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Repor t s  [1, 2] on the ac t iv i ty  of ca ta lys t s  based on me ta l  complexes  in the synthes is  of al iphatic h y d r o c a r -  
bons f r o m  CO and H 2 have r ecen t l y  appeared .  Rhodium carbonyl  in a mixk t r e  with Lewis acids ca ta lyzes  the 
fo rma t ion  of C1-C 4 a lkanes  f r o m  CO and H 2. The introduction of a reduc ing  agent,  pa r t i cu l a r ly  meta l l ic  A1, into 
such s y s t e m s  sha rp l y  i n c r e a s e s  the yields of the hydrocarbons  [3]. 

The purpose  of the p r e s e n t  work was to inves t iga te  the cata lyt ic  p r o p e r t i e s  of a t r ans i t i on -me ta l  c o m -  
p l e x - L e w i s  a c i d - r e d u c i n g  agent  s y s t e m  (RhnLm-A1Br3-A1) .  

E X P E R I M E N T A L  

The complexes  Rh4(CO)12 , [Rh(CO)2C1]2, Na2[Rhl2(CO)30], and (Ph3P)3RhC1 were  synthesized according  to 
the methods  desc r ibed  in [4-7], and p u r e - g r a d e  RhC13 �9 3tt20 and f r e sh ly  subl imed A1Br 3 were  used. The expe r imen t s  
we re  c a r r i e d  out i n a  100-ml  g lass  ampul,  in towhich4-10  m g o f  the rhodium compound, 0.5-1.5 gof  A1Br 3, and 1 -  
100 mg of powdered A1 were  introduced.  The ampul  was evacuated,  filled with a mix tu re  of CO and H 2 with a 
vo lume r a t i o  ranging f r o m  3 : 1 to 1 : 4 (the initial  p r e s s u r e  was 1 atm),  and heated in a furnace  with an e l ec -  
t r i c  heat ing e lement .  2~ne t e m p e r a t u r e  was maintained with an accu racy  of �9 2 ~ The duration of an exper iment  
was 10 h. The C2-C 4 hydrocarbons  and CO 2 were  analyzed by GLC on an LKhM-8MD chromatograph  (10 m •  
3 m m  column with 10% HMPA on Chromaton  N-AW, 25~ A mix tu re  of CO, H2, N2, 02, and CH 4 was analyzed 
on the s a m e  ch romatograph  (1.5 m x  3 m m  column with 5 A molecu la r  s i eves ,  50~ 

D I S C U S S I O N  

The components  Rh4(CO}n , A1Br3, and A1 taken sepa ra t e ly ,  as well as  the two-component  Rh4(CO)n-A1 
s y s t e m ,  a r e  inact ive in the synthes is  of a lkanes  f r o m  CO and H 2. The two-component  Rh4(CO)12-A1Br 3 and 
A1Br3--A1 s y s t e m s  have  insignif icant  cata lyt ic  act iv i ty  (Table 1). In the p r e s e n c e  of the A1Br3-A1 sys tem,  p r o -  
ducts with an inc reased  r e l a t i ve  concentra t ion  of C 4 hydrocarbons  a r e  fo rmed without any CO 2 in them,  in con-  
t r a s t  to the mix tu res  fo rmed when the Rh4(CO)I2-A1Br 3 s y s t e m  is used. 

The Rh4(CO)n-A1Br3-A1 cata lyt ic  s y s t e m  is m o r e  ac t ive  than the two-component  s y s t e m s  tes ted .  Here  
22 moles  of CO a r e  conver ted  into hydrocarbons  per  g r a m - a t o m  of Rh, and the extent of convers ion  of CO 
(Kco)  is 89 vol.  %. Increas ing  the A1 : A1Br 3 mole  r a t i o  in the Rh4(CO)n-A1Br3-A1 s y s t e m  to 0.2 (Fig. 1) in- 
c r e a s e s  KCO f r o m  4 to 89%. A fur ther  i n c r e a s e  in the amount  of A1 in the s y s t e m  has  no influence on KCO. 
The compos i t ion  of the r eac t ion  products  va r i e s  as A1 : A1Br~ is increased  to 0.05 (the re la t ive  concentra t ion 
of C4H10 i n c r e a s e s ,  and the r e l a t ive  concentra t ions  of C3H 8 and CO 2 decrease)  and then r e m a i n s  p rac t i ca l ly  
unchanged. An i n c r e a s e  in the r e l a t i ve  concentra t ion  of A1 in the A1Br3-A1 s y s t e m  has a s imi l a r  influence on 
KCO. However ,  as the A1 : A1Br 3 r a t i o  is var ied  in the 0.1-0.4 r ange ,  KCO inc reases  only by a factor  of 2, the 
quanti ty of  CH 4 in the synthes is  p roduc t s  d e c r e a s e s  by a f ac to r  g r e a t e r  than 4, and the f rac t ion  of isobutane 

TABLE 1. Effect  of the Composi t ion  of the Catalyt ic  Sys tem on the 
Synthesis of Alkanes f r o m  CO and H 2 (150~ 10 h, CO:  H2=1 : 4, 
mole  r a t i o  RH : A1Br.~ : A1 : CO = 1 : 200 : 40 : 25) 

CataLytic Kco, 
system vol. % 

! 

A1Brs-A1Pah~ (CO) la-A1Br3 I 54 
RhdCO) lrA1Br3-A1 I 89 

Reaction products, vol. ~o 

CO.- 

o 

CH4 C2H~ I C~s I-C4Itlo n-C4H~0 
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Fig. 1. Dependence of KCO and the compos i t ion  o f ~ e  r eac t ion  
products  on the A 1  : A1Br s mole  r a t i o  in the Rh4(CO)I~-A1Br.~-A1 
s y s t e m  (150~ 10 h, CO : H2=l  : 4, mole  r a t i o  Rh : A1Br 3 : C O = I  : 
200:25): I) KCO; 2) CO2; 3) CH4; 4) C2H6; 5) CsHs; 6) i-C4Hi0; 
?) n-C4R10. 
Fig. 2. Dependence of KCO and the composition of the reaction 
prochcts on the AI : AIBr s mole ratio in the AIBrs-AI system (150~ 
10 h, CO : H2= ! : 4, mole ratio AIBr s : CO-- 200 : 25). The notation 
is explained in Fig. t .  

i n c r e a s e s  f r o m  38 to 72% (Fig. 2). 

When the Rh : A1Br 3 r a t i o  in the Rh4(CO42--AIBrs--A1 s y s t e m  r anges  f r o m  1 : 60 to 1 : 300 and the Rh :  
A1 : CO r a t i o  is  constant ,  the compos i t ion  of the r eac t ion  products  and the value of KCO r e m a i n  unchanged. 

The s t r u c t u r e  of the Rh complex  has a s ignif icant  effect  on the ca ta ly t ic  p rope r t i e s  of the R h n L m -  
A1Br3--A1 and RhnLm-A1Br3  s y s t e m s  (where L is the ligand) (Table 2). In the c a s e  of the two-component  
R h n L m ' A 1 B r  3 s y s t e m s ,  the extent  of convers ion  of CO is v e r y  low and amounts  to 4-5% on the ca ta lys t s  con-  
taining Rh4(CO)I 2 and Na2[Rhl2(CO)30] and 0.1-0.2% in the p r e s e n c e  of [Rh(CO)2C1] 2 and RhC13 �9 3H20. The i n t ro ,  
duction of meta l l i c  A1 into the R h n L m - A 1 B r  s s y s t e m  r e s u l t s ,  as  we have a l r eady  noted, in an i nc rea se  in i ts  
ca ta ly t ic  act iv i ty .  The compos i t ionof the  r eac t ionp roduc t s  for  the rhodium complexes  used is  v e r y  close to. 
but d i f ferent  f r o m  the composi t ion of the mix tu res  fo rmed in the p r e s e n c e  of RhC13 ' 3H20. The p r e sence  in the 
molecule  of the original  Rh complex  of ligands (CO and PhsP) which s tabi l ize  the lower oxidation s ta tes  of the 
meta l  r e s u l t s  in the fo rmat ion  of a s y s t e m  with a higher  ca ta ly t ic  act iv i ty  than in the case  of the RhCI3-- 
A1Br3-A1 sys t em.  These  ligands apparen t ly  p reven t  the conver s ion  of the rhodium in the or iginal  complex  
into metal l ic  Rh upon in terac t ion  with the A1Br3-A1 reducing  sys t em.  Thus,  in the s y s t e m s  under study the 
rhodium complex  is c l e a r l y  main ly  r e spons ib l e  for  the synthes is  of al lmnes f r o m  CO and H2, in a g r e e m e n t  with 

the data in [2]. 

The CO : H z ra t io  in the or iginal  gaseous mix ture  has  a s t rong  influence on the synthesis  of h y d r o c a r -  
bons (Table 3). The i n c r e a s e  in the concentra t ion  of CO in the m i x t a r e  lowers  the extent  of convers ion  of CO 
into hydrocarbons  and the concentra t ion of methane and propane  in the r e a c t i o n  products  and inc reases  the 
r e l a t i ve  concentra t ion  of the butanes,  

TABLE 2. Influence of the Nature  of the Rhodium C o m -  
pound on the Catalyt ic  Act ivi ty  for  the RhnLm-A1Brs- -A1 
Sys t em (150~ 10 h, CO : H 2 = 1 : 4, mole  r a t i o  Rh : A1Br3 : 
AI:CO=1:200:40 25) 

RhnL m KCO, 
vol. 

Rh~ (CO) ,z 89 
[ Bh (CO) ~Cl] 2 _ 84 
Na2[Rh,~ (CO) so] 87 
(Ph~P) 3BhCI 80 
BhCl3.3HzO 15 

CH4 

47 
47 

37 

Reaction products, vol, % 

C2115 

i3 

G3Hs I i-C4Hi5 ] n-G4Hlo 

-I 3~ i 
14 29 2 
i5 29 I 
13 30 I 
12 35 3 
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TABLE 3. Influence of the CO : H 2 Ratio in the Original 
Gaseous Mixture on KCO and Composit ion of the Reaction 
Products  (150~ 10 h, mole ra t io  Rh : A1Br 3 : AI= 1 : 200 : 
40) 

E xmnt Of conversion of CO 

vol. qo ~ / g - a t  

t I0 
73 22 
89 23 

CO : H~ 

3 : i  
t t 
i 3 
i 4 

Reaction products, vol. ~o 

24 
36 
4i 
47 
\ 

i4 34 2 
i4 30 t 

In t h e c a s e  of the Rha(COh2--A1Br3-A1 sys tem,  the composit ion of the reac t ion  products  does not depend 
on the duration of the exper iment  in the 1-10-h range.  The extent of convers ion of CO in the presence  of this 
sy s t em increased f rom 30 to 92% as the synthesis  t empera tu re  was increased f rom 100 to 170~ The com-  
posit ion of the r eac t ion  products changed only slightly. 

According to the data in [8], the rhodium complexes Rh4(CO)12, Rhs(CO)ls, Rh(acac)2(CO)2, A12[Rhl2(CO)s0]~, 
Na2[Rhl2(CO)30], etc. ca ta lyze  the format ion of methanol,  glycols,  glycerol ,  and other oxygen-containing com-  
pounds f rom CO and H 2 at  high p r e s s u r e s .  Alkanes were  not found in the reac t ion  products .  It has been postu-  
lated that the [Rhl2(CO)a0] 2- anion, which is the t rue  ca ta lys t  of the synthesis of the oxygen-containing com-  
pounds, forms f rom the original  complexes under the conditions of the reac t ion  [9]. 

The addition of a Lewis acid to a rhodium complex directs  the process  in the direct ion of the formation 
of alkanes. It is known that metal  carbonyls  fo rm adducts with Lewis acids [10-13], i .e. ,  

L~MmC0 + A1X3 --~ LnM,~COA1X8 

where L is a ligand; M denotes Fe,  Ru, and Co; and X denotes C1, Br,  and alkyl. 

The reac t ion  of a Lewis acid with a coordinated CO molecule,  on the one hand, promotes  the cleavage of 
the C--O bond and, on the other hand, facil i tates the nucleophilic a t tack of the hydride ion on the coord imted  
CO molecule (step 2 in the scheme) and thereby permi t s  the real izat ion of the reduction of CO to alkanes under 
milder  conditions than those neces sa ry  for the synthesis of the oxygen-containing compounds. This is con-  
s is tent  with the scheme of the mechanism for the synthesis of hydrocarbons f rom CO and H 2 proposed in [14] : 

H~ 

CO H2 He - - ~  ~20 M-H + CH* 
M--H--'~ M--CO : M--~=O --~ M--CH.2 --~7~ M--CHs-- I I 1 . . . .  ----~-~ M--0H + CH4 

n H 3 OH * I ~ % ~ t _ c = 0  

7 l 
CH3 

H_~ 

H2 H.o H20 
_._._>. M--C=O ~ M--CH--0H --H.----'~ M--CH2CH~-- etc. 

I S I -9" [ 
CH~ CH.~ co 

When A1 is added to an A1Br3 melt ,  the concentrat ion of metall ic A1 in the melt  at  145~ reaches  0.017% 
[15]. Thus, a homogeneous aprotic  sys t em having s t rong reducing and acid proper t ies  is apparently formed 
under the conditions studied. This sys tem binds the HzO formed during the synthesis ,  preventing the decom- 
posit ion of the Rh complex and resul t ing  in an inc rease  in KCO, The remova l  of water f rom the react ion zone 
decreases  the probabil i ty of chain terminat ion (step 6 in the scheme} and causes an increase  in the fraction of 
C2-C 4 hydrocarbons  in the react ion products .  

CONC LUS IO NS 

1. The activity and select ivi ty of the RhnLm-A1Br3 -A1  catalytic systems, in the synthesis of the lower 
a!kanes f rom CO and H 2 a re  great ly  dependent on the nature of the rhodium complex, the component rat io,  and 
the reac t ion  tempera ture .  

2. The catalytic sys tems  containing Rh4(CO)12 , [Rh(CO)2C1]2, Na2[Rhl2(CO)30], and (Ph3P)3RhC1 with the 
ra t ios  A1 : A1Br3 = 0.2 to 0.4 and Rh : A1Br 3 = 1 : 60 to 1 : 300 a re  the mos t  active.  Decreas ing the CO : H 2 ra t io  
in the original gaseous mixture f rom 3 : 1 to 1 : 4 increases  the extent of convers ion of CO f rom 5 to 89%. 
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The dehydration of 2-alkanols over A120 ~ proceeds with the predominant formation of cis-~-olefins [1, 2]. 
The dehydration of these alcohols over the oxides of thorium, chromium, or r a r e  earths produces mainly ~- 
olefins [3-5]. The attention of investigators of the mechanism of dehydration of alcohols over A1203 has been 
focused on ascertaining the reasons for the predominant formation of olefins in the cis form and the establish- 
ment of the mechanism (E l or E2) for the elimination of the water fragments [1, 2, 6, 7]. At the same t ime,the 
reasons for the predominant formation of ~ olefins in this reaction has apparently not been investigated. 

The investigation of the influence of water on the direction of the dehydration of 2-methyl-2-butanol 
(2-MB) and 3-methyl-2-butanol (3-MB) over A1203 in [8] showed that the addition of water vapor to the ca r r i e r  
gas increases the ratio of the yield of ~-olefins to the yield of ~-olefins ~ : ~) in the case of the dehydration 
of 2-MB and, conversely, decreases this rat io in experiments with 3-MB. In order to ascertain the reasons 
for the different effects of water on the direction of the reaction, the effect of a more basic agent should be 
studied. For this purpose, in the present  work we investigated the dehydration of 2-MB and 3-MB containing 
diethylamine (DEA) in various concentrations. 

E X P E R I M E N T A L  

The procedures for carrying out the experiments and the analysis of the reaction products have been 
described in [8]. The experiments were carr ied out at 160~ in a current  of H 2 freed of 02 and H20. The con- 
ditions of the experiments (the ra te  of supply of the alcohol and the amount of A1203) were selected such that the 
extent of conversion of the alcohol would not exceed 270. The catalyst was treated with hydrogen freed of O 2 
and H20 at 550~ before each run. 
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