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Transformations of formaldehyde and glycolaldehyde during 
the hydroformylation of formaldehyde in the presence 

of rhodium catalysts 
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Hydroformylation of formaldehyde to give glycolaldehyde (GA) in the presence of 
RhCI(PPh3)3, RhCI(CO)(PPh3)2, or the RhCI 3 + PPh 3 system in N,N-dimethylacetamide 
was studied. The hydroformylation is accompanied by the Cannizzaro--Tishchenko reaction, 
condensation of CH20 with GA to give C3--C16 polyoxyaldehydes (POA), and dimerization 
of GA. The formation of POA, which probably occurs through coordination of GA with a Rh 
atom, predominates among the side reactions. The optimum conditions for hydroformylation 
of CH20 were found to be: RhCI 3 + PPh 3 as the catalyst, T _< 383 K, PCO+H2 >- 12 MPa, 
[H20 ] _< 1.8 mol L -I,  [Rh] _< 2.5 �9 10 -3 g-at. L - l ,  and [CH20 ] _< 0.03 g L -1. At a substrate 
conversion of 62--67 %, the selectivity of GA formation reaches 96 %, and the yield is 
60--65 %. 
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Hydroformylat ion of formaldehyde according to the 
reaction: 

OH20 + CO + H2 ~ HOCH2CHO (1) 

allows one to prepare glycolaldehyde (GA), which is an 
intermediate product in the synthesis of valuable chemi- 
cals such as ethylene glycol, glyoxal, glycolic and oxalic 
acids, and biologically active compounds.  

The results of investigations of the hydroformylation 
of formaldehydO - 3  make it possible to suggest that the 
substrate and the reaction product are involved in vari- 
ous side and secondary transformations, which diminish 
the selectivity of the formation of GA. In the present 
work we s tudied  t r a n s f o r m a t i o n s  of C H 2 0  and 
HOCH2CHO in the course of hydroformylation in the 
presence of rhodium catalysts in an N,N-dimethyl-  
acetamide (DMAA) solution and determined the most 
favorable condit ions for the target reaction. 

the gas consumed in the ~eaction was replenished from a 
calibrated 9-mL vessel. 

The liquid products were identified by GC-FTIR spectros- 
copy on an LFS-113V spectrometer. A packed column (l = 
3 m, d = 2 mm) filled with Polychrom-1 with 10 % 
poty(ethylene glycol adipinate) was used for the analysis. 
Polyoxyaldehydes were analyzed as silyl derivatives (using 
trimethylchlorosilane and hexamethyldisilazane as silylating 
reagents) on a column with Chromaton N-AW with 5 % 
SE-30. 

The conversion of CH20 and the yield of GA and the 
selectivity of its formation were calculated based on the number 
of moles of the starting CH20. The selectivity of the forma- 
tion of GA (%) was defined as the ratio of the yield of GA to 
the conversion of CH20. IR spectra were recorded on a 
Specord M-80 spectrometer; electronic absorption spectra were 
obtained on a Specord UV-Vis spectrometer. 

The Rh complexes were prepared by the standard proce- 
dures.4-8 

Results and Discussion 

Experimental 

Hydroformylation of CH20 was carried out in a stainless- 
steel 250-mL autoclave equipped with a stirrer. The catalyst, 
DMAA, and paraformaldehyde (PF) or Formalin were placed 
in the autoclave, and the mixture was heated to the required 
temperature. Then the synthesis gas (CO + H2) was pumped 
in, and the pressure was increased to the operating pressure. 
Samples of the liquid product were withdrawn in the course of 
hydroformylation, the pressure was maintained constant, and 

The results of the hydroformylation of CH20  in 
polar solvents in the presence of Rh complexes of 
various compositions are presented in Table 1. The 
highest yield of GA was achieved when hydroformylation 
was carried out with Wi lk inson ' s  complex (see Table 1, 
m n  6) or with rhodium carbonyl chloride modified with 
tr iphenylphosphine (run 18) in DMAA. For these con- 
ditions, side and secondary reactions were studied. In 
addition to GA and unchanged C H 2 0  , the reaction 
mixture contained methanol ,  formic acid, and POA of 
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Table I. Hydroformylation of formaldehyde in the presence of 
l? MPa, [PF] = rhodium complexes (383 K, PCO+H2 -- 2 10 -3 g-at. L - t ,  

0.03 g mL -1, 60 mL of a solvent, [Rhl - . �9 
2.5 h) 

Run Rhodium Solvent Yield Selectivity of 
complex a of GA the formation 

(mol. %) of GA (%) 

1 RhCI(PPh3) 3 Water 0 0 
2 RhCI(PPh3) 3 CH2C12 0 0 
3 RhCI(PPh3) 3 n-Butanol 0 0 
4 RhCI(PPh3) 3 Acetone 10 50 
5 RhCI(PPh3) 3 DMF 43 59 
6 RhCI(PPh3) 3 DMAA 50 55 
7 RhCI(CO)L 2 Water 0 0 
8 RhCI(CO)L 2 n-Butanol 0 0 
9 RhCI(CO)L 2 DMAA 31 45 
10 b RhCI(CO) L 2 DMAA 16 17 
11 Rh4(CO)12 n-Butanol 0 0 
12 Rh4(CO)t2 DMAA 17 39 
13 Rh(acac)(CO)2 p-Xylene 2 80 
14 RhH(CO)(PPh3) 3 DMAA 39 54 
15 [RhCI(CO)2] 2 p-Xylene 0 0 
16 [RhCI(CO)2] 2 DMAA 7 52 
17 RhCI(CO)(PBu)2 DMAA 7 46 
18 RhCI(CO)(PPh3) 2 DMAA 50 55 

a L = PPh2[m-(SO3Na)C6H4]. bFor Formalin (5 mL, 36 % 

formaldehyde). 

various molecu la r  weights (C3--C16). One may  assume 
that,  along with hydroformyla t ion  (react ion (1)), the 
Cann izza ro - -T i shchenko  react ion (react ion (2)), hydro-  
genat ion of  C H 2 0  to give methanol  (react ion (3)), and 
condensa t ion  of  C H 2 0  with G A  to give POA (reaction 
(4)) occur. 

2 OH20 + H20 ~ CHaOH + HCOOH (2) 

OH20 + H2 ~ CH30H (3) 

x CH20 + y HOCH2CHO ~ POA (4) 

The ca lcula t ion  of  the mater ia l  balance for the hy- 
droformyla t ion  confirms the format ion of  methanol  ac-  

cording to reactions ( 2 ) a n d  (3) and the format ion of  
POA by react ion (4), and also indicates  that  G A  is 
formed only by hydroformyla t ion  of  C H 2 0  (see react ion 
(1)) without  par t ic ipat ion  of  the  known 9 condensa t ion  
of  CH20 ,  which also yields G A  (react ion (5)). 

2 OH20 ~ HOCH2CHO (5) 

It has been shown previously 1~ that  G A  readi ly un-  
dergoes dimerizat ion (reaction (6)). 

0 OH 

2 HOCH2CHO ~ 2 Y 
HO 0 

(6) 

The results of  an evaluation of  the t he rmodynamic  
probabil i ty of  the hydroformyla t ion  of  C H 2 0  according 
to pathways (1) and (7) presented in Table 2 indicate 
that  a high conversion of  C H 2 0  in hydroformyla t ion  at 
elevated temperatures  may  be expected only when the 
dimeric  form of  G A  is produced.  

An IR spectroscopic analysis of  a solut ion of  the 
original solid glycolaldehyde d imer  in D M A A  showed 
that  the system conta ined lao H O C H 2 C H O :  the spec- 
t rum exhibited no absorption band (AB) at 1772 cm -~, 
which is normal ly  recorded in the IR spectra  of  the  G A  
monomer  in the gas phase or in solutions in heptane or 
CH2C12. Thus, in DMAA,  the equi l ibr ium of  react ion 
(6) is shifted to the right, so the G A  formed in hydro-  
formylat ion may  dimerize.  (Under  the condi t ions  of  
G L C  analysis of  liquid products ,  the  d imer  of  G A  is 
converted into H O C H 2 C H O ,  as has been found by G C -  
F T I R  spectroscopy.)  

Thus, the following side t ransformat ions  of  C H 2 0  
occur  at not iceable  rates during hydroformylat ion:  the 
C a n n i z z a r o - - T i s h c h e n k o  react ion ,  hydrogena t ion  of  
C H 2 0  to give methanol ,  and condensa t ion  of  C H 2 0  
with GA; dimerizat ion of  G A  also apparent ly  occurs. 

Figure 1 shows the plots of  the conversion of  C H 2 0  
in reactions ( l ) - - ( 4 )  vs. the durat ion of  hydroformyla-  

Table 2. The results of the evaluation of the thermodynamic probability of hydroformytation of formaldehyde 

Pathway T/K AG K * 
/kJ mo1-1 

Conversion of CH20 at various 
CH20 : CO : H 2 ratios** 

1 : 1 : 1  1 : 5 0 : 5 0  1 : 7 5 : 7 5  

CH20 + CO + H 2 ~ HOCH2CHO (1) 300 -14.54 3.39.102 83.6900 98.8100 98.8200 
400 10.96 3.72- 10 -2 0.4100 0.9020 0.9080 
500 36.16 2.00.10 -2 0.0020 0.0040 0.0040 

2 (CH20 + CO + H2) --~ 2 HOCH2CHO (7) 300 -165.99 7.61 �9 1028 100.0000 100.0000 100.0000 
400 -80.33 3.04- 1070 100.0000 100.0000 100.0000 
500 0.04 9.90- 10 -~ 99.2000 100.0000 100.0000 

Note. The calculations were carried out for ideal gases according to standard procedures, ll,12 The total pressure was taken to be 0.1 
MPa. * The equilibrium constant. ** The molar ratio. 
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Fig. 1. The dependence of the conversion of CH20 for reac- 
tions (1)--(4) (curves l--4, respectively) on the duration of 
bydroformylation (for conditions, see Table 1, run 6). For 
I--IV, see in the text. 

tion.* One can see that  the  Cann izza ro - -T i shchenko  
react ion (see react ion (2)) proceeds at a not iceable  rate 
during the per iod  preceding hydroformyla t ion  when de-  
po lymer iza t ion  of  P F  to give C H 2 0  occurs (section I), 
while condensa t ion  of  C H 2 0  with G A  to give POA is 
p ronounced  at the final stage of  hydroformylat ion (sec- 
t ion IV), after the accumula t ion  of  G A  in the react ion 
mixture.  The Cann izza ro - -T i shchenko  react ion is not  
catalyzed by the Rh complex,  and its rate does not  
depend on its presence in the react ion mixture (Table 3, 
runs 1 and 2). The  o ther  t ransformat ions  are catalytic: 
they accelera te  as the  concent ra t ion  of  RhCI(PPh3) 3 in 
the react ion mixture  increases (see Table 3). 

* Conversion of CH20 in reaction (4) was calculated from the 
equation: Kpo A = KCH2O --  ZKi, where Kpo A is the conversion 
of CH20 into polyoxyaldehydes, KCH20 is the overall conver- 
sion of CH20, and K i (i = 1, 2, 3) is the conversion of CH20 
according to reactions (1), (2), and (3), respectively; K I is 
equal to the yield of GA, K 2 is equal to the sum of the yields of 
formic acid and methanol in reaction (2), and K 3 is equal to 
the yield of methanol in reaction (3). 

The fact that  react ion (3) accompanies  format ion  of  
G A  according to pathway (1) during the initial 2- -5  rain 
of  hydroformyla t ion  (see Fig. 1, sect ion II)  may be 
associated with the  fact that  during hydroformyla t ion  
RhCI(PPh3) 3 is conver ted into structures possessing vari- 
ous catalyt ic  activities in hydrogenat ion  (see react ion 
(3)) and in the target react ion (1). 

As follows from the data of  Table 3, condensa t ion  of  
C H 2 0  with G A  to give POA is the  main  side react ion 
that  lowers the selectivity of  the fo rmat ion  of  G A  during 
hydroformylat ion.  It cannot  be ruled out  that  this reac- 
t ion occurs through the coordinat ion of  the  G A  mono-  
mer  (involving the carbonyl group) to the Rh atom. This 
assumption was based on the results of  a study of  the 
interact ion of  G A  with RhCI(PPh3) 3 at 293 K by elec-  
t ronic and IR spectroscopy. In fact, in the  e lectronic  
a b s o r p t i o n  s p e c t r u m  of  a D M A A  s o l u t i o n  o f  
RhCI(PPh3)3, a decrease in the intensi ty of  the  band in 
the 360 nm region typical  of  a solut ion of  RhCI(PPh3) 3 
in an amide t3 and a shift of  the charge- t ransfer  band to 
higher  frequencies were observed after the in t roduct ion  
of  G A  (the G A  : Rh complex  molar  ratio was 98 : 1). 
These changes in the spect rum indicate  that  in the 
presence of  GA,  a new Rh complex  was formed.  In the 
region of  carbonyl  group vibrations of  the IR  spectrum 
of  G A  in an n -hep tane  or CH2C12 solut ion containing 
RhCI(PPh3)3, in addi t ion to the  absorpt ion band at 
1772 cm - I  typical  of  the CO stretching vibrat ions in 
free H O C H 2 C H O ,  a band at 1736 cm -1 probably  asso- 
ciated with the  coordinat ion  interact ion of  the  carbonyl  
group of  the  G A  m o n o m e r  with the Rh atom was 
recorded.  

Dimer iza t ion  (see react ion (6)) obviously competes  
with condensat ion  (4) involving the m o n o m e r  of  GA. 
Therefore,  the selectivity of  the format ion  of  G A  in the 
hydroformyla t ion  of  C H 2 0  is p redominan t ly  de te rmined  
by the ratio between the rates of  react ions (4) and (6). 

In  the course of  hydroformyla t ion  of  C H 2 0  , the rate 
of  react ion (6) is greater  in magni tude than that  of  
react ion (4) only  in the initial periods (II  and III ,  see 
Fig. 1)., i.e., at relatively low conversions of  C H 2 0  
(50--55 %). 

Since d imer iza t ion  (cycl iza t ion)  of  a ldehydes  is 
catalyzed by weak acids, TM we managed  to increase the 

Table 3. The effect of the concentration of  RhCI(PPh3) 3 on transformations of CH20 in the 
course of hydroformylation 

Run [RhCI(PPh3)3] �9 103 Conversion of CH20 (%) The selectivity 
/tool L - l  in reactions of the formation 

(1) (2) (3) (4) of GA (%) 

1 0 0 I 0 0 0 
2 1.27 45 1 1 t2 76 
3 2.50 60 1 2 15 77 
4 5.00 55 1 3 27 64 
5 10.00 40 l 5 50 42 

Note. The duration of the reaction was 90 rain. For the other conditions, see Table 1. 
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Table 4. Transformations of CH20 during hydroformylation in the presence of the RhC13 + PPh 3 system in a DMAA solution 

Run PCO+H2 T/K [PF] [Rh] [H20 ] vo a Conversion 
/MPa /g mL -1 /g-at. L -1 /mol L -1 /mol L -1 min -1 of CH20 (%) 

in reactions 

(1) (2) (3) 

The selectivity 
of the formation 

of GA b (%) 

(4) 

1 1 383 0.03 25.00 0.5 0.000 0 1.0 0.0 
2 3 383 0.03 25.00 0.5 0.001 5 1.0 6.0 
3 8 383 0.03 25.00 0.5 0.003 24 1.0 5.0 
4 10 383 0.03 25.00 0.5 0.004 30 1.0 0.5 
5 12 383 0.03 25.00 0.5 0.005 40 1.0 0.5 
6 13 383 0.03 25.00 0.5 0.008 52 1.0 0.5 
7 14 383 0.03 25.00 0.5 0.008 52 1.0 0.5 
8 13 373 0.03 25.00 0.5 0.005 45 1.0 0.5 
9 13 393 0.03 25.00 0.5 0.010 42 1.0 0.5 
10 13 403 0.03 25.00 0.5 0.012 35 1.0 0.5 
11 13 383 0.06 25.00 0.5 0.016 49 1.0 0.5 
12 13 383 0.09 25.00 0.5 0.024 37 1.0 0.5 
13 13 383 0.30 25.00 0.5 0.036 10 1.0 0.5 
14 13 383 0.03 1.27 0.5 0.004 27 1.0 0.5 
15 13 383 0.03 5.00 0.5 0.016 49 1.0 2.0 
16 13 383 0.03 10.00 0.5 0.050 50 1.0 5.0 
17 13 383 0.03 2.50 0.1 0.001 17 0.3 0.5 
18 13 383 0.03 2.50 1.8 0.024 60 1.5 0.5 
19 13 383 0.03 2.50 3.0 0.030 55 2.0 0.5 

0 0 
0 42 
0 80 
0 95 
0 96 
0 97 
0 97 
0 97 

15 72 
23 59 
12 78 
28 56 
67 13 

0 95 
6 84 

2O 66 
0 96 
0 96 

12 79 

a The initial rate of the formation of GA. b Duration of the reaction was 60 min. 

rate of  reac t ion  (6) and to carry out  selective hydro-  
formylat ion at high conversions of  C H 2 0  by using a 
weakly acidic med ium (pH 5.5). RhC13 (possessing acidic 
propert ies)  in combina t ion  with PPh  3 was used as the 
catalyst. The selectivity o f  the format ion of  G A  amounted  
to 87--96 % at a convers ion of  C H 2 0  of  62--67 %, and 
the yield of  G A  was 60--65 %. 

Table 4 presents  the  results of  the study of  the  effect 
of  the  parameters  of  the  process and compos i t ion  of  the  
react ion m e d i u m  on the t ransformat ions  o f  C H 2 0  in the 
course o f  its hydroformyla t ion  in the  presence of  the 
RhC13 + PPh  3 system (at a PPh  3 : RhC13 molar  ratio 
of  2 : 1). The target  react ion occurs at not iceable  rates 
at p ___ 3 MPa.  It accelerates  as the  pressure increases 
from 3 to 13 M P a  and also as the  tempera ture  or the 
concent ra t ion  of  PF,  the  rhodium catalyst ,  or water  
increase. W h e n  p < 12 MPa ,  hydrogenat ion  of  C H 2 0  to 
give me thano l  (see react ion (3)) is intensif ied,  and when 
the t empera tu re  increases (> 383 K) or the  concent ra-  
t ion of  PF ,  the  rhod ium catalyst,  or water  increases, 
then condensa t ion  of  C H 2 0  with G A  to give POA 
accelerates,  and  this decreases the  selectivity of  the 
format ion  o f  GA.  An  increase in the propor t ion  of  water  
in the reac t ion  solut ion also results in intensif icat ion of  
the C a n n i z z a r o - - T i s h c h e n k o  react ion,  but  the conver-  
sion o f  C H 2 0  according to  this react ion does not  exceed 
1.5 % at [H20]  _< 1.8 mol  L -1, and it has no substantial  
effect on the  selectivity of  the  format ion  of  the target 
product .  

The results of  the study indicate  that  the following 
condi t ions  are appropr ia te  for the  selective hydroformy-  
lat ion o f  C H 2 0  in a D M A A  solut ion in the  presence of  

the RhC13 + PPh 3 system to produce  GA:  T < 383 K, 
12 M P a  < PCO+H2 < 14 MPa,  [PF] _< 0.03 g m L  - l ,  
[Rh] _< 2.5" 10 -3 g-at .  L - l ,  [H20  ] < 1.8 tool L - l ,  and 
incomple te  conversions of  the substrate. Hydroformy-  
lat ion with high selectivity with respect to the  target 
product  (87--96 %) at a relatively high conversion of  
C H 2 0  (62--67 %) and a relatively high yield of  G A  
(60--65 %) occurs at T = 383 K, Pco+H2 = 13 MPa,  

[PF] = 0.03 g m L  - l ,  [Rh] = 2.5" 10 -3 g-a t .  L -1, 

[H20 ] = 1.8 tool L -1. 
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