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Study of hydroformylation of formaldehyde in the presence of rhodium 
catalysts by in situ IR spectroscopy and the kinetic technique 
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Carbonylrhodium complexes formed during hydroformylation of CH20 from various 
rhodium precursors were investigated by in situ IR spectroscopy. It was found that under the 
conditions of the hydroformylation of CH20 in N,N-dimethylacetamide (DMAA), 
RhH(CO)(PPh3) 3, RhCI(CO)(PPh3) 2, RhCI(PPh3)3, RhCI(CO)(PBu3) 2, and [RhCI(CO)2]2 
form complex systems that necessarily contain anionic complexes, [Rh(CO)2Lx(DMAA)y ] -  
(L = PPh3, PBu3, x = 1 to 2, y = 1 to 0; [Rh(CO)4]- ). The participation of ionic structures 
in the hydroformylation of CH20, most likely, in the step of the activation of CH20, was 
pro,jen by kinetic techniques. 
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Hydroformylation of formaldehyde 

CH20 + CO + H 2 -~ HOCH2CHO, (1) 

catalyzed by rhodium, cobalt, or ruthenium complexes, 
yielding glycola ldehyde,  is the only known example  of  
the hydroformyla t ion  o f  a carbonyl  group. 

Two types of  suggestions conceruing the mechanism 
of  this reac t ion  exist. Some authors  believe that  the  
hydroformyla t ion  of  C H 2 0  occurs similarly to the  known 
reac t ion  of  olefins in which metal  hydrocarbonyls  act as 
catalyt ic  sites. 1-3 Other  authors  suggest that  the cata-  
lytic cycle of  the  hydroformyla t ion  of  C H 2 0  involves 
anionic  meta l  complexes.  4-6 In  general ,  the  mechan i sm 
of  react ion (1) and,  specifically,  the  nature  of  the cata-  
lytic sites r emain  unknown.  

In this work we present  the results of  in situ IR  and 
kinetic studies of  the  nature  of  the  active sites of  the  
hydroformyla t ion  o f  C H 2 0  formed from rhod ium com-  
plexes o f  various composi t ions  under  the react ion condi-  
t ions in an N ,N-d ime thy lace t amide  (DMAA)  solution. 

Experimental 

Hydroformylation of formaldehyde was carried out in an 
autoclave IR cell with electric heating and an electromagnetic 
stirrer. 7 The autoclave IR cell was placed in a Specord M-80 
spectrophotometer and heated to 373 K, a DMAA solution of 
a rhodium complex and formaldehyde (V = I0 mL, [Rh] = 
1 �9 10 -2 g-at L - l ,  [CH20] = 1 mol L - l )  was introduced into 
the cell, and then synthesis gas of the composition tCO : 1H 2 
(mol.) or 1CO : 1D 2 was pumped in until the working pressure 
(6 MPa) was achieved. In the course of hydroformylation the 

IR spectra of the reaction solution were recorded, and samples 
of the liquid product were taken and analyzed by GLC using a 
steel column (2 rex3 mm) packed with Polychrom-t with 
poly(ethylene glycol adipinate) (10 % (w/w)). 

The kinetic experiments were carried out according to the 
known procedure S at a rate of stirring of 1200 revolutions per 
minute, which ensured that the hydroformylation of CH20 
occurred in the kinetic region (variation of the number of 
revolutions of the stirrer from 300 to 1400 per minute did not 
result in change in the rate of the reaction). The rate of the 
hydroformylation of CH20 was evaluated from the rate of the 
formation of glycolaldehyde. 

The rhodium complexes were synthesized using the stan- 
dard procedures. 9-13 

Results and Discussion 

The results of  hydroformyla t ion  of  fo rmaldehyde  in 
the  presence of  rhodium complexes  of  various compos i -  
t ions are presented  in Table 1. These da ta  imply  that  
RhCI(PPh3)  3, RhCI(CO)(PPh3)2 ,  RhH (CO ) (PPh3)3 ,  
RhCI(CO)(PBu3)2 ,  and  [RhCI(CO)2]  2 complexes  in 
D M A A  are active in react ion (1). 

To elucidate  the  nature  of  the  active sites of  the 
catalysts of  hydroformyla t ion  o f  C H 2 0 ,  we s tudied the 
composi t ion  of  carbonyl rhodium complexes  formed from 
the above-l is ted precursors under  the  reac t ion  condi -  
t ions by in situ IR spectroscopy.  The regions of  the  
carbonyl  and R h - - H  vibrat ions of  the I R  spect ra  of  the 
react ion solutions are shown in Fig. 1. The  spectra  for 
RhCI(CO)(PPh3)  2 and RhCI(PPh3) 3 are not  shown in 
Fig. 1, since they  are s imilar  to the  spec t rum recorded in 
the  presence o f  RhH(CO)(PPh3)  3. The  ass ignment  of  
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Table 1. Hydroformylation of formaldehyde in the presence of 
rhodium complexes 

Complex Solvent w 0 KCHgO 
/tool L rain -1 (%-0) 

RhCI(PPh3) 3 DMMA 0.017 55 
RhCI(PPh3) 3 + 47PPh 3 DMMA 0 0 
RhCI(CO)(PPh3) 2 DMMA 0.017 55 
RhH(CO)(PPh3) 3 DMMA 0.009 40 
RhH(CO)(PPh3) 3 + 47PPh 3 DMMA 0 0 
RhCI(CO)(PBu3) ~ DMMA 0.002 7 
[RhCI(CO)2] 2 DMMA 0.002 7 
Rh(acac)(CO) 2 DMMA 0 0 
[RhCI(CO)2]2 n-Kcmloa 0 0 
RhCI(PPh3) 3 n-Kcn.rto.rt 0 0 
RhH(CO)(PPh3) 3 FenTaH 0 0 

Note. T = 383 K, PlCO+IH2 = 13 MPa, [Rh] = 2.5" 10 -3 
g-at L -l ,  60 mL of solvent, 1.8 g of paraformaldehyde, z = 
60 min. 

the absorption bands (AB) given in Table 2 was based on 
the literature data 4,14-18 and on the results of  experi- 
ments in which H 2 in the synthesis gas was replaced by 
D2, which made it possible to distinguish between the 
vibrations of  the R h - - H  bond and the CO groups. From 
the data presented in Table 2 it follows that, under  the 
reaction conditions, all of  the complexes active in reac- 
tion (1) produce systems that involve, along with the 
neutral complexes, anionic complexes ([Rh(CO)4 ] -  and 
[Rh(CO)2Lx(DMAA)y]- ,  where x = 1 to 2, y --- 1 to 0, 
L = PPh3, PBu3. ). 

The rate o f  hydroformylat ion of  C H 2 0  depends on 
the concentra t ion o f  anionic carbonylrhodium com-  
plexes and d o e s  not depend on the concentrat ion of  
neutral complexes. In fact, in the case of  PPh3-contain-  
ing complexes, the initial rate of  reaction (1) is propor-  
t ional  to  the  init ial  c o n c e n t r a t i o n  o f  
[Rh(CO)2(PPh3)x(DMAA)y]- ,  which is characterized by 
the optical densities of  AB at 1990 and 1932 cm -1 
(Fig. 2). According to the IR  spectroscopy data, the 
formation of  the anionic complex from RhCI(PPh3) 3 
and RhH(CO)(PPh3)  3 is hampered by an excess of  
PPh3, when D M A A  is used as the solvent, or by the use 
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Fig. 1. The in situ IR spectra of the reaction mixture obtained 
by the hydroformylation of CH20 in DMAA in the presence of 
RhH(CO)(PPh3) 3 (a), RhCI(CO)(PBu3) 2 (b), or [RhCI(CO)2]2 
(c) (T--- 373 K, P1CO:IH = 6 MPa, [Rh] = 1 �9 10 -2 g-at L -1, 
10 mL of DMAA, [CH20 ] = 1 mol L -1, ~ = 1 min). 

of  hydrocarbon solvents. Under  the conditions where 
anionic complexes, unlike neutral complexes, are not 
produced (in hydrocarbon solvents or with an excess of  
PPh 3 in DMAA at P /Rh  >__50 g-at/g-at),  hydroformylation 
does not occur (see Table 1). 

The direct dependence of  the rate of  reaction (1) on 
the concentrat ion of  the anionic carbonylrhodium com-  
plexes in the reaction solution suggests that  these com-  
plexes act as the sites of  the hydroformylation of  CH20.  
Protons can act as counter ions for the anionic com-  
plexes. 4,5 The increase in the rate o f  reaction (1) with 
increase in the concentrat ion of  protons in the reaction 
mixture, i.e., with a decrease in the pH (Fig. 3, a), 

Table 2. Assignment of the absorption bands in the IR spectra of the reaction solutions of the hydroforrnylation of formaldehyde in 
DMAA in the presence of rhodium complexes 

Starting complex v/cm -1 (assignment) Complex in the reaction solution Reference 

RhH(CO)(PPh3) 3 

RhCI(CO)(PBu3) 2 

[RhCI(CO)2]2 

1900 (CO) 
2044 (CO), 1986 (CO), 1832 (~tco) 
2040 (Rh--H), 1980 (CO), 1938 (CO) 
1990 (CO), 1932 (CO) 
1950 (CO) 
1900 (CO) 
1905 (CO), 1974 (CO) 
2042 (CO), 2010 (CO), 1840 (~tCO) 
1900 (CO) 
2070 (CO), 2065 (CO), 1885 (CO) 

[Rh(CO)4 ] -  4 
[Rh(CO)2(PPh3)x(DMMA)y]2, x = 1+2, y = 1+0 14 
RhH(CO)2(PPh3) 2 4,15 
[Rh(CO)2(PPh3)x(DMMA)y]-, x = 1+2, y = 1+0 16 
RhCI(CO)(PBu3) 2 17 
[Rh(CO)4 ] -  4 

[Rh(CO)2(PBU3)x(DMMA)y]-, x = 1+2, y = 1+0 14,17 
[Rhs(CO)ls 1- 18 
[Rh(CO)4 ] -  4 

Rh4(CO) l 2 15 



Hydroformyla t ion  of  formaldehyde  Russ. Chem.Bull., Vol. 44, No. 6, June, 1995 1029 

0.03 

0.02 

0.01 

Wo/tool L-1  rain -1 X l  

0 2  

- I I  

III 

Ok" I r I 
0.1 0.2 0.3 D 

Fig. 2. Dependence of the initial rate of the hydroformylation 
of CH20 (w0) on the optical densities (D) of the absorption 
bands at 1990 cm -1 (1) and 1932 cm -1 (2) that are proportion- 
al to the initial concentrat ion of  the 
[Rh(CO)2(PPh3)x(DMAA)y ] -  anion formed from RhCI(PPh3) 3 
(I), RhH(CO)(PPh3) 3 (II), or RhCI(PPh3) 3 + 10 PPh 3 (1II) 
under the reaction conditions. 

c o n f i r m s  t h a t  ion ic  s t ruc tu re s  p a r t i c i p a t e  in the  
hydroformyla t ion  of  C H 2 0 .  

In the presence of  PPha-conta ining Rh complexes,  
the l imiting step of  reaction (1) is probably the interaction 
of  C H 2 0  with the rhodium site: (1) the reaction has the 
first order  with respect to C H 2 0  and Rh (Fig. 3, b, c) 

and  a lso  wi th  r e spe c t  to  a n i o n i c  c o m p l e x  
[Rh(CO)2(PPh3)x(DMAA)y]-  (see Fig. 2); (2) the IR 
spectra recorded under  the condit ions of  the hydro-  
formylat ion in the presence and in the absence of  alde- 
hyde are identical.  Taking the foregoing into account,  
one may  a t t r ibute  the  increase  in the  rate of  the 
hydroformylat ion of  C H 2 0  with increase in the  concen-  
trat ion o f  the anionic carbonylrhodium complex (see 
Fig. 2) or  with increase in the concentra t ion of  protons 
(see Fig. 3, a) to the fact that  ionic structures part icipate 
in the hydroformylat ion of  C H 2 0  during the activation of  
the  aldehyde, which can be hypothet ical ly  described in 
the following way: 

CH20 + H++ [Rh(CO)2(PPh3)x(DMAA)y]---~ 
-~HOCH2Rh(CO)2(PPh3)x(DMAA)y. 
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