
The initiation ad the course of a chemical reaction is 
determined by many factors. But none are of such fun- 
damental importance as are the thermodynamic aspects 
ofareactioa.Quiteoftenthecouneofthat~tionis 
taken which leads to the most stable products. This is 
diiy the case in reactions where thermodynamic 
product control is prevailing. In other cases. the most 
stabk products are obtained after passing through some 
intermediate structures. 

Further, qtiirium constants, K, are directly related 
to changes in free energy and can be cakulated from 
them: 

Tbechangesinfreeenergyduringareactioncanbe 
obtained from the heat of reaction, AH, and the change 
in entropy, AS. 

AG=AH-TAS. 

Hence, heats of reaction can be used. in conjunction 
with entropy data. to predict whether a part&&u reac- 
tion is likely to give a rcasonabk yield of a desired 
product. 

A knowledge of heats of reaction is therefore indis- 
pensable for a comprehensive treatment of chemical 
reactivity. As we are designing various models for pn- 
dictingtherea&ityofoqpniccompoundsweluuJto 
get a hold on heats of reaction. The most rigorous way to 
test and evaluate a model is to put it into algorithmic 
form. In designing an algorithm the premises of a model 
must be clearly deflnal to obtain a program which is 
exactly doin# what it is supposed to. Furtbcr, once a 
p~iswritten,tbemodelcanbeappliedtoa~ 
number of cases with ease and speed to test the validity 
and range of a model. 

We are especiahy hkky in ha* developed a com- 
puter program which generates reactions by a formal 
procedure.’ Bonds and ekctrons of mokcuks are rear- 
ran@ in all mathematkally possibk manncn. Tints, for 
a given set of mdecuks all conceivabk reactions are 
obtained. This provides an ideal basis for testing hypo- 
theses and models for the predktkn of rea&itks. A 
specitkmodelisputintoalgoritJunkformandconverted 

into a computer program which becomes a subroutine of 
the main system. The main system then automatically 
supplks a large variety of reactions which have to be 
evaluated by the model. A realistic model must serve to 
extract the chemically feasttie reactions from the col- 
lection of matbematicatly post&k ones. It is against this 
background that we were search@ for a method to 
estimate heats of reaction. 

The b&i approach for calculating brats of reaction is 
given by qn (1): 

AK = 2 AH: (products) - 2 AH; (reactants). (1) 

Ihis requires a knowledge of the heats of formation of 
starting materials and products of a reaction. 

In principle, beats of formation can be obtained 
through quantum mechanical calculations. At present, 
such an approach is feasible for rather small systems 
only. The limit on the size of the q olqules is somewhat 
depending on the method chosen and the amount of time, 
effort, aud expense one is inclined to spend. But the 
requirements for stotage SF, computatiot~ times, and 
careful geometry optim&tnm will place UK limit 
presently at systems with about 15-24) nonhydrogen 
atoms for ub in& techniques, somebow larger for 
s&empirical methods. In any case. it is stiJl prohibitive 
to project the use of these methods in our reaction 
generating system, routinely hand@ molecules with 
30-70 atoms and generating about 4-8 reactions per set 
(on an AMDAHL 470 V/6). 

The cakulatal values for the heats of reaction should 
be accura@ to within l-2 kcal/mok to be chemically 
useful. Recall that a ditference in free energy of about 
2kcaUmokwillshiftanquilMunfrom!30:10to10:90 
at room temperature, thus completely reversing the ratio 
of products. Such an accuracy cannot be reliably 
obtained with presentday quantum mechanical methods 
inthegeucralcase. 

Sin&determinant molecular orbital methods, which 
an the most widely used ones, are known to kad to poor 
values for the total energies of mokcdcs. lbe use of 
limited basis sets of various sizes gives results which 
may be contradk@y. But even at the Ha&u?-Fock 
limit neglect of electron correlation is a serious probkm. 
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It is the hope when applying singiedeterminant moiecu- 
iar orbital theory to closed sheii systems that there is a 
canceiiation of correlation effects. in studying heats of 
hydrogenation Popie et al.’ showed that at least a 
moderately extended. basis set was necessary to give 
reasonabk estimates, the mean absolute deviation stili 
being 5.5 kcai!moie. Bond separation energks of 
isodcsmk reactions where starting mat&is and 
products have the same number of bonds of the same 
type are reproduced with siightiy better succes!3: the 
mean absolute deviation beii 3.5 kc&role. 

Semi-empiricai quantum mechanicai methods have 
deficiencies of their own. For example, the stabiiity of 
smaii rhr9s is overestimated in the CNDG or MINDG 
approach. 

Rejecting quantum mechanicai methods, moiecuiar 
mechanics cakuiations’ were considered. This approach 
was not acceptable to us as only a iimited number of 
classes of compounds has been pmameterixed. WC, 
however, aimed at a system cap&k of handhng a wide 
variety of compounds. Further, computation times of 
force field caicuiations are stiii orders of magnitude 
higher than we wanted to tolerate. 

Quantum mechanical and molecuiar mechanics cai- 
culations not having offered a sohrtion to our problem WC 
turned our attention to a completely empirical approach. 
ExperimeWiy, heats of formation have been deter- 
n&red for a fair boot of compotmd8.~ Otis 
the appropriate vahres for start& materials and pfobts 
into eqn (1) would yield values for heats of reactions. 
But clearly so, only for reactions where the values for ali 
starting materials and products are known And this 
rquirement amounts to a very severe limitation. In 
comparison with the number of compounds that exist the 
number of experimentai thermochemicai data avaiiabie is 
minute. 

But ~~~he~ values can offer a sohrtion! By 
e&acting from the experimental heats of forma&u 
parameters for certain structurai features and then ap- 
piyisg them on the basis of an additivity scheme to other 
molecular structures predictions for heats of formation 
can be made. Provided that the parameterization has 
been made correctly and consistently the accuracyofthe 
predictor system is predominantiy dependent on the 
mrmber of parameters used for a certain class of can- 
pounds, On the other hand, too many parameters make 
the estimation profzess cumbersome and slow. As our 
approach is hased on such an additivity scheme a brief 
discussion is necessary. 

Additivity schemes for &mating heats of oto- 
‘lb basic assumption of additivity schemes for es& 

mating heats of formation is that heats of formation CUL 
be broken down into stnr&ual contrii which are 
additive and can be transferred from one compound to 
another. In the foliowing, we win center the discussum 
on heats of atom&ion as the values for the stnmtmai 
parameters are often more accessiWe to direct physical 
interpretation. The v&s given for the parameters refer 
to298.1Yaodtothega.sphase. 

Heats of atomization can be obtained from heats of 
formation in conjunction with the heats of formation of 
gaseous atoms (eqn 2): 

Quite early, Fajar& suggested to estimate heats of 
atomization by contriitions from individual bonds. 
Si then, many different schemes have been proposed. 
To 6nd a common basis for comparison we wiii center 
our discussion on alkanes. For aikanes, bond additivity 
asks for two parameters, one for a C-C bond and one for 
a C-H bond. As has aiready been recogn&d by FajansP 
bond additivity leads to deviations of several kc&mole 
in the aikanes. Aim, isomeric alkanes ail receive the 
same value for their heat of atomization. From among 
tire various schemes proposed for estimatiqt heats of 
atomization of alkam WC decided to choose a scheme 
which uses four parameten for aikanes as it promised to 
offer a reasonable compromise between number of 
parameters necessary and accuracy thus obtained. There 
exist three diRerent four-parameter schemes’~ which 
were shown’ to be num&.aiiy quivaient. 3-Methyi- 
peatane (I) will be used as an caption for the three 
diRerent approaches. 

HHHHH 

‘Ilte cxperimentai heat of atomization of 1 is 
1795.82 kcai!moie.‘” 

In the Benson scheme’ groups consisting of poiyvaient 
atoms and their iigauds are considered. In the above 
case, the heat of atomixation is given by the con- 
tributions of three C_(C)(Hh. two G(CXIih, and one 
C_o groups.‘z This gives:” 

3 x 337.39 + 2 x 280.0 + I x 223.65 = 1795.82 kcai~moie. 

(3) 

In the Laidier scheme,’ aii deviations from simple 
bond additivity are concentrated into the GH bonds. In 
the aikanes we have three values for a C-H bond 
depending on whether the carbon atom is primary, 
seco&ry, or tertiary. In our example, we have nine 
e(GH),, four &GET),, one E(G@ and five WGC),‘2 
resulting in” 

9x98.44+4x97.93+1x97.44+5x84.14 

= 1795.82 kcai/rnok. (4) 

The Ahen schemes’ uses parameters for individual 
bonds; for alkanes, B(C-C) and B(C-H). Deviations from 
simple bond additMy arc attriited to interactions of 
pairs of bonds Ccc (~CC~~eter’~ and trios of 
nonbonded atoms around a central carbon atom Wb 
@(CCQpammeter. fr~terrtctions which hrvolve. 
hydrogen atoms are set to xero. ‘Ibe heat of atomixation 
of 1 is obtahmd from 14 B(GH), Rve B@C), five 
G(ccc), and one D(cX!c!) vahm:‘3 

14x%.97+5x80.%+5x1.10+1x(-0.%) 

= 179S.82 kcai/mole. (S) 

As can be scab ail three s&mu arc numericaRy 
eouivaknt. amL in this example, reproduce the experi- 
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mental value fortuitously exactly. Within a set of 49 
alLanes the mean absohte deviation was obtaixd as 
0.64kcal/mole with these parameters.” The basic 
assumptions of the Laidkr or Allen scheme-to umccn- 
trate deviations from a simpk bond additivity scheme 
into GH bond parameters, or interactions of non- 
hydrogen neighbors, respectively+ue thwretically un- 
pleasing. But from thermochemical data alone there is no 
way of assigning the deviaGons from simple bond ad- 
ditivity to individual bonds or interactions witbout arbi- 
trary assumptions. There will always be more unknowns 
than eqoatioas as linear dependences occur. 

l78e genemtion of rt5ction.1 
Before we go into the details of our approach for 

estimatingheatsofatomiWionandheatsofrea&na 
brief introduction into the basic logic of our program 
system seems appropriate. 

To manipulate chemical structures by computers a 
representation for molecules has to be chosen. We 
decided to deal in the Erst phase only with the con- 
stihttion of molecules. lbe constitutional aspects of 
molecules are responsible for the bulk of chemical pn+ 
perties. For example, the energies of steric inter&ions 
are typically SO-100 times smaller than bond energies. 
Stereochemistry can be treated as a r&ement of a 
constitutional description.” For specify@ the con- 
stitution of molecules topological repnsentatioas have 
been most commonly accepted. From among these we 
have chosen to represent molecules by lists of atoms aod 
bonds. By also accounting for the free electrons on 
atoms ail valence electrons are taken can of. This is 
important for the treatment of reactions where shifts 
between free and bonding electrons can occur. Fm 1 
shows the internal representation of vinyUIuoride. For 
each atom the atomic number aod the number of free 
electrons is carried. For each bond the indices of the two 
atoms involved and the bond order are given. 

In our program system’ reactions are considered as 
bondhre&ingandmaking,andekctronshiftingproces- 
scs and are generated accordiagly. Start& tram input 
molecules bonds are broken ~IKI the fragments joiacd 
together in a dtierent manner. Also, bonds arc broken 

and the electrons centered on a single atom (-to become 

atom8 1234567 
atomic number 6691111 
he electrons 0060000 

bonds 
1. atom 11122 
2. atom 23456 
bond order 21111 

free electrons-), and vice versa. Reaction categories 
which perform several of these basic operations simul- 
taneously have been formulated. An example is given in 
FW 2 where two bonds are broken and two new ones 
made. Itle majority of organic reactions falls into that 
cJWPV. 

By applying this reaction scheme onto the bonds of 
n-hexane indic&d in FM. 3,3-methylpentane, or ethyl- 
cyclopropa~ and methane are obtained as conceivable 
Mctioo pKuiucts. 

Apply-hlg an Eactioo categories, aod sqlu.aces 
thereof, onto ail possibk combinations of bonds and free 
ekctrons leads to all conceivabk reaction products. III 
the end, all ensembles of molecules with a given empiri- 
cal formula are obGned.“” 

l-K+ J-L 

/ 
I-J+K-L 

I-L+J-_K 

Fii 2. Rcactiu4 CxtcgOly. 

HHHHH 
I I I I I 

H-C-C- 

HHHHHH 

H H ‘i’ 

I I /c--H 
H--c--c--cl 

,l, ? ?\y-H 
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To select the ckmically fcasiMe reactions from among 
tbc 8ct of all mathematically possible ones variou8 esti- 
mations are pcrformcd. Tk calcldation of heats of reac- 
tion, reportal below, is one of tk criteria used to 
determine chemical reactivity. 

AIltomutic &imatioll of halts of otomizatioll 
Having chosen a data structure for rcprcscntipg mole- 

cules which gives direct access to the atoms ind bonds 
of molecules we arc well prepared for perform& tk 
estimation of beats of atomization autumAcally. M 
three additivity schemes’4 discussed previously can k 
made a basis for computer programs for the estimation 
of heats of atomization. To iUustrate this, let us return to 
the example of 3-methylpcntane. 

!kan&g through all ca&un atoms of 34ncthytpentane 
and establishing their fint neighbor atoms allows u8 to 
fntd all groups of the Ben8on scheme’ present in tk 
mukcule. This prucedurc can k easily performed with 
ourdatastrWturc.Tbcvariu4lsgruupsarc~ 
casilyandwithspced.Lookinguptkvaluesforthc 
group parameters in tables contained in the pm and 
addingtkmupgivcsalreadytkkatofatomiza&mof 
the n&cule. 

InanapproachbascdontheLaidkrsckme~dbonds 
of a molecule have to k scanmA In additbn, for C-H 
kadstbefirstneighbonofthecarbonatomkvetok 
scarckd to establish whctkr it is a primary, secondary, 
or tertiary C-H bond. Again, searching lista of 
paral!le’e” and adding the vahles gives the beat of 
atonuz&o 

Basing Z estimation on the Allen scheme’ involvea 
again searching all bonds to get acce3s to the B- 
parameters. From the fint neighbors of a bond the 
presence of tk suk&ucturcs typical for the G aad 
Dparameten can k deduced. After rcqpdtkn of the 
stl:lctural fcaturcs, lists wbcrc the appropriate values arc 
contained are scar&cd. Ibe heat of atomizatbn is csti- 
matal by summation of the parameters found. 

Insummary,aUthnxadditivitysckme3cancasilyk 
made a be.& for edlcicnt computer programs for esti- 
mating heats of atomization. This is primarily tk result 
of our data structure for representing m&c&a. The 
explicit Ming of all atoms and bonds of a mokcuk gives 
fast access to the subsbucturcs on which the parameters 
of the three additivity schemes arc baaed. Ibus, pre 
gmmming the three appruaches74 becomes more or less 
stra@ltforward. 

To account for our 6nal choice on one of tksc three 
sckmes our objectives have to k definecl in more detail. 
From the outact we were aiming at a computer program 
capable of estimating heats of atomization for a large 
varkty of compounds. Therefore. ritua&ms have alao to 
k taken into consideration wkre not 8U parameters of a 
given clsss of compound8 necessary for either one of the 
three schemes are included in the program. The reason 
could k that instdlkicnt thermockmical data arc 
available for this class of compounda which prevents 
parameterizatiun. In these cases we still wanted tu get at 
lust a rough estimate of the heats of atoAAon. This 
could k accompIished by then taking a lowcxmier 
approximation, i.e. by resorting to simpk bond ad- 
ditivity. The basis for such an approach should nearly 
always k given as for practkably any type of hood at 
l-t an rpproximatc estimate of the corresponding bond 
energy seems pussiik, k it through chemical intuition. 
The design of tk program for c&mat& heata of 

atomization should therefore provide for an automatic 
switching to a simpk bond additivity sckme if not 
sullkknt parameters are available. 

To make a dccisiin which one of the three schemes to 
cko8c an a basis for tk computer program furtkr 
evahWiun of these sckmes under these premises is 
m* 

The Benson method’ has several disadvantages wkn 
takcnasabasisforacomputerprogramwithtbcin- 
tended properties. Fur many classes of molecules corn- 
poaite group parameters can k determined only. It is the 
usual practice’ to split these composite terms up into 
individual gruup parameters by making additional 
assumptions. But this imxcases the number of groups 
wbkhkvetokgencrataj.inch&dinthelists,rad 
scanned in a program run. Thus. the number of 
paramctcrsislargcrtknactuallyrequircdbythcac- 
curacy of tk approach (approximately by a factor of 
two). This imxcascs storage requirements and corn-- 
putation times. In add&n, the first member in each 
series of compounds (CH, with the alkancs. CH,OH 
with tk alcohols, CILCI, NH,. etc.) consetutc separate 
groqm which also hove to k inch&d in a program 
which is generally appkabk, sgain inneasing tbc num- 
ber of parameters. Most severely. buwever, then is nu 
straightforward way to jump into a lower-level ap 
pnximation, in par&u& into an additivity scheme 
bastd on camtriins of bulnis only. If tk parameter 
foracettaingroupisnutcontainalinalistinthc 
prugmm,thisgroupaedtheoneassociatcdwithit 
through a bond made or broko would kve to k 
deleted. ‘lkn, for this bead an entirely Merent prugram 
bascdonsimpkbondadditivitywouldkvetokac- 
ccs8cd. FMkr. for other appkatioas, an estimate for 
tk diswci&n cnexgy of a bond is desimbk. For this 
prubkm the gruup method of Benson is unsuitable. 

TheLaidkrmetbocrisbasiiyamodifkdbondad- 
ditivity sckme. DcvMma from addiMty arc conden- 
sed into Merent parameters for the various GH bonds. 
Tkrcfore, a switch to rimpk bond addWty should k 
easy to mpliab: If the parameter for a specitk C-H 
bond is not 8vailabk some standard mean value for a 
GH~cankEsken.lIdsreducesthc accuracyofthc 
appruachtothconcofsimpkbondadditivity.Thefact 
that all deviatiuns are pressed into the C-H bond 
parametcn must introduce errors when bumi dia- 
sociatiun energies arc desired. As in tk Benson scheme, 
tkrc is the disadvantage that for a sizabk number of 
molecules parametera of their own have to k carrkd. 
lEiaiathccascfortheGHbondsoftheflrstmcmkrs 
of a class of compounds (e.g. CIt, CHXL CHJOH) and 
for bonds in diatomic and many triatomic m&cukS (e.g. 
CO, CW. 

In the Allen ackmc’ we have again a modifkd bond 
add&ity s&me. IMatkxu from simple bond ad- 
ditivityarctakenc.arcofbybondandatomintcractiun 
panmetcm. But the predoeathlg vahlcs are intruduced 
by tbc B-parameters which correspond to bond 
parameters. The dominance of the B-parameters is 
shown by comparing tk four optimized pnrameters” for 
alkancs (vah~ in kcal/mok): B(C-C) = 80.96. WGHII = 
!&IV, G(ccC) = 1.10, D(CCC) = -0.06. Tilat the vahles 
oftheB-parametersarcclosctobondencrgkscank 
sccnfromacompari8oowithtkoptimi&vah3esofa 
twoqaramctex sckme for alkalis” (valuea in 
kcal/mok): EJGC) -82.97, EJGH)=#1.67. lb clone 
simiMtyinthevahx!softheboad~andoftk 



APtomrticCStirmtioaOfbatrOfltomiutioa8OdhUtSOfrertion 1423 

B-parameters justiks the use of the B-valuer as esti- 
mates for bond disrociation energies. switching to simple 
bOdadditivity~bCpedormeditl~strriehtfolWard 
manoer by only usinp the Bqrameters for the cal- 
culation of heats of ato&aMn. Here, the Allen scheme 
offers similar advantages as the Laidkr scheme. But 
thereisandditionrlpointwhichmakestheAllenap 
proach for our purposes superior to the Laidkrd 
Benson-scheme. In the Men method the &st members 
of a series of compounds (GIL CH.0, CH,OH, NIL 
etc.)donotrbculparametersoftheirownlnltcanbe 
treated with the standard B-parameters. Thus, fewer 
parameters are needed than with the Laidler or Benson 
approach resulting in smaller lists and shorter search 
times. 

lherefon, the Allen scheme has been made the basis 
for the development of a computer progam for the 
esthMtionofln?atsofatomi&on.Tkprocedum,as 
disalssa.labove,ofscamunghondstohndaccessto 
B-parameters, and of searching the direct vkinity of 
bondsforthasubshucbaescorrespomIiqltotheG-and 
Dparametershasheenputintoalg&hms.Ilulsaccm- 
puterpro8ramforestimatiqheatsofatomiz&montbe 
basis of thermochemical parameters has been ilu 
pkmental. 

&oar& uHmation of hats of mction 
Being8bktocakulatc&arsof~weare 

nowalsointhepo&onof&matinghatsofreaction. 
For, heats of reaction can be caku&al as the 
dil?erences in tlm heats of atomization of starting 
mate&lsamlproducts.lhiaisshownbyeqn(6)whichis 
oh&al from apts (1) and (2). 

AH”, = 2 AH: (reactants) - 2 AH: (products). (6) 

!IcaM&allhondsoflJothstartingmatermband 
productsofareactiongivesaccesstothenumherand 
typesofBpara&maoftbeAlknscbeme.Theim- 
mediateneighhorsofthebomIsallowustolecog&the 
substructures as&a&d with G- and Dparameters. 

Tbep~S&IlbCiU~WithtbeiSO~riza- 

tion of r-hexane to Imetllylpentaae (Pi 2). Illis reoc- 
tionisknownfromexpcr&ntaldatatobeexothmnic 
by 1.06kcaUmok. Recall that a simple bond additivity 
scheme (usiao m -9 one for a C-H and one 
foraCChond)wouldgiveavalueofxerofortheheat 
of this reaction. For the start@ mataial, Jr-hexane, the 
hatofatomixationisevaluatalaccordingtoz 

5 B(C-C) + 14 B(C-H) + 4 G(CCC) = 1794.78 kcal/mok. 
0 

The heat of atomixation of Imethylpentane has been 
est&ted in eqn (5) to amount to 1795.82kcaUmok. 
Thus, a value of 1794.78 - 17%.82 = - 1.04 kcal/mok is 
calculated for the heat of reaction. Ihis result is in 
excelknt agreement with expermmnt. 

Thisapproachis Wcqmmny simple and stnightfor- 
ward.Butourfonnaltrc#mcntofmxtionsallowsa . . 

mmmdmtecakuMionofheatsofractioulhe 
Fzion~pohittotlIlcbondsbrokenandmade 
inaraction(seemukedbondsinFii2).ThestrWmal 
changcsinSctedbyaractionoccuronlyintheim- 
mediatevkinityofthl!sebonds.Andonlythesestruc- 
arnl w have inthmna on the heat of reaction. 

Thosepartaofthestartingmaterialsandproductsfurther 
away from the reaction site conserve their structure. 
Therefore, these parts have the same contributions to the 
heatofato&a&lofbothrcactantsamlproductsand 
canbene&ctai. 

lben, the heat of reaction is directly calculated as the 
mererice in tbc structural contriiutions P to the heats 
of aton&tion around the bonds broken and made (eqn 
(8)). 

AH”,=2 P(bondsbroken)-x P(hondsmade). 

(8) 

This approach has the effect that only the immediate 
vicinityofthereactionsitehastobescanned.Itshallbe 
&&rated a& with the isomeri&on of n-hexane to 
3-nWhylpentane. 

Considering the bonds which are broken in n-hexane 
8&s the B(C-C) and B(C-H) parameters. In addition, 
we see that the C-C bond interacts with another C-C 
bond. Thus, the sm corresponding to the 
G(CCC) parameter is encountered. The G(CCC) 
prruneterhastobetakenintoaccountasccondtimeas 
thecarbonatomoftheC-Hbondisthecentralatomof 
another C-C-C substructure. This gives: 

P (bonds broken) 
= @(C-C) + G(CCC)) + WC-H) + G(CCCN 

=80.%+1.10+%.91+1.10=182.13kcal/mok. 

In the reaction 8ivi.q~ 3-methylpentane a C-C bond and 
a C-H bond is made. This leads to the B(C-C) and 
B(C-II) parameter. Further. it is found that the C-C 
bondinteractstwicewithanotherCCbondandthatone 
carhoni.sthecentnlatomofathirdCCCarraqement. 
Therefore, three G(CCC) parameters have to be taken 
intorccount.Andffnally.tbeCCbondispartofthe 
substtucture of three carbon atoms bonded to a central 
m (C(C)& This gives access to one D(CCC) pammeter. 

P(bondsmW 
= (B(CX!) + 3 G(CCC) + WCC)) + B(C-H) 

= 80.% t 3.30 - 0% t 98.97 = 183.17 kcal/mok. 

Thus,anestimateof 182.13-183.17=-l.O4kcal/mole 
is obtained for the heat of reaction. As required, this 
value is in agreement with the estimate obtained by 
calculatinp the beats of at&r&ion of the entire mole- 
cules. The more direct approach is vastly superior. only 
asmallnumberofs&&u&res have to be established 
and their corresponding parameters searched in lists. In 
t&e example of the isom&ation of r-hexanc the num- 
berofparamWsnecesuuytoestimatet&hcatof 
mactioncouldberaIucedfrom48to10.Withlar8er 
mokcuks the m&ction in the number of pnramcten is 
even greater. This results in rema&ably shorter com- 
putationtimes.Purther,asonlytlmreactionsitehasto 
be scarmu& co+Mion times are independent of the 
sixeofthemokc&sinvolvedinthereaction.Thisisan 
exm advantage not encountered in other ap- 
proachestotbeestima&mofhcatsofreaction.Bothin 
quantummechMicalcaladatioMandwithmokcular 
nKchanicsmetlmdsco5putationtimesinMeasedlastic- 
ally with the number of atoms in the nmlccuks. 



The method is a predictor system calculating heat5 of 
reaction for a large number and wide variety of reactions 
based on few fundamental parameters. Values of heats 
of reaction can also be predicted for those reactions 
where no experimental data are available. Tbc approach 
could be fur&r sophisticated by incorporating more 
parameten for a given clus of compounds. For example, 
for alkancs parameter5 for gauche I.4 and for 13- 
interactions could be included. This would enhance the 
accuracy of the calculated values. At preunt, the mr 
simplicity of the approach outlined hen is preferred a5 
the accuracy of the result5 i5 satisfactory. 

A5 already mentioned, our program system works on a 
topological representation of molecules. Bach atom and 
bond of a molecule is directly accessible. The procedure 
for calculating the enthalpics ha5 thi5 rcpmentation at 
it5 disposal. If 5ll bond5 of a mokcuk are 5canned beat5 
of atomization arc obtained. For calculating heats of 
reactiontbeproc&urch5stobecalkdtwice,withtbc 
startingmaterial5andwiththeproducts.Int&dircet 
calculation of heat.5 of reaction only the bond5 broken 
and made in the reaction 8n considered. These bonds 

have been marked in the reaction generating part of the 
prosnm sydem. 

Each bond kad5 to the corresponding B-parameter 
contained in lists. A total of 90 different bond type5 for 
molecules made up of C. H, 0, N, S, P, Si, F, Cl. Br and 
I atoms is considered in these lists, thus albwin8 us to 
cakul5tcleat5ofatomizationandheat5ofreactionfora 
large variety of compound5. 

Next, the environment of the marked bonds is scpnnal 
and the sub5tmcturcs consisting of two adjacent bond5 
and trios of atom5 bonded to a central atom arc 
*encrated. These 5ubstructurc5 identify the G- and D 
paranen, rc5pcctively. Search@ lists give5 acce55 to 
the vrlues of these paranWcr5. By addiq~ all parameters 
found the estimate for the heat of atomization or heat of 
reaction is obtained. 

working with the B-parameters only, correspond5 al- 
ready to an approach based on simple additivity of bond 
par5mcter5. If no additional parameter5 5re acce55ibk at 
kast the accuracy of a simple bond additivity scheme L 
achieved. Thus, the switch between additivity of bond 
parameter5 and a higher order approximation i5 per- 
formed rather smoothly. For many C~UCS of organic 
compound5 G- and D-puamctm have been 
dctcm&d.~‘“” Thc5c c4Wpound5 in&k 5lkane5, al- 
kenes, allrynes, haloalkanes, alcohols, ethers, thiols, 
thioether5, carbonyl- and carboxylcompound5, pox- 

i&5,amincs, nitrik5. 
For cyclic 5bucturcs corrections for ring strain encr- 

gies and re5onancc energies have to be calculated. A 
simpk model ha5 been developed which allow5 IM to 
perform this task automatically, too.” This approach of 
evaluating energies of cyclic structures ha5 been con- 
vcrtedtoa5ubroutineofthcmainprogam. 

Tbcprognmha5bccawritteninPL/landha5been 
implemented on an IBM 360/91, an AMDAHL 470 V6 
and a Tckfunken TR 440. The program is extremely fast; 
on an AMDAHL 470 V/6 the calculation of the enthalpy 
for one retiua takes about MO m5ec. 

RmuILTa 
The accuracy of tbc VahWJ obtained for heat5 of 

quality of the parameter5 and the validity of 5n Allen- 
type appronch for a pnrticular class of compounds. To 
o+in parameters of general utility an optimization of 
tbc panmeter (e.g. by multi-linear regression with a 
ka5t squares criterion) based on a larger body of ther- 
mocbcmical data ha5 to be performed. It ir the lack of 
5ulBcknt experimental data for various classes of com- 
pounds which may prevent both the determination of 
appropriate parameter5 and the comparison of the wti- 
mated values with experimental ones. An Allen-type 
approach will become inaccurate w&n additional stcric, 
polar, or conjugative intapctions not absorbed in the 
parameter5 arc ptesent. 

For those classes of compounds where sufficient 
experimental data for pnrameterization and comparison 
arc available usually excelknt result5 arc obtained. For a 
collection of 49 alkancs the mean absolute deviation WBS 
0.64 kcalhole. for 38 alkeaes 0.65 kcal/mole, for I2 
chloroalLanes 0.51 LcaUmok, and for 11 bron&kanes 
0.37 kcal/mole.‘4 In many ca5u these deviations are 
sm5ller than the error in tbc experimental data. 

The example5 given in the folbwinp tabks were 
chosen as to allow extensive comparison with expcri- 
mental data This objective ha5 put restraint5 on the 
types of reactions to be s&&d. Tbcreforc, sometimes 
rather simpk ractioas are given. The success of our 
approach in tInme cases where comparison with experi- 
mental data can be made also gives crediity to our 
c5timatcdvahM%forbeat5ofatomizationandhcat5of 
react&m wbae the lack of experimental data prevent5 a 
compnri5on. 

The mean absolute . deviation of 057 kcal/mole 
obtained for the iaouwuation reactions of n-heptanc 
(Table I) i5 npresentative for the deviations usually 
encountered with alkancs. 

lo Tabk 2 a comparbon between experimental and 
calculated beata of hydrogenation of all okfins from 
ethylene up to the hcxenu~ ia made (ci&omcrs are 
disregarded a8 they introduce extra strain energy over 
tie rmwiwmers). The mean absolute deviation of 
0.38kcaUmok for tbew 23 reactions shows the high 
accuracy of our pruJictbna. Negkcting the last value 

T&l5 1.1-n ra&ioes of r-b@ne C&n of 
upsrimratrl5Ddcrlcohtedb55bOfraction.~MV5hU5iE 

kc&ok ‘ExpaimmW (Exp.) drtr takea from Ref. 20; ‘The 
devi5rion (D5v.) h de&d 55 D5v.=akul5taJ-eJ&WinMti 

v5lu5 

Product Heat of reaction' 

EXp? DWF 

P-rthylhrxam -1.71 0.67 

I-rthylhrxm -1.07 0.03 

3-ethylpentxm -0.45 -0.59 

2.2-dilcthylpmltxM -4.40 1.34 

2*3-dlrthylpentma -1.76 -0.33 

2,4-dimthylpentan -3.41 1.33 

3.3-dllrthylpentane -3.26 0.22 

i!.2.3-trlrthylpantuw -4.07 -0.03 

-UI rbsoluta devirtlon 0.57 
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atomization and heats of reaction is determined by the 
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Table 2. Comparison of rxpuimeatd aad duhtai beata of 
hymn of alkenes. ‘V& in kc&ok: ‘Expwimen?al 

Tabk 3. Reactioa of pr0paac with tnumint. Compaiison of 
expctimcntal aad calculated huts of reactiun. Wbms in 

(Exp.) values for alkcnea taken from Ref. 4. for alkane~ from Ref. kallmok: ‘Experimental (Exp.) data taken from Ref. 4: Tbc 
20; ‘The deviation (Dcv.) is d&ted as I?ev.= deviation (acV.) is defined as [kv. = calculated-experimental 

calcu1accd - expcrimcntal value vahle 

Heat of hydrogenrtlm' 

Exp.b lwc 

&hylM 

P-e 

I-butMa 

true-2-butane 

2-mthylpropme 

I-pentene 

z-nlethyt-l-butene 

;I-methyl-I-butene 

2-mthyl-2-butenc 

I-hrxenr 

trans-t-haxenc 

trans-3-hcxem 

2-rthyl-1-penttn 

Pmthyl-1-pantene 

4a#yl-l-pentene 

2athyl-2-pantene 

&ethyl-I-butene 

2,3-dlrcthyl-1-butene 

3,3-dirthyl-l-but&m 

2,3-dirthyl-2-butem 

-32.49 0.02 

-29.30 0.07 

-29.83 0.00 

-27.04 -0.15 

-27.81 -0.36 

-29.74 -0.09 

-27. lb -0.06 

-28.00 -0.17 

-29.94 0-U 

-26.43 0.89 

-30.01 0.19 

-27.06 -0.11 

-26.95 -0.24 

-27.47 -0.71 

-29.19 -0.64 

-29.41 -0.43 

-25.66 0.14 

-25.93 0.39 

-26.96 -0.24 

-27.63 -0.55 

-27.30 -0.69 

-29.84 0.01 

-26.07 2.18 

mm rbsolute deviation 0.36 

which involves a highly substituted alkene reduces the 
mean deviation of the heats of hy~n~on to a mere 
0.29 kcal/mole for 22 reactions. The dependence of the 
heat of hydnytenation on the type of substitution of the 
okfin is also reproduced quite well. For ethykne the heat 
of hy~e~~n is 32.5 kcallmok, for ~~u~tit~ 
okfins 29.2-30.0, for I,l-disubstituted 27.3-28.0, for I& 
&substituted 27.~27.l, for trisubstituted 25.7-26.4, and 
for the t~~~~ olefin 2~~yl-2~~ne 
26.1 kcalimok. only in the last case the estimated value 
deviates appreciably from the experimental one by 
2.18 kcal/mok. Closer scrutiny shows that I.8 kc&n& 
of this deviation are due to an u~e~st~n of th: 
strain in the Masubstituted olclln. It should be recalled 
that all values of Table 2, and, ia fact, all heats of 
hydrogenation of acyclic alkenes are calculated from 
eight parameters only. The four parameters already 
mentioned for the alkancs and (values in kcaljmok): 
B(H-Ii) = 104.2, B(C=C) = 142.24, G(CC,C,) = 3.73, and 
DlCCCa) = - 1.04. 

P*odUCtS Heat of reactim’ 

ExP.b oCV.C 

I-br+moprqune t HBr -11.42 0.34 

2-broaqropane + HBr -14.42 0.39 

cthylbmalde t mthylbraide -6.66 -0.02 

PropMe + 2HBr 5.40 -0.07 

*CM Jbsolute deviation 0.21 

The results given in Tabk 3 for the reaction of pro- 
pane with bromine de~ns~ the consistency of the 
approach when several classes of compounds arc in- 
volved. In the example given, alkanes, alkcnes, bromo- 
alkanes, bromine, and hydrogen bromide are covered. 
The deviations between experimental aad calculated 
values are smaller than the experimental error of the 
data. The estimated values are sutliciently accmxte and 
reliabk to serve as a basis for a ~er~~rni~ evalua- 
tion of reactions. In the example of Table 3 it is clear 
that 2-bromopropane and hydrogen bromide are the most 
stable pfixiucta in the reaction of propane with one mole 
of bromine. 

Summary. A pmccdurc has bxa developed which allows the 
utimation of hata of atomization and heats of reaction. This 
method is also appli&ie to mokcuks and reactions where no 
spcci6c expcrimcntal data are availabk. Thus, pndiitio~~s of 
unkaown data cao be made. The rcsuk3 arc sulTicientty rcliabk 
rad~torcnefortheptodictioaofthecouneofnlc- 
tioas aad of c&nical equibSa. The wealth of in~v~~ data on 
the eatbaipks of molccuks and ractions can be reduced to a 
few fuadamcntal data, It is our hope. that future experimental 
data albw an extension of (his approach to additional classes of 
compounds aad the improvement of the fundamental parameters. 

The accuracy of our 8pprGacb an be made propssivcly 
higher. dependin on the number of parameters being considered. 
Comparing the resulta of our method with molecular mcchaaics 
cakulationl aliows to extract the mag&tudc of those St& 
intmctions not yet parameterixcd. Thus incorporating our pr+ 
gram for CnlfuLtial huts of atomization into a molecular 
mechanics m wouJd enhance the insights gained with forrt 
~~~~.~~~~~g~~~js~ 
much faster that the additional computation times are negliibk. 

A computer program based on our approach ha, krcn 
dcvdopca It rests on a repres&ation of the wnrtitution of 
mokcuks only. Compu~n Gmes arc many orders of mq- 
aitude smalkr than witb force field methorb or quantum 
m&ankal cakulations. In add&ion, computation timer for the 
utinution of hats of ma&ion arc inrkpcndcnt of the sixe of the 
mdccuks pyticipatiqj in the reactioo as only the reaction center 
is wnaklucd. 

The program caa process reactions obtained from a reaction 
gcuerati~ system. Thus, aa automatic evahmtion of each reac- 
tion pa*rtrd is performed. Decisions based on this evatuation 
have impact on the further course of the protpam run. This pava 
the way for tbc development of a program system with artitkial 
iatdiiincc capabilities. 

~~+&~atr-Suppiirt of this rork by Deutschc For- 
schungngemeinschaft is t@efadly ackaowkd&t. The author 
W to thank Mr. Erika Dkner-Weselsky for p~ming 
asaistaacc. 
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