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Relative reactivities of I9 saturated acyclic and cyclic ketones have been measured in the copper 
chromite-catalyzed hydrogenation of binary or ternary mixtures, with excess hydrogen, in the 
vapor phase at 185-240°C under 20-100 bars total pressure in a continuous-flow high-pressure 
reactor. These reactivities are, as expected, independent of conversion level and molar composi- 
tion of the feed, but change with pressure and temperature. As a rule, an increase of pressure 
reduces the differences of reactivity. A sharp break of reactivity ratios is observed when a liquid 
phase forms in the reactor (low temperatures). Relative reactivities at 185°C and 40 bars, with 
reference to the methyl isobutyl ketone, cover the range from 0.5 to 2. A linear correlation between 
the logarithm of reactivities and the E, Taft’s coefficients for eight methyl alkyl ketones indicates 
the predominance of steric effects. The kinetic model proposed explains the experimental results 
by assuming a change of the rate-determining step caused by pressure or temperature changes 
(surface reaction or adsorption of ketones). The steric effects of carbonyl substituents influence the 
adsorption rate constants. 

Competitive hydrogenation has been 
widely used to establish structure-reactiv- 
ity relationships for aromatic hydrocarbons 
(1-3) and olefins (4) on Pt (I, 4), Rh (I), 
and Ni (2, 3) catalysts. Similar studies have 
been reported for aliphatic ketones on Pt, 
Rh, Cu (5), and Ni (6) catalysts, and for 
cyclohexanones on Co, Ni, Ru, Rh, Pd, OS, 
Ir, and Pt (I). The data are scarce for 
copper catalysts. 

Reactivity scales characterize structure 
effects in the organic compound and the 
specificity of the catalyst. In most cases, 
hydrogenation reactions have been run at 
low temperature and pressure in the liquid 
phase; considerable changes in relative re- 
activities were observed between liquid- 
and gas-phase (2, 3), and low- and high- 
pressure (4, 8) experiments. 

The goal of the present work was to find a 
scale of reactivity for the hydrogenation of 
carbonyl compounds over a copper chro- 
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mite catalyst, with particular emphasis on 
pressure effects. It has been shown previ- 
ously (9) that apparent reaction orders for 
cyclohexanone hydrogenation in the vapor 
phase are close to +0.5 for the ketone and 
-0.5 for hydrogen on copper chromite at 
2Oo”C, with a large excess of hydrogen, 
under 20-100 bars total pressure. Experi- 
mental data fit a Langmuir-type kinetic 
equation with competitive adsorption of 
reactants. 

The classical theory of competitive hy- 
drogenation ( I, 4) defines a relative reactiv- 
ity ratio R for a mixture A + B as 

R = {log (d,l~,llUog (ntdo/fi.), (1) 

where R is an index of B reactivity com- 
pared to that of A, (n& and (nJ,, are the 
number of moles of B and A in the initial 
mixture, and nB, H.~ are the numbers of 
moles of B and A after a given reaction 
time. This ratio is, at constant temperature, 
independent of the mixture composition 
and extent of conversion whenever reac- 
tion rates can be expressed by the equa- 
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tions for pseudo-first-order kinetics: 

v.4 = k,(A); VB = kdB>, 

A wide range of conversion may be covered 
by change of feed rate or catalyst mass in 
the reactor; the space velocity is kept high 

where k, and kg, the pseudo-first-order in order to minimize diffusion effects. 
constants, are functions of concentrations Reactor. The high-pressure continuous- 
(A), (B), and (H,), but the concentration flow equipment (stainless steel) was de- 
terms cancel in the ratio kA/kB. Then, the scribed in previous publications (4, 8). 
relative reactivity Reagents. Commercial reagents, pure 

R = kB/kA (2) 
grade, are distilled before use under nitro- 
gen atmosphere. The acyclic ketones 

is a constant at a fixed temperature. It has (RCOR’) comprised those with: (a) R=CH3 
been shown that this condition is met only and R’=CHB, C2H5, n-C3H7, i-C3H7, n- 
at very low or very high hydrogen pres- W-b, f-Cd%, n-Cd-L, i-W-h, n-Cd%; (b) 
sures (8); in intermediate cases, the (H,) (C2H&C0, (n-C,H,),CO, (i-C,H,),CO. The 
concentration terms do not cancel, and R is cyclic ketones comprised cyclopentanone, 
then a function of temperature and of hy- -hexanone, -heptanone and 2Me-, j-Me-, 
drogen pressure (3, 8). and 3,3,5-Me,-cyclohexanones. 

Analysis. The liquid samples condensed 
EXPERIMENTAL in a cold trap after the reactor are, in 

Catalyst. The Harshaw “copper chro- competitive hydrogenation experiments, 
mite” catalyst ref. Cu-0402 T in g-in. pel- mixtures of two ketones and two alcohols. 
lets, described before (B), was used in all Gas chromatographic analyses are run on 8- 
the hydrogenation experiments. The best in., 3-m columns with a TC detector. Car- 
activity and stability was obtained with the bowax 20M (15%) on Chromosorb W 
“wet reduction” procedure. The catalyst HMDS is the most commonly used station- 
charged in the reactor is wetted by injec- ary phase, at lOO-150°C. A second column 
tion, at 25”C, with 30 ml of ketones; after of Apiezon M (15%) on kieselguhr may be 
flushing during 5 min with a strong hydro- used either alone or in series with the first, 
gen stream, both liquid ketones and hydro- for a better separation of very similar mole- 
gen are introduced under high pressure, cules. The detector sensitivity for each 
and the reactor oven is brought to the compound was calibrated with pure prod- 
reaction temperature. All conditions are ucts. 
kept constant until the steady state is ob- RESULTS 
tained. The reduced catalyst has the follow- 
ing (molar) composition: a. Efect of Various Parameters on 

Reactivity Ratios (Vapor Phase) 
Cu, 0.62 Cr,03, 0.08 BaCrO, 

The couple cyclohexanone (A)-4- 
(elemental analysis by atomic absorption methyl-2-pentanone(B) was chosen for this 
spectrometry) and the active phase is the investigation; the H, /ketone ratio was 
highly dispersed metallic copper. A typical fixed at 10 (molar). It was first shown that, 
charge includes 1 to 12 g of “copper chro- at constant temperature (185’C) and total 
mite” diluted in 250 g of nonporous spheri- pressure (40 bars), experimental points in 
cal a-alumina pellets (Rhone Progil TF the graph of log (n&/n, vs log (n&,/n* fall 
2/4). This dilution favors a flat temperature on a straight line, as predicted by Eq. (I) 
profile; it has been shown that the alumina above. The R value (0.53) did not change 
has no catalytic effect on ketones or alco- with conversion (10 to 99% of A con- 
hols (8). Temperature, pressure, and sumed), in spite of the fact that two differ- 
hydrogen/ketone ratio are chosen properly ent charges of catalyst were used, one of 
to prevent the formation of a liquid phase. 1.26 g for low conversions (IO-50%), and 
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COMPETITIVE HYDROGENATION OF KETONES ON COPPER CHROMITE 135 

another 5.1 g for high conversions (50- 
99%). 

Under the same conditions, changes in 
feed composition (25 and 80% A in the 
ketone mixture) do not significantly alter 
the R value: 

R = 0.53 rt 0.02. 

In another series of experiments, the tem- 
perature (219°C) and feed composition are 
kept constant, and the total pressure is 
changed. As shown by the graph (Fig. l), 
the pressure effect on R is large: an increase 
of R (0.6 to 0.86) results when the pressure 
is raised from 20 to 100 bars. 

Finally, at constant pressure and feed 
composition, a temperature increase from 
180 to 240°C causes changes of R values 
described by the curves in Fig. 2 with 
maxima around 220°C. 

At a given temperature and total pressure 
P, the hydrogen/ketone molar ratio has no 
effect on R, if kept sufficiently high (10 to 
50); this is due to the fact that the hydrogen 
pressure is practically equal to the total 
pressure P, and therefore constant. 

To summarize, the reactivity ratio R is, 
as expected, independent of conversion 
and composition of ketone mixture A + B; 

R B/A 
1 

FIG. 1. Pressure effect on the relative reactivity in 
the hydrogenation of a mixture of cyclohexanone (A) 
and 4-methyl-2-pentanone (B), at 218°C. 

large changes of R are caused by tempera- 
ture or pressure. 

6. Reactivity Ratios in Liquid- and 
Gas-Phase Operations 

It has been shown previously (9) that a 
kinetic discontinuity appears when, by ade- 
quate changes of pressure or temperature, a 
liquid phase is present in the reactor: a 
sharp decrease of reaction rate is then 
observed, with changes of reaction orders 
and activation energy. A similar discontinu- 
ity is presented by the R ratio when hydro- 
genating a mixture of ketones, complicated 
by the fact that the liquid-phase composi- 

0,8- 

0,7- 

0.6- 

0.5’ , 5 
180 lb0 120 240 

FIG. 2. Temperature effect on the relative reactivity in the hydrogenation of a mixture of 
cyclohexanone (A) and 4-methyl-2-pentanone (B) at constant pressure. Arrhenius coordinates are used 
(abcissa: I/T, 7 temperature in K, from right to left, with 7°C indicated: ordinate: log scale ofR). The 
constant pressure in the five series of runs is indicated (in bars). 
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tion may change with temperature and 
pressure (vapor-liquid equilibritim of mix- 
tures). In order to minimize this complica- 
tion, a pair of ketones with close boiling 
points was chosen: 

(A) 2-pentanone (bp 102”C), 
(B) 3-methyl-2 butanone (bp 95’C). 

The R values measured under a total pres- 
sure of 50 bars at various temperatures are 
shown in Fig. 3. The break at about 100°C 
coincides with the disappearance of the 
liquid phase, and the two straight lines in 
the Arrhenius plot give the following values 
of activation energies: 

-0.2 kcal/mole (liquid phase), 
+ 1 .O kcallmole (vapor phase). 
A very similar graph was found for the 

pair 
(A) 2-heptanone, 
(B) 5-methyl-2-hexanone 

under 40 bars total pressure, with a break 
around 150°C. The case of the pair 

(A) cyclohexanone, 
(B) cycloheptanone 

presents the following values of activation 
energies: 

+ 16.5 kcal/mole (liquid phase) 
-0.5 kcal/mole (vapor phase). 

0.7- 

t tM 
a 

SO 100 IS0 100 

FIG. 3. Phase and temperature effects on the relative 
reactivity in the hydrogenation of a mixture of 2- 
pentanone-2 (A) and 3-methyl-2-butanone (B) under a 
constant pressure of 50 bars. Arrhenius coordinates 
are used (see Fig. 3). Left segment: liquid-phase 
operations, right segment: vapor-phase operations. 

In summary, the kinetic discontinuity ob- 
served when a liquid phase appears in the 
reactor (8) also includes a discontinuity for 
the values of the reactivity ratio R. In the 
following, the operating conditions are cho- 
sen to avoid the liquid phase, but the R 
values cannot be extrapolated to liquid- 
phase hydrogenations (low temperature, 
high pressure). 

c. Self-Consistent Set of Reactivity Ratios 
(Table I) 

The self-consistency ofR values may be 
tested in two ways: 

1. Considering the three binary mixtures 
A + B, B + C, and C + A and the three 
reactivity ratios RBIA, RCIB, and RCIA (R,,, 
is defined by Eq. (I), and the others by 
similar equations) found by competitive hy- 
drogenation, we must find that 

R C/A = RCIBRB,A or Rc,B = &,A :RBIA. 

For example, A = cyclohexanone, B = 2- 
heptanone, C = 4-methyl-2 pentanone. At 
185°C and 40 bars, experimental values are 

&A = 0.52, RBlA = 0.57 and hence RB,C = 
1.10 (calculated) vs RRiC = 1.15 (experi- 
mental). In general, R values are consist- 
ent within a 5% margin of error. 

2. Considering a ternary mixture A + B 
+ C and the binary mixtures A + B or B + 
C, the RBIA or RclB ratios must be the same 
in the three- or two-way competitions, e.g., 
A = 2 pentanone, B = 3-methyl-2-buta- 
none, C = 4-methyl-2-pentanone. At 185°C 
and 40 bars, RBIA = 0.96 in the A + B 
mixture and 0.98 in the A + B + C mixture. 
Similar tests of consistency have been 
made with other mixtures of ketones. The 
result of numerous experiments was then 
expressed using as reference the 3-methyl- 
2-pentanone (A); the “reactivity index” I 
of a ketone X is then defined as I = Rx,.., at 
185°C. Changes of I with pressure are 
shown in Fig. 4 for 12 ketones (the curves 
for acetone and cyclohexanone, highly re- 
active, are out of the domain of the plot). 
Cyclohexanone was chosen as reference 
for methyl-substituted cyclohexanones, 
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TABLE I 

Relative Reactivity Ratios R in Hydrogenation of Binary and Ternary 
Mixtures of Ketones on Copper Chromite Catalyst 

(4 
(B) 

(A) 
(B) 

(A) 
(B) 

(4 
(B) 

(A) 
(J3 

(4 
(B) 

(A) 
(B) 
(0 

(A) 
(B) 
(0 

(A) 
(B) 
(0 

(A) 
(B) 
(C) 

Mixture 

Cyclohexanone 
4-Methyl-2-pentanone 

CMethyl-2-pentanone 
Cyclopentanone 

Cyclohexanone 
2-Heptanone 

Cyclohexanone 
Cycloheptanone 

2-Pentanone 
3-Methyl-Zbutanone 

2-Heptanone 
5-Methyl-2-hexanone 

2-Heptanone 
S-Methyl-2-hexanone 
4-Methyl-2-pentanone 

Cyclohexanone 
2-Heptanone 
4-Methyl-2-pentanone 

2-Pentanone 
3-Methyl-2-butanone 
4-Methyl-2-pentanone 

Cyclohexanone 
Propanone 
2-Pentanone 

Hydrogenation conditions 
(“C/bars) 

1 u/40 
R "1 = 0.53 

156140 178/40 198/40 
R = L<,,, 6.1 2.2 1.17 

175140 
RHI = 0.36 

233140 233180 
R = fiI',.$ 0.66 0.74 

200/50 
R B!,* = 0.99 

105/40 lOS/SO 
R = H14 0.92 0.89 

185/40 
R = AI< 1.16 R,,, = 1.12 RHIA = 0.97 

185/40 
R Bth = 0.57 R,,, = 0.52 R,,, = I.15 

185/40 
R.,tc = 1.20 RHIc. = 1.18 R,,,, = 0.98 

190/40 
R,,,c = 2 R,,, = 1.2 R,,,* = 0.6 

- - 

and the reactivity indices are shown in Fig. 
5 for 220°C 50 bars. As a rule, a pressure 
increase reduces reactivity differences (Fig. 
4), particularly for the most reactive ke- 
tones (I 9 1). A high-pressure limit is 
reached at about 80-100 bars. 

In the CH,-CO-R series, reactivity :- 
creases with the size of the radical R; the 
reactivity of methylketones CH,-CO-R is 
higher than the reactivity of isomeric 
dialkylketones R’-CO-R”. Cyclic ketones 
are more reactive than aliphatic ketones of 
the same carbon number; a ring size effect 
is shown by nonsubstituted cyclic ketones: 
C, > C, > C,. For methyl-substituted cy- 
clohexanones (Fig. 5) ortho substitution 
has the largest effect. 

All these facts point to the importance of 
steric hindrance effects in the change of 
reactivity with structure. The overall range 
of reactivity indices is not very large in the 
gas phase (0.5 to 2 at 185°C and 40 bars) 
when compared to the liquid-phase hydro- 
genation of olefins (1 to loj at 25”C/l atm, 
on Pt/SiO, (5)). 

DISCUSSION 

Changes of R with pressure and tempera- 
ture are predicted by the classical theory of 
competitive hydrogenation (I, 4) and ex- 
plained by a change of the rate-determining 
step. At low hydrogen pressure, the surface 
reaction between adsorbed ketone and ad- 
sorbed hydrogen is slow, and the adsorp- 
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FIG. 4. Relative reactivities of ketones with reference to 4-methyl-2-pentanone as a function of 
pressure, in the vapor phase, at 185°C. 

tion equilibria are established; therefore only for the low (3) or high (4) pressure 

R = R. = kgKB/kAKA, 
(3) limits, activation energiesE being functions 

of the various energies included in the 
where kA, kB are surface reaction rate con- constants (activation energies of the sur- 
stants, and K,, K, adsorption equilibria face reaction in k,, kg, of adsorption in 
constants. (kl)*, (k&, and heats of adsorption in KA, 

At high hydrogen pressure, the surface KB). The observed E values reported above 
reaction is fast and the rate-determining (Section b) are very small (<l kcal/mole) 
step is the ketone adsorption rate; therefore and this reflects the very small structural 

R = R, = (kd~l(kAt 
(4) difference between competing reagents. 

Moreover, a large increase of temperature 
where (k,),/(k,), are the adsorption rate at constant pressure may cause a change of 
constants of A and B. R may increase and E from E, to E, due to the vanishing hydro- 
decrease with hydrogen pressure (R, S R,); gen coverage at high temperature (e.g., Fig. 
e.g., for the couple cyclohexanone, 4- 2). 
methyl-2-pentanone (Fig. 1) R,, < R,. Considering the large number of kinetic 

The changes of R with temperature are parameters involved, a quantitative discus- 
expected to follow an Arrhenius-type law sion of temperature and pressure effects 
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I 220’~ sob 
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FIG. 5. Relative reactivities of methyl-substituted 
cyclohexanones with reference to cyclohexanone at 
220°C and 50 bars, vapor phase. 

would require, for each couple, a very 
thorough investigation; the kinetic model 
correctly accounts for the qualitative tends 
observed. 

The kinetic study of cyclohexanone hy- 
drogenation (9) indicates that diffusion ef- 
fects are not responsible for the leveling of 
reactivities at high pressures in the vapor 
phase. At 185”C, the high-pressure limit R, 
is reached above approximately 100 bars. 

The values of reactivities 185°C and 100 

bars (I indices) have been used to establish 
a quantitative structure-reactivity relation- 
ship. The plot of log I vs the E, Taft 
coefficients (IO) of the R radical in the 
R.COCHB series (eight ketones) gives a 
very good straight line (Fig. 6) (correlation 
coefficient 0.995). This is taken as an indi- 
cation of the predominance of steric effects. 
A similar conclusion is reached with 
methyl-substituted cyclohexanones (Fig. 
5): the Me in the para position has little 
effect, while a large decrease of I is caused 
by the Me in the ortho position. 

Steric hindrance of CO substituents 
lowers the adsorption rate (k,)A of the ke- 
tone, if we assume that the I values used 
correspond to the high-pressure limit R,. 

Simonikova et af. (.5), investigating the 
vapor-phase hydrogenation of ketones on a 
Cu/kieselguhr catalyst at 150°C and 1 atm 
reached an opposite conclusion: the best 
correlations were formed with the a* Taft 
coefficients, indicating a predominance of 
the inductive effect in the hydrogenation. 
This discrepancy may be explained by the 
fact that these authors have used conditions 
corresponding to the low-pressure limit 
(&I. 

It is interesting to point out that Tanaka 
et al. (7) found that the methyl substituent 
effect in hydrogenation of cyclohexanones 
at 30°C and 1 atm (liquid phase) is due 
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FIG. 6. Linear free energy relationship between the relative reactivities of ketones at 185°C and 100 
bars and the E, Taft coefficients. 
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principally to steric hindrance in adsorp- 3. Vrinat, M., and Germain, J. E., J. C/rim. Phys. 74, 
tion. 524 (1977). 
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