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bstract

The standard (p◦ = 0.1 MPa) molar enthalpies of formation, at T = 298.15 K, in the gaseous phase, of three piperidinecarboxamide derivatives,

amely 1-, 3- and 4-piperidinecarboxamide, were determined from their enthalpies of combustion and sublimation, obtained by static bomb
alorimetry in oxygen and by Calvet microcalorimenty, respectively.

The final results are analysed and discussed in terms of molecular structure.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Piperidine ring systems are a commonest structural sub-unit
n natural compounds and are of great interest in pharma-
eutical industry. They exhibit a wide range of biological
ctivities and so, the applicability of piperidine derivatives
s raw-material and intermediates for medicines or drugs has
een object of great interest. As examples of the applications
f piperidinecarboxamides, in medicine, they are referred as
nhibitors against aggregation of human platelets [1] and anti-
IV-1 activity [2]. Piperidinecarboxamides are also involved

n computational and NMR spectroscopy studies to identify
igand-binding sites of macromolecules, namely proteins [3].
urkiewicz-Herbich et al. had studied the adsorption of nipeco-
amide (3-piperidinecarboxamide) from aqueous solutions in

ercury electrodes [4], in order to investigate the factors that
overn the adsorption of molecules from aqueous solutions,
pon the type of interface and the structure of the solutions,
o elucidate the adsorption mechanisms and structure details of
he adsorption layer. That molecule has been chosen for this

nvestigation as the model typical nitrogen heterocycle in which
ll the bonds in the ring are saturated.

∗ Corresponding author. Tel.: +351 22 6082821; fax: +351 22 6082822.
E-mail address: risilva@fc.up.pt (M.A.V. Ribeiro da Silva).
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As a part of our extensive work on the thermochemistry of
itrogen heterocyclic compounds, we have recently been inter-
sted on the derivatives of piperidine [5–9].

The number of compounds with carboxamide substituents
or which thermochemical data are available is very scarce, and
o, this work is also a contribution for the knowledge of the ther-
ochemical properties of the carboxamide type of compounds.
This paper presents the thermochemical study of 1-, 3-, and 4-

iperidinecarboxamide, reporting their standard (p◦ = 0.1 MPa)
olar enthalpies of formation in the crystalline state derived

rom the standard molar enthalpy of combustion determined by
tatic bomb calorimetry and their standard molar enthalpies of
ublimation measured by Calvet microcalorimetry. From these
wo thermochemical parameters, the standard molar enthalpies
f formation in the gaseous phase, of the three compounds, at
= 298.15 K, have been derived.

. Experimental

.1. Compounds

The piperidinecarboxamide derivatives studied, 1-piperi-
inecarboxamide, [CAS 2158-03-4], 3-piperidinecarboxamide,

CAS 4138-26-5], and 4-piperidinecarboxamide [CAS 39546-
2-2] were all supplied by Aldrich Chemical with initial purity
f 99%, 95%, and 97%, respectively. These three compounds
ere purified by repeated vacuum sublimation and the final

mailto:risilva@fc.up.pt
dx.doi.org/10.1016/j.tca.2006.11.008
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urity of the compounds was determined by the recovering
he carbon dioxide produced in the combustion experiments
nd also checked by d.s.c. and g.l.c. The average ratios of
he mass of carbon dioxide recovered after combustion experi-

ents to that calculated from the mass of sample were (values
n percentage): for 1-piperidinecarboxamide (100.030 ± 0.016),
or 3-piperidinecarboxamide (99.846 ± 0.012) and for 4-piperi-
inecarboxamide (99.996 ± 0.050). Except for 1-piperidine-
arboxamide, the other two compounds were shown to be
ighly hygroscopic, so it was necessary to handle them
nder nitrogen atmosphere. Even with careful manipulation
nder nitrogen atmosphere, and the use of Melinex bags for
nclosing the compounds for the combustion experiments,
he 3-piperidinecarboxamide absorbed a small amount of
ater, as shown by the CO2 average ratio value, lower than
9.9%. The amount of water presented in the samples of 3-
iperidinecarboxamide was confirmed by Karl Fischer titration.

.2. Combustion calorimetry

The calorimetric system used to measure the standard molar
nergies of combustion was an isoperibol calorimeter. A detailed
escription of the apparatus and the technique may be found in
he literature [10,11]. The combustion bomb used was a twin-
alve combustion bomb type 1105, Parr instruments Company,
ade of stainless steel and with an internal volume of 0.340 cm3.
The calorimeter calibration was done by combustion of Ther-

ochemical Standard benzoic acid, sample BAS 693976/01
ith massic energy of combustion, under bomb conditions,
f �cu = −26435.1 ± 3.5 J g−1 [12], and corrected to give the
nergy equivalent, εcal, corresponding to the average mass of
ater of 3119.6 g added to the calorimeter.
For the combustion experiments with 1- and 4-

iperidinecarboxamide, the energy equivalent of the calorimeter
as determined as εcal = 15908.78 ± 0.77 J K−1, and for 3-
iperidinecarboxamide as εcal = 15915.83 ± 0.76 J K−1, as the
verage, in both cases of six combustion experiments of benzoic
cid.

The samples were burnt in pellet form and, because of
he hygroscopic nature of the 3- and 4-piperidinecarboxamide,
he pellets of these two compounds were sealed in previ-
usly weighed polyester bags of Melinex, with 0.025 mm of
hickness. The mass of Melinex used in each experiment was
orrected for the mass fraction of water, w = 0.0032, and the
ass of CO2 resulted from the combustion of Melinex was cal-

ulated using a factor previously reported [13]. The value of
cu◦ = 22902 ± 5 J g−1, measured by Skinner and Snelson [13],

s the massic energy of combustion of dry Melinex, was used;
his value was confirmed in our laboratory.

In all combustion experiments, 1.00 cm3 of water was intro-
uced into the bomb, which was then closed and purged
wice with oxygen, to remove the air, before charged with
.04 MPa of oxygen. The ignition of the sample was made at

= 298.150 ± 0.001 K, by the discharge of a 1400 �F capacitor

hrough a platinum ignition wire, using a cotton thread fuse, with
mpirical formula CH1.686O0.843 and massic energy of combus-
ion of −�cu◦ = 16250 J g−1 [14], a value that was checked in

w
p
f
e
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ur laboratory. The electrical energy of ignition was determined
rom the change of potential across the capacitor.

For all experiments, the calorimeter temperatures were mea-
ured to ±1 × 10−4 K, at time intervals of 10 s, with a quartz
rystal thermometer (Hewlett Packard HP 2804A), interfaced to
PC. At least 100 readings were taken in each period: before the

gnition, during the main period after ignition, and in the after
eriod.

At the end of the experiment, the amount of compound used in
ach experiment was determined from the total mass of carbon
ioxide produced during the experiments taking into account
hat formed from the combustions of the cotton-thread fuse and
f the Melinex, and that lost due to eventual carbon formation.

Since the amount of the compound used in each experiment
as based on the CO2 recovered from each combustion, the

mall amount of water presented in 3-piperidinecarboxamid will
ot interfere with the final result.

The corrections for nitric acid formation were based
n—59.7 kJ mol−1, for the molar energy of formation of
.1 mol dm−3 HNO3 (aq), from N2 (g), O2 (g) and H2O (l) [15].
or the experiments with a small carbon residue soot formed
uring the combustion, the necessary energetic correction for
ts formation was based on �cu◦ = −33 kJ g−1 [16]. For each
ompound, an estimated pressure coefficient of massic energy,
∂u/∂p)T, at T = 298.15 K, was assumed to be −0.2 J g−1 MPa−1,
typical value for most organic compounds [17].

The relative atomic masses used were those recommended by
he IUPAC Commission in 2001 [18] yielding the molar mass
f the piperidinecarboxamide isomers as 128.172 g mol−1.

All the weighing necessary for the combustion experiments,
amely, the weighing of the platinum crucible where the pallet
o hold the pellet during the experiment, the pellet itself, the
otton thread fuse and the Melinex bags, when they were nec-
ssary, were made in a Mettler Toledo 240 balance, sensitivity
1 × 10−5 g. The water added to the calorimeter was weighing
ith a Mettler PC 8000 balance, sensitivity ±0.1 g and the CO2

ecovering tubes were weighing with a Mettler Toledo AT 201
alance, sensitivity ±1 × 10−4 g.

.3. Calvet microcalorimetry

The standard molar enthalpies of sublimation of the com-
ounds were determined using a Calvet High Temperature
icrocalorimeter (Setaram, HT 1000D) by the “vacuum-

ublimation drop-microcalorimetric method”, of Skinner et al.
19]. Apparatus and technique is already described in the liter-
ture [20].

Samples of about 3–4 mg of each compound, contained in a
hin glass capillary tube sealed at one end, were dropped from
oom temperature into the hot zone of the calorimeter, held at
predefined convenient temperature, T, and then removed from

he hot zone by vacuum sublimation.
The experimental temperature for the different compounds
ere: for 1 and 3-piperidinecarboxamide, T = 386.0 K, and for 4-
iperidinecarboxamide, T = 426.8.0 K. The thermal corrections
or the glass capillaries were made by dropping tubes of nearly
qual mass into each of the twin cells. The observed standard
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olar enthalpies of sublimation, �g,T
cr,298.15 KH◦

m, were corrected
o T = 298.15 K using �T

298.15 KH◦
m(g) estimated by a group

ethod based on the values of Messerly et al. [21] and Stull
t al. [22]. The scheme applied for all piperidinecarboxamide
somers was the one represented by Eq. (1):

(1)

hich gives for 1- and 3-piperidinecarboxamide, at T = 386.0 K,
386.0 K
298.15 KH◦

m(g) = 13.96 kJ mol−1; for 4-piperidinecarbox-
mide, at T = 426.8 K, �426.8 K

298.15 KH◦
m(g) = 21.55 kJ mol−1.

The calorimeter was calibrated in situ by the sublima-
ion of naphthalene, using the same experimental procedure
s for the samples, and using the value of �

g
crH

◦
m = 72.60 ±

.60 kJ mol−1 [23] for the standard molar enthalpy of
ublimation of the naphthalene, at T = 298.15 K. The cali-
ration constants of the calorimeter, kcal, were obtained, at
ach temperature, as the average of five independent exper-
ments: at T = 386 K, kcal = 1.0104 ± 0.0038; at T = 427 K,
cal = 0.9846 ± 0.0033.

. Experimental results
Table 1 lists detailed results for a typical combustion exper-
ment of each compound, where �m(H2O) is the deviation of
he mass of water added to the calorimeter from 3119.6 g and

U(IBP) is the energy change for the isothermal combustion

(
g

e

able 1
esults of a typical combustion experiment, at T = 298.15 K

xperiment 1-Piperidinecarboxamide

(CO2, total) (g) 1.62575
(cpd) (g) 0.78732
(Melinex) (g) –
(fuse) (g) 0.00437
Tad (K) 1.43945

f (J K−1) 16.89
m(H2O) (g) 0
�U(IBP)a (J) 22923.07
U(Melinex) (J) –
U(fuse) (J) 70.97
U(HNO3) (J) 59.70
U(ign) (J) 1.16
�U(carbon) (J) 30.03
U� (J) 12.31
�cu◦ (J g−1) 28971.85

(CO2, total) is the total mass of carbon dioxide recovered in the combustion; m(cpd
elinex used to enclose the 3- and 4-piperidinecarboxamide; m(fuse) is the mass of

quivalent of the calorimeter including the contents of the bomb in the final state; �

119.6 g; �U(IBP) is the energy change for isothermal combustion reaction under act
sed in each experiment; �U(fuse) is the energy of combustion of the fuse (cotton);
he electrical energy supplied for ignition, �U(carbon) is the energy correction for th
he massic energy of combustion of the compound.

a �U(IBP) already includes �U(ign).
rmochimica Acta 453 (2007) 147–151 149

eaction under bomb conditions, with

U(IBP) = −{εcal + �m(H2O)cp(H2O, l) + εf}�Tad

+�U(ign), (2)

nd the remaining quantities are as previously defined [24], the
orrections to the standard state, �U�, and the massic energies
f combustion, �cu◦, were calculated by the procedure of Hub-
ard et al. [24]. Table 2 presents the results of the individual
assic energies of combustion together with the mean values

nd their standard deviation.
Table 3 lists the piperidinecarboxamide isomers studied, the

erived standard molar values for the energies, �cU
◦
m, and

nthalpies, �cH
◦
m, of the combustion the reactions described by

q. (3), and the standard molar enthalpies of formation, �fH
◦
m,

n the crystalline phases.

C6H12N2O(cr) + 17/2 O2(g)

→ 6CO2(g) + N2(g) + 6H2O(l) (3)

The uncertainties assigned to the standard molar enthalpies
f combustion, in accordance with the normal thermochemical
ractice are, in each case, twice the overall standard devia-
ion of the mean and include the uncertainties in calibration
25,26] and in the values of auxiliary quantities. The values of
he standard molar enthalpies of formation in the crystalline
hase, �fH

◦
m(cr), were derived from �cH

◦
m, using the values, at

= 298.15 K, of the standard molar enthalpies of formation of
iquid water and gaseous carbon dioxide, respectively, as �fH

◦

m

H2O, l) = −285.830 ± 0.042 kJ mol−1 [16] and �fH
◦
m (CO2,

) = −393.51 ± 0.13 kJ mol−1 [16].
Results of the microcalorimetric determination of the

nthalpies of sublimation are given in Table 4, with uncertain-

3-Piperidinecarboxamide 4-Piperidinecarboxamide

2.06419 1.72904
0.95136 0.77837
0.04273 0.05290
0.00394 0.00365
1.81202 1.50670
17.48 16.97
0 +0.1
28870.45 23994.79
978.67 1211.46
63.99 59.28
72.95 58.80
0.97 1.20
0 14.19
16.16 13.28
29156.87 29120.03

) is the mass of compound burnt in each experiment; m(Melinex) is the mass of
the cotton thread fuse; �Tad is the adiabatic temperature rise; εf is the energy
m(H2O) is the deviation of the mass of water added to the calorimeter from

ual bomb conditions; �U(Melinex) is the energy of combustion of the Melinex
�U(HNO3) is the energy correction for the nitric acid formation; �U(ign) is

e carbon residue soot formation; �U� is the standard state correction; �cu◦ is
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Table 2
Individual values of the massic energy of combustion, �cu◦, for the compounds, at T = 298.15 K

1-Piperidinecarboxamide 3-Piperidinecarboxamide 4-Piperidinecarboxamide

–�cu◦ (J g−1)
28962.90 29156.87 29113.36
28958.04 29153.59 29135.80
28965.28 29153.98 29120.03
28952.32 29173.87 29122.62
28959.49 29174.19 29124.12
28971.85 29159.21 29129.32

−〈�cu◦〉 (J g−1)
28961.6 ± 2.7 29162.0 ± 3.9 29124.2 ± 3.2

Table 3
Derived standard (p◦ = 0.1 MPa) molar energies of combustion, �cU

◦
m, standard molar enthalpies of combustion, �cH

◦
m, and the standard molar enthalpies of

formation for the compounds in the crystalline phase, �fH
◦
m(cr), at T = 298.15 K

Compound −�cU
◦
m(cr) (kJ mol−1) −�cH

◦
m(cr) (kJ mol−1) −�fH

◦
m(cr) (kJ mol−1)

1
3
4

t
m
g
m
s

4

w
l
t
o

o
�

i
d

g
w
m
d
t
s
t
n
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t
p
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C

1
3
4

T
D

C

1
3
4

-Piperidinecarboxamide 3712.08 ± 0.92
-Piperidinecarboxamide 3737.8 ± 1.4
-Piperidinecarboxamide 3732.9 ± 1.3

ies, as twice the standard deviation of the mean. The standard
olar enthalpies of formation, �fH

◦
m, both in condensed and

aseous phases, and the standard molar enthalpies of subli-
ation, �

g
crH

◦
m, of the three piperidinecarboxamide isomers

tudied, are presented in Table 5.

. Discussion

The number of compounds with carboxamide substituents for
hich thermochemical data is available is too scarce to allow a

ong discussion about the effect of the carboxamide group into
he piperidine ring, and so, in the present state of knowledge
nly a limited discussion is possible.

Taking into account the value of the standard molar enthalpy

f formation of gaseous piperidine, measured by Good [27],
fH

◦
m (piperidine, g) = −47.15 ± 0.63 kJ mol−1, the enthalpic

ncrements for the introduction of the –CONH2 group in the
ifferent positions of the piperidine ring are shown in Scheme 1.

f

p
a

able 4
icrocalorimetric standard (p◦ = 0.1 MPa) molar enthalpies of sublimation, at T = 29

ompound Number of
experiments

T (K) �

(k

-Piperidinecarboxamide 5 386.0 1
-Piperidinecarboxamide 5 386.0 1
-Piperidinecarboxamide 5 426.8 1

able 5
erived standard (p◦ = 0.1 MPa) molar enthalpies of formation, �fH

◦
m, and of sublim

ompound −�fH
◦
m(cr) (kJ mol−1)

-Piperidinecarboxamide 360.2 ± 1.2
-Piperidinecarboxamide 334.5 ± 1.7
-Piperidinecarboxamide 339.4 ± 1.6
3715.08 ± 0.92 360.2 ± 1.2
3741.5 ± 1.4 334.5 ± 1.7
3736.6 ± 1.3 339.4 ± 1.6

As it can be seen the greatest stabilization due to CONH2
roup introduction is verified for 1-piperidinecarboxamide,
hich is the opposite effect to the one verified for
ethylpiperidines, where this position was the less favourable

ue to interaction of the methyl group with the lone pair of elec-
rons of the piperidine nitrogen [8]. In the present case, the extra
tabilization can be explained by some electronic delocaliza-
ion between the lone pairs of the oxygen and of the piperidine
itrogen atoms.

The introduction of the –CONH2 group in the position 3 of the
ing provides a slightly more stabilization than similar introduc-
ion in the position 4, as the introduction of the –CONH2 group in
osition 3 could be followed by the formation of an intramolec-
lar hydrogen bond as shown in Scheme 2, as had been verified

or other compounds like 1-methyl-3-piperinol [28].

When the introduction of the –CONH2 group takes place in
osition 4, due to the distance between the substituting group
nd the nitrogen lone pair, the piperidine ring has to adopt a boat

8.15 K

g,T

cr,298 KH◦
m

J mol−1)

�T
298.15 KH◦

m(g)
(kJ mol−1)

�
g
crH

◦
m (T = 298.15 K)

(kJ mol−1)

14.12 ± 0.57 13.96 100.2 ± 1.2
26.47 ± 0.59 13.96 112.5 ± 1.3
45.15 ± 0.55 21.55 123.6 ± 1.3

ation, �
g
crH

◦
m, at T = 298.15 K

�
g
crH

◦
m ( kJ mol−1) −�fH

◦
m(g) (kJ mol−1)

100.2 ± 1.2 260.0 ± 1.7
112.5 ± 1.3 222.0 ± 2.1
123.6 ± 1.3 215.8 ± 2.1
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Scheme 1. Changes in the enthalpy of formation of piperidine due to the inser-
tion of the carboxamide group in different positions. aRef. [27]; bThis work.

Scheme 2. Source of stabilization in 3-piperidinecarboxamide.
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Scheme 3. Source of stabilization in 4-piperidinecarboxamide.

onformation, as shown in Scheme 3, which is less stable than
he chair conformation.
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