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To understand the influence of the methyl group in the stability and conformational behavior of the
piperidine ring, the standardpg{ = 0.1 MPa) molar enthalpies of formation of 1-methylpiperidine,
3-methylpiperidine, 4-methylpiperidine, 2,6-dimethylpiperidine, and 3,5-dimethylpiperidine, both in the
liquid and in the gaseous states, were determined at the temperature of 298.15 K. The numerical values
of the enthalpies of formation in the liquid and in the gaseous state are, respecti(@h9+ 1.6) and

—(59.1 + 1.7) kImol* for 1-methylpiperidine;—(123.6 + 1.4) and—(79.2 + 1.6) kJmol™! for
3-methylpiperidine;—(123.5+ 1.5) and—(82.9 &+ 1.7) k3mol™! for 4-methylpiperidine;—(153.6 &

2.1) and—(111.24 2.2) kImol~* for 2,6-dimethylpiperidine; ane-(155.0+ 1.7) and—(105.94 1.8)
kJ-mol~! for 3,5-dimethylpiperidine. In addition, and to be compared with the experimental results,
theoretical calculations were carried out considering different ab initio and density functional theory
based methods. The standard molar enthalpies of formation of the four isomers of methylpiperidine and
of the 12 isomers of dimethylpiperidine have been computed. The G3MP2B3-derived numbers are in
excellent agreement with experimental data, except in the case of 2,6-dimethylpiperidine for which a
deviation of 9 kdmol~* was found. Surprisingly, the DFT methods fail in the prediction of these properties
with the exception of the most approximated SVWN functional.

Introduction N-containing heterocycles, a few experimental works may be
found in the literature concerning the thermodynamic properties

The conformation of six-membered heterocycles has been of piperidine and alkylpiperidings:1® The small number of

studied over a long period by a varied number of techniques,
but less attention has been given to their stability. In the past (3) Cass, R. C.. Fletcher, S. E.: Mortimer, C. T.. Springhall, H. D.: White,
years, there has been a tendency to overcome this lack ofT. R J. Chem. Socl958 1406.

information, and some studies were carried out on the thermo- _ (4) Roux, M. V.; Temprado, M.; Jifirez, P.; Daalos, J. Z.; Notario,
chemical properties of some of these compounds, namely R Guzmia-Mejia, R.; Juaristi, £J. Org. Chem2003 68, 1762.

. A 5) Good, W.J. Chem. Eng. Datd 972 17, 28.
oxanel~2 thiacyclohexané,and derivatives. In the case of the geg Bedford, A. E.: Beeze,? A. E.: Mortimer, C. T. Chem. Socl963

2039.
* Corresponding author. Phonet351 22 6082 821. Fax:+351 22 6082 (7) Prochiaka, M.; Krestanova, V.; Palecek, M.; Pecka,&allect. Czech.
822. Chem. Commuril97Q 35, 3813.
(1) Pell, A. S.; Pilcher, GTrans. Faraday Socl965 61, 71. (8) Messerly, J. F.; Todd, S. S.; Finke, H. L.; Good, W. D.; Gammon,
(2) Snelson, A.; Skinner, H. ATrans. Faraday Socl961 57, 2125. B. E.J. Chem. Thermodyri988 20, 209.
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studies concerning the stability of this class of molecules lidine, and piperidine moleculé8in that work, the optimization
contrasts with the biologically important aspects of piperidine of the molecular structures was carried out at both ab initio
derivativest! The piperidine motif may be found in drugs or and DFT levels of theory. Surprisingly, these authors only
drug candidates with interesting and promising therapeutical use.considered in their calculations the piperidine isomer with NH
This structural unit is a key component of successful anti- in an axial conformation, which was found to be less stable
Parkinson’s agents and other drugs with antipsychotic, antiviral, than the conformation with equatorial NH piperidifie?3 In
metabolic, immunomodulatory, antiinflammatory, and cere- the work of Vayner and Baf® comparison between computa-
brovascular activity?~17 Recently, some piperidine derivatives tional and experimental enthalpies of formation show that the
were found to have important activity for the treatment of B3LYP/6-311G** result for aziridine is in close agreement with
cocaine abus¥ experimental data, while the MP2/6-31G* approach performs
The works published in the literature concerning the ther- Detter for pyrrolidine and piperidine. Further, the SVWN/6-31G*
mochemistry of piperidine and its derivatives are summarized Method was found to be the best approach for the calculation
below. First, Bedford et &used a twin-valve bomb to measure ©f Proton affinities, at least for the four compounds mentioned
the energy of combustion of liquid piperidine. Further, these N that work. _ o
authors determined the enthalpy of formation of piperidine by ~ As referred to above, the importance of piperidine-based
incorporating the enthalpy of vaporization, reaching the value compounds and the effects in their properties due to different
—(48.83+ 2.55) kdmol~L. The enthalpy of combustion and of attached groups_have mot!vated this study. In f_act, itwas f_ognd
formation in the condensed phase was measured using a bomfiecently that the incorporation of methyl groups in the piperidine
calorimeter for a series of-substituted piperidines by Proctka heterocyclic ring changes the properties of piperidine analogues
and co-worker& These authors aimed to obtain the hydrogena- Of D-galactosé?
tion heat and delocalization energy in this kind of compound.  In the present work, the standard molar energies of combus-
Later, Good and co-worker&used a combination of different ~ tion of 1-methylpiperidine, 3-methylpiperidine, 4-methylpip-
techniques, namely, rotating-bomb combustion and adiabatic €ridine, 2,6-dimethylpiperidine, and 3,5-dimethylpiperidine, all
calorimetries to obtain the enthalpies of combustion, vaporiza- cOmpounds in liquid state, were measured by static bomb
tion, and formation of piperidine and 2-methylpiperidine. These combustion calorimetry. Moreover, the standard molar enthal-
authors confirmed the previous value of Bedford and collabora- Pi€s of vaporization of these five compounds were determined
tors. The gas-phase enthalpies of formation determined by Good?Y Calvet microcalorimetry, using for these liquids a technique
et al. are—(47.15+ 0.63) and—(84.5 £ 1.1) kImol! for similar to that_descnbed for sublimation of solids by Sklnner
piperidine and 2-methylpiperidine, respectively. In another work €t @l?> Combining the results measured by these two techniques,
devoted to the thermochemistry of the 2,2,6,6-tetramethylpip- the standard molar enthalpies of formationTat 298.15 K in

eridine compound? Verevkin reached a much more negative e gaseous state, were derived. In parallel, the gas-phase
value for the enthalpy of formation of this compound in the enthalpies of formation of piperidine, the four methylpiperidines,

gas phase—(162.4 + 2.1) kImol?, indicating significant and of the 12 dimethylpiperidines were estimated from the
stabilization of piperidine even with the presence of four bulky cOmMPuted enthalpies of selected working reactions (substitution
ligands near the nitrogen atom lone pair. In that work, Verevkin O atomization; different theoretical approaches) and previous

determined the enthalpy of vaporization of this compound and experimental _data _for all spec_ies included in those reactions
used the enthalpy of formation in the liquid phas¢206.9+ except those in which we are interested.

2.0) k¥mol™1, published earlier by Pilcher et &@More recently,

Verevkin studied the effect of different substituents, such as Results

methyl, ethyl, propyl, and so forth, attached to the nitrogen atom
of piperidinel® It is also possible to find in the literature a
theoretical work devoted to the calculation of the enthalpies of
formation and proton affinities for aziridine, azeditine, pyrro-

Combustion Calorimetry Results. Table 1 presents, for each
compound, the individual values of the experimental determina-
tions of the massic energies of combustidg,°, together with
their mean and standard deviations. Detailed results for all
combustion experiments of each compound are given in the

(9) Suradi, S.; Hacking, J. M.; Pilcher, G.;"@ulk, I.; Lappert, M. F. Supporting Information (Tables S155).

J. Chem. Thermodyri981, 13, 857. . . . . .
(10) Verevkin, S. PStruct. Chem1998 9, 113. M|crqcal_or|metry Results. .Results of the mlcrocalo_rlmet.rlc
(11) Johnson, M. R.; Milne, G. M. IBurger's Medical Chemistry4th determination of the enthalpies of vaporization are given in the

ed.; Wolff, M. E., Ed.; Wiley: New York, 1981; Part Ill, p 699. Supporting Information (Table S6). The enthalpies of vaporiza-

(12) Onishi, Y.; Oguro, M.; Kizaki, HCancer Lett.1998 127, 147. . .
(13) Yang, L.; Morrielo, G.. Patchett, A. A.; Leung, K.; Jacks, T.; Cheng, tion at temperaturd correspond to the mean values of five

K.; Schleim, K. D.; Feenet, W.; Chan, W. W.-S.; Chiu, S.-H. L.; Smith, R. experiments with uncertainties given by their standard devia-
G. J. Med. Chem1998§ 41, 2439. ] _ tions. The standard molar enthalpies of vaporization] at

(14) Klockgether, T.; Wliner, U.; Steinbach, J. P.; Petersen, V.; Turski,
L.; L6schmann, P.-AEur. J. Pharmacol1996 301, 67.

(15) Fletcher, S. R.; Burkamp, F.; Blurton, P.; Cheng, S. K. F.; Clarkson, (20) Vayner, E.; Ball, D. WJ. Mol. Struct.. THEOCHEM00Q 496,
R.; O’Connor, D.; Spinks, D.; Tudge, M.; Niel, M. B.; Patel, S.; Chapman, 175.
K.; Marwood, R.; Shepheard, S.; Bentley, G.; Cook, G. P.; Bristow, L. J.; (21) Parkin, J. E.; Buckley, P. J.; Costain, C.X.Mol. Struct.1981,

Castro, J. L.; Hutson, P. H.; MacLeod, A. Nl. Med. Chem2002 45, 89, 465.

492. (22) Kassaee, M. Z.; Haerizade, B. N.; Hossaini, ZJSMol. Struct.:
(16) Johnston, G. A. RCurr. Top. Med. Chem2002 2, 903. THEOCHEMZ2005 713 245.
(17) Kohler, H.; Rodrigues, S. P.; Maurelli, A. T.; McCormick, B. A. (23) Scott, D. W.J. Chem. Thermodyri971, 3, 640.

Infect. Dis.2002 186, 1122. (24) Shilvock, J. P.; Nash, R. J.; Watson, A. A.; Winters, A. L.; Butters,
(18) Kozikowski, A. P.; Araldi, G. L.; Boja, J.; Meil, W. M.; Johnson, T. D.; Dwek, R. A.; Winkler, D. A.; Fleet, G. W. d. Chem. Soc., Perkin

K. M.; Flippen-Anderson, J. L.; George, C.; SaiahJEMed. Chem1998 Trans. 11999 2747.

41, 1962. (25) Adedeji, F. A.; Brown, D. L. S.; Connor, J. A.; Leung, W. L.; Paz-
(19) Verevkin, S. PJ. Chem. Thermodyri997 29, 891. Andrade, I. M.; Skinner, H. AJ. Organomet. Chenl975 97, 221.
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TABLE 1. Individual Values of the Massic Energy of Combustion, The geometry of the axial conformer is not given since it is
Acu°, for All Compounds at T = 298.15 K less stable than the equatorial conformer. The enthalpic differ-
1-methyl 3-methyl 4-methyl  2,6-dimethyl  3,5-dimethyl ence between these two conformations is 2.8nkJ! when
—A/(3/g) calculated at the MP2/6-31G(d) level of theory or 3.inkdI~1
ﬁi;ggg ﬁggg.gg ﬁg%%g ﬁggg.gé ﬁggg.gg when the G3MP.283 approach is useq. The same is applied for
4151560 4122835 4123449 4183229  41825.24 the boat and twisted conformers, which are even more desta-
4149594 41224.84 4122347 41825 47 41837.88 bilized when compared with the NH equatorial and chair
41505.24 41220.96 41219.63 41832.17 41834.24 conformer (or NCH in the case of methyl derivates with GH
41501.68 41223.67 41236.08 41850.61 41829.97 attached to N; see below). All compounds are more stable if

ﬁgggig 41828.65 the N—R group, R= H or CHg, is placed in an equatorial

W) position and in chair conformation, in agreement with recent
41504.4: 43 4122506 1.0 41226.3-23 418421+ 6.2 418302622 work ! For example, the computed enthalpic difference between
equatorial and axial conformations of 1-methylpiperidine is
much larger than the value reported for piperidine. The MP2/
298.15 K, are given in Table 2. The uncertainties associated 6-31G(d) computed difference is 14.2-kbl . Differences
with these values are twice the standard deviation of the meanbetween computed geometrical parameters in piperidine and
and include the uncertainty associated with the calibration 1-methylpiperidine compounds are negligible, suggesting that

procedure. the space occupied by the methyl group is smaller than that
Enthalpies of Formation. Table 2 lists, for each compound, ~occupied by the nitrogen lone pair. Thus, similar conformers

the derived standard molar values for the enertyytf) and are predicted for piperidine and methylpiperidine.

enthalpy AH2) of combustion reaction, at= 298.15 K, in a _Calculated Enthalpy of Formation for Piperidine. Two

static combustion bomb, under oxygerpat 3.04 MPa, inthe  different procedures were employed to estimate the enthalpies

presence of 1.00 chof water, yielding C@g) and HO(l). of formation of the piperidine and their methyl derivatives. In

The uncertainties of standard molar energies and enthalpiesO® Of these procedures, a pertinent reaction was chosen

of combustion are twice the final overall standard deviation of cOnsidering that the experimental enthalpies of formation of all
the mean and include the uncertainties in calibration as well as'€actants ar_1d_ products, with the exception of the p|per|d_|ne or
the respective uncertainties of auxiliary compounds used. methylpiperidines, are known _and_ thelr value; are con5|d(_ared
Finally, the standard molar enthalpies of formation of all accurate. For the monomethylpiperidines, two different reactions

compounds, in gaseous state andTat 298.15 K, are also were used: eq 1 in the case of 1-methylpiperidine, and eq 2 in
given in Table 2. the case of 2-, 3-, and 4-methylpiperidines.

Molecular Geometries.The gas-phase structure of piperidine
is well-documented in the literature. It was studied by micro-
wave experimentd! by electron diffractiorf® and by infrared CH;NH, (9) (1)
spectroscopy? From these works, it was concluded that the o
most stable conformer is the NH equatorial while the NH axial 2- or 3- or 4-methylpiperidine (g)- CH, (9) —
is less stable by-3 kImol~1.21-23Further, these different studies piperidine (g4 CH,CH, (9) (2)
point to the presence of only equatorial NH piperidine in the
crystalline state, while in the vapor phase the equatorial NH Two other equations were used to estimate the enthalpy of
conformation is predominant but in coexistence with minor formation of piperidine:
amounts of the axial NH piperidine conformer. This larger
stability of the equatorial NH conformer is also predicted by piperidine (g)+ 5 CH, (g) — CH;N(H)CH; (g) +
theoretical calculations. The computed energetic difference
between the two conformers is close to the available experi- 4 CH,CH, (9) (3)
mental resultd” Selected geometrical parameters from MP2,
BP86, and B3LYP full optimization with the 6-31G(d) basis
set, without symmetry constrains, of piperidine are reported and CH;N(H)CH; (4)
compared with results available in the literature in Table 3. The ) )
full sets of optimized coordinates for all compounds studied ~ The calculated enthalpies of eqs-4 have been combined
here are given as Supporting Information (Tables ST0). The with the expt.anmentallstandar.d gas-phase enthalp|e§ of formatlon
computed geometrical parameters coming from the three dif- of the species considered in these reactions: piperidine,

1-methylpiperidine (g} NH; (g) — piperidine (g)+

piperidine (g)+ CH;CH,CH; (g) — cyclohexane (g

ferent approaches considered are in excellent agreement withHm(9) = —(47.15+ 0.63) kImol~%;5> ammonia,AiHp(g) =
experimental results obtained for the equatorial NH conformer. —(45.94+ 0.35) kdmol~%;32 methylamine AiHp,(g) = —(23.4
This was expected since the adequacy of these methods to yield: 1.0) kImol=%3 methane, AH(9) = —(74.4 £ 0.4)
reliable geometrical data for similar but aromatic compounds kJmol=%33 ethane,AHp(g) = —(83.8 & 0.3) kImol=%;33
had already been fourtd-3° dimethylamine,AfH3(g) = —(18.8 &+ 1.5) kImol~%;33 pro-
(26) Gundersen, G.; Rankin, D. W. Acta Chem. Scand., Ser.1883 (30) Ribeiro da Silva, M. A. V.; Matos, M. A. R.; Rio, C. M. A_; Morais,
37, 865. V. M. F.; Wang, J.; Nichols, G.; Chickos, J. $. Phys. Chem. A998
(27) Peeters, A.; vanAlsenoy, C.; Lenstra, A. T. H.; Geise, H. Jol. 104, 1774.
Struct.: THEOCHEM1991, 231, 137. (31) Alkorta, I.; Elguero, JMagn. Res. Chen2004 42, 955.
(28) Ribeiro da Silva, M. A. V.; Morais, V. M. F.; Matos, M. A. R;; (32) Cox, J. D.; Wagman, D. D.; Medvedev, V. BODATA Key Values
Rio, C. M. A.J. Org. Chem1995 60, 5291. for ThermodynamicsHemisphere Publishing Corp.: New York, 1984.
(29) Ribeiro da Silva, M. A. V.; Matos, M. A. R.; Rio, C. M. A.; Miranda, (33) Pedley, J. BThermochemical Data and Structures of Organic
M. S.; Morais, V. M. F.J. Phys. Chem. £00Q 104, 6644. CompoundsTRC Data Series: College Station, TX 1994; Vol. 1.
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TABLE 2. Derived Standard (p° = 0.1 MPa) Molar Energies of Combustion,A Uy, Standard Molar Enthalpies of Combustion, A H?,
Standard Molar Enthalpies of Formation for the Compounds in the Liquid and Gaseous PhaseAH?, (I or g), and Standard Molar Enthalpies
of Vaporization, A/H},

compound —AU(D ~AHS() ~AH) APHS, ~AH(9)
1-methyl 4116.2t 1.4 4123.0+ 1.4 95.9+ 1.6 36.80+ 0.61 59.1+ 1.7
3-methyl 4088.5+ 1.1 4095.3+ 1.1 123.6+ 1.4 44,41+ 0.72 79.2+ 1.6
4-methyl 4088.6t 1.2 4095.4+ 1.2 1235+ 1.5 40.56+ 0.89 82.9+ 1.7
2,6-dimethyl 4736.6 1.9 47447+ 1.9 153.6+ 2.1 42.38+ 0.68 111.2£ 2.2
3,5-dimethyl 4735.2- 1.4 4743.3+ 1.4 155.04+ 1.7 49,11+ 0.60 105.9+-1.8

aAll values are aff = 298.15 K and in kdnol=1.

TABLE 3. Selected Geometrical Parameters Obtained by a Full Optimization of Piperidine at Three Different Levels of Theory and
Employing the 6-31G(d) Basis Sét

calculated (this work) experimental
MP2 BP86 SVWN B3LYP microwave electron diffractiof

dist(N—H) 1.020 1.027 1.025 1.018 1.022 1.015
dist(N—C) 1.464 1.471 1.443 1.465 1.466 1.471
dist(C—-C) 1.525; 1.529 1.538; 1.541 1.514; 1.517 1.533; 1.537 1.535 1.532
ang(H-N—-C) 109.3 109.2 110.5 109.7 104.8 108.5
ang(C-N—-C) 111.1 111.4 111.6 112.1 111.7 111.1
ang(N-C—C) 109.1 109.5 109.6 109.6 108.0 109.8
ang(C-Cs—C) 110.3 110.5 110.1 110.7 110.9 109.9
ang(C-C,—C) 110.6 110.7 110.4 110.8 109.9 111.6
ang(N-C—C—C) 57.8 57.1 57.4 56.6 - 56.9
ang(C-C—-C-C) 53.4 52.6 53.8 52.6 - 53.1
ang(C-N—-C-C) 63.8 62.9 62.7 62.2 - 62.7

aDistances are given in A and angles are given in degkeReference 21¢ Reference 26.

_ TABLE 4. Estimated Enthalpy of Formation for Piperidine, at T
o — 1-
pane,AiH;(9) = —(104.7+ 0.5) kImol™; and cyclohexane,  _ 59515 K, by Different Theoretical Approaches Using the 6-31G*

AHZ(g) = —(123.3+ 0.8) kImol~12 allowing the estima-  Basis Set for Both Optimization and Calculation of Frequencies

tion of the enthalpies of formation of 1-methylpiperidine, ‘cacton HE MP2 BPS86 PBE PW91 SVWN B3LYP G3MP2B3
2-methylpiperidine, 3-methylpiperidine, 4-methylpiperidine, and

S P 241 —542 —31.7 —-305 —29.0 —39.9 —26.9 —50.8
piperidine. _ 4  —525 -525 —514 —51.5 -51.2 —51.8 —51.6 —51.8
In the other procedure, the enthalpy of formation of the 5  -151 -522 - - - -39.7 -199 -

compound is estimated from the G3MP2B3 computed enthalpy  a experimental results for piperidine are(47.15+ 0.63) and—(48.6
of atomization using the enthalpy of formation of the elements, + 2.6) k3mol-%, taken from refs 5 and 6, respectivelyThis work.
hydrogen, carbon, and nitrogen. This procedure is commonly ¢ Estimated values taken from ref 20.

applied to derive enthalpies of formation from theoretical

computations, using one of the Gaussian-N theories. Generally,estimation of the gas-phase enthalpy of formation of piperidine,

atomization reactions are not combined with other theoretical pyt the SVWN and MP2 methods were found to give better

approaches due to the inaccuracy of the corresponding computedesuits. In the present work, we used these four methods and
atomization energies. This lack of accuracy makes it unable for egs 3 and 4 to estimate the enthalpies of formation of piperidine.
us to calculate reliable enthalpies of formation, even if the As explained above, the BP86 exchange-correlation functional
compounds studied are molecularly simple and small. For seems to be a good choice for this kind of study and was also
example, the average absolute deviation of the enthalpies ofysed in the present work, as well as the PBE and PW91
formation of the 55123459t computed with the BP86 functional is functionals, for comparison purposes. The computed enthalpies
about 85 kdmol™.** When combined with an isodesmic  of formation are compared in Table 4 with experimental data

reaction, this BP86 functional was found to yield excellent and with the computed values of Vayner and Ball, who used a
enthalpies of formation for phenol and dichlorophefolnd  itferent, but similar, reaction scheme shown below.

also for chloronitroanilined? In these two works, the BP86

computational approach was found to be even better than thepiperidine (g)+ NH +5CH — 2 CH.NH 4
B3LYP hybrid method, which was parametrized to reproduce PIP @ 3(0) 4(9) HNH, (@)

available experimental thermochemical data, with a mean 4 CHe (9) ()
deviation from experimental results of about 10rkdl . i ) )
Previously, Vayner and B&fi reported that the HF, BLYP, The analysis of results given in Table 4 shows that only the

MP2 and G3MP2B3 approaches yield consistent results that do
not depend on the working reaction used for the estimation.
All DFT methods and the Hartred-ock approach give errone-

and B3LYP methods gave poor results when applied to the

(34) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Pople, JJ.A.

Chem. Phys1998 109, 42. ous values if eq 3 or 5 is used. Interestingly enough, all the
(35) Gomes, J. R. B.; Ribeiro da Silva, M. A. ¥..Phys. Chem. 2003 methods yield practically the same result if eq 4 is used, which
107, 869. ; i i ;
(36) Ribeiro da Silva, M. A. V.: Lima, L. M. S. S.: Amaral, L. M. P. F. gives the idea that_ in all DFT methods and also in Hartree
Ferreira, A. I. M. C. L.; Gomes, J. R. B. Chem. Thermodyr2003 35, Fock the errors noticed by Vayner and Ball are canceled by the
1343. use of a similar species, cyclohexane, as one of the products in

3680 J. Org. Chem.Vol. 71, No. 10, 2006
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eq 4. This suggests that only this reaction is truly isodesmic, T - .

while eq 3 is less isodesmic. The poor performance of the DFT 6316() ¢
methods is not due to any problem in the optimization procedure * .
since, as shown in Table 3, MP2 and DFT optimized structures .

for piperidine are almost the same. Further, the G3MP2B3  -1.0 ¢
method uses the B3LYP/6-31G(d) approach, for both geometry 5 I - 6-31+4G(d)
optimization and calculations of frequencies, and the G3MP2B3 £ 6316[ER) —_
estimated values are in good agreement with available experi-2 1 8-31G(2d 2p)
mental data. These problems seem to be due to dispersion§ 207
interactions, also denoted by van der Waals interactions, betweeng
the —CH,— groups in positions 1, 3, and 5 or between positions - I _

2, 4, and 6, in the case of cyclohexane. In a similar fashion, 391 6-311+G(d,p)

these interactions are also present in the piperidine ring. i -—
Dispersion interactions are known to be badly described by I 6-3116(d,p) 6-311+G(2d,2p)
current DFT methods, but the MP2 approach is well-suitable -_—

to deal with these kinds of interactiofsTherefore, the DFT 4.0
method§ must be used With caution when dea"”@,l with molec'ules FIGURE 1. Effect of the basis set on the B3LYP computed enthalpy
whose internal geometry is capable of producing these kinds of formation of piperidine ) and 2-methylpiperidine<).

of internal interactions. This leads us to conclude that a previous

check of the computational approach is needed before entailingTABLE 5. Computed Enthalpies of Formation, T = 298.15 K, of

the theoretical estimation of thermodynamic quantities. The only 1€ Four Methylpiperidine Isomers®

DFT method whose results are not too far from the experimental B3LYP® SVWN° MP2 G3MP2B3 G3MP2B3 experimental
gas-phase standard enthalpy of formation of piperidine, when 1-methyl —45.6 -59.1 —59.8 —61.0 -59.7 —59.1+1.7
rs5i is the SVWN functional. Neverthel h ~61.39+0.88

3%3 orsSis usedt; Sttlg-lfd -1 unctional. Nevertheless, the 2-methyl —74.7 -85.6 —859 —85.8 -86.4  —84.5+ 1.1
ierences are about 1U+dot = . 3-methyl —68.2 -78.9 —786 —790  —79.6 —79.5+2.9

The enthalpy of formation of piperidine was also estimated 4-methyl —685 -79.0 —-79.1 -79.4 —80.0 —82.7+3.X

from the enthalpy of the reaction of atomiza_tion computed at aValues in kdmol~L. P Calculated from reaction 1 or 2Calculated from
the G3MP2B3 level of theory and the experimental gas-phase atomization reactiorf This work. ¢ Reference 10f Reference 5.
enthalpies of formation of hydrogeMyH; (g) = 218.00 kJ
mol-, carbon,AH%(g) = 716.67 kdmol~2, and nitrogen A¢ Calculated Enthalpies of Formation for Methylpiperi-

HC (g) = 472.68 kdmol~* atoms® The estimated value i dlnes.Tdh_e ﬁ_stlbrlna;e('jo\va_lueshfolratsr:_ng)ur mhetgylpllqperr]@nkes are
Hp(g) = —48.2 kamol~* between the two experimental values reported in Table 5. Again, the B3 method, which is known
available in the literature. to provide accurate thermochemical data for a large number of

The Effect of Augmented Basis Sets on B3LYP Computed compoundg8-30:353¢fails to predict the enthalpies of formation
Enthalpies of Formation. The influence of the size of the basis of the methylpiperidines, even with the use of a similar species,

set considered in B3LYP calculations was analyzed in the Casepiperidine, as one O_f the products p.f egs 1 and 2. Es;imated
of piperidine and 2-methylpiperidine using, respectively, eqs 3 values are systematically more positive than the experimental

—1 H
and 2. The effect of augmentation of the standard 6-31G(d) basisres_UItS by 16-14 kJm_oI - It is noteworthy that_ the SVWN
set with more diffuse and polarization functions on calculated estimated values are in excellent agreement with experimental

enthalpies of formation for these two species is depicted in results. Similar to that fqunq for piperidine, the MP2 and
Figure 1. G3MP2B3 approaches still give excellent results. The use of

The improvement of the estimated enthalpy of formation with the G3MP28B3 approach together with the use of the reaction

the use of larger basis sets is more evident for the nonsubstituteaOf atlomlrzagon_r%lvez SI[[ghtIymbet:tiar rr?sglttsmfhag W'trt‘i::et uge Orf d
derivative but, even in the most interesting situation, the eq or 2. e best compariso etween estimated a

difference between estimated and experimental values is IargereXpe”mental values is obtained for the G3MP2B3/atomization

. : oo Py
than 10 kamol-%: the computed B3LYP/6-311G(d,p) enthalpy "caction approach, with a mean deviation of only 1.dral ™=

of formation is—31.2 kdmol~. It is found also that the use of Therefore, this strategy was employ_ed in the estimation of the
diffuse functions produce even worse calculated enthalpies Ofgas-phase standard molar enthalpies of formation of the 12

: : : dimethylpiperidine isomers. The values given in Table 5 show
formation, which supports the conclusion that the DFT problems that the 2-methylpiperidine isomer is the most stable and, as

are caused by the bad description of dispersion forces SlnCeexpected, the 1-methylpiperidine is the least stable. In the latter

larger electronic clouds will, in principle, enhance these thi b lained b bal f chemical bond
problems. It is found for 2-methylpiperidine that the inclusion case, this may be explained by a balance of cnemical bonds,
which are less stable in the case of 1-methylpiperidine (one

of additional polarization and diffuse functions almost do not }

change the value of the estimated enthalpy. The difference.C_N and one g—CH boc?ds) thﬂ]HlnbthedotheTrhthrge mtehthlyl
between the 6-31G(d) and the 6-31G(2d,2p) calculated values'SOMers (qne and one onds). € <-methy

is only 0.8 kdmolL Interestingly, the smaller basis set derivative is somewhat more stable than the 3-methyl and

dependence reported for 2-methylpiperidine suggests that e 24-methy|piperidine dgrivatives. In the case of the 2-methyl
is t‘?uly isodesmFi)c, but as it will bﬁpsﬁown in theg?lext sectionc,1 isomer, the smaller distance between the methyl group and the

B3LYP values are still far from experimental ones. hitrogen atom, an_d consequently of Its Iong paur, enableg some
stabilization of this molecule due to inductive effects (Figure

. - . 2).
37) Zhechkov, L.; H , T.; Patchkovskii, S.; Seifert, G.; Duarte, H. . . . .
A (J ();heﬁf T,?gory Coﬁl,gfﬂooa 1"’};41?\/5 ! erer vare Calculated Enthalpies of Formation for Dimethylpip-

(38) Chase, M. W., Ji. Phys. Chem. Ref. Dai98 1, Monograph 9. eridines. Table 6 includes the experimental standard molar
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@ configuration (detailed spectral data in Supporting Information).

N Considering the cis/trans composition given above for 3,5-
~H dimethylpiperidine and thé:H? (g) computed values included

CH; in Table 6 for these two configurations, the computed enthalpy

H of formation for 3,5-dimethylpiperidine that must be compared

with the experimental result i&sHp(g) = —105.0 kdmol1,

FIGURE 2. Sources of stabilization in 2-methylpiperidine. The analysis of the computed values shows again that

TABLE 6. Enthalpies of formation, T = 298.15 K, of the 12 substitution at the nitrogen atom is less stable than when
Dimethylpiperidine Isomers? occurring at the carbon atoms of the piperidine ring. For the
G3MP2B3 experimental 1 X-dimethy! derivatives, the position of the second methyl at
- - the nitrogen’s adjacent carbon atom is the most unstable situation
1,2-dimethyl —76.3 (cis) - .
—85.3 (trans) due to steric effects between the methyl groups. For the other
1,3-dimethyl —86.9 (cis) - dimethylpiperidines, substitutions at positions 2 or 4 (rather than
—81.7 (trans) at positions 1 and 3) are the ones that stabilize more efficiently
1,4-dimethyl —79.3(cis) - the entire molecule, especially in the case of the 2,6-dimethy!
2,2-dimethyl :ﬁffra"s) _ isomer (6-sut_>stitpt_ion e_quivalent to 2.-subs_titution in the non-
2,3-dimethyl —105.0 (cis) — substituted piperidine ring). Further, insertion of two methyl
—110.4 (trans) groups at the same carbon atom does not introduce any
2,4-dimethyl —113.9 (cis) - significant destabilization, which is easily understood if one
» 5 i —105.5 (trans) compares the enthalpies of formation of 2,4-dimethylpiperidine
,5-dimethyl —108.2 (cis) - . - . Lo
—113.6 (trans) with those of 2,2-dimethyl and 4,4-dimethylpiperidines.
2,6-dimethyl —120.3 (cis) —111.2+22 Enthalpic Increments and Correlations. The analysis of
3.3.dimethy| :igg:é(trans) B the enthalpic increments of the experimental enthalpies of
3:4-dimethyl —98.4 (cis) _ formation on going from piperidine to methylpiperidines and
~103.7 (trans) to dimethylpiperidines is illustrated in Figure 3. This graphical
3,5-dimethyl —106.6 (cis) —105.9+ 1.8 representation clearly shows that substitution at position 1 is
sa-dimethyl :18‘11-3 (trans) - unfavorable when compared with positions 2, 3, and 4. The
' : enthalpic increment when substitution occurs at the nitrogen
2 cis conformers are diequatorial with all values given irnkdl™". atom is less than one-half of the increments found for substitu-

tion at the carbon atoms. Interestingly enough, the insertion of

enthalpies of formation of 2,6- and 3,5-dimethylpiperidines and & Sécond methyl group on an analogous position in 2-meth-
compares these values with those obtained by the use of they/Piperidine or in 3-methylpiperidine, yielding 2,6-dimethylpi-
G3MP2B3 approach and the reaction of atomization. peridine or 3,5-d|methylp|p§rld|ne, respectively, Iea_ds to the
The comparison between computed and experimental dataS@me calculated enthalpic increment26.7 kymol™) if the
shows that the results for 3,5-dimethylpiperidine are in excellent €xperimental enthalpy of formation for 2,6-dimethylpiperidine
agreement, while a significant difference is found for 2,6- IS considered. Also interesting is .the fact that the |nclu§|on of
dimethylpiperidine. The fact that the G3MP2B3 approach was W0 other methyl groups in positions 2 and 6 of 2,6-dimeth-
capable to yield excellent estimates for piperidine, all meth- Y/piperidine, yielding 2,2,6,6-tetramethylpiperidine, yields prac-
ylpiperidines, and 3,5-dimethylpiperidine led us to suspect that tlc_ally the same _entha_lplc contribution per methyl group inserted
the 2,6-dimethylpiperidine sample used in the experimental work (Figure 4). The insertion of a second methyl group in 2-methyl
contained some sort of contamination, even though it was © 3-methylpiperidine lowers the enthalpy by27 k3mol™,
repeatedly distilled prior to usage and no impurities were which is |den_t|ca_l to the enthalpic increment found for 2,2,6,6-
detected by GLC (see Materials section). Electrospray ionization tetramethylpiperidine;-26 k¥mol™. These results suggest that
mass spectrometry (ESI-MS) of a freshly distilled sample insertion ofasg_conpl methyl_group produces equal st_ablllzatlon
allowed us to confirm compound integrity, as a single peak at Whichever position is o_ccupl_ed. This picture contradlcts some
Mz 114.2 (MH') was detected. The ESI-MS technique did not of the considerations given in preceding subsections. Further,
allow for detection belomvz 50, and thus, the presence of low the stabilization of similar magnitude observed for the insertion
molecular weight contaminants, such as water, could not be Of @ second methyl group at the same carbon atom, as it happens
ruled out from this analysis. Another possible explanation for twice in 2,2,6,6-tetramethylpiperidine, seems rather unlikely.
the slight discrepancy observed between the computational andnterestingly, the G3MP2B3 computed enthalpy of formation
experimental data for this compound could be that the sample ©f 2,2,6,6-tetramethylpiperidine is also more negative~
used was a mixture of cis and trans isomers, despite thekmol™ than the experimental value obtained by another
supplier's information regarding this compound as being the researchef? giving support to the experimental value of this
pure cis isomer (Aldrich ref D180300). Hence, we have further Work for 2,6-dimethylpiperidine.
analyzed the distilled compound Bi- and3C NMR, which If the theoretically estimated enthalpy of formation for 2,6-
enabled us to confirm its purity and structure, as no peaks otherdimethylpiperidine is considered, the calculated increment on
than those ofcis-2,6-dimethylpiperidine could be observed going from 2-dimethylpiperidine to 2,6-dimethylpiperidine is
(detailed spectral data supplied in Supporting Information). A —35.8 kmol~1. This means that insertion at position 6 is more
similar sample characterization was done with 3,5-dimethylpi- favorable than insertions at position 3 or 4. This is in agreement
peridine, purchased as a mixture of cis/trans isomers (Aldrich with an enhanced stabilization of the molecule due to inductive
ref 186104), and in this casé] NMR analysis allowed us to  effects as commented earlier, and further, it means that the
realize that the compound was 28.6% in trans and 71.4% in cisintroduction of two additional methyl groups when going from
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-(120i18) O

~(59.1%1.7)

H;C g CH
_(37.4+13) O/ _-67£258 ’ U }
H -35. 8b
N ~(845+1.1) —(1112+£22)
Ref. 5 or—120.3
—(47.15£0.63) N

N
Ret. 5 ~(32.0%1.7) Q _(267+24) J/\l

H,C CH;
(792 1. 6)
~(105.9 + 1.8)
H
N
~(35.8+ 1.8) Q
S
CH;,
—-(829+1.7)

FIGURE 3. Changes in the enthalpy of piperidine due to insertion of methyl groups. ValuesniokJ. (a) Experimental enthalpy of formation
of 2,6-dimethylpiperidine is considered. (b) G3MP2B3 enthalpy of formation of 2,6-dimethylpiperidine is considered.

e H on e i cH 1-propylpiperidine and from 1-propylpiperidine to 1-butylpip-
} P (512+3.0) } } eridine. A similar variation of-25.3 kJmol~* was found from
U E—— H3C>(J<CH3 comparison of the enthalpy of formation of 2-methylpiperidine
2x(-25.6) with that of 2-ethylpiperidine, as reported in another experi-
—~(111.2£2.2) —(162.4 + 2.1)Ref: 19 mental works®
or —120.3% or-170.82
Conclusions

FIGURE 4. Enthalpic change caused by the insertion of two additional
methyl groups in positions 2 and 6 of 2,6-dimethylpiperidine. Values A combined experimental and computational study has been

in kJ:mol™. (a) G3MP2B3 enthalpy of formation. carried out to manage the standard molar enthalpies of forma-
tion, in the gas phase and &t= 298.15 K, of piperidine, all
2,6-dimethylpiperidine to 2,2,6,6-tetramethylpiperidine is not methylpiperidine, and all dimethylpiperidine compounds. From
as favorable as when going from piperidine to 2,6-dimethylpi- the experimental values reported in the present work, it was
peridine. If the G3MP2B3 values are used, then the incrementspossible to find the relative enthalpic increments due to the
shown in Figures 3 and 4 change 88.2 kJmol~* from introduction of either methyl groups into the piperidine ring or
piperidine to 2-methylpiperidine;-33.9 kdmol~* from 2-me- methylene groups into the-alkyl substituent of the piperidine.
thylpiperidine to 2,6-dimethylpiperidine, and 2 (—25.2) The results clearly show that a methyl group attached to the
kJ-mol~* from 2,6-dimethylpiperidine to 2,2,6,6-tetramethylpi-  nitrogen atom of piperidine is much less stabilizing than methy/
peridine. substitution at the carbon atoms. On going frblkmethylpip-

In Figure 5, it is shown that the insertion of one methylene eridine to heavieN-alkylpiperidines such as 1-ethylpiperidine,
group in 1-methylpiperidine, yielding 1-ethylpiperidine, is 2-ethylpiperidine, 1-propylpiperidine, and 1-butylpiperidine, an
identical (within the intervals defined by their uncertainties) to enthalpic increment of about20 to —25 k}mol™1, per extra
the enthalpic changes on going from 1-ethylpiperidine to methylene group inserted, is observed. The effects of adding a

CH;, CHZCH3 CH,CH,CHj, CH,CH,CH,CHj,
N N
O —(23 0+2.6) O —(23 7+2.1) —(204£1.5)
—_—
-(59.1+1.7) —(82.1+2.0) —(105.81 + 0.66) —(1262+1.3)
Ref. 39 Ref. 10 Ref. 10

FIGURE 5. Enthalpic changes due to insertion of methylene groups into thé ¥ bond of 1-methylpiperidine, yielding heavier alkylpiperidines.
Values in kdmol™.
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second methyl group to R-methylpiperidines depend on the

position of insertion.

Several computational approaches together with selecte

working reactions were also used in the present work. Thes

have been used to estimate the enthalpies of formation of

Ribeiro da Silva et al.

The energy equivalent of the calorimeter and the bomb was
determined from the combustion of benzoic acid Thermochemical
gStandard.

The liquid samples were burnt in sealed polyester bags made of
Melinex (0.025-mm thickness), previously weighed, with a massic
energy of combustion of dry Melinex as.u® = —(22902 + 5)

e

piperidine, the four methylpiperidine isomers, the 12 dimeth-  .5-142 The mass of Melinex used in each experiment was corrected
ylpiperidines, and the 2,2,6,6-tetramethylpiperidines. For all for the mass fraction of waten(= 0.0032), and the mass of GO
these cyclic amines, almost all DFT exchange correlation produced from it was calculated using a factor previously repdtted.

functionals tested fail in the estimation of gas-phase enthalpies

of formation. Only the SVWN functional is capable to reproduce

the thermochemistry of this class of compounds if a well-chosen

working reaction is used. The MP2 and G3MP2B3 approache

were found to give consistent values, which do not largely
depend on the working reaction used and that are in close

coming from the G3MP2B3 calculations, while the SVWN

In all experiments, no carbon soot residue, resulting from
incomplete combustions, was observed.

The ignition of the samples was made &t= 298.15 K.
s Corrections were made for the energy of combustion of the cotton-
thread fuse, the Melinex, and the nitric acid formed in each
experiment. The gases of combustion were analyzed to recover the
carbon dioxide resulting from the combustion experiments. The
@mounts of the compounds burned were determined from the CO
recoveries.

approach seems to be the best method in terms of computational For all compounds, the correction to standard statds, and
cost/accuracy relation. From the results reported in this work, the calculation ofA.u° were made as described by Hubbard &fal.

it is possible to conclude that a previous check of the

For each compound¢/oT)r was assumed to be0.2 3g~1, atT

computational approach is required before entailing the theoreti- = 298.15 K, a typical value of organic compourfds'he molar
cal estimation of thermodynamic quantities. This check must masses used for the elements were those recommended by the
be done by direct comparison of theoretical and experimental [UPAC Commissiorf> Experimental details of the combustion

results available for compounds with close structures. It is als

important to consider that isodesmic reactions with similar
structures in both sides of the chemical equation, such as tha

used to estimate the enthalpy of formation of methylpiperidines
do not guarantee well-estimated enthalpies of formation.

Experimental Section

Materials. 1-Methylpiperidine (CAS 626-67-5), purity 99%,
3-methylpiperidine (CAS 626-56-2), purity 99%, 4-methylpiperidine
(CAS 626-58-4), purity 96%gis-2,6-dimethylpiperidine (CAS 504-
03-0), purity 98%, and 3,5-dimethylpiperidine (CAS 35794-11-7),
purity 96%, all in the liquid state, were obtained commercially.

o Calorimetry are presented in the Supporting Information.

Procedure for Calvet Microcalorimety Experiments. The
standard molar enthalpies of vaporization of the compounds were
etermined by microcalorimetry, using for liquids a technique
' similar to that described for the sublimation of solids by Skinner
et al?® The apparatus and the technique have been described
previously in the literaturé The calibration of the calorimeter was
made with n-undecane. Details of the technique used and the

calibration procedure are given in the Supporting Information.
Samples of about 5 mg of each compound, contained in thin
glass capillary tubes sealed at one end, were dropped at room
temperature into the hot zone of a high-temperature Calvet
microcalorimeter, held at = 334 K for the compounds 1-, 3-,
and 4-methylpiperidine, and @t= 226 K for the compounds 2,6-

The compounds were purified by repeated distillations and stored @nd 3,5-dimethylpiperidine. The thermal corrections for the glass

and handled under nitrogen atmosphere. The purity was checkedcapillaries were made by dropping tubes of nearly equal mass,
by GLC and carbon dioxide recovery from the combustion S|m_ultaneously, into each of the twin cells. After a stabilization
measurements. The average ratios of the mass of carbon dioxideP€riod, the sample was removed from the hot zone by vacuum
recovered to that calculated from the mass of samples were: €vaporation. The observe_d values of vaporization enthalpies, at the
1-methylpiperidine, 0.99937; 3-methylpiperidine, 0.99973; 4-me- temperature of the experiments, were corrected to 298.15 K
thylpiperidine, 0.100002; 2,6-dimethylpiperidine, 0.99673; and 3,5- USINg Aqq Hy(9) estimated by a group scheme based on values

dimethylpiperidine, 0.99800. Compounds-2,6-dimethylpiperidine

of Messerly et af” and of Stull et al*® yielding the following

and 3,5-dimethylpiperidine were found to be hygroscopic and corrections:

absorbed a small amount of water when handled during the

experiment as shown by the G@coveries from the combustion

and confirmed by Karl Fischer titrations. The absence of impurities ypiperidine, A
other than water was checked by GLC, and compound structure

was further confirmed by ESI-MSH NMR (CDCl;, 300 MHz),
and!3C NMR (CDCk, 75.4 MHz).

Procedure for Combustion Measurements.The standard

For 1-methylpiperidine Ajeg 15 Ho(Q) = 4.68 kdmol-%; for

3-methylpiperidine Aseg 3 HC (9) = 5.22 kdmol-%; for 4-meth-
334.4K

o8 15 Ho(9) = 5.25 kdmol=1; and for 2,6-dimeth-
ylpiperidine and 3,5-dimethylpiperidine3sg oac Ha(Q) = 4.77
kJmol~t. The schemes applied for all these compounds are
presented in the Supporting Information.

Theoretical Calculations.Four different theoretical approaches

massic energies of combustion of compounds studied experimen-were used to obtain accurate energies and enthalpi€s= &98.15

tally (i.e., 1-methylpiperidine, 3-methylpiperidine, 4-methylpiperi-
dine, 2,6-dimethylpiperidine, and 3,5-dimethylpiperidine), all in

K, for the different compounds considered in this work. These are
the Mgller—Plesset perturbation theory second-order correction to

liquid state, were measured by static bomb combustion calorimetry.

The combustion bomb used was a twin-valve combustion bomb

made by stainless steel and with an internal volume of 0.340 cm

(42) Skinner, H. A.; Snelson, Alrans. Faraday Sacl96Q 56, 1776.
(43) Hubbard, W. N.; Scott, D. W.; Waddington, &xperimental

A detailed description of the apparatus and the technique may beThermochemistryRossini, F. D., Ed.; Interscience: New York, 1956; Vol.

found in the literaturé?®41

(39) Ribeiro da Silva, M. A. V.; Cabral, J. I. T. A.; Gomes, J. R.B.
Chem. Thermodynin press.

(40) Ribeiro da Silva, M. A. V.; Ribeiro da Silva, M. D. M. C.; Pilcher,
G. Rev. Port. Quim 1984 26, 163.

(41) Ribeiro da Silva, M. A. V.; Ribeiro da Silva, M. D. M. C.; Pilcher,
G. J. Chem. Thermodyri984 16, 1149.
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1, Chapter 5.

(44) Washburn, E. NJ. Res. Natl. Bur. Stand. (U.S1933 10, 525.

(45) Loss, R. DPure Appl. Chem2003 35, 1107.

(46) Santos, L. M. N. B. F.; Schder, B.; Fernandes, O. O. P.; Ribeiro
da Silva, M. A. V.Thermochim. Act2004 415, 15.

(47) Messerly, J. F.; Todd, S. S.; Finke, H. L.; Good, W. D.; Gommon,
B. E. J. Chem. Thermodyri988 20, 209.

(48) Stull, D. R.; Westrum, E. F.; Sinke, G. The Chemical Thermo-
dynamics of Organic Compound#/iley: New York, 1969.
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the Hartree-Fock energy (MP2}? the density functional theory ~ 6-31G(d) level and the fourth-order MgllePlesset perturbation
(DFT)-based methods: the SVWN-LSDA meth§d} the BP86 theory (MP4) is substituted by the computational less-demanding
pure GGA method?53the PW91PW91 pure GGA methétiand MP2 approach.

the B3LYP hybrid method®%¢and the G3MP2B3 approach based

on the Gaussian-3 theory (G3)The MP2 calculations were carried Acknowledgment. We thank Fundgio para a Ciacia e
out by inclusion of all electrons and considering the standard 6-31G- Tecnologia (FCT), Lisbon, Portugal and to FEDER for financial
(d) basis set. The final energies were correctedlfer 298.15 K support to Centro de Investigiacem Qumica, University of

by the calculation of vibrational frequencies at the same level of porto. J.I.T.A.C. and J.R.B.G. thank FCT and the European
theory and including a scale factor of 0.9681n DFT calculations,  Social Fund (ESF) under the 3rd Community Support Frame-
a similar strategy was followed but considered different scaling \york (CSF) for the award of Ph.D. (BD/5364/2001) and post-

factors in the calculation of frequencies. For the BP86/6-31G(d) ¢ (BPD/11582/2002) research grants, respectively.
calculations, a scale factor of 1.0108 was used, and in B3LYP/ '

6-31G(d) calculations, a different scale factor of 0.9804 was used

Supporting Information Available: Schemes used for the
as suggested by Scott and RaddnNo scale factor was used in i g

X . estimation of theAJqg H3,(g) values; description for combustion
the SVWN and PW91 calculation of frequencies. In some test Cases, easurements and detailed data of each combustion experiment;

the influence of added diffuse and polarization functions in the final calibration of the Calvet microcalorimeter and microcalorimetric
computed gas-pha_\se enthalpies of formation was analyzed. In the, tandard enthalpies of vaporizationTat 298.15 K; full-optimized
G3-based calculations, the standard G3MP2B3 approach was use%eometries and enthalpies Tat 298.15 K: andH- and*C NMR

as included in the Gaussian 98 pack&y this modification of data ofcis-2,6-dimethylpiperidine and 3,5-dimethylpiperidine. This

the original G3 approach, the main differences are in the calculation L B . .
of harmonic frequencies, which is now performed at the B3LYP/ material is available free of charge viathe Internetat http://pubs.acs.org.
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