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The hydroformylation of 1-0ctene in the presence of C03(CO)9(I-t-CR ) (R = H, Me, Ph, 
CO2Me , CO2Et , CO2Pri , CO2But, C1, Br, OMe) alkylidynecarbonyl clusters, as well as 
triphenylphosphine derivatives of these complexes and heteronuclear C02Ni compounds 
have been studied. The nature of the catalytically active species in hydroformylation, as well 
as the processes of their formation and transformation during the reaction, have been 
established by means of IR spectroscopy. The effects of the reaction conditions, the nature of 
the substituent at the apical carbon atom, the electron donating phosphine substituent, and 
the substituent in the metal cluster framework have been discussed. 
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The e luc ida t ion  of  the  nature  of  the  catalyt ical ly 
active species is o f  great  impor tance  in homogeneous  
catalysis with clusters. Only  a few react ions  are known 

in which the cluster i tself  is such a species. 1-5 
Cobal t  a lkyl idynecarbonyl  clusters can serve as a 

model  for the  precursor  of  hydroformyla t ion  catalysts. 
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The possibility of  using Co3(CO)9(~t-CPh) as a catalyst 
for hydroformylation of 1-pentene was shown previ- 
ously. 5 It was established that this form is the catalyti- 
cally active species, despite the fact that, according to 
UV, IR,  and 1H N M R  spectroscopy data, 6 the 
Co3(CO)9(g-CPh ) and C03(CO)9(la-CMe) clusters par- 
tially decompose in the course of  hydroformylation to 
form Co2(CO)s. 

According to the data of ref. 7, the reaction occurs 
with an induction period. After the completion of 
hydroformylation the original cluster is regenerated in 
60 % yield. The efficiency of Co2(CO)8 , taken in the 
amount corresponding to that which would be formed 
by the decomposition of 35 % of the Co3(CO)9(g-CPh), 
is close to the efficiency of the non-decomposing cobalt 
alkylidynecarbonyl complex, i.e., the declusterization 
products may possess many times greater reactivity than 
the original cluster and may be responsible for the 
catalysis even at very small concentrations. 

The present work reports on the results of  a study of 
homogeneous hydroformylation of 1-octene in the liq- 
uid phase using cobalt carbonyl clusters as catalysts. 

Experimental 

The synthesis of the Co3(CO)9(~t-CR) clusters, where R = 
H, Me, Ph, CI, Br, OMe, CO2Me , CO2Et , COgPr i, CO2But , 
was carried out using the reported procedure, 83 and that of 
Co2(CO)6NiCp(~t-CR), where R = Ph, CO2Pri (Cp is 
cyclopentadiene), as described in ref. 10. 

The clusters Co3(CO)8(PPh3)(g-CR), where R = Ph and 
CO2Pri , and Co3(CO)7(PPh3)2(tx-CCO2Prl ) were obtained by 
means of the interaction of the respective carbonyl clusters 
with nickel (rl2-ethylene)bis(triphenylphosphine). Depending 
on the nature of the substituent at the apical carbon atom 
(C . ), the ligand environment of the nickel complexes, and aplc 
the ratio of the reactmn components, the mono-, bis-, and 
triphenylphosphine derivatives and heterometallic complexes 
were formed. 

Table 1. Spectroscopic characteristics of the Co3(CO)9(g-CR ) clusters 

Cluster IR 13C NMR Cluster 
vCO/cm -I  Solvent 8 

Co3(CO)9(g-CH ) 2107m, CDC13 263.0 (Capic); 
(1) 2057v.s, 200.2 (COterm) 

2041v.s, 
2024m 

Co3(CO)9(g-CCO2Me) 2111m, CDC13 268.0 (Capic); 
(2) 2069v.s, 198.2 (COterm); 

2047v.s, 198.0 (CO); 
2035m 52.0 (CH3) 

Co3(CO)9(g-CCO2Et ) 211 lm, 
(3) 2068v.s, 

2049v.s, 
2035m 

Co3(CO)9(~t-CCO2Pr i) 2109m, C6D 6 259.3 (C~ic); 
(4) 2063v.s, 198.9 (C,-,term) ; 

2045v.s, 177.1 (CO); 
2033m 69.3 (CH); 

21.5 (CH3) 

Co3(CO)9(Ia-CCO2Bu t) 2109m, 
(5) 2064v.s, 

2047v.s, 
2033m 

Co3(CO)9(~t-CBr) 2109m, CDCI 3 269.0 (Capic); 
(6) 206 iv.s, 199.0 (COterm) 

2045v.s, 
2021s, 
1986m 

Co3(CO)9(g-CCI ) 2110m, CDC13 276.0 (Capic); 
(7) 2063v.s, 198.5 (COterm) 

2047v.s, 
2031s 

Co3(CO)9(g-COMe ) 2102m, C6D 6 301.2 (Capic); 
(8) 2070v.s, 200.5 (COterm); 

2036v.s, 68.6 (CH3) 
2013c 

IR t3C NMR 

vCO/cm -I  Solvent 6 

Co3(CO)9(g-CPh) 
(9) 

Co3(CO)9(p.-CMe) 
(10) 

Co3(CO)8(PPh3)(g- 
CCO2Pr-i) 

(11) 

Co3(CO)7(PPh3)2(kt- 
CCO2Pr-i) 

(12) 

C03 (CO)8(PPh3) (Ix-CPh) 

(13) 

Co2(CO)6NiCp(~- 
CCO2Pr-i) 

(14) 

2102s, 
2054v.s, 
2040v.s, 
2021m 

2112w, 
2060v.s, 
2048v.s, 
2030m 
2073v.s, 
2020v.s, 
2000v.s, 
1973v.s, 
1933m, 
1907m* 
2053v.s, 
2000v.s, 
1960s, 
1927m* 

2080v.s, 
2030v.s, 
2006v.s, 
1960s* 
2095s, 
2060v.s, 
2038v.s 

CDCI 3 286.0 (Capic); 
200.9 (COterm); 
167.4,133.8, 
130.1, 
129.1 (C6H5) 

C6D 6 296.8 (C~ic); 
200.1 (C._,term); 
44.6 (CH3) 

C6D 6 258.4 (Capic); 
202.1 (COterm); 
179.2 (CO); 
68.5 (CH); 
21.7 (CH 3) 

C6D 6 252.1 (Capic); 
205.8 (COterm); 
181.4 (CO); 
68.1 (CH); 
22.1 (CH3) 

C6D 6 257.8 (Car 
198.4 (COterm); 
177.5 (CO); 
68.5 (CH); 
21.7 (CH3) 

* Pellets with KBr; in the rest of the cases -- solution in n-heptane. 
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Hydroformylation of 1-octene (15 mL) was carried out in a 
stirrer-equipped steel autoclave with heating from 65 ~ to 
140 ~ and at a constant synthesis gas pressure (CO:H = 
1:(1+3) vol.) equal to 1--15 MPa. The starting compounds 
and the reaction products were analyzed by GLC. 

The IR spectra of the reaction solutions were registered 
over a range of 1500--2500 cm -1 at p = 5 MPa with the use 
of a high-pressure cuvette-reactor of 15 mL capacity (the 
thickness of a layer is 300 gin, CaF 2 glass) equipped with a 
stirrer and a means for heating (2.5 ~ in the range 
25--110 ~ The course of hydroformylation was monitored 
by the decrease in the synthesis-gas pressure in the reaction 
volume, as well as the decrease in the optical density of the 
absorption band (AB) of the C=C bond stretching vibration 
(1650 cm - t )  and the increase in the density of the AB of the 
aldehyde carbonyl group (1745 cm-1). 

The clusters were identified by spectroscopic methods 
(Table 1) and on the basis of elemental analysis data. The IR 
spectra were recorded on UR-20 and Specord IR-75 spectro- 
meters. The 1H and 13C NMR spectra were registered on a 
Jeol FX-90Q spectrometer (operating frequency 89.6 MHz). 
The GLC analysis was performed on a Tsvet-100 chromatograph 
in thermoprogramming mode (50--175 ~ 4 ~ with a 
glass column (1.6 mx2 mm) filled with 10 % PEG-20M using 
argon as the carrier gas and butanol-1 as the internal standard, 
respectively. 

Results and Discussion 

The results o f  the  study of  the  hydroformyla t ion  of  
1-octene in the  presence of  cobal t  cluster complexes  are 
presented  in Table 2. The data  on hydroformyla t ion  
with the  use o f  Co2(CO)8 as the  catalyst  are given for a 
compar ison.  Al though  the catalysts examined  are differ- 
ent  in efficiency,  when the t empera tu re  is increased 
from 65 ~ to  140 ~ the selectivity and induct ion  
per iod  ('Cind) of  the  reac t ion  are decreased in all cases, 
but  the  dynamics  o f  this  a l tera t ion are specific for each 
complex.  

The decrease in the  yield of  a ldehydes  on Co2(CO)8 
at 140 ~ is re la ted to the  thermal  instabil i ty o f  this 
complex.  11 Apparen t ly ,  the  corresponding effects for 
Co3(CO)9(t~-CR),  where  R = H, CO2Me,  CO2Et,  
CO2But, Me,  Ph, are expla ined analogously.  The rest o f  
the  catalysts  reveal  relative stabil i ty under  the  condi t ions  
studied. 

The in t roduc t ion  of  PPh  3 into the  cluster  molecule  
facil i tates a decrease  in the  induct ion  period.  The yield 
of  products  increases when complex  4 is used and 
decreases in the case of  cluster 9 with a phenyl  substituent 
at the  apical  carbon atom. 

The  differences in behavior  of  he te rometa l l i c  Co2Ni-  
c o m p l e x e s  and  t h e i r  C o 3 - a n a l o g s  d e p e n d  on the  
subst i tuent  at the  apical  C atom: when  a Co(CO)  3 
f ragment  in Co3(CO)9(g-CPh)  is rep laced  with N iCp ,  
a decrease in the  yield of  a ldehydes  and a 2-fold de-  
crease in select ivi ty are observed, whereas this replace-  
m e n t  v i r tua l ly  does  no t  affect  the  ac t iv i ty  of  the  
Co3(CO)9(la-CCO2Pri  ) complex.  

The  d i f f e r e n c e s  in  c a t a l y t i c  ac t iv i t i e s  o f  t he  
Co3(CO)9(~t-CPh ) c luster  precursor  and  of  Co2(CO) 8 

occur  also when the total  pressure of  the  synthesis gas is 
increased (Table 3): changes in the  induc t ion  period,  
yield of  a ldehyde,  and  selectivity are observed in both  
cases; for the cluster,  however,  ext reme dependence  of  
the a ldehyde yield is characterist ic.  

Thus, the  data  presented  testify to essential  differ- 
ences in the  catalysis with the  use of  Co 3 and Co2Ni 
type cluster systems as compared  with the  employmen t  
of  Co2(CO)8. 

Table 2. Hydroformylation of 1-octene in the presence of 
Co3(CO)9(g-CR) complexes ([Co] = 4.13 mM, [Olefin]0 = 
516 mM, p = 5 MPa, CO:H 2 = 1:3 (vol.), ~ = 5 h) 

Catalyst T/~ /~id n Yield of Ratio 
aide- of 
hyde n- : iso- 
(%) 

Co2(CO) 8 80 136 28 8.0 
95 50 64 4.1 

110 16 46 2.7 
140 2 40 2.2 

1 80 74 49 8.7 
95 24 64 4.2 

110 6 76 2.4 
140 2 10 2.2 

2 80 200 4 5.7 
95 60 75 2.0 

110 20 84 1.6 
140 0 I0 1.0 

3 95 140 29 4.8 
110 22 83 1.6 
140 3 34 2.2 

4 95 92 80 2.1 
110 22 75 1.8 
140 3 96 1.2 

5 80 180 3 7.4 
95 96 98 2.7 

110 18 97 1.6 
140 0 8 1.0 

6 110 138 71 2.5 
140 2 94 1.2 

7 140 5O 98 1.5 

8 140 36 90 2.1 

9 110 120 84 4.0 
140 6 25 1.5 

10 95 132 43 2.4 
110 44 84 1.7 
140 3 10 1.0 

11 110 5 88 1.6 

12 110 10 80 1.8 

13 110 110 64 1.9 

14 110 24 76 1.6 

Coa(CO)6NiCp(~-CPh) 110 60 74 1.7 
(15) 
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Table 3. The effect of pressure on hydroformylation of 1-oc- 
tene ([Cat] = 4 raM, I10 ~ CO:H 2 = 1:3 (vol.), solvent -- 
toluene, ~ = 5 h) 

Kin d Yield Ratio of 
p/MPa /rain (%) n- : iso- 

Co2(CO) s 9 Co2(CO) 8 9 Co2(CO) 8 9 

1 18 116 27 24 1 1 
5 16 120 56 56 3 4 
8 30 140 65 50 3 3 
10 20 40 64 68 3 3 
12 20 110 70 53 5 3 
15 20 120 68 52 2 2 

Important information about the nature of the active 
species formed during hydroformylation in the presence 
of the Co2(CO)8 and C03(CO)9(g-CPh ) complexes can 
be obtained from the IR spectra of the reaction solu- 
tions, using for this purpose a high-pressure cuvette- 
reactor. 

Hydroformylation in the presence of C02(CO)8. The 
IR spectrum of Co2(CO) 8 recorded in the course of 
treating the complex with the synthesis gas under a 
pressure of 5 MPa in the presence of olefin in an 
n-heptane solution at 25 ~ is characterized by absorp- 
tion bands (AB) at 1864 and 1872 cm -I  (the bridge CO 
groups), as well as by more intense AB at 2028, 2038, 
2050, 2065, and 2075 cm -1 assigned to the terminal CO 
groups (COterm). The spectrum obtained coincides with 
data published previously 11 and does not change for 16 h 
under the conditions indicated. At temperatures >90 ~ 
aldehyde formation is observed, and the hydroformylation 
reaction proceeds intensely, and is accompanied by the 
appearance of a system of new AB in the region of 
carbonyl vibrations at 1640, 1995, 2008, 2110 cm -1 and 
by strengthening of the band at 2038 cm -1. The inten- 
sity of these bands increases as the reaction proceeds. 
With decreasing concentration of olefin, the AB at t640, 
1995, 2008, 2038, 2068, and 2110 cm -1 weaken. 

According to data of ref. 12, the bands at 1640, 1995, 
and 2110 cm -1 can be assigned to the carbonyl group 
vibrations of the cobalt acylcarbonyl complex, and the 
frst  of them characterizes the stretching vibrations of 
CO in the R(CO)Co acyl group. The AB at 2008 and 
2038 cm -1 correspond to the stretching vibrations in 
the cobalt hydrocarbonyl molecule. 

Thus, in hydroformylation with C%(CO)8 a catalytic 
system of the following composi t ion is realized: 
C~176 3):R(CO)C~ 3) = 
1:0.28:0.17. The ratio of the components has been evalu- 
ated on the basis of the optical densities of the AB at 
2075 cm -1 [Co2(CO)8], 2008 cm -1 [HCo(CO)4 ] and 
2108 cm -1 (aeyl complex) in the spectrum, which char- 
acterize intense hydroformylation. The data obtained 
are in agreement with results described 13 for hydro- 
formylation under similar conditions (9.5 MPa, 80 ~ 
according to which the same forms of cobalt carbonyls 

0.4 

0.1 

20 40 60 80 100 ~ (rain) 

Fig. 1. The plot of optical density (D) of the bands at 
2106 cm -1 (1) of the Co3(CO)9(g-CPh ) cluster and 1650 cm -1 
(2) of the olefin versus the hydroformylation time ([O!efin]0 = 
516.0 raM; [Co] = 4.13 mM; T = 110 ~ = 5 MPa; CO:H 2 
= 1:1 (vol.); solvent -- n-heptane). 

0.3 

0.2 

are present in the reaction mixture, but with a higher 
content of acyl cobalt carbonyl [C02(CO)8:HC0(CO)4: 
R(CO)Co(CO) 4 --- 1:0.29:0.61]. 

Thus, hydroformylation of 1-octene in the presence 
of Co2(CO)8 is accomplished by stabilizing the acyl 
cobalt carbonyl derivative, which is in equilibrium with 
Coa(CO) 8 and HCo(CO)4, Mononuclear forms of cobalt 
carbonyl in the absence of the synthesis gas are trans- 
formed at room temperature to C%(CO)8. The forma- 
tion of polynuclear complexes under the hyd- 
roformylation conditions indicated has not been ob- 
served. 

Hydroformylation in the presence of Cos(eo)9(~-CPh ) 
cluster. The IR spectra of a Co3(CO)9(~t-CPh ) solution 
both in the absence and in the presence of the synthesis 
gas (5 MPa) at 25 ~ exhibit AB characteristic of the 
stretching vibrations of the terminal CO groups in the 
starting compound (see Table 1). Holding a solution of 
this complex (25 ~ 16 h) under the synthesis gas in 
the presence of 1-octene does not lead to changes in the 
form of the spectrum of the cluster. 

At temperatures >85 ~ hydroformylation of 1-octene 
is observed. The process is completed within 110 min. 
However, both in the initial period of the reaction and 
when it proceeds intensely, the IR spectrum does not 
change from the spectrum of the original cluster (Fig. 1). 
Hence, the hydroformylation reaction is catalyzed by 
the cobalt carbonyl cluster. 

Hydroformylation in the presence of Co3(CO)9(g-CBr) 
cluster. The IR spectrum of a solution of this compound 
in the presence of olefin at 25 ~ and 5 MPa does not 
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0.5 

0.4 

0.3 

0.2 

0.1 

I I I I I I I I I I I I r I I 

20 40 60 80 100 120 ~ (min) 

Fig. 2. The plot of optical density (D) of the bands at 
2114 cm-I (1) of the C03(CO)9(]-t-CBr) cluster and 1650 cm -1 
(2) of the olefin versus the hydroformylation time. For the 
reaction conditions see Fig. 1. 

differ from that o f  the starting compound  (see Table 1). 
When the sample is heated the intensities of  the AB 

of  the carbonyl groups in the IR  spectrum of  the cluster 
decrease sharply. 

Figure 2 demonstrates the dynamics of  the decrease 
in the high-frequency (2114 cm -1) optical vibration 
band of  the carbonyl group of  the Co3(CO)9(~t-CBr) 
cluster in the course of  hydroformylation,  as well as that 
of  the olefin band at 1650 cm -1. The dramatic decel- 
eration of  hydroformylat ion within 30 rain after the 
onset o f  the reaction is noteworthy: the concentrat ion of  
olefin does not  change during the subsequent 50 rain. 

The formation of  aldehyde begins at 84 ~ when 
the degree of  cluster decomposi t ion is 30 % (Table 4). 

At 28 % conversion of  the hydroformylat ion reac- 
tion (x = 55 rain) bands at 2043 and 2105 cm -1 charac- 
teristic of  the acyl cobalt carbonyl complex appear in 
the IR  spectrum, and AB typical of  systems based on 
Co2(CO) 8 are observed later on: 1868, 1873, 2010, and 
2073 cm -1. 

Thus, the differences in the hydrofonnylation of 1-octe- 
ne in the presence of  Co2(CO)8 and Co3(CO)9(g-CBr ) 
are expressed as a change in the selectivity of  the 
process and a decrease in the min imum temperature o f  
aldehyde formation when the cluster is used (see Tab- 
le 4), as welt as a change in the dynamics of  olefin 
consumption and cluster decomposit ion (see Fig. 2). 
Based on this, one may assume that the catalytically 
active system is formed from Co3(CO)9(~t-CBr), which 
includes clusters of  the original structure undergoing 
decomposit ion along with mononuclear  species. In the 
case of  Co3(CO)9(g-CBr ) the latter species are, appar- 
ently, more active than those formed from Co2(CO)8. 
Thus, the value of  "tin d for the process at 110 ~ in the 
presence of  the former complex is 8.6 times greater than 
that in the case of  Co2(CO)8 (see Table 2), and the 
aldehyde yield in 5 h is 7 1 %  and 46 %, respectively. 

The examples  cons idered  o f  the  behav io r  o f  
Co3-clusters under  the hydroformylation conditions sub- 
stantiate the possibility of  cluster catalysis. 

The stability of  a cluster under the hydroformylat ion 
conditions studied depends primarily on the nature of  
the substituent at Capic. The study of  the Co3(CO)9~-CC1), 
Co3(CO)9(la-COMe), and Co3(CO)9(~t-CMe) complexes 
(5 MPa, 110 ~ by means of  IR  spectroscopy testifies 
to the stability of  these compounds  in the course of  the 
reaction: their spectra do not change during the entire 
time of  olefin transformation to aldehyde; the transfor- 
mation rate, however, depends on the nature o f  the 

Table 4. The properties of the Co cluster complexes in hydroformylation of 1-octene ([Olefin]0 = 516 mM, [Co] = 4.13 mM, 
T = 110 ~ p = 5 MPa, solvent -- n-heptane) 

Original cluster v a rb T c N d Orel  e 

/tool min -1 /rain /~ (%) /rel. unit. 

~3C NMR, 8 

8Capic 8COterm A 

Co3(CO)9(~t-CCI) 0.5 2400 110 0 0 276.0 198.5 77.5 
Co3(CO)9(rt-CPh ) 4.3 180 85 0 0 286.0 200.9 85.1 
Co3(CO)9(I~-CMe ) 4.3 2400 45 0 0 296.8 200.1 96.7 
Co3(CO)9(~t-COMe ) 0.5 1020 104 0 0 300.3 200.5 99.8 
Co3(CO)9(~t-CCO2Pr i) 2.4 35 79 30 0.4 259.3 198.9 60.4 
Co3(CO)9(P.-CH ) 2.0 15 61 12 1.0 263.0 200.2 62.8 
Co3(CO)9(~t-CBr ) 1.5 5 84 30 1.6 269.0 199.0 70.0 
Co3(CO)9(~t-CCO2Et ) 2.3 20 85 30 1.2 
Co3(CO)s(PPh3) (~t-CCO2pri). 0.7 5 80 80 7.0 258.4 202.1 56.3 
Co3(CO)7(PPh3)2(~t-CCO2Pr ~) 0.3 -- -- 80 -- 252.1 205.8 46.3 
Co3(CO)8(PPh3)(~t-CPh) 0.6 15 55 80 10.6 
Co2(CO)6NiCp(~t- CCO2Pr i ) 0.9 5 50 18 4.8 257.8 198.4 59.4 

a Initial rate of hydroformylation; H2:CO = 3:1 (vol.). b The cluster life-time; H2:CO = 1:1 (vol.). e Heating from 25 ~ to 110 ~ 
(2.5 ~ the temperature of aldehyde appearance; H2:CO = 1:1 (vol.). a The degree of cluster decomposition at the instant 
the aldehyde appears, e Relative rate of cluster decomposition. 
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substituent at Capic (see Table 4).. The Co3(CO)9(g- 
CCO2Et),  C03(CO)9(g-CCO2Pr~), Co3(CO)9(].t- 
CCO2But), and Co3(CO)9(g-CH ) clusters decompose in 
the course of hydroformytation, and the catalysis is 
performed with the participation of cluster species as 
well as mononuclear species. 

The decomposition rate also depends on the nature of 
the substituent at Capic (Table 4). Thus, Co3(CO)9(g-CH ) 
is the least stable compound: its decomposition occurs at 
the maximum rate, which is constant throughout the 
process. The Co3(CO)9(g-CBr ) complex has the lowest 
decomposition rate. 

The stability of the carbonyl cluster depends on the 
reaction conditions (the temperature and time) as well. 
This is substantiated by the destruction of the cluster 
framework of the Co3(CO)9(g-CPh), Co3(CO)9(g-CCI), 
and Co3(CO)9(g-COMe ) complexes when their time of 
treatment with the synthesis gas increases. The onset of 
decomposition of Co3(CO)9(g-CPh ) is observed within 
2--3 h, Co3(CO)9(g-CC1 ) --  within 48 h, and 
Co3(CO)9(g-COMe ) -- after 16 h. 

The degree of destruction of the complexes under 
the action of the synthesis gas is determined by the 
stability of the Capic--Co bond to attack by CO and H 2 
molecules, which follows from the experimental data: 

- -  the stability of a cluster depends on the nature of 
the substituent at the apical carbon atom (see Table 4); 

-- the process of cluster decomposition is irrevers- 
ible; 

--  the treatment of Co3(CO)9(g-CPh ) with hydrogen 
leads, according to IR spectroscopy data, to pronounced 
acceleration of cluster decomposition with no change in 
the spectroscopic characteristics of the system from 
those observed during treatment with (CO+H2) or 
(CO+H2+olefin) mixtures. One may assume that the 
decomposition is preceded by H 2 activation followed by 
hydride transfer via the Capic--Co bond: 4 

R R 
I I 

/ oo \ " / / \  

- -  the stability of a cluster depends on the presence 
of a heterometallic substituent in the cluster framework 
(see Table 4); 

--  the catalytic activity of clusters destroyed during 
hydroformylation occurs at signifcantly lower tempera- 
tures than that of Co2(CO)8 (see Table 4), which may be 
caused by the easier formation of HCo(CO)4 from them 

H 2, CO + H 2 
C03(CO)9(Lt-CR ) ID HCo(CO)4 "' ~ C02(C0)8 ; 

- H 2 

- -  the stability of a cluster depends on the presence 
of electron donating ligands at the cobalt atom. Thus, 
when PPh 3 is introduced into the C03(CO)9(g-CPh ) 

molecule, the interaction of Co3(CO)8(PPh3)(g-CR ) with 
the synthesis gas under the hydroformylation conditions 
in the presence of an olefin results in considerable 
acceleration of cluster decomposition (as compared with 
Co3(CO)9(g-CPh)) and a decrease in the temperature of 
the onset of hydroformylation from 85 ~ to 55 ~ 
when the degree of cluster decomposition is already 
80 % (see Table 4). 

The decomposition of the phosphine-substituted clus- 
ter dominates over the substitution of PPh 3 for CO, 
which proceeds under analogous conditions for Co2(CO)8 
(cf ref. 14). Such acceleration of decomposition is 
observed for Co3(CO)8(PPh3)(g-CCOzpri ) as well [com- 
pared with Co3(CO)9(g-CCO2Prl)]. 

For the clusters that are stable under the hydro- 
formylation conditions the values of the chemical shifts 
in the 13C NMR spectra are in a weaker field than those 
for the clusters inclined to decomposition (see Table 1). 
Relatively high values of A (~Capic -- ~COterm ) are also 
characteristic for the former. This fact testifies that the 
strength of the C . - - C o  bond (and, hence, cluster aplc 
stability) is greater, the smaller the electron density at 
C . , and the smaller the degree of delocalization of the aplc 
electron density that characterizes the Co3C fragment. 

The destabilizing effect of the donor ligands (PPh3) 
and/or of the NiCp moiety in the cluster (see Table 4) 
is also associated with an increase in the electron density 
on the Co atoms. 

The data presented obtained by studying the hydro- 
formylation reaction of olefins in the presence of' Co 3- 

S c h e m e  1 

R 

R'CHO \ _C / / 
....-.-- Co.~-~-..-I,-~ Co/---.- / H 2 (lira) 

\ 
\oo /~  / / co v- q - 

w ~ R ' C H = C H 2 '  CO 

. C02(00) 8 

/ C a t a l y t i c  cyc]e~ CO'H2 

[ w i t h  mono- ] 
\ nuclear / 
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clusters with various substituents at Capic , as well as the 
break-down process of  the clusters under  the action of  
the synthesis gas, allows one to suggest a scheme of  
action for such catalysts (Scheme I). 

According to the above scheme, cluster catalysis is 
realized if the reactivity of  the Capic--Co bond with 
respect to hydride transfer is comparatively small, i.e., 
the rate w 1 > w 2 (where wj and w 2 are the rate of  
hydroformylat ion and the rate o f  decomposit ion,  re- 
spectively). Otherwise, the catalyst is transformed into a 
mononuclear  species, w h i c h  is characteristic, for in- 
stance, o f  Co2(CO) 8. Thermal  stability of  the latter 
system depends on the pressure of  CO (see ref. 11) 
which in particular has an effect on the decrease in 
olefin conversion with increasing temperature (see Tab- 
le 2). A similar influence o f  temperature on conversion 
is observed for clusters undergoing intense decomposi-  
t ion in the course of  hydroformylation,  for instance 
Co3(CO)9(~t-CH ) (see Table 4). 

Thus, on hydroformylating 1-octene in the presence 
of  cobalt alkylidynecarbonyl clusters, both the starting 
cluster species and their decomposi t ion products can be 
catalytically active. The formation of  any particular 
form, and the stability o f  a cluster under  the reaction 
conditions, depend on the nature of  the substituent at 
Capic and on the ligand environment  of  the Co atoms. 
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Oxidation with the H202--VO3---pyrazine-2-carboxyl ic  acid reagent 
2.* Oxidation of alcohols and aromatic hydrocarbons 

G. B. Shul'pin,* A. N. Druzhinina, and G. V. Nizova 

N. N. Semenov Institute of Chemical Physics, Russian Academy of  Sciences, 
4 ul. Kosygina, 117977 Moscow, Russian Federation. 

Fax: +7 (095) 930 ~ 2156 

Aromatic hydrocarbons are oxidized with hydrogen peroxide in the presence of catalytic 
amounts of VO 3- and pyrazine-2-carboxylic acid into phenols (provided excess hydrocarbon 
is used) or into quinones (at high H202 concentrations). 2-Propanol, ethanol, cyclohexanol, 
and benzyl alcohol are transformed into the corresponding aldehydes and ketones under the 
same conditions (without a solvent or in MeCN). 

Key words: oxidation, hydrogen peroxide, vanadium complexes; aromatic hydrocarbons; 
alcohols. 

The oxidation o f  organic compounds  with hydrogen 
peroxide is effectively catalyzed by different complexes 

*For part 1, see ref. 1. 

of  transition metals. 2-9 Peroxides are known to oxidize 
alcohols 5,1~ and aromatic hydrocarbons 11-17 in the pres- 
ence of  some vanadium complexes or peroxocomplexes. 
Previously,  we have shown tha t  the 
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