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ABSTRACT: Two group increment schemes that convert HF/6—31G(d) and B3LYP/6-31G(d) calculated energies of
aliphatic amines to estimates of heats of formation have been developed. For the set of 25 compounds used to develoj
the methods, root mean square errors for both methods were found to be 0.47 kca(inktal = 4.184 kJ).
Calculations on an additional eight compounds are reported. Copyti@®01 John Wiley & Sons, Ltd.
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INTRODUCTION interested, the accuracy of the method, the chemists
expertise in computational chemistry and the computing
Heats of formation are fundamental thermochemical equipment available to them. The simplest methods, such
quantities, and as such can be helpful in understanding aas Benson's tables, require a little thought and only a
wide variety of phenomena. Not surprisingly, there is a pencil and paper to apply. However, this method is not
substantial amount of literature reporting experimental very flexible since even minor structural changes (e.qg.
determinations of heats of formation, and many of these gaucheinteractions in a carbon chain) require special
data are also available from an excellent NIST resolirce. parameters. Therefore, one must restrict oneself to
Despite this, one still encounters situations where the compounds without any unusual structural features.
appropriate data are not available. Obtaining new, high- Using schemes in which part or all of the energy of the
quality experimental determinations of heats is a time- molecule is explicitly calculated can enhance the
consuming and demanding undertaking. For many flexibility of computational methods. Semiempirical
chemists without experience in obtaining thermochemi- MO methods use this approach but have proved to be
cal data, this means either employing the services of aconsiderably less accurate than experimental measure-
specialist with the appropriate equipment and expertise toments. Molecular mechanics methods use their strength
do the determination, or attempting a less accurate at calculating steric energies to increase flexibility, and a
determination themselves, or doing without the needed sophisticated bond and group additivity scheme to yield
datum. calculated heats of formation that are fairly accurate.
Alternatively, there are a variety of computational Since the molecular mechanics method is fairly fast, the
techniques for calculating heats of formation. These technique can be applied to large molecules. Maist
range from simple, empirical group additivity schemes initio methods for the calculation of heats of formation
such as Benson'’s tablésp semiempirical MO methods,  are not trulyab initio, since they often use experimental
to molecular mechanics methotig highly sophisticated  heats of atomization or heats of formation for simple
compoundab initio methods> The utility of any of these  model compounds as part of the calculation. Some of the
methods to chemists who are seeking missing data will most popularab initio methods, the G1, G2 and G3
depend on the nature of the compound in which they are methods’ have been fully automated within the Gaussian
98 program and are easy to use even for the non-expert.
However, the computer resources necessary are sub-
*Correspondence to:N. L. Allinger, Computational Center for  stantial even for small molecules. For example, a G2
Molecular Structure and Design, Department of Chemistry, University cglculation requires all of the following calculations:
of Georgia, Athens, Georgia 30602-2526, USA. . ! -
geometry optimization and frequency calculations at the
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number:31129-AC4. HF/6-31G(d) level, geometry optimization at the
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MP2(full)/6—-31G() level and single-pointcalculations
on the MP2 geometryat the following levels: MP4/6—
311+G(d,p)MP4/6-311G(2tp), MP2/6-31%G(3df,2p)
andQCISD(T)/6—-311G(d,p)With present-dayomputer
technologysuchcalculationsare only possibleon small
molecules. For non-computationalchemists who are
unlikely to havestate-of-the-artomputersthis scheme
is evenmorerestrictive.

Our interestin obtaining heatsof formation from ab
initio calculationsspringsfrom the fact that we are the
developers of molecular mechanics programs that
attempt to calculate accurately molecular properties,
andthoseincludeheatsof formation.Sincethemolecular
mechanicgprogramsare parameterizedo fit experimen-
tal data, we needa large amount of good data, and
sometimesve find thattheyarenotavailable In addition,
we sometimesfind data that we cannot reproduce
satisfactorily.In sucha situationwe mustdecidewhether
theparameterizatiorthe moleculamechanicsnethodor
theexperimentatiatais atfault. Hence Jike manyothers,
we neededa quick butaccuratemethodof calculatingthe
requireddata.

When Wiberg® and Ibrahim and Schleyef indepen-
dently demonstratedhat reasonablyaccurateheats of
formationcould be obtainedfrom HF/6—-31G(d)calcula-
tionsandgroupor atomequivalentsye seizedon this as
the basisfor a methodthat would be able to obtainthe
datawe neededn a computationallyefficient way. Our
experiencavith molecularmechanicgold usthata more
elaborategroup equivalentschemethan those used by
WibergandSchleyemwasneededo obtainmoreaccurate
results.We thensetout to developsucha schemeand
eventually determined the equivalents necessaryfor
convertingHF/6—-31G(d)energiesto heatsof formation
for alkane$ amines® alcohols’ ethers’ aldehydes?
ketones® carboxylic acidsi® esterst' thiaalkanes?
radical$® and alkenes:* After a decadeof experience
we have now decidedthat the basic methodswe used
earliercanbe improvedin two importantways.First, in
our original work the parametersfor alkanes were
determinedrom a limited setof experimentaldata.We
havefound that the limited dataresultedin somesmall
but significantsystematicerrorsthat could be corrected
by simply using more data. The revised alkane par-
ametershave been determinedand published> How-
ever, since most organic molecules contain saturated
carbons the parametergor the other functional groups
also needto be updatedsince they dependupon the
alkane parametersin this paper,the appropriatepar-
ametersfor amines are updated. Second, since our
original work in the area, computer hardware and
software have improved tremendously,allowing the
averagechemistto perform higher level calculations.
B3LYP/6-31G(d)alculationgasimplementedn G946
and G98"") havebecomeroutine. In this paper,we also
report the equivalentsnecessaryto convert B3LYP/6—
31G(d)energiesof aminesto heatsof formation.

Copyright0 2001JohnWiley & Sons,Ltd.

COMPUTATIONAL METHODS

Ourtechniquéor calculatingheatsof formationhasbeen
describedpreviously®*° Briefly, it consistsof calculat-
ing an energyusing Hartree—Foclor densityfunctional
theory, and convertingit to a heatof formation using
bond and group equivalentsand statistical mechanical
terms.It canbe summarizedn the equation:

AH; =E+ ) an + POP+ TOR+ T/R
j

whereE is the HF/6—-31G(d)or B3LYP/6-31G(d)using
the methodin Gaussiar94'® and98') energycalculated
for the lowestenergyconformerof the molecule,the g
arethebondor groupequivalentsthen; arethe countsof
thebondsor groupsandPOP, TORandT/R arestatistical
mechanicaterms.POPis theexces€nergyin theheatof
formationdueto populatinghigherenergyconformerslt
is calculated as a Boltzmann population-weighted
averageof the relative energiesof all conformationsof
themolecule TORis theexcessnergydueto populating
low-energy rotational statesinvolving rotation around
singlebonds.lt is calculatedby countingthe numberof
singlebondsin themoleculefor whichthereis ratherfree
rotation (excluding methyl groups)and multiplying by
0.001594 hartreewhenusingHF calculations,or 0.000
727 hartree when using B3LYP calculations:®> T/R
consistsof the translationalandrotationalenergyof the
molecule (0.5RT per degreeof freedom;3RT for non-
linear molecules) plus the energy (1RT) neededto
convertan energyto an enthalpy.Actually, it might be
pointedout that thereare two methodsbeing described
here.The sameequationis usedfor both, but for oneHF
energiesare usedand for the other B3LYP. The same
procedureis usedfor both, and separatgparametersets
are generated.The schemecan be applied to any
consistentlevel of quantum mechanicalcalculations.
For hydrocarbonsthe calculatedresultsaredownto the
level of accuracyof the experimentabataalready,sono
higherlevelis necessaryith functionalizedmolecules,
the situationis lessclear.

To developthe schemefor calculatingthe heatsof
formation of amines, the structural elements that
representhe group equivalentswere selecteda list of
moleculescontainingthe appropriatestructuralelements
and having accurately known experimental heats of
formationwasassembledandthe E, POP, TOR andT/R
termswere evaluated.In addition, the bond and group
equivalentcorrespondingo the saturatedalkyl portions
of the amineswere obtainedfrom our previouswork on
alkanes"® Substitutingthesedatainto the equationyields
a set of simultaneousequations(the numberof which
equalsthe numberof moleculeschosen)in which the
only unknownsarethebondandgroupequivalentsg;, for
amines.Thesesimultaneousquationsverethen solved
by usingthe least-squaremethod.
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Table 1. Aliphatic amines and the number of equivalents in each compound

Compound CN NH NME NISO NSEC NTER NTBu
Ammonia 0 3 0 0 0 0 0
Methylamine 1 2 1 0 0 0 0
Dimethylamine 2 1 2 0 1 0 0
Trimethylamine 3 0 3 0 0 1 0
Ethylamine 1 2 0 0 0 0 0
Propylamine 1 2 0 0 0 0 0
n-Butylamine 1 2 0 0 0 0 0
tert-Butylamine 1 2 0 0 0 0 1
Piperidine 2 1 0 0 1 0 0
2-Methylpiperidine 2 1 0 1 1 0 0
Cyclopentylamine 1 2 0 1 0 0 0
Cyclohexylamine 1 2 0 1 0 0 0
Diethylamine 2 1 0 0 1 0 0
secButylamine 1 2 0 1 0 0 0
Isobutylamine 1 2 0 0 0 0 0
Isopropylamine 1 2 0 1 0 0 0
Pyrrolidine 2 1 0 0 1 0 0
Triethylamine 3 0 0 0 0 1 0
Pyrroliziding' 3 0 0 1 0 1 0
Dimethylpyrrolizidine’ 3 0 0 3 0 1 0
Tetramethylpiperiding 2 1 0 0 1 0 2
trans-Decahydroquinolidine 2 1 0 1 1 0 0
Dipropylamine 2 1 0 0 1 0 0
Tripropylamine 3 0 0 0 0 1 0
Disobutylamine 2 1 0 0 1 0 0

& 1-Azabicyclo[3.3.0]octane.
b cis-3,7aH-cis-5,8-H-3,5-Dimethylpyrrolizidine.
€2,2,6,6-Tetramethylpiperidine.

Experimentaheatsof formationfor compoundsn the
gasphaseat 298K weretakenfor the collectionsof Cox
andPilcher!® Pedleyetal.,*® anda NISTChemistryWeb
Book chapter by Afeefy et al.® Molecular orbital
calculationswere carriedout using Gaussiarf4, the 6—
31G(d) basis set and, where appropriate,the B3LYP
method. POP terms were evaluated using relative
energiesof conformersobtained from molecular me-
chanics.

RESULTS AND DISCUSSION

Severbondandgroupequivalentsvereselectedo fit the
amines.Theseconsistof, first, the bond equivalentsfor

the CN and NH bonds. The NSEC and NTER group
equivalentsare then used for secondaryand tertiary
amines, respectively. Thus, the CN and NH bond
equivalentsare optimized for primary aminesand no

equivalenfor the primaryaminess requiredIn addition,
equivalentsfor the type of carbonthat bearsthe amino
group are used. The NME, NISO and NTBU group
equivalentsare usedwhenthe carbonbearingthe amino
groupis a methylgroup,a secondangcarbonor a tertiary
carbon,respectively (A group equivalentis not needed
whenthe aminogroupis attachedo a primary carbon,
sincethe CN andNH equivalentswill be optimizedfor

this case.)In this work, 24 aminesand ammoniawere
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usedto evaluatethe equivalentsCompletdistings of the
compoundsand the countsof the equivalentsin each
moleculeare shownin Table 1. Thesecompoundstheir
experimentally determined heats of formation, POP
valuesand countsof the numberof bondsrequiring a
TORcorrectionareshownin Table2. Theenergief the
lowest energyconformationof thesemoleculesat both
the HF/6—31G(d)and B3LYP/6-31G(d)levels of theory
areshownin Table3.

Two POP termseacharelisted for cyclopentylamine
andpyrrolizidine. In eachof thesecompoundsdifferent
conformerswere found to be the most stablefrom the
Hartree—Fockand the B3LYP methods.Normally, we
calculate the POP terms using relative energies of
conformers calculated using molecular mechanics.In
thesecases separatePOP termswere calculatedusing
HF andB3LYP relative energiesin principle, the POP
termsshouldalwaysbe calculatedn this way. However,
in practice there is usually only a minor (negligible)
differencebetweenthe POP term calculatedwith mol-
ecularmechanicor the MO methodsIn thesecasesthe
two MO methoddliffer by 0.2and0.1kcal mol™* (1 kcal
= 4.184kJ) for cyclopentylamineand pyrrolizidine,
respectively.

The datain Tables1-3, along with the countsand
valuesof our previously publishedalkane equivalents,
allow oneto obtainaleast-squarefit for thevaluesof the
sevennew equivalentsneededo definealiphaticamine
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Table 2. Heats of formation, POP and number of units of TOR for compounds used in determining the values of the equivalents

Compound AH;¢ POP TOR
(kcalmol™) (hartree) (No. of units)
Ammonia —10.98 0.00000 0
Methylamine —5.50 0.00000 0
Dimethylamine —4.43 0.00000 0
Trimethylamine —5.67 0.00000 0
Ethylamine —-11.35 0.00005 1
Propylamine -16.77 0.00038 2
n-Butylamine —-21.99 0.00094 3
tert-Butylamine —28.80 0.00000 1
Piperidine —-11.76 0.00016 0
2-Methylpiperidine —20.19 0.00025 0
Cyclopentylamine —-13.11 0.00047(HF) 2
0.00021(B3LYP)?
Cyclohexylamine —25.07 0.00038 1
Diethylamine —-17.33 0.00075 2
secButylamine —25.07 0.00051 2
Isobutylamine —23.59 0.00043 2
Isopropylamine —20.02 0.00018 1
Pyrrolidine —0.80 0.00022 1
Triethylamine —22.06 0.00010 3
Pyrrolizidine —0.93 0.00048(HF) 2
0.00032(B3LYP)?
Dimethylpyrrolizidine —15.90 0.00035 2
Tetramethylpiperidine —38.22 0.00026 0
trans-Decahydroquinolidine —26.99 0.00026 0
Dipropylamine —27.84 0.00082 4
Tripropylamine —38.48 0.00036 6
Disobutylamine —42.83 0.00092 4

@ Seetext

Table 3. Electronic energies (hartee) of the lowest energy conformers of amines used in determining the values of the

equivalents

Compound HF/6-31G(d) B3LYP/6-31G(d)
Ammonia —56.18436 —56.54795
Methylamine —95.20983 —95.85320
Dimethylamine —134.23885 —135.16285
Trimethylamine —173.26930 —174.47441
Ethylamine —134.24773 —135.17073
Propylamine —173.28248 —174.48459
n-Butylamine —212.31708 —213.79821
tert-Butylamine —212.32181 —213.80311
Piperidine —250.18870 —251.90437
2-Methylpiperidine —289.22681 —291.22205
Cyclopentylamine —250.18635 —251.90043
Cyclohexylamine —289.23035 —291.22429
Diethylamine —212.31404 —213.79430
secButylamine —212.31937 —213.80075
Isobutylamine —212.31733 —213.79818
Isopropylamine —173.28567 —174.48727
Pyrrolidine —211.14442 —212.58202
Triethylamine —290.37244 —292.41613
Pyrrolizidine —327.08472 —329.31564
Dimethylpyrrolizidine —405.15925 —407.94977
Tetramethylpiperidine —406.32432 —409.15967
trans-Decahydroquinolidine —405.17222 —407.96005
Dipropylamine —290.38334 —292.42333
Tripropylamine —407.47638 —410.35706
Disobutylamine —368.45284 —371.05204
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Table 4. Values (hartree) of the equivalents for amines

Equivalent HF/6-31G(d) B3LYP/6-31G(d)
CN 27.630403 27.790293
NH 18.721013 18.842210
NSEC —0.005396 —0.004978
NTER —0.014561 —0.011133
NME 0.004105 0.002570
NISO —0.003427 —0.002558
NTBu —0.010249 —0.007853

structuresThe valuesof the equivalentfor boththe HF

andB3LYP methodsaregivenin Table4. Thecalculated
heatsof formation that one obtainsby using the new
incrementsare given in Table 5. The r.m.s. error for

fitting the heatsof formation of theseaminesusing the
HF and B3LYP methodswas found to be the same,
0.47kcalmol™. Thisis in contrastto our previouswork

on alkaneswherewe found the B3LYP resultsto be of

superior accuracy.(The r.m.s. errors from thesetwo

methodsfor the correspondingcalculationson hydro-

carbonswere 0.71 and 0.36kcalmol™*, respectively.)
The presentresultis probablydue to the quality of the

experimentalataratherthanto therelative meritsof the

two methodsWe alsocarriedout calculationsusingHF

andB3LYP methodswith the 6—-31G(d)basison carbon
and hydrogen,but with the 6-311+G(d)basis set on

nitrogen,andno improvementwasfound.

If our quantumcalculationswere exact,there would
presumablybe no needfor the lastfive termsin Table4.
Thesetermslead to a stabilizationof branchedchains.
This is a familiar effect, generalfor organicmolecules.
The cause of this effect is not entirely known, but
apparentlyis due in part to electroncorrelation.In a
branchedchain suchas neopentanethe electronsin the
moleculeare moreinfluencedby oneanotherthanin an
elongatedchain suchas n-pentane.ln our calculations,
the Hartree—Fockmethod does not reproduceelectron
correlation,and relatively large incrementsare needed
hereto accountfor that. (They may be accountingfor
additional things as well.) When we go to the density
functional calculation, some electron correlation is
included, and consequentlythe magnitude of this
stabilization(the increment)is reduced An examination
of Table 4 showsthis clearly. While thesenumbersare
smallin hartreesandso smallin a quantumsensethey
havea largeimpacton the heatsof formation, beingin
generalon the orderof severakcalmol ™.

In addition to the 25 compoundsusedin fitting the
equivalentswe performedcalculationson an additional
eight compoundgor which we havetrouble fitting the
experimentabdata. Thesecompoundsandthe numberof
equivalentsin eachare listed in Table 6, and Table 7
containsthe dataneededo calculateheatsof formation
for thesecompoundsTable 8 comparesour calculated
heats with experimentalresults and MM3 calculated
heats.

Table 5. Calculated heats of formation (kcal mol~") and comparison with experimental values

Compound Experimental HF Error B3LYP Error
Ammonia —10.98 —10.98 0.00 —10.98 0.00
Methylamine —5.50 —4.61 0.89 —4.74 0.76
Dimethylamine —4.43 -3.85 0.58 —4.38 0.05
Trimethylamine —5.67 —6.36 —0.68 —-5.96 -0.29
Ethylamine —-11.35 —11.95 —0.60 —-12.34 —0.98
Propylamine -16.77 —-17.13 —0.36 -17.51 -0.74
n-Butylamine —21.99 —22.08 —0.09 —22.37 —0.38
tert-Butylamine —28.80 —28.91 -0.11 —28.56 0.24
Piperidine —-11.76 —12.24 —0.48 —11.95 -0.19
2-Methylpiperidine —20.19 —20.26 —-0.07 —20.07 0.12
Cyclopentylamine —-13.11 —13.00 0.11 —-12.74 0.38
Cyclohexylamine —25.07 —24.96 0.11 —24.51 0.56
Diethylamine —-17.33 -17.73 -0.40 -16.91 0.42
secButylamine —25.07 —24.35 0.72 —24.64 0.43
Isobutylamine —23.59 —24.44 —0.85 —24.16 —0.57
Isopropylamine —20.02 —19.83 0.19 —-19.72 0.30
Pyrrolidine —0.80 -0.11 0.69 -0.97 -0.18
Triethylamine —22.06 —21.76 0.29 —21.98 0.08
Pyrrolizidine —0.93 -1.09 —0.16 -1.02 —-0.10
Dimethylpyrrolizidine —15.90 —-16.25 -0.35 —-16.59 —0.68
Tetramethylpiperidine —38.22 —38.17 0.05 —38.34 -0.12
trans-Decahydroquinolidine —26.99 —26.85 0.14 —26.63 0.36
Dipropylamine —27.84 —28.34 —0.50 —28.42 —0.58
Tripropylamine —38.48 —37.58 0.90 —37.50 0.98
Disobutylamine —42.83 —42.85 —0.02 —42.70 0.12
R.m.s.Error 0.47 0.47
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Table 6. Additional amines and the number of equivalents in each

Compound CN NH NME NISO NSEC NTER NTBu
Disopropylamine 2 1 0 2 1 0 0
Quinuclidine 3 0 0 0 0 1 0
Butylmethylamine 2 1 1 0 1 0 0
3-Azabicyclo[3.2.2]nonane 2 1 0 0 1 0 0
Azacycloheptane 2 1 0 0 1 0 0
Butylisopropylamine 2 1 0 1 1 0 0
Dibutylamine 2 1 0 0 1 0 0
Butylisobutylamine 2 1 0 0 1 0 0
Table 7. POP, number of units of TOR, HF/6-31G(d) and B3LYP/6-31G(d) energies

POP TOR HF B3LYP
Compound (hartree) (No. of units) (hartree) (hartree)
Disopropylamine 0.00035 2 —290.38368 —292.42547
Quinuclidine 0.00000 0 —327.07880 —329.31072
Butylmethylamine 0.00061 3 —251.34576 —253.10675
3-Azabicyclo[3.2.2]lnonane 0.00026 0 —366.11498 —368.62483
Azacycloheptane 0.00031 1 —289.21264 —291.20873
Butylisopropylamine 0.00094 4 —329.41840 —331.73828
Dibutylamine 0.00128 6 —368.45258 —371.05059
Butylisobutylamine 0.00131 5 —368.45274 —371.05135
Table 8. Experimental and calculated heats of formation (kcal mol~") for additional amines
Compound Exp. HF B3LYP MM3
Disopropylamine —32.58 —29.99 —30.89 —31.55
Quinuclidine —-1.03 1.56 1.20 —-1.26
Butylmethylamine —25.88 —21.32 —21.52 —-21.11
3-Azabicyclo[3.2.2]nonane -10.44 —13.39 —9.86 —6.83
Azacycloheptane —10.80 —16.49 —-12.63 -10.21
Butylisopropylamine —39.44 —34.43 —-34.81 —34.85
Dibutylamine —37.43 —38.69 —38.58 -38.14
Butylisobutylamine —41.80 —40.65 —40.52 —39.52

Disopropylaminés aninterestingcaseIn our original
paperusingHartree—Foclkalculationdo determineheats
of formation of amines’ a heat of formation of
—30.02kcal mol~* wasfound,whichis in fair agreement
with thosereportechere(—29.99and—30.89cal mol 1
using the HF and B3LYP methods,respectively).As
notedin the earlier paper,this value wasin very poor
agreementvith the thenacceptedexperimentalalue of
—34.41kcalmol *.2°*?°Sincethattime, theexperimental
heatof formationhasbeenredetermine@ndfoundto be
—32.58kcalmol 1! in better agreementwith our
calculatedresultsbut still morenegativethanour results.
The MM3-calculatedheatof formation of disopropyla-
mineis —31.55kcal mol™*, which alsosuggestshat the
experimentaresultmay still betoo negative(Table 8).

For di-n-butylamine and n-butylisobutylamine, the
experimentaheatsare consistentlyeithermore negative

Copyright0 2001JohnWiley & Sons,Ltd.

(n-butylisobutyamine ) or more positive (di-n-butyla-
mine) by roughly 1kcalmol™ than those calculated
using the three methods (HF, B3LYP and MM3).
Although the errors are relatively small, it might be
appropriateto repeatthe experimentalwork.

The consistencyof the calculatedheatsof formation
andthelargedisagreemenwith theexperimentaheatsof
methylbutylamineand butylisopropylaminesuggesthat
theexperimentahumbersarevery likely inaccurateThe
experimentalheat of formation for methylbutylamine
(—25.88kcalmol™) is more than 4 kcalmol™ more
negativethanthe calculatedvalues(—21.32,—21.52and
—21.11kcalmol™* for the HF, B3LYP and MM3
methodsrespectively).Similarly, the experimentaheat
of formationfor butylisopropylaming—39.44kcalmol™?)
is morethan4 kcalmol~! more negativethanthe calcu-
latedvalues(—34.43,—34.81and—34.85kcal mol~* for

J. Phys.Org. Chem.2001;14: 90-96
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the HF, B3LYP and MM3 methods,respectively).The
experimentalheats of formation of methylbutylamine

andbutylisopropylanme clearly shouldberedetermined.

We alsonotethatit is now becomingfeasibleto study
outliersin our methodof deriving heatsof formationby
employing the G2 method, which shouldyield results
accurateto about2 kcalmol™* for smallmolecules.

The datain Table 8 suggesthattherearelargeerrors
in eitheror boththe experimentahnd/orcalculatecheats
for quinuclidine, 3-azabicyclo[3.2.2]nonanand azacy-
cloheptaneWe areunwilling to speculatesto thesource
of the errorsbecausef the inconsistencyf the data.
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