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bstract

Liquid-phase heterogeneous catalytic hydrogenation of 2-butanone over Pt/Al2O3 was performed in anhydrous d8-toluene with on-line FTIR
easurements and further perturbations of water. The hydrogenation rates of both 2-butanone and solvent d8-toluene were strongly affected by the

resence of water and unusual spectral changes were observed after the perturbations of reactant and water. It is suggested that hydrogen bonding

s responsible for the unusual spectral changes. The marked decrease in the reaction rates and the unusual spectral changes, taken together, seem to
uggest that anhydrous experiments are important both for preparative studies as well as kinetic and mechanistic studies of the un-activated simple
etone hydrogenation over Pt/Al2O3 (i.e. 2-butanone) and should be implemented when possible.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Group VIII metals such as Pt, Ru, Rh and Ni have been used in
atalytic hydrogenation of carbonyl compounds [1]. Due in part
o the low reactivity of 2-butanone, catalytic hydrogenation of
his un-activated simple ketone has been less studied. The liquid-
hase catalytic hydrogenation of this ketone has been reported
ith a homogeneous ruthenium complex [2] and several het-

rogeneous catalysts [3–7]. A few bimetallic catalysts such as
hSn/SiO2 and RuPt/C have shown improved reaction rates;
owever, these are rather special cases [6,7]. 2-Butanone hydro-
enation in toluene over a more traditional Pt/Al2O3 catalyst has

pparently not been studied in detail.

Recently, a compact experimental apparatus for on-line
pectroscopic study of fine-chemistry liquid-phase heteroge-
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eous catalysis was designed and characterized with respect to
as–liquid mass transfer, mixing, liquid–solid mass transfer and
ntra-particle diffusion [8]. The utility of the experimental set up
as demonstrated by the heterogeneous catalytic hydrogenation
f acetophenone (Aceph) over Pt/Al2O3 in d8-toluene/h8-
oluene at 0 ◦C. A Langmuir–Hinshelwood–Hougen–Watson
LHHW) model was successfully used to fit the kinetic data
f acetophenone hydrogenation to 1-phenylethanol with the
ffects of solvent and water included [9]. The advantages of
n-line liquid-phase spectroscopy together with multivariate
echniques such as band-target entropy minimization (BTEM)
10–14] and two-band-target entropy minimization (tBTEM)
15] for exploratory studies of heterogeneous catalytic systems
ave also been demonstrated.

One important observation from this on-line FTIR study
as that, over Pt/Al2O3 catalyst, water had a strong inhibiting

ffect on the hydrogenation rates of acetophenone and solvent

8-toluene. Indeed, it is known that anhydrous conditions are
ften important in catalytic organic syntheses. Water-promoted
eactivation during hydrogenation was observed on a supported
ickel catalyst [16,17]. In the presence of water, catalytically
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nactive species Ni(OH)2 was formed on the catalyst surface. A
trong chemical inhibition of the catalytic sites was observed on
d/Al2O3 during �-methylstyrene hydrogenation with very low
oncentrations of water [18]. A three-fold decrease in activity
as observed when the relatively anhydrous reagent was sub-

tituted by a commercially available reagent. Water-promoted
eactivation of Pd/Al2O3 catalyst was also observed during iso-
rene hydrogenation. The poisoning effect was associated with
he adsorption of water and the related decrease in active sites
or hydrogenation [19].

In the present contribution, the above mentioned experimen-
al set up and methodology are re-applied to the liquid-phase
eterogeneous hydrogenation of 2-butanone over Pt/Al2O3 in
rder to understand the differences in reactivity between the
ctivated and the un-activated simple ketones, especially with
espect to the effect of water. On-line FTIR spectroscopic mea-
urements of the liquid phase were used throughout this study.
n order to determine the influence of water, anhydrous toluene
nd Schlenk techniques were also employed, and water perturba-
ions were introduced during the catalysis. Furthermore, in order
o assess the degree of solvent activation, d8-toluene rather than
8-toluene was used as solvent. Finally, density function the-
ry (DFT) was used to verify and further explain some of the
nusual FTIR observations. By undertaking the present type of
xperimental approach, several new sights into the chemistry
nd kinetics of liquid-phase hydrogenation of the un-activated
imple ketones over Pt/Al2O3 were achieved.

. Experimental

.1. General issues

.1.1. Chemicals
Engelhard 4759 (5% Pt/Al2O3) was used in this study. It was

ieved and the size range 53–75 �m was selected. The catalysts
ere pre-reduced in H2 at 400 ◦C for 120 min before reaction

20]. d8-Toluene (99.6%, Cambridge Isotope Laboratories) was
istilled from sodium–potassium alloy under purified argon for
a. 5 h to remove the trace water and oxygen. 2-Butanone (99%,
ldrich, stated moisture impurity ≤0.2%) and 2-butanol (98%,
cros Organics) were shaken and stored with anhydrous 4A
olecular sieves to remove traces of water and stored under

rgon. De-ionized water was used without further purifications.

.1.2. Experimental apparatus and on-line FTIR
easurements
The reaction system consisted of a 25 ml stirred tank, a pump,

packed-bed reactor, a FTIR spectrometer with a high-pressure
ow-through cell, and an injection block for liquid-phase per-

urbations. All these components were assembled into a closed
ecycle configuration [8]. Standard Schlenk techniques [21]
ere employed in all the experiments. The pressure of hydrogen
as kept almost constant during the reaction time by connect-
ng the 25 ml reaction system to a 1 l reservoir. The liquid phase
as kept saturated with hydrogen by operating the stirred tank

t a stirring speed of 400 rpm. The packed-bed reactor with ca.
.02 g of catalyst was immersed in a 0 ◦C water bath (Poly-

s

o
u

sis A: Chemical 272 (2007) 241–248

cience 9505). A SS316 1/16 in. tubing of ca. 60 cm length was
ositioned prior to the reactor in the water bath to keep the
nlet temperature of reactants at 0 ◦C. The remaining parts of the
xperimental apparatus were maintained at a room temperature
f ca. 22 ◦C.

A Perkin-Elmer spectrometer 2000 with deuterated triglycine
ulfate (DTGS) detector was used to collect the FTIR
pectra with a data interval of 0.2 cm−1 for the range
000–4000 cm−1. Spectral resolution was 4 cm−1. Purified
itrogen (99.99%, Saxol, Singapore) was used to purge the
TIR spectrometer system. The path length of the sturdy
igh-pressure FTIR cell with 15 mm thick CaF2 windows was
a. 0.0371 cm. The pressure dependence of the cell’s path
ength, in the interval of 1.0–3.0 bar, can be neglected in this
tudy.

.1.3. Experimental procedure
All the experiments were performed in a similar manner

8]. First, the catalyst was pre-packed in a 2.1 mm (diame-
er) × 50 mm (length) HPLC cartridge. The rest of the cartridge
as filled with inert quartz sand. The whole reaction system was

vacuated before 15 ml d8-toluene was transferred to the stirred
ank under argon. After that the system was briefly evacuated
gain and the required hydrogen partial pressure was added to
he stirred tank. The magnetic stirring (400 rpm) was then started
n order to saturate the solvent with hydrogen. The controlling
eedle valves were subsequently opened and the circulation
ump (ca. 5 ml/min) was started. A period of ca. 15 min was
sed to ensure saturation of hydrogen in the recycle system
nd thermal equilibration of the apparatus. At a time t = 0 min,
program was executed to record the spectra every minute.
hen at a pre-determined time t = 10 min, 20 �l of 2-butanone
as injected through one of the HPLC valves. At this point,

he hydrogenation runs were initiated. Further perturbations of
eagent, product and water were performed at pre-determined
imes.

.1.4. Band-target entropy minimization
BTEM was used to obtain pure component spectral estimate

f h6-d8 methylcyclohexane from the multi-component spec-
ra. h6-d8 methylcyclohexane was the primary product for the
ydrogenation of d8-toluene over Pt/Al2O3 [9]. The information
ntropy concept is the basis for this self-modeling curve resolu-
ion. The spectral estimate was obtained without the use of any
priori information or libraries. Details of the mathematics and

mplementation are provided elsewhere [8–14].

.1.5. Other software
DFT calculations were performed with Material Studio using
gradient-corrected potential GGA-PBE with DNP atomic

rbital basis sets.

.1.6. Molar absorptivities and experimental reference

pectra

The molar absorptivites of 2-butanone and 2-butanol were
btained from dilute solutions with different concentrations
sing d8-toluene as solvent. Calibrations were performed,
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Table 1
Experimental designs for hydrogenation of 2-butanone with multiple perturba-
tions conducted at 2.07 bar hydrogen partial pressure over Pt/Al2O3 in d8-toluene

Time (min) Spectral number Reactant (�l) Product (�l) Water (�l)

10 10 20
50 51 20
90 92 20
130 133 20
170 172 20
210 212 2
252 254 2
292 294 2
330 332 2
370 373 20
410 411 20
450 452 2
5
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ig. 1. The experimental reference spectra of the species present in the region
500–4000 cm−1. (a) 2-Butanone; (b) 2-butanol; (c) water; (d) solvent d8-
oluene plus cell and background.

nd the determined molar absorptivities of 2-butanone (at
a. 2979 cm−1), 2-butanol (at ca. 2966 cm−1) and water (at
a. 3680 cm−1) were ca. 61.9, 158.1 and 73.7 l/(mol cm),
espectively. Based on some judicious comparisons to related
ompounds, an approximate value of 400 l/(mol cm) was cho-
en for the molar absorptivity of h6-d8 methylcyclohexane at
a. 2903 cm−1. The experimental reference spectra in the range
f 2500–4000 cm−1 for 2-butanone, 2-butanol, water and d8-
oluene plus cell and background are shown in Fig. 1.

.1.7. Mixing time
Non-steady state results are reported throughout this study.

he long time-scale transients in these experiments are dom-
nated by the ketone hydrogenation kinetics, and the short
ime-scale transients are dominated by mixing in the recycle
pparatus. In the present experimental system, the character-
stic mixing time of ca. 3 min was observed. Details about
he characterization of the system can be found elsewhere
8].

.2. Experimental design

.2.1. Hydrogenation experiment
Three sets of experiments at different hydrogen partial

ressures with multiple perturbations were performed. Three
ifferent hydrogen partial pressures, namely, 1.55, 2.07 and
.50 bar were used in each set of experiments. The detailed
xperimental designs of one typical experiment with hydrogen
artial pressure at 2.07 bar are shown in Table 1. Four 2 �l prod-
ct perturbations, seven 20 �l 2-butanone perturbations and one
ater perturbation were included. These multiple perturbations

ere designed to cover a wide range of experimental conditions

n one semibatch run and to facilitate the subsequent decon-
olution of pure component spectra and multivariate analysis
8].

(
t
f
p

37 = end 538

.2.2. Control experiment
One set of perturbations of reactant, product and water was

arried out, in the presence of 0.02 g catalyst but not in the pres-
nce of hydrogen to confirm that: (i) no observable reaction of
-butanone occurred under the current mild and relatively anhy-
rous reaction conditions and (ii) the unusual spectral changes
ccurred even when no catalytic hydrogenation occurred. Inert
as helium (ca. 1.1 bar) was used instead of hydrogen as the
uffer gas on the system.

.2.3. Transfer hydrogenation test
One semibatch experiment was performed to test the possi-

ility that transfer hydrogenation occurred between the product
-butanol and d8-toluene to give 2-butanone and h6-d8 methyl-
yclohexane. During the first 2 h only solvent d8-toluene and
issolved hydrogen were pumped through the catalyst bed in
rder to get experimental evidence of solvent hydrogenation
nder the current reaction conditions (0 ◦C and 1.0–3.0 bar
ydrogen partial pressures). Then two perturbations of 2 �l 2-
utanol were injected into the reaction system at times t = 120
nd 160 min. The loading of the catalyst was ca. 0.02 g and
he hydrogen partial pressure was kept almost constant at ca.
.54 bar. No observable C O vibrations were detected during
his experiment. Therefore, no transfer hydrogenation appears
o occur.

. Results

.1. 2-Butanone hydrogenation

Hydrogenation of 2-butanone to 2-butanol over Pt/Al2O3
atalyst occurred under the current mild and relatively anhy-
rous reaction conditions. As an illustration, some experimental
pectra measured under 2.07 bar hydrogen partial pressure were
urther processed. Accordingly, the 10th experimental spectrum

right before the first reactant perturbation) was subtracted from
he 25th, 35th and 45th experimental spectra. The resulting dif-
erence spectra are shown in Fig. 2a. Although water signals are
resent in this figure, the prominent signal increase at 3596 cm−1



244 F. Gao et al. / Journal of Molecular Catalysis A: Chemical 272 (2007) 241–248

Fig. 2. Difference spectra resulting from some experimental spectra subtracted
b
e
c

i
p
n
m
(
t
c

3

l
w
f
t
n
o
m
s
r

o
a

Fig. 3. Competitive hydrogenation of solvent d8-toluene. (a) Difference spectra
resulting from the 40th, 80th and 120th experimental spectra subtracted by the
10th experimental spectrum during solvent hydrogenation experiment; maxi-
mum for h6-d8 methylcyclohexane at 2903 cm−1; (b) raw experimental spectra
during 2-butanone hydrogenation experiment. Arrow indicates a spectral maxi-
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y the solvent spectrum after the first reactant perturbation. (a) Hydrogenation
xperiment at ca. 2.07 bar hydrogen partial pressure; (b) control experiment at
a. 1.1 bar helium partial pressure.

n Fig. 2a is clearly due to product 2-butanol formation (com-
are with references in Fig. 1b and c). This signal increase does
ot arise from diol formation between 2-butanone and water
olecules because no marked signal increase at 3596 cm−1

Fig. 2b) was observed after the first reactant perturbation in
he control experiment which was performed with similar water
oncentrations but in the absence of hydrogen.

.2. Competitive hydrogenation of solvent

Hydrogenation of the solvent in the presence of just cata-
yst (no reactant) at 0 ◦C and 1.54 bar hydrogen partial pressure
as observed (Scheme 1). The 10th spectrum was subtracted

rom the 40th, 80th and 120th experimental spectra in this 2 h
est. The resulting difference spectra are plotted in Fig. 3a. The
ew spectral signals with spectral maximum at 2903 cm−1 were
bserved. These new signals are from C–H vibrations of h6-d8
ethylcyclohexane, which was identified previously by a mass

pectrometer (MS) with a significant fragment at 106 m/z in a

elated study [9].

Competitive hydrogenation of the solvent d8-toluene was
bserved in the experiments conducted with catalyst, hydrogen
nd 2-butanone. The 20th, 25th, 30th, 35th and 40th measured

w
p
4
t

Scheme 1. The reaction scheme of d8-toluene hydrogenatio
um for product 2-butanol at 2906 cm−1; (c) resulting BTEM estimate of h6-d8

ethylcyclohexane deconvoluted from the spectral data in (b).

pectra at 0 ◦C and 2.07 bar hydrogen partial pressure are shown
n Fig. 3b. The signal intensity in the C–H vibrational region
hanged as a function of reaction time. A spectral maxima at
906 cm−1 is due to the product 2-butanol. Deconvolution of the
eaction spectra using BTEM provided an excellent pure com-
onent spectrum of h6-d8 methylcyclohexane (Fig. 3c) which
as embedded in the reaction spectra. Further analysis shows

hat the contribution of the h6-d8 methylcyclohexane signal is
uite small compared to the spectral changes due to reactant and
roduct.

In a previous study, competitive hydrogenation of solvent
8-toluene was also observed in acetophenone hydrogenation
t 0 ◦C over the same Pt/Al2O3 catalyst [9]. Under otherwise
imilar reaction conditions, the rate of d8-toluene hydrogena-
ion to h6-d8 methylcyclohexane was higher in the presence of
he un-activated 2-butanone than in the presence of the activated
cetophenone. Specifically, with 20 �l reactant in 15 ml solution
ith only trace water, and at 0 ◦C and ca. 1.5 bar hydrogen partial

ressure, d8-toluene hydrogenation rates were ca. 6 × 10−6 and
× 10−6 mol/(min g-cat) in the presence of 2-butanone and ace-

ophenone, respectively. This difference is almost certainly due

n to h6-d8 methylcyclohexane over Pt/Al2O3 catalyst.
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ig. 4. Various spectra after the first reactant perturbation in the hydrogenation e
n the C O vibrational region; (b) experimental spectra 36–50 in the C O vibr
he 10th spectrum in the O–H vibrational region.

o the strong competitive adsorption of acetophenone resulting
n the displacement of toluene from the catalyst surface.

.3. Unusual spectral changes caused by reactant and
ater perturbations

.3.1. Reactant perturbations
In some catalytic experiments, reactant perturbations were

erformed. After each reactant perturbation the spectral
bsorbance of the carbonyl moiety in 2-butanone underwent
n expected stepwise increase (due to the sudden concentration
ncrease), but then continued to increase slowly for an addi-
ional period, before decreasing due to the consumption during
he catalytic hydrogenation.

As an illustration, the experimental spectra of the carbonyl
oiety in 2-butanone after the first reactant perturbation at

.07 bar hydrogen partial pressure are mentioned. At the 10th
pectrum, 20 �l 2-butanone was injected into the system. There
as an almost immediate step increase in the intensity of the

ssociated carbonyl band. Fig. 4a shows the subsequent slow
ncrease in the intensity of the carbonyl band (spectra 14–35).
fter this period, a decrease in the intensity of the carbonyl
and occurred, as seen in Fig. 4b (spectra 36–50). Fig. 4c shows
he O–H vibration region 3500–3800 cm−1 (after subtraction by
he 10th experimental spectrum) and the continuous increase in
he 2-butanol and water bands during the same interval (spectra
4–50). The increase in 2-butanol arises from reaction and the
ncrease in water arises from: (i) introduction during perturba-
ions and subsequent slow dissolution into the anhydrous liquid

hase and (ii) from contact of the liquid phase with the wetted
arts of the piston-cylinder chamber of the metering pump.

The same phenomena were observed in the control exper-
ment which was performed in the absence of catalytic

t
t
l
h

ment performed at 2.07 bar hydrogen pressure. (a) Experimental spectra 14–35
al region; (c) difference spectra resulting from the spectra 14–50 subtracted by

ydrogenation (catalyst present, but no hydrogen), but in
he presence of perturbations. The absorbance of 2-butanone
nderwent an expected stepwise increase after each reactant per-
urbation, and this was then followed by a gradual increase for

period of time. No decrease in the intensity was thereafter
bserved, since no catalytic hydrogenation occurred. As noted
n Section 2.1, the characteristic time for mixing was of the order
f 3 min, and therefore, mixing is not the cause of the unusual
pectral changes.

.3.2. Water perturbations
After each water perturbation the spectral absorbance of the

arbonyl moiety in 2-butanone increased continuously for some
ime, even though 2-butanone was being consumed in the cat-
lytic reaction. As an illustration, a 2 �l water perturbation was
erformed at the 450th experimental spectrum at 2.07 bar hydro-
en partial pressure. The spectra 454–484 in this hydrogenation
xperiment were analyzed. Two regions, namely, 1700–1750
nd 3500–3800 cm−1 were taken from the original spectral data,
nd the difference spectra (with respect to the 453rd experimen-
al spectrum) are shown in Fig. 5. The same phenomena were
bserved in the control experiment. The absorbance of the car-
onyl moiety in 2-butanone increased continuously for some
ime after the water perturbation.

.4. Effect of water on reaction rates

Since the absorptivities of the C O moiety in 2-butanone
ere affected by the presence of other components in solution,
his band was not used for further quantitative analysis. Instead,
he C–H and O–H vibrational region 2500–4000 cm−1 was ana-
yzed in order to quantify the reaction rates of the two catalytic
ydrogenations present in this system. Experimental references
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ig. 5. Difference spectra resulting from the spectra 454 to 484 subtracted
500–3800 cm−1.

ere used in the multivariate analysis. Rates were evaluated in
he absence of added water and after subsequent perturbations
f water. Intervals involving 25 spectra were used for each rate
etermination.

The catalytic hydrogenation was performed at ca. 2.5 bar
ydrogen partial pressure. Two perturbations of 2 �l water were
erformed at the 375th and 415th experimental spectra. The cor-
esponding rates of 2-butanone hydrogenation and d8-toluene
ydrogenation as a function of water concentration, evaluated
ver the spectra 345–369, 385–409 and 465–489, are shown in
ig. 6.

Fig. 6 shows that both reaction rates are very sensitive to
he presence of water. In fact, both the catalytic hydrogenations

f solvent and 2-butanone were virtually stopped by the pres-
nce of ca. 8 × 10−3 M (ca. 860 ppm, mol/mol) dissolved water.
he concentrations of 2-butanone and 2-butanol at the 340th

ig. 6. The effect of water on the hydrogenation rates of 2-butanone and d8-
oluene.
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he 453rd experimental spectrum in two regions. (a) 1700–1750 cm−1; (b)

pectrum were approximately 7.9 × 10−2 and 1.25 × 10−2 M
-butanol, respectively, and at the 490th spectrum were approx-
mately 7.88 × 10−2 and 1.3 × 10−2 M, respectively. Therefore,
nly ca. 4% conversion occurred during the spectra 340–490 and
his level of conversion should have little effect on the reaction
inetics.

. Discussion

.1. Overview

Under relatively anhydrous reaction conditions, 2-butanone
as selectively hydrogenated to 2-butanol over Pt/Al2O3 in

oluene. Furthermore, under similar anhydrous reaction condi-
ions, the reaction rate for the hydrogenation of the un-activated
etone (2-butanone) is roughly one order of magnitude slower
han the rate of hydrogenation of the activated ketone (acetophe-
one) [9]. This observation is consistent with: (i) the intrinsically
igher reactivity of the activated ketone and (ii) the anticipated
igher adsorption equilibrium constant for acetophenone com-
ared to 2-butanone and hence the higher surface coverage on
latinum.

Hydrogenation of 2-butanone on Pt/Al2O3 under mild reac-
ion conditions demonstrated two new interesting features:
i) water had a very strong inhibiting effect on the catalytic
ydrogenation rates and (ii) quantitative on-line spectroscopic
easurements of the catalytic system were complicated by

ydrogen bonding with the un-activated carbonyl moiety in 2-
utanone.
.2. Effect of water on reaction rates

As shown in Section 3.4, the injection of water into the
eaction system resulted in an obvious and very significant
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ecrease in the catalytic hydrogenation rates of 2-butanone and
olvent. The formation rates of 2-butanol and h6-d8 methyl-
yclohexane dropped from ca. 6 × 10−6 mol/(min g-cat) and
a. 2 × 10−6 mol/(min g-cat) at ca. 430 ppm water (before
ater perturbation) to ca. 2 × 10−7 mol/(min g-cat) and ca.
× 10−10 mol/(min g-cat) at ca. 860 ppm water (after the sec-
nd 2 �l water perturbation). These results demonstrate that
he catalytic hydrogenation of un-activated simple ketone
ver Pt/Al2O3 catalyst was very sensitive to trace amount of
ater.
The decrease in reaction rates is probably due in part to the

agnitude of the adsorption equilibrium constant for water.
lthough the data in the present study did not provide a
ood regression for a Langmuir–Hinshelwood–Hougen–Watson
LHHW) model, the previous acetophenone system showed

clear ordering of the adsorption equilibrium constants
water � Kketone ≈ Kalcohol > Ktoluene [9]. Therefore, even a very

mall concentration of water can successfully compete for the
oordination sites. Some irreversible deactivation may be occur-
ing as well. Such catalyst deactivation resulting from water
oisoning might arise from the decrease in active sites for hydro-
enation due to more-or-less irreversible changes on the Pt
rystallites.

It should be noted that the commercial 2-butanone product
sually has a water impurity of ca. 0.2% (ca. 8000 ppm, mol/mol)
hich is much higher than the amount needed to inhibit the
ydrogenation of this un-activated simple ketone on Pt/Al2O3.
f such a commercial reagent with high moisture content was
sed directly, the lack of hydrogenation activity for 2-butanone
ver Pt/Al2O3 catalyst under mild reaction conditions would not
e surprising.

.3. Spectral changes and hydrogen bonding

The spectral changes observed in the carbonyl moiety of
-butanone in Section 3.3 are most convincingly explained in
erms of hydrogen bonding with water. Indeed, perturbations
f water increased the absorptivities of the C O fundamental
tretch in both the control experiment as well as the catalytic
xperiments.

DFT simulations of optimized geometries for free 2-
utanone, 2-butanone with one equivalent coordinated water and
-butanone with two equivalents coordinated water were per-
ormed. These computations were performed since it is known
hat the coordination of water to 2-butanone is ca. 3:1 and this can
nly be achieved in aqueous solution [22]. The present experi-
ental situation represents a relatively anhydrous environment

o less hydrogen bonding is expected.
The corresponding infrared spectra were also estimated.

ig. 7 shows these spectral estimates. This figure clearly shows
hat: (i) there is a shift to lower wavenumbers as a function of
ncreased hydrogen bonding and that (ii) more importantly, there
s an increase in the absorptivities. The latter prediction in partic-

lar, is quite consistent with the experimental observations. The
bsorptivities of the C O moiety in 2-butanone were always
reater after hydrogen bonding with water. For completeness
owever, it can also be noted that the C O vibrational spectra

b
o
s
o

egion of 1670–1750 cm−1. Dotted line, no coordinated water; solid line, per-
urbation with one water molecule; dashed line, perturbation with two water

olecules.

n Fig. 5 are quite asymmetric, indicating more than one type of
pecies/coordination exist.

It is important to note that similar changes in the absorptiv-
ties of the C O moiety in acetophenone were not observed in
ur previous study [9]. The relatively anhydrous spectra in C O
ibrational region were similar to those involving the delib-
rate addition of water and the C O vibrational spectra were
ymmetric. This difference in acetophenone might be related
o the conjugation between the phenyl group and the carbonyl

oiety.

.4. Other possible reactions and hydrogen bonding

In principle, two possible side reactions might also occur
nder the current reaction conditions. One is gem-diol forma-
ion between 2-butanone and water molecules [23,24]. The other
ne is hemiacetal/acetal formation between 2-butanone and 2-
utanol molecules [25]. However, somewhat acidic or basic
nvironments are frequently required in order to accelerate these
ormations. No additional BTEM estimates were recovered in
his study, other than 2-butanone, 2-butanol, water and h6-d8
ethylcyclohexane, and no further experimental evidence for

he existence of these two reactions was observed. Therefore,
hese two side reactions were not further considered in the cal-
ulations of reaction rates and kinetics.

With regard to the possible additional modes of hydrogen
onding, alcohol–ketone and alcohol–water perturbations were
onsidered; however, these perturbations are widely regarded to

e weaker than water–ketone perturbation due to the presence
f relatively large alkyl group in 2-butanol [26,27]. Finally, the
pectra obtained in this study from the O–H stretching region
f the alcohol showed no indications of unusual or inexplicable
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bsorptivity changes upon the perturbations with reactant or
ater.

. Conclusion

Liquid-phase heterogeneous hydrogenation of 2-butanone
as performed in anhydrous d8-toluene with multiple perturba-

ions and monitored with on-line FTIR measurements. Due to the
pecial solvent used, the C–H vibration region 2500–4000 cm−1

llowed the quantitative analysis of the reactant, product, h6-d8
ethylcyclohexane and dissolved water as well as the evalua-

ion of the associated time dependent rates. With the deliberate
erturbation of water, the strong inhibiting effect of water on
he reaction rates was quantified and hydrogen bonding with the
eactant was spectroscopically observed. Under anhydrous con-
itions, simple ketones (i.e. 2-butanone) can be hydrogenated
ver Pt/Al2O3 at rates approaching those observed for the acti-
ated ketones. Therefore, the present results seem to suggest
hat special care should be taken for the catalytic hydrogenations
f un-activated simple ketones over Pt/Al2O3 (i.e. 2-butanone),
oth for preparative studies as well as kinetic and mechanistic
tudies.
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