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CATALYTIC HYDROGENATION OF ORGANIC SOLIDS-BASIC 
PROBLEMS 

ROGER LAFURTINE, ROBERT PERRIN 
Laboratoire de Chimie Industfielle 

ALAIN THOZET, MONIQUE PERRIN 
Laboratoire de MinGralogie et Cristallographie 
Associgs au C.N.R.S. ERA 600 
Universit6 Claude Bernard - LYON I, 4 3 ,  boulevard du 
I I  novembre 1918 - 69622 - Villeurbanne - FRANCE 
____ Abstract The hydrogenation of organic solid substan- 
ces like phenols and phenoxides under mild conditions 
has been studied. It is shown that those reactions take 
place in the solid state. Because of  the lack of  fluid 
phase the classical catalysis processes cannot explain 
the high conversion ratios 0btained;the spillover ef-- 
fect and the existence of  mobile hydrogenating species 
are discussed. 

INTRODUCTION 

A number of organic solid-gas reactions have been carried 

out without any catalyst. The different gases used are car- 

bon d i o x i d e  , oxygen , ozone3, nitric oxide , sulfur dio- 
xide , ~sobutene~, bromine , chlorine7, ammonia and diffe- 
rent amines . 
If we attempt to perform an organic solid-gas reaction with 

hydrogen, it is necessary to use a catalyst. Even with a ca- 

talyst it is difficult t o  believe that such reaction can 

occur because it is necessary to work at low temperature in 

order to keep the organic substance in the solid state. Un- 

der these conditions, the reaction would not occur since us-  

ually it is considered that such reaction involves adsorbed 

hydrogen (see figure 1 ) .  It seems clear that the organic 

substance, which is solid cannot migrate to this adsorbed 
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R. LAMARTME ef al. 58 

phase. 

SUPPORT 

FIGURE I .  Representation of a catalytic hydrogenation. 

RESULTS AND DISCUSSION 

We have studied at room temperature and at 760 torr hydrogen 
pressure with rhodium on carbon or on alumina as catalyst, 
the solid state hydrogenation of phenol, 3-methyl 6-isopro- 

pylphenol,4-alkylphenols and sodium, potassium and magnesium 
phenoxides. The different conversion ratios obtained in the- 
se conditions are listed in table I. Note the high conver- 
sion ratios obtained. So, experimentally we have evidence 
that it is possible to  hydrogenate different organic solid 

substances like phenols and phenoxides under mild conditions. 

Although all the organic phases studied are in the solid 
state at the reaction temperature, it is conceivable that 
this reaction is not a true solid state reaction but that 
it takes place in the liquid state or in the gaseous phase. 
I f  we accept the idea that a fluid phase is formed as a re- 
sult of the dissolution of reagents by the products, for 
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CATALYTIC HYDROGENATION 59 

instance, we should be able to observe a very slow reaction 

at the beginning and a gradual increase in rate as the f l u i d  

phase is being created. 

TABLE I. Hydrogenation of  phenols and phenoxides : 
conversiorr ratios and hydrogenation products with 
Rh/A1,03 as catalyst - 

a b C mP 
("0 

Substances 

phenol 40,9 99 18 81 

potassium phenoxide 290 61 4 57 
magnesium phenoxide 5 00 49 12 37 
2-methylphenol 31 98 15 83 
4-tert-butylphenol 99,5 72 4 68 

3,5-dichlorophenol 68 6 
3-methyl-6-isopropylphenol 49,8 86 50 36 

sodium phenoxide 384 20 6 14 

2,6-dimethylphenol 45,6 94 20 74 

3-methyl -4- i sopropylphenol  1 1 1  20 

-- -- 

-- -- 
............................................................ 
a = conversion ratio ; hydrogenation products b = cyclo- 
hexanones, c = cyclohexanols 

The reaction shown on figure 2is 4-tertiarybutylphenol hydro 

genation at 20°C with Rh/C as catalyst. The reagent is eva- 

cuated to approximately 10 torr for 15 minutes and hydro- 

gen is then introduced. 

-4 

T R A N S  67%; 

FIGURE 2. Hydrogenation o f  4-tertiarybutylphenol 
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60 R. LAMARTINE et al. 

We have represented the hydrogen quantities absorbed and 

transformed into products versus time (see figure 3 ) .  A 

greater rate is obtained at the beginning of the process and 

gradually decreases thereafter. Therefore, there is no in- 

duction time and the reaction does not take place in a li- 

quid phase. 

rborm w ~ g m  
( C d  . 0% , 760 lor,) 1 

FIGURE 3 .  Absorbed hydrogen 2)s time for 4-tert-butyl- 
phenol with Rh/C as catalyst. 

Can the reaction occur in the gaseous phase ? The hydrogena- 

tion achieved with conversion ratios varying from 20 to 70% 

for sodium, potassium and magnesium phenoxides with melting 

points of 384, 290 and 500°C are not readily explained by a 

reaction in the gaseous phase, as these phenoxides have very 

low vapour pressures at 20°C. For example, in the case of  

magnesium phenoxide 

described on figure 4, that no vapour phase was detectable 
after establishment of a dynamic vacuum for 6 hours and then 
a static vacuum for 4 hours. With the static vacuum, nothing 
is trapped by the cold finger kept at -20°C. Indeed by U.V. 
spectroscopic examination of the hexane used to rinse out 

we have verified with the apparatus 
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CATALYTIC HYDROGENATION 61 

the cold finger, we have detected no trace of aromatic pro- 

ducts. 

FIGURE 4. Apparatus for detection of  vapor phase 
formation. 

Therefore, it appears that the reaction takes place in the 

solid state. 

For a true organic solid state reaction it was observed 

that the reactivity and the selectivity are correlated with 

the crystal structure. For instance we have considered the 

hydrogenation of "parathymol" or 3-methyl-4- isopropylphenol .  

The crystal structure has been determined by one of  us9 and 

t h e  space group is P 4 1  or P43. The molecules are linked by 

hydrogen bonds forming infinite chains as shown on figure 5. 
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62 R.  LAMARTINE er ul. 

FIGURE 5. A crystal of 3-methyl-4-isopropylphenol 

We have obtained right and left handed crystals. Hydrogena- 
tion of the left and right handed powders was carried out 
in the apparatus described on figure 6 .  To prevent grease 
contamination, we have used only teflon joints. The powder 
was mixed with the catalyst and placed in the reactor. The 

reaction mixture was collected by pumping and the products 
were removed from the catalyst by centrifugation. The re- 
sults obtained with the left handed crystal powder are gi- 
ven in table 11. D

ow
nl

oa
de

d 
by

 [
T

om
sk

 S
ta

te
 U

ni
ve

rs
ity

 o
f 

C
on

tr
ol

 S
ys

te
m

s 
an

d 
R

ad
io

] 
at

 1
0:

38
 2

1 
Fe

br
ua

ry
 2

01
3 



CATALYTIC HYDROGENATION 63 

J< reaction product H 
A 

\ vacuum \ J 
3 - I mixtue reactankcat slyst 

-.-liquid nitrogen 

FTCURE 6. Apparatus for asymetric hydrogenation. 

TABLE I1 Solid state hydrogenation of parathymol and 
natural thymol, rotatory power. 

3-methyl 4- isopropylphmd 

Non cenlmsymm.tric crystalline Reaction Immpwature I 8CC 

StNCtUf., Raaclion lime zthJSmn 

Enantiomorphoy rp.em group Pd3 Catalyst I P t l C  5 %  

Rotatory powmt 

Oh 2) h 

A: 589nmt .0.119 0.137 

A: 578 nrn : -8.135 0.121 x A: 548 nm I I 0.155 0.141 

0.236 

Thm powder ib obtained from a A 365 nrn L e0.352 6 0.349 

CH, J$ 
CH, CH, 

A :  438 nm : .0.235 

500 left single crystal, 
- - - - - - - - - - _ - - _ - - - - - - - - - - - - - - - - - - - - - - - -  

3- methyl (I-lropropylphwml 

Cmntrosymm*tric crystalline Reaction tmmpmralures 25.C 

slrulurm . Rmaclion tlme I 4 I m n  

Space group RtJ Calalyst ’  P I l C  5% 

Rolatory power 
.en, 

A 589nm: 0 .000 f 0.002 

A 578nm: 0 .000 t - 
A 341 nm : 0.000 t - 
A 436nm: 0.000 t - 
A 365nm : 0.000 f - 
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64 R. LAMARTINE et al. 

Note t h a t  the  experiments were repea ted  by d i f f e r e n t  exper i -  

menters and the  r o t a t o r y  power i s  t ime s t a b l e .  The same ex- 

per iments  c a r r i e d  out  i n  t he  same cond i t ions  wi th  cent rosym 

met r i c  c r y s t a l s  of n a t u r a l  thymol g ive  a mixture  of menthols 

and menthones without  any r o t a t o r y  power. These r e s u l t s  

which agree  wi th  the  c r y s t a l  s t r u c t u r e  of  n a t u r a l  thymol 

shown t h a t  we are not  dea l ing  wi th  a r t e f a c t s .  This  r e a c t i o n  

of an a c h i r a l  compound wi th  an a c h i r a l  c a t a l y s t  l ead ing  t o  

r o t a t o r y  power i s  an abso lu te  asymmetric syn thes i s  us ing  

only  the  c h i r a l i t y  of t he  c r y s t a l l i n e  arrangement.  Thus, 

t he  r e s u l t s  obtained depend s o l e l y  on t h e  molecular  a r ran-  

gement i n  the  organic  s o l i d  s t a t e  and r u l e  ou t  t he  poss ib i -  

l i t y  t h a t  t he  r e a c t i o n  proceeds v i a  l i q u i d  o r  gaseous pha- 

ses. 

We be l i eve  t h a t  w e  have achieved a s o l i d  state r e a c t i o n  

s i n c e  the  r e s u l t s  a r e  co r re l a t ed  wi th  the  c r y s t a l l i n e  s t ruc -  

t u r e .  

From a c a t a l y t i c  po in t  of view i t  i s  obvious t h a t  we cannot 

th ink  of our  r e a c t i o n s  as normal c a t a l y t i c  processes .  A s  

shown on the  f i g u r e  7 ,  t h e  r e a c t i o n  t a k e s  p l ace  i n  an adsor- 

bed phase. I n  our  case  because of t h e  l a c k  of f l u i d  phase,  

t he  organic  reagent  cannot be adsorbed on the  c a t a l y s t .  

A t  f i r s t  we considered the  s p i l l o v e r  e f f e c t  as o r i g i n a t e d  by 

BOUDART. A s  shown on f i g u r e  8 the  s p i l l o v e r  e f f e c t  r e q u i r e s  

hydrogen migra t ion  between metal and suppor t .  On the  f igu-  

r e  8 we desc r ibe  how w e  b e l i e v e  the  s o l i d  s t a t e  hydrogena- 

t i o n  of a phenol occurs .  The molecular  hydrogen on con tac t  

w i th  m e t a l  g ives  "ac t iva ted"  hydrogen. This  hydrogen i s  tran- 

&erred on the  su r face  o r  i n  the  bulk.  This  i s  the  f i r s t  spil-  

l ove r  e f f e c t .  By means of con tac t s  between support  and orga- 

n i c  s o l i d ,  a c t i v a t e d  hydrogen moves ac ross  the  o rgan ic  s o l i d  
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CATALYTIC HYDROGENATION 65 

reagent and reacts. This is the second spillover effectlo. 

So the support and the organic reagent make up solid phases 

which allow the migration of hydrogen in its activated sta- 

te. The migration of hydrogen from support to organic pro- 

duct requires many contacts between these two phases. This 

is an important problem which we will now discuss. 

:’ REACTION ORGANIC PRODUCTS 

(GAS) 

SUP PORT 

FIGURE 7. Classical catalysis. Langmuir Hinshelwood mecfr 
anism:two adsorbed species, Rideal Eley mechanism : one 
adsorbed species. 

GAS 

. . .  

SECONO SPIILOVfR 

-9.. . . . . . . . 

EffECT 

3 
FIGURE 8. Spillover effects in a solid state hydrogena- 
tion. 
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66 R. LAMARTINE et al. 

??or t h i s  purpose w e  have t r i e d  t o  perform the  hydrogenation 

without  contac t  between the  suppor t  and t h e  o rgan ic subs t ance .  

Thereac t ionwas  allowed t o  p roceedas  shown on t h e  f i g u r e  9. 

The c a t a l y s t  P t / C  o r  Pt/A1203 was p laced  i n  a very  t h i n  te- 

f l o n  cover whose pore s i z e  i s  0 , s ~ .  This  membrane was placed 

i n  contac t  wi th  the  organic  s o l i d  reagent  and the  hydrogena- 

t i o n  was c a r r i e d  out  under the  same cond i t ions  as previous ly .  

Note t h a t  under these  condi t ions  t h e  con tac t  between ca ta -  

l y s t  and organic  s o l i d  reagent  i s  poor .  

".. ., @.. 

1 8 PRODUCT 

ORGANIC SpLlD W I 
(Phmnoaide) 

FIGURE 9.  Hydrogenation wi thout  con tac t .  The c a t a l y s t  i s  
placed i n  a t e f l o n  cover.  

Nevertheless  the r e a c t i o n  occured,  a l though s lowly.  We o b s e r  

ved the  hydrogenation of magnesium phenoxide a t  8 0 t  i n  ac- 

cordance wi th  the  f i g u r e  10. The products  ob ta ined  were phe- 

no l ,  cyclohexanol and d icyc lohexyle ther .  These products  

formed a l i q u i d  r e a c t i o n  mixture  which depos i ted  i n  t i n y  

drops on the  co ld  wal l  of t he  r e a c t i o n  c e l l  and were analy- 

sed d i r e c t l y  by gas chromatography. The formation of t h e  

products  r e q u i r e s  t he  r u p t u r e  of t h e  0-Mg bond and the  for -  
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CATALYTIC HYDROGENATION 67 

mation of magnesium or magnesium hydride although these pro- 

ducts are not yet well identified. The formation of dicyclo- 

hexylether also requires the breaking of a C-0  bond for a 

number of molecules. In any case the reaction takes place in 

the solid state as a first stage reaction. 

04- Mg b +  R h/C 

80% 
H I  - 

PHENOL 

CYCLOHEXANOL 

DICYCLOHEXYL ETHER 

FIGURE 10. Products formed in the hydrogenation of magne- 
sium phenoxide. The catalyst Rh/C is placed in a teflon 
cover. 

Because the contacts between the catalyst (rhodium/carbon) 

and the organic solid reagent are poor, it is difficult to 

explain the course of the reaction solely on the basis of 

spillover. In accordance with the figure 9 we consider a 

gaseous phase such as H or H '  which migrates through the 

teflon pores. These H species were recently discussed by 

TEICHNER and PAJONKII. These species can result from the 

interaction between molecular hydrogen and activated hydro- 

gen and presumably would be charged by contact with the 

support. 

+ 
3 3 
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68 R. LAMARTINE et al. 

CONCLUSION 

So the hydrogenation of organic solid products throws a new 
light on processes which occur in a catalytic reaction. 

Solid state hydrogenation, as described here, provides addi- 
tional experimental proof of the first spillover effect and 

shows the existence of mobile hydrogenating species. 

Concerning the applications, the results obtained here might 
be applied to the study of the coal liquefaction and "in 

situl' recovery of the gaseous species, e.g. CH4, by pumping. 

These results might also be useful for the study of less so- 

luble organic substances such as steroids. 
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