4, e.g., upon interaction with a solvent or with 
glass walls of a vessel, proceeds in polar solvents when 
the temperature rise up to the room value. Then the 
stages (15) (R = H), (8)--(11), and (16) take place. The 
arising radical anion 6e turns into complex 1r according 
to the reaction (28). Then owing to its strong basicity 
anion lc deprotonates initial H2Fe(CO)4, and the pro- 
cess is repeated in the regimen of catalytic decomposi- 
tion. Thus the instability of H2Fe(CO)4 is of a purely 
kinetic origin. This is true for similar compounds 5a, the 
decomposition of which is also defined by the chain 
process with the key stages (23)--(26).- 

Synthesis of cL-diketones. The preparative synthesis of 
ct-diketones z7 in aprotic medium is based upon a one- 
electron oxidation of RCOFe(CO)4-. The formation of 
ct-diketones proceeds by reaction (25). 

Reduction of unsaturated compounds. A wide range of 
different compounds with double bond -- olefins, 41 
1,3-dienes, 4z ct,13-unsaturated carbonyl compounds, 5'Is 
enamines, 43 different nitrogen-containing heterocycles 
and anthracene ~ are reduced under the action of HCFA 
in proton-donating media. At first stage an alkyl-con- 
mining complex is formed according to Eq. (29). 

R'CH~.--~-CHR" + H + + HFe(CO) 4 --- 

,. (R "CH2--CHR-)HFe(CO)4.  (29) 

Further the process proceeds in accordance with 
equations (15)--(17) (R = R'CH2--CHR"--) ,  giving 
rise to R'CH2--CH2R". Apart from HFe(CO)4- , anion 
HFe2(CO) s- can be used s in the reduction reactions. 
Therefore, in order to describe the process with the help 
of similar schemes, it is necessary to change Fe(CO) 4 
moiety for Fe2(CO) s. It should be noted that ICRA Ca, 
6r and 7 were detected in the reduction reaction, but 
their formation was explained 5 by side processes. The 
main trend of the reaction was interpreted in terms of 
the commonly accepted concept of the process proceed- 
ing through the 16-electron species. 

Reppe synthesis. The mechanisms of radical-chain 
[CRA conversions in the iron carbonyl--Lewis base and 
CFA (HCFA)--acid systems must play an important 
role in catalytical carbonylation processes, such as Reppe 
synthesis. 

The key stage of this reaction is the olefin addition to 
coordinatevely unsaturated 17-electron species ICRA in 
a proton-donating medium, giving rise to an alkyl- 
containing iron carbonyl radical (Eq. (30)). 

R ' C H = C H R "  + H + + Fen(CO}~-_ t 

= R "CH2 ----CHFI"-- Fe. ( CO)~  _ 1 (30) 

n = 2 , 3 ; m  = 9 ,  12 

The next stage is addition of CO resulting in a 
19-electron species formation and its transfer into a 
17-electron species through carbonylation of the 
Fe--Alk bond. 

R'CH2CHR"Fen(CO)~_ 1 ~ R'CH2CHR"Fen(CO),,~ 

(17~) (19~)  

--.- n'C~CHreC40)r..(co)~,_l (3 l) 

(17~) 

Then by analogy with reactions (20)--(22) the inter- 
action of the resulting radical with HFe(CO)4- pro- 
ceeds, giving rise to aldehyde and the ICRA of higher 
nuclearity. In the presence of CO ICRA Ca, 6e, 6d, and 
7 undergo interconversions z4 affording regeneration of 
radical anions Ca and 6r and consequently the catalytical 
character of the process. 

The results of our study testify that the redox pro- 
cesses proceeding in the systems with participation of 
CFA (HCFA)--acids are radical-chain in character. This 
together with the earlier obtained data about the reactiv- 
ity of the systems iron carbonyI--Lewis base allows us to 
make the following conclusion: the majority of redox 
reactions in the chemistry of iron carbonyls are radical- 
chain processes with one-electron redox initiation, the 
key role in which is played by exchange of ligands in 
coordination sphere of 17-electron coordinatevely un- 
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saturated species. Therefore, the main transformations 
in complexes are realized not in accord with the Tolmen 
role (18~ ~ 16~ --, 18~) through the 16-electron inter- 
mediates, but by the scheme 17~ ~ 19~ ~ 17~. These 
species actually exist in solutions and can be easily 
detected by the ESR method. 

Experimental 

ESR spectra were recorded on an ERS-221 (ZWG DDR) 
instrument in the X-range with high frequency modulation of 
100 kHz. GC analysis was carried out on a LKhM-8MD 
instrument (detector -- katharometer, 4 m column, tidied with 
molecular NaX sieves, gas carrier -- helium, internal standard 
-- argon). 

The salts of carbonylferrate and hydridocarbonylferrate 
anions were prepared by the known procedures: 
Na2Fe(CO) 4 " 1.5(diox), 45 KHFe(CO)4, ~ (PPN)[HFe(CO)41Y 
(ppN)2[Fe2(CO)s ] ,,m Na2[Fe2(CO)s ] ,4~ (ppN)2[Fe3(CO) t t ],fa 
(PPN)[HFe3(CO)tt], 51 (Et3NH)[HFe3(CO)II], 5z and 
(PPN)2[Fe((CO)I3]. s3 The complex H2Fe(CO)4 was prepared 
by the earlier described procedure ~ and was stored in sealed 
tubes and placed in liquid nitrogen. The acids AcOH, 
CF3COOH, H2SO4, and organohalogen compounds (chemi- 
cally pure grade) were distilled under an argon atmosphere 
before usage. THF and MeTHF were kept over sodium 
benzophenon ketyl. Samples were prepared according to the 
known procedures, z3,rA The reactions were carried out in a 
tube placed into the resonator of an ESR spectrometer using 
equimolar ratios of reagents (0.01--0.1 tool L -l) within the 
temperature range from -100 to +20 ~ 

This work was carried out with the financial support 
of the Russian Foundation for Basic Research (Project 
No. 95-03-0945 la). 

References 

1. D. F. Shriver and K. H. Whitmire, in Comprehensive 
Organametallic Chemistry, Ed. G. Wilkinson, Pergamon 
Press, Oxford, 1992, ,I, 243. 

2. R. G. Pearson and H. Mauermann, J. Am. Chem. Soc., 
1982, 104, 500. 

3. P. J. Krusic, D. J. Jones, and D. S. Roe, Organametallics, 
1986, 5, 456. 

4. H. B. Chin and R. Ban, lnorg. Chem., 1978, 17, 2314. 
5. J. P. Collman, R. G. Finke, P. L. Matlock, R. Wahren, 

R. G. Komoto, and J. I. Brauman, I. Am. Chem. Sac., 
1978, 100, 1119. 

6. W. O. Siegl and J. P. Collman, J. Am. Chem. Sot., 1972, 
94, 25t6. 

7. J. P. Cotlman, R. G. Finke, J. N. Cawse, and J. I. 
Brauman, J. Am. Chem. Soe., 1977, 99, 2515. 

8. H. A/per and M. Tanaka, J. Am. Chem. Sot., 1979, 101, 
4245. 

9. D. W. Henslcy, W. L. Wurster, and R. P. Stewart, Jr., 
Inorg. Chem., 1981, 20, 645. 

10. P. Laurent, S. Sabo-Etienne, A.-M. Laronneur, and H. des 
Abbayes, J. Chem. Sac., Chem. Cammun., 1988, 929. 

I1. P. Laurent, J.-Y. Salaun, G. Le Gall, M. Sellin, and 
H. des Abbayes, J. Organomet. Chem., 1994, 466, 175. 

12. D. Luart, M. Sellin, P. Laurent, J.-Y. Salaun, R. Pichon, 
L. Toupet, and H. des Abhayes, Organometallics, 1995, 14, 
4989. 

13. H. A. Hodali and D. F. Shrivel Inorg. Chem., 1979, 18, 
1236. 

14. J. W. Kolis, M. A. Drezdznn, and D. F. Shriver, /nor# 
S)mt~exex, 1988, 26, 246. 

15. D. F. Shriver and M. J. Sailor, Aec. Chem. Rex., 1988, 
21, 374. 

16. J. P. Coilman, Acc. Chem. Rex., 1975, 8, 342. 
17. M. Periasamy, A. Devasagayaraj, and U. Radhakrishnan, 

Organometallic~, 1993, 12, 1424. 
18. R. Noyori, 1. Umeda, and T. Ishigami, J. Org. Chem., 

1972, 37, 1542. 
19. J.-J. Brunet, Chem. Rev., 1990, 90, 1041. 
20. A. L. Lapidus, E. Z. Gil'denberg, A. R. Sharipova, N. F. 

Kononov, and Ya. T. Eidus, Kinet. Katal., 1976, 17, 1483 
[Kinet. Catai., 1976, 17 (Engl. Transl.)l. 

21. P. C. Ford and A. Rokicki, Adv. Organomet. Chem., 1988, 
28, 139. 

22. R. B. King, A. D. King, Jr., lzv. Akad. Nauk SSSR, Set. 
Khim., 1994, 1533 [Russ. Chem. Bull., 1994, 43, 1445 
(Engl. Transl.)l. 

23. Yu. A. Belousov and T. A. Kolosova, Polyhedron, 1987, 6, 
1959. 

24. Yu. A. Betousov, T. A. Kolosova, and V. N. Babin, Poly- 
hedron, 1989, 8, 603. 

25. Yu. A. Belousov and T. A. Belousova, Izv. Akud. Nauk, 
Ser. Khim., 1996, 248 [Russ. Chem. Bull., 1996, 45, 239 
(Engl. Yransl.)]. 

26. T. M. Bockman and J. K. Kochi, J. Am. Chem. Soc., 1987, 
109, 7725. 

27. A. J. Downard, B. H. Robinson, J. Simpson, and A. M. 
Bond, J. Organomet. Chem., 1987, 320, 363. 

28. M. Chanon, Ace. Chem. Rex., 1987, 20, 214. 
29. S. sabo-Etienne, H. des Abbayes, and L. Toupet, Organo- 

metailica, 1987, 6, 2262. 
30. S. C. Ken, C. T. SpiUett, C. E. Ash, R. J. Lusk, Y. K. Park, 

and M. Y. Darensbourg, OrganometaUics, 1985, 4, 83. 
31. K. H. Whitmire, T. R. Lee, and E. S. Lewis, Organometat- 

lies, 1986, 5, 987. 
32. M. Poliakoff and E. Weitz, Ace. Chem. Rex., 1987, 20, 408. 
33. J.-J. Brunet, D. de Montauzon, and M. Taillefer, Organo- 

metaUics, 1991, 10, 341. 
34. P. J. Krusic, J. San Filippo Jr., B. Hutchinson, R. L. 

Hance, and L. M. Daniels, J. Am. Chem. Sot., 1981, 103, 
2129. 

35. P. J. Krusic and W. J. Cote, J. Am. Chem. Soc., 1984, 106, 
4642. 

36. G. A. Abakumov, in Metalioorganichexkie soedinentya i 
radikaly [Organometallic Compounds and Radicalsl, Ed. 
M. I. Kabachnik, Nauka, Moscow, 1985, 85 (in Russian). 

37. C. Amatore, J.-N. Verpeaux, and P. J. Krusic, Organame- 
tallies, 1988, 7, 2426. 

38. M. Tilset and V. D. Parker, J. Am. Chem. Sot., 1989, 111, 
6711. 

39. F. Ragaini, J.-S. Song, D. L. Ramage, G. L. Geoffroy, and 
A. L. Rheingold, Orgaaometaities, 1995, 14, 387. 

40. F. Ragaini, Organometallics, 1996, 15, 3572. 
41. H. Masada, M. Mizuno, S. Suga, Y. Watanabe, and 

Y. Takegami, Bull. Chem. Soc. ,tpn., 1970, 43, 3824. 
42. Y. Takegami, Y. Watanabe, I. Kanaya, T. Mitsudo, 

T. Okajima, Y. Morishita, and H. Masada, Bull. Chem. 
Soc. Jpn., 1968, 41, 2990. 



Reactions of F%(CO)2,T__I and HF%(CO),:._ I Russ.Chem.BulL, VoL 46, No. 5, May, 1997 1017 

43. T. Mitsudo, Y. Watanabe, M. Tanaka, S. Atsuta, 
K. Yamamoto, and Y. Takegami, Bull. Chem. Sac. Jpn., 
1975, 48, 1506. 

44. T. J. Lynch, M. Barmh, H. D. Kaesz, and C. R. Porter, 
J. Org. Chem., 1984, 49, 1266, 

45. R. G. Finke and T. N. Son'ell, Org. Syntheses, 1979, 
59, 102. 

46. J.-J. Brunet, G. Commenges, F.-B. Kiadela, and 
D. Nelbecker, Organometallies, 1992, 11, 1343. 

47. M. Y. Darenslmurg, D. J. Darensbourg, and L. C. Barros, 
lnorg. Chem., 1978, 17, 297. 

48. H. B. Chin, M. B. Smith, R. D. Wilson, and R. R. Rau, 
J. Am. Chem. Sot., 1974, 96, 5285. 

49. H. Strong, P. J. Krusic, J. San Filippo, Jr., S. Keenan, and 
R. G. Finke, Inorg. Syntheses, 1986, 24, 157. 

50. H. A. Hodali and D. F. Shriver, lnorg. Syntheses, 1980, 
20, 222. 

51. H. A. Hodali and D. F. Shriver, inorg. Syntheses, 1980, 
20, 218. 

52. W. McFarbane and G. Wilkinson, Inorg. Syntheses, 1966, 
8, 181. 

53. K. H. Whltmire, J. Ross, C. B. Cooper~ II1, and D. F. 
Shriver, lnorg. Syntheses, 1982, 21, 66. 

54. K. Farmery and M. Kilner, 3". Chem. Sot., A, 1970, 634. 

Received December 26, 1996 


