
C O N C L U S I O N S  

1. Calculations of the atomizat ion energies  of Cr(CO) 6, Fe(CO) 5, Mo(CO)G, Ni(CO)4, MnH(CO) 5, FeH2(CO) 4, 
and Coil(CO) 4 molecules  have been ca r r i ed  out by the v i r i a l - s t a t i s t i ca l  method. 

2. The resul ts  of these calculations suggest  that the s tabi l ihes  dec rease  in the o rder  

MnH(CO)5 ~ FeH2(CO)4 ~ Coil (CO),, 

a conclusion consis tent  with experimental  data. 
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The resul ts  of our ea r l i e r  study' on the kinetics of vapor-phase  dehydration of cyclohexanol to cyclohexa- 
none on a c o p p e r - m a g n e s i u m  catalyst  have been reported in [1] 

CsHI~O = CeHxoO -7 Ha (i) 

There we proposed a kinetic reaction scheme based on our kinetic data and the assumption that hydrogen de- 
tachment proceeds  slowly on the catalyst  surface.  We have continued this work with a view to fixing the mech-  
anism of react ion (1) more exactly, studying the isotopic hydrogen-  deuter ium exchange in cyclohe• and 
cyclohexanone, and measur ing  the kinetic isotope effects in both forward and r eve r s e  direct ions.  

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

Exper iments  were ca r r i ed  out in a thermosta ted circulat ing-f low sys tem [1], working with mixtures di- 
luted with nitrogen, hydrogen, or deuter ium at a tmospher ic  p res su re .  The cyclohexanol and cyelohexanone 
used here had been redist i l led through a vacuum reflux column; each substance was chromatographical ly  pure, 
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TABLE 1. Isotopic H y d r o g e n - D e u t e r i u m  Exchange in Cyclohexanol, 
at Various Tempera tu re s  and under Dehydrogenation Conditions 

D~ee  o f Isotopic cyclohexanol compositlon~ { exchange,% 
from mass spec~rome~ic dam*, 07. ~ 

m .~" { ,o  ~ , , o 

,7o 3. 25,811 6,7 ,,G{ 0.4 0 ,  1,3 
210 9, t6,1 1t0,4 8,~ { 42 { 1,: 0.2 41,t t,S 125,0 - 
240 15. 17,7 { 1t,0 8,t { 4,3 { t,, 0,2 42,8 1,7 30,0 t76 
270 2~ i4,7 { 9,0 7,4 { 4,~ { ~,I 0,4 37,9 1,9 33,0 28,4 
300 37. 22,1 |~0,0 6,4 ] 3,9 { {,~ 0,6 45,2 ~,8 - - 
*Calculation~ were  ca r r i ed  out for. the M-18)  + f ragment  ions, i.e., 

for one r ing )osition and with no allowance for hydroxyl exchange. 
tValues of  MD were  obtained f romthe  Kimball formula  [5]; each 
value represen t s  the mean number  of deuter ium atoms entering the 
cyelohexanol molecule in each e lementary  exchange step. 

its constant  agree ing  with those repor ted  in the l i t e ra ture :  cyclohexanol, mp 24~ bp 160.5~ (757 mm), nD 25 
1.4650; cyclohexanone, bp 156~ (757 ram), nD 2~ 1.4509; d42~ 0.9475. 

Deuterated eyclohexanol,  C6HllOD , was prepared  by  exchange between cyclohexanol and heavy water ,  fol- 
lowing the methods of [2]. Deuterated alcohol compr i sed  about 80% of the react ion products.  The deuterated 
cyclohexanol was s tored under purified nitrogen. P r i o r  to use,  the nitrogen, hydrogen, and deuter ium were 
passed  through a purifying t ra in  [3]. The catalyst ,  p repared  by depositing copper  on MgO, contained 40.5% cop- 
pe r  [1]. Determined by chemisorpt ion of oxygen, the specific surface  a rea  of the copper proved to be 42.4 m2/g. 
The ca ta lys t  was reduced with ei ther  hydrogen or deuter ium pr io r  to the experiment.  The degree of dehydrogena-  
tion was de termined by chromatographing on a Chromosorb  W -  polymethylphenylsiloxane column. The PMR 
and mass  spec t ra  of the individual react ion products were obtained after  separat ion on a prepara t ive  Khrom-31 
chromatograph ,  using a column packed with polyethylene glycol on Chromosorb .  

An MI-1305 mass  spec t romete r  was used for determining the degree of exchange and isotopic distribution 
in cyclohexanol  and cyclohexanone, working at an ionization potential of 16 V in the one case,  and 18 V in the 
other.  Hydrogen elimination gave r i se  to a grea t  number  of (M- 1) + f ragments  in the course  of mass  spec-  
t r o m e t r y  of cyclohexanol,  thereby making difficult any attempted exact, molecular  ion analysis .  For  this reason,  
calculat ions were  ca r r i ed  out on the ion f ragment  resul t ing f rom elimination of water.  Values of the degree of 
exchange given below apply to a ring with protected hydroxyl group, and a re  possibly low for this reason.  Ex- 
act,  isotopic molecular  ion analysis  was possible with the mass  spec t ra  of cyclohexanone. Since the deuterium 
of the cyclohexanol hydroxyl group might readi ly exchange with hydrogen during preparat ive separat ion of the 
react ion products  [4], the degree of exchange in this group was determined by di rec t  IR spect roscopy of the re-  
act ing mixture .  Analysis  was ca r r i ed  out with a UR-20 spect rophotometer .  Deuterium in the a position of 
cyclohexanol was determined f rom the PMR spect ra ,  the la t ter  being obtained with a DA-60-IL Varian spec-  
t r o m e t e r  working with CC14 solutions containing TMS and using nitrobenzene as an internal standard.  

D I S C U S S I O N O F  R E S U L T S  

Isotopic exchange in eyclohexanol was studied under the conditions of reaction (1), using deuterium as the 
c a r r i e r  gas  and working at t empera tu res  in the 170-305~ interval  with the initial part ial  p re s su res  of alcohol 
and deuter ium,  Pale~ and PD2' fixed at 90 and 660 mm Hg, respect ively .  The exchange rate was 2.6 �9 104 h -1 in 

each exper iment .  The degree of exchange at equil ibrium varied f rom 0.29 to 0.48. 

Data on the degree of exchange and the isotopic distr ibution in cyclohexanol are  given in Table 1. It is 
seen that there  was intensive exchange, with the format ion of deuterated products ranging f rom d 1 to d 6, a ta l l  
t empe ra tu r e s .  The deuter ium concentrat ion diminished gradually,  but continuously, as the number  of deuterium 
atoms in the cyclohexanol molecule increased.  F r o m  this it was concluded than at least  six of the cyclohexanol 
hydrogens  part icipated,  and to an equal degree,  in the exchange process .  The product cyclohexanone also con- 
tained var ious  deutero compounds (ranging f rom d 1 to d4), with the same isotopic distribution as the alcohols, 
f r o m  which it followed that the exchange mechanism was the same in alcohol and ketone. 
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Fig. 1. Tem p e ra tu r e  var ia t ion  of the 
rate  of cyclohexanol dehydrogenation 
and isotopic exchange: 1) ra te  of 
cyclohexanol dehydrogenation;  2) ra te  
of ce-hydrogen exchange; 3) overal l  
ra te  of ring exchange. 

TABLE 2. Isotopic Distr ibution in the Products  f rom Cyclohexmaol 
Exchange under Dehydrogenation Conditions,  and in the Products  
f rom Cyclohexanone Exchange under Rever se  Reaction Conditions 
(240oc, p~ =p0 = 90, P~)2 = 660 mm) 

C6H120 C6H100 

I Isotopic distribution, ~ 

Initial product d0 l d ,  t d2 td~ I d ,  l d s  I de 

t  llll I , ,  
Cyclohexanol* 57,2 t7,7 tt,0 4,3 f,4 0,6 
Cyclohexaaone 79,4 t4,3 4,7 t:3 0,2 - 

*F rom calculations on the (M- 18) + f ragment  ions. 

Degree t MeaaNo.of 
ofex- ~D atoms 
change, per mole- 

~/~ cule 

42,8 I 2,i 
20,6 1,4 

The ra tes  of isotopic exchanges and dehydrogenation both increased  with r is ing t empera tu re ,  the la t te r  
being the higher over  the ent i re  t empera tu re  in terval  (Fig. 1). 

F r o m  this it could be concluded that the catalyst  sur face  c a r r i e d  various forms  of adsorbed alcohol,  only 
cer ta in  of which actual ly  par t ic ipate  in the dehydrogenation react ion.  The ease  of hydrogen el imination f rom 
any par t icu la r  position in the cyclohexanol molecule is measured  by the ra te  of exchange at this position. Judg- 
ing f rom the PMR spec t ra ,  we noted that most  of the alcohol molecules  undergo exchange at the o~ position, the 
exchange ra te  being higher than the ra te  of dehydrogenation (cf. Fig. 1). F r o m  this it would follow that a hydro-  
gen el imination cannot be the slow step in react ion (1). It can be seen f rom Table 1 that the tR spec t ra  can be 
in te rpre ted  as indicating appreciable  hydrogen exchange in the alcohol hydroxyl group. It should be, pointed out 
that the resu l t s  of this analysis  could well be low, the product  containing the deutera ted hydroxyl group readi ly  
undergoing exchange with t r aces  of water  [4, 6]. 

Table 2 gives a compar i son  of the ra te  of cyclohexanol exchange under  react ion (1) conditions and the ra te  
of cyclohexanone exchange under  r e v e r s e  react ion conditions 

C~HI00 + H 2 =C6HI~O (2) 

in a deuter ium a tmosphere .  It can be seen that the overal l  exchange was much higher in the alcohol than inthe 
ketone. Clear ly  this re f lec ts  the fact that the s - h y d r o g e n  exchanges more  readi ly  than the other  hydrogen atoms 
in the ring. 

The kinetic isotope effects  were evaluated f rom the ra t io  of the react ion ra tes  with the light and heavy 
isotopes at fixed degree  of advancement .  Kinetic isotope effects  were measured  for  the forward  react ion,  r e -  
placing the cyclohexanol-OH by cyclohexanol-OD ( c a r r i e r  gas, nitrogen),  and for the forward react ion,  working 
in an a tmosphere  of hydrogen or  deuter ium.  The isotope effect  was atso measu red  for  the r e v e r s e  react ion (2), 
replacing the hydrogen by deuter ium.  The resu l t s  of these measu remen t s  a re  summar ized  in Table 3. 
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TABLE 3. Kinetic Isotopic 
Effect  (fl) in the Dehydro- 
genation of CyelohexanQ1 
and the Hydrogenation: of 
Cyclohexanone, Pro t ium Be- 
ing Replaced by Deuter ium 

Initial 
compound 

C~HnOH 240 
CsHllOD 
~HnOH 270 
C~H,,OD 
C~HI10H 240  
in excess 
C~Hz~OH 
in excess 

C6HI~O+H2 240 
CsH,oO+D2 

] \ rD/~const 

0.99 

t.02 

t.01 

i.~0 

The fact  that rep lacement  of cyclohexanol-OH by cyclohexanol-OD had no effect on the isotopic distr ibu- 
tion was taken as an indication that the hydroxyl  hydrogen was not involved in the slow step of the dehydrogena- 
tion react ion.  Since the rate  of react ion (1) was the same in excess  of ei ther  H 2 or D2, it could be concluded 
that the sur face  hydrogen had no effect on the slow react ion steps.  In view of the ease of cyclohexanol isotopic 
exchange, it could be assumed  that it was alcohol containing up to 30% a-pos i t ion  deuter ium which was involved 
in dehydrogenation in an excess  deuter ium. The lack of an isotopic effect  in this last  case was taken to indicate 
that a - h y d r o g e n  elimination was not the slow step in react ion (1). On this same basis ,  molecular  adsorption of 
the alcohol could not have been the slow step. 

It is seen f rom Table 3 that a kinetic isotope effect  a rose  on replacing the molecular  hydrogen of react ion 
(2) by molecular  deuter ium. This could indicate ei ther  that the rate of the r eve r s e  react ion was determined by 
surface  reac tant  interact ion or  by hydrogen adsorption.  If, on the other hand, hydrogen adsorption was  the slow 
step in the p roces s ,  then the principle of mic roscop ic  revers ib i l i ty  would require  that hydrogen desorption be 
the slow step in react ion (1). This would, however,  be inconsistent  with the data obtained through the kinetic 
and isotopic measuremen t s ,  [1], to say nothIng of the data applying to the adsorption of hydrogen on copper [7, 
8]. Thus, all but the f i r s t  of the assumptions  concerning the nature of the slow step in the react ion p rocess  
were  el iminated f rom fur ther  considerat ion.  

Mass spec t rome t r i c  analysis  showed that dehydrogenation of cyclohexanol-OD in an a tmosphere  of ni tro-  
gen yields a product  containing approximately  43% deuterocyclohexanone.  This resul t  cannot be the consequence 
of exchange between the product  cyclohexanone and the deuter ium l iberated in react ion (1), equil ibrium exchange 
of only four of the cyclohexanol hydrogens being some 20%, and this only if one neglects cyclohexanol exchange, 
which, if taken into account, would reduce this f igure still fur ther .  The effect in question here could, however, 
be explained as the resul t  of rapid deuter ium atom transi t ion between the hydroxyl group and ring positions. 

Thus the indication is that the hydrogen el iminated in the dehydrogenation reaction is not hydrogen f rom 
the hydroxyl group. Arguing in the same manner ,  we can conclude that hydrogenation does not lead to the addi- 
tion of an a tom of hydrogen (o r  deuterium) to the oxygen atom of the cyclohexanone molecule.  These facts would 
be consis tent  with a so-ca l led  enol cyclohexanol dehydrogenation mechanism [6]. 

The data obtained here suggest  the following react ion scheme for the dehydrogenation p rocess :  

OH OH 

H ads 
OH OH 

Hads x.~j\  ads 
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OH 

\/" ads 
OH 0 

ads H ads 
0 O 

"- ads = 
6) 2Hads = H~gas 

OH 

= ~ads§ Hads(rapid) 

(rapid regroupLag) 

This scheme includes rapid formation of surface  alcohol compounds, s low/?-hydrogen elimination with subse-  
quent rapid a - h y d r o g e n  elimination, surface i somer iza t ion  of ketone through an enol-type regrouping,  and hy- 
drogen and ketone desorption.  The fact that this scheme leads to the same form of kinetic equation as was oh- 
mined in [1] is an indication of its validity. Comparison shews that this mechanism is essent ia l ly  different f rom 
that proposed [9] for  the dehydrogenation of isopropanol on nickel. This las t  is an indication that alcohol dehy- 
drogenation cannot be descr ibed in t e rms  of a single kinetic model. 

C O N C L U S I O N S  

1. Study has been made of the hydrogen-  deuter ium exchange, in eyelohexanol under dehydrogenation con- 
ditions and in cyclohexanone Under hydrogenation conditions, on a c o p p e r -  magnesium catalyst .  The overall  
rate of exchange in the alcohol and the ra tes  of exchange in the hydroxyl group and in the a positions a re  higher 
than the rate of dehydrogenation. 

2. Kinetic isotope effects have been measured  for the replacement  of the eyclehexanol hydroxyl-group 
hydrogen by deuter ium, for replacement  of the excess  hydrogen by excess  deuter ium in the dehydrogenation re-  
action, and for rep lacement  of the molecular  hydrogen by molecular  deuter ium in the hydrogenation reaction.  

3. The resul ts  of this study have been used as a basis for a proposed react ion scheme involving slow ~- 
hydrogen elimination followed by rapid a -hyd rogen  elimination and enol regrouping.  
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