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The mechanism of gas-phase deuterium addition to cyclopentanone and cyclohexanone over 
fused iron catalyst has been studied by reaction gas chromatography/mass spectrometry (CC/MS) 
which involves the on-line deuteriogenation and on-column silylation of reaction products. It has 
been found that in the temperature range of 50-210°C cyclanone hydrogenation proceeds both via 
ketonic and enolic mechanisms. Also, it has been shown that the method developed can be used for 
the determination of enolic forms of carbonyl compounds in the gas phase. o 198s Academic press. ~nc. 

INTRODUCTION 

Selective hydrogenation may involve two 
types of surface forms of carbonyl com- 
pounds: ketonic and/or enolic forms which 
in further discussion have been referred to 
as “ketonic” or “enolic” mechanisms. In 
earlier works (I-6) hydrogen addition has 
been shown to proceed exclusively via the 
ketonic mechanism irrespective of the ke- 
tone structure and the experimental condi- 
tions, but on heavy Pt, light triad Pd, or Cu 
catalysts. The reaction mechanism when 
iron triad is used as catalyst is not very 
clear. Some researchers (for example (3, 
4, 7, 8) have shown that ketonic mecha- 
nism is exclusively realized with iron triad. 
While others (9, 10) have proved that hy- 
drogen can be added to enolic form of car- 
bony1 compounds; the enolic mechanism 
dominates at high temperatures (150- 
250°C). 

Iron triad catalysts are extensively used 
in the industry for the hydrogenation of al- 
dehydes and ketones. Therefore, we under- 
took the study of their reaction mechanism. 

This paper deals with the gas-phase hy- 
drogenation mechanism for alicyclic ke- 

tones (cyclopentanone and cyclohexanone) 
over fused iron catalyst. The studies were 
conducted by reaction gas chromatogra- 
phy/mass spectrometry (GUMS), involving 
the use of on-line pulse microreactor lo- 
cated between the injection port and the 
chromatographic column and of deuterium 
as carrier and reagent gas (11, 12). The ad- 
vantage of the method is that it permits the 
deuteriogenation as well as the chromato- 
graphic and mass spectrometric analysis of 
all reaction products in the same experi- 
ment. This method does not demand any 
additional experiment for preliminary isola- 
tion and separation of the reaction prod- 
ucts. A scheme of the experimental system 
is given in Fig. 1. 

Direct mass spectrometric analysis per- 
mits the determination of isotopic content 
only for ketones whose mass spectra show 
rather abundant M+’ ions. Several difficul- 
ties have to be overcome when isotopic 
composition of the resulting alcohols is to 
be determined mass spectrometrically. 

Dcuterium addition to unlabeled ketones 
via ketonic and enolic mechanisms is ex- 
pected to give rise to deuterated alcohols of 
the following types 
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When these alcohols pass through the 
chromatographic column and interact with 
the moisture adsorbed on the metallic parts 
of the mass spectrometer, the deuteroxyls 
(if present) are partly converted into hy- 
droxyls which may change the actual iso- 
topic content. This is the reason why in 

--CH2 

ET AL. 

Refs. (4, 6) the alcohols, prior to their mass 
spectrometric analysis, were washed with 
water to completely eliminate deuterium 
from deuteroxyl. The labeled alcohols ob- 
tained from unlabeled ketones by the ke- 
tonic and enolic mechanisms contain one 
and two deuterium atoms, respectively. 
This can be readily detected by mass spec- 
trometry. Using the reaction GC/MS we 
failed to convert completely deuteroxyl 
into hydroxyl. Therefore, we decided to 
take recourse to the recently developed 
procedure (13) for on-column silylation of 
alcohols by N,O-bis(trimethylsilyl)tri- 
fluoroacetamide (BSTFA), which permits 
complete elimination of active hydrogen 
(deuterium) from hydroxyl group due to the 
formation of trimethylsilyl ethers: 

-CH2 
\ \ 

CD-OD BSTFA\ CD-OSi(CH& 

-CL -cH/ 

(4 (A’) 
-CH2 -CH2 

\ 
CD-OH BSTFA\ 

\ 
CD-OSi(CH& 

-Ci& 

(W 

Another advantage of this technique is 
that it allows the accuracy of mass spectro- 
metric determination of deuterium content 
to be increased as the mass spectra of tri- 
methylsilyl derivatives reveal rather abun- 
dant M+’ and [M-CH3]+ ions (loss of CH3 
radical from the Si(CH& group (Fig. 2). 
Also, these spectra are free of the [M-l]+ 
ions, which are generally found in the mass 
spectra of cycloalkanols. 

The studies were conducted in a stain- 
less-steel microreactor having an inlet for 
BSTFA (Fig. 1). In order to avoid any poi- 
soning of the catalyst, a silylating agent was 
introduced into the gas flow after the cata- 
lytic bed. Figure 2 shows the averaged 

-Cdl 

@‘I 

mass spectra of the main products obtained 
in one of the runs. 

EXPERIMENTAL 

Materials and reagents. The cyclo- 
pentanone and cyclohexanone used in our 
experiments were 99.5% pure. In studying 
the isotopic exchange of alcohols, cyclo- 
pentanol and cyclohexanol of about 99.8% 
purity were used. The isotopic purity of 
deuterium gas was over 99.5% N,O-Bis(tri- 
methylsilyl)trifluoroacetamide containing 
1% trimethylchlorosilane was procured 
from Pierce Chemical Company. Fused 
iron catalyst containing 5% mass of V20~ 
was investigated (14). 
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FIG. I. Schematic of the device used. 

Preparation of catalyst. The catalyst 
(0.05-0.15 g) was placed in a microreactor 
filled with COZ. The granules were 1 S-2.5 
mm in diameter. The catalytic bed was 
about 4 mm in diameter and 5-15 mm in 
length. Prior to analysis, the catalyst was 
activated at 450°C in a flow of deuterium (30 
ml/mitt) for 2 h which allowed complete re- 
placement of chemisorbed and dissolved 
hydrogen. 

Reaction gas chromatographylmass 
spectrometry. The work was performed on 
a LKB-2091 gas chromatograph/mass spec- 
trometer. The mass spectra were obtained 
at 70 eV, emission current 25 A, and tem- 
perature of ionization chamber and molecu- 
lar separator 200°C. 

In the chromatographic part, the stain- 
less-steel column (1.5 m X 3 mm) contain- 
ing 15% Carbowax 20M coated on Chroma- 
ton NAW (0.2-0.25 mm) was used. 
Deuterium was used as the carrier and re- 
agent gas at a flow rate of lo-30 ml/min. 

The investigation was done by using the 
pulse technique in the temperature range of 
50-210°C. After injecting ketone (0.4-I ~1) 

for 2-4 s, l-3 ~1 of BSTFA was introduced 
(see Fig. 1). Subsequent analysis was per- 
formed by GUMS. Because of possible 
separation of isotopic forms during elution 
of compounds from the GC column, five 8 
scans were made for each chromatographic 
peak and the recorded mass spectra were 
averaged. The isotopic composition of the 
recovered ketones was determined from 
the intensity ratios of the molecular ion 
peaks after correcting them for naturally 
occurring isotopes of carbon, hydrogen, 
and oxygen, The isotopic composition of 
trimethylsilyl derivatives was calculated 
from the intensity ratios of the molecular 
ion peaks after correcting them for natu- 
rally occurring isotopes of C, H, 0, and Si. 

RESULTS AND DISCUSSION 

Results obtained from the deuteriogena- 
tion of cyclopentanone and cyclohexanone 
over fused iron catalyst are presented in 
Tables 1 and 2. These results are the aver- 
age of two 4 subsequent pulses. The mole 
ratio of D2 to ketone was between 10 and 
100. 

In order to maintain consistency in dis- 
cussing the hydrogenation mechanisms we 
would emphasize the following results: 

I. The ketones under study appear to un- 

1001 I 
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FIG. 2. The mass spectra of deuterated cyclo- 
hexanone (a), trimethylsilyl ether of deuterated cyclo- 
hexanol (b), and trimethylsilyl ether of deuterated enol 
(c) registered in one of the runs. 
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dergo a considerable H/D exchange in the 
studied temperature range. The experi- 
ments involving large amounts of the cata- 
lyst and resulting in a greater conversion of 
ketones have shown that no more than four 
hydrogen atoms may be replaced by deute- 
rium. These hydrogen atoms are most 
likely located at (Y carbon atoms and, there- 
fore, the isotopic exchange takes place due 
to enolization of ketones. 

2. Using the relation (1 - y)“-‘y’n!l(n - 
i)!i! (15) the deuterium distribution for each 
ketone C,H,-iDi was determined; here, y 
stands for the atomic portion of deuterium 
in the substrate. The results obtained are in 
good agreement with the experimentally 
found values (see Tables 1 and 2). This en- 
ables us to conclude that the isotopic ex- 
change rate is higher than that of ketone 
hydrogenation under the conditions of our 
experiment. This is further corroborated by 
the observation of isotopic exchange in ke- 
tones even when alcohols are not formed. 

3. To examine whether or not the cyclo- 
alkanols undergo H/D exchange, the cor- 
responding alcohols were passed through 
the catalyst after each run, involving the 
ketone, under the same conditions. Free al- 
cohols were found to contain nearly 30% Di 
analogs irrespective of the reaction temper- 
ature (this value is probably less than the 
actual because of the on-column isotopic 
exchange). The mass spectra registered af- 
ter silylation, however, shows that only a 
trace (5%) of Di-alcohol is formed even at 
high reaction temperatures. This indicates 
that isotopic exchange in alcohols takes 
place mainly at the hydroxyl group without 
essentially involving the hydrogens at car- 
bon atoms. This is not in accordance with 
the results reported for iron catalyst (8). 
The reason may be the different structures 
of the investigated alcohols and the differ- 
ence in pulse value (8). The absence of H/D 
exchange in alcohols facilitates essentially 
the analysis of experimental results as the 
isotopic composition of alcohols (deter- 
mined from the mass spectra of their tri- 
methylsilyl ethers) is believed to be formed 

only by the interaction of ketones with deu- 
terium . 

4. For the first time direct silylation of 
reaction products permitted us to detect the 
enolic forms of ketones (as trimethylsilyl 
ethers), whose contribution is l-3.5%. Tri- 
methylsilyl ethers of enols had a lower deu- 
terium content as compared with the un- 
reacted ketones (Tables 1, 2), which is nat- 
urally due to loss of label during enolization 
followed by silylation. The deuterium dis- 
tribution calculated as per (15) is found to 
be close to the equilibrium value and, 
hence, the isotopic compositions of enols 
and ketones are identical. It is worth men- 
tioning that reaction GCYMS involving the 
on-column silylation may be applied to the 
development of a quantitative methodology 
for the examination of keto-enol tautomer- 
ization of carbonyl compounds in the gas 
phase. 

The above discussion reveals that tri- 
methylsilyl ethers of alcohols containing 
one deuterium atom can result from the ad- 
dition of deuterium molecule to Do-ketones 
via ketonic mechanism. Ethers containing 
two deuterium atoms can be obtained by 
adding deuterium to Di-ketones via ketonic 
mechanism and to Do-ketone via enolic 
mechanism, and so on. Assuming that the 
deuteriogenation rate does not essentially 
depend on the isotopic form of ketones, the 
contribution of ketonic and enolic mecha- 
nisms may be approximately evaluated. 
For calculation, the isotopic compositions 
of alcohols obtained from the mass spectra 
of their trimethylsilyl ethers, and the aver- 
aged isotopic compositions of ketones 
within the catalytic bed were used. The 
results presented in Tables 1 and 2 show 
that, contrary to the earlier reported data 
(3, 4, 7, 8), the isotopic composition of al- 
cohols is due to the existence of both enolic 
and ketonic mechanisms. Taking into ac- 
count the experimental errors and the accu- 
racy of calculations, it may be concluded 
that their ratio equals 1 ? 0.25 and does not 
essentially depend on the reaction condi- 
tions and the extent of ketone conversion. 
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The results obtained allow a general 
scheme to be suggested for isotopic ex- 
change and the hydrogenation of alicyclic 
ketones over fused iron catalyst (see 
Scheme 1). 

Let us consider the isotopic exchange. 
On passing through the catalyst in a deute- 
rium stream, ketones undergo rapid iso- 
topic exchange which is close to the equi- 
librium. This may be attributed to 
keto-enolic tautomerization facilitated by 
the catalyst surface (sequence I -+ VI + V 
+ III’). Low concentration of enols in the 
reaction products and the absence of neces- 
sary data (i.e., the rates of keto-enolic in- 
terconversions of the ketones studied), 
however, do not permit this exchange to be 
considered as the only possible path. That 
is why, here as well as in (6~) the isotopic 
exchange is assumed to proceed via an- 
other path which leads to ketone exchange 
in the following sequence (I -+ II + III + 
VI. 

Within the framework of the suggested 
scheme, the hydrogenation of ketone into 
alcohol via ketonic and enolic mechanisms 
involves the sequences I -+ II + III + IV 

and I + II + III -+ V -+ III’ + IV, respec- 
tively. According to (14), the scheme in- 
volves stepwise addition of dissociative 
chemisorbed hydrogen to the surface inter- 
mediate forms of the substrate. It should be 
noted that for the hydrogenation of ketone 
the deuterium distribution is naturally dif- 
ferent in III and III’ and the alcohol mole- 
cules derived from them. Hydrogemdeute- 
rium exchange in the hydroxyl group of 
alcohol may proceed through path IV + 
VII. In addition, the fact that hydrogens at 
the carbon atoms of alcohols are not practi- 
cally substituted by deuterium, allows one 
to consider that equilibrium shifts to the 
right when III and III’ change into IV and II 
into VII. 

Practically constant ratio of ketonic and 
enolic mechanisms in the investigated tem- 
perature range suggests that the activation 
energies for these mechanisms are close to 
each other. 

Our interpretation of the results obtained 
through ketonic and enolic mechanisms of 
hydrogenation is not the only possible way, 
as it cannot be ruled out that the addition of 
deuterium to the substrate over iron cata- 
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lyst may involve the n-allylic type surface 
intermediates (4, 7). In the case of these 
intermediates the observed enolic-to-ke- 
tonic mechanism ratio may be easily ex- 
plained by close probability for the addition 
of deuterium to the intermediates. 
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