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Correlationn between the experimental and calculated (COSMO-
AMI )) activation free enthalpy of the hydroxide induced 

eliminationn reaction of small haloalkanes in water. 

HUdoo B. Krop,*  Chi L. Cheung and Harde x\J. Govers 

Q.Q. MOL. STRUC. (THEOCHEM; 505, 1-10, 2000) 

Abstract t 

TheThe hydroxide induced concerted elimination reaction of small haloalkanes was studied by the 

COSMO-AM1COSMO-AM1 method. Satisfactory correlations were found between the experimentally and 

calculatedcalculated activation free enthalpy of chloro and brom o eliminations. The established Quantitative 

Structure-ActivityStructure-Activity Relationship (QSAR) predicts several reactivity sequences correctly. Although 

thethe statistical quality is good, a large prediction interval is still obtained, making it less statable for 

predictivepredictive purposes. The established OSAR tends to an increased deviation for haloalkanes with 

highhigh activation energy. This is caused by an increased occurence of competition effects with SiS-

reactions.reactions. Although a correlation was found between the calculated values and derived 

reorganisationreorganisation energies from the Marcus equation, it could not be stated unequivocally that this 

typetype of reaction also obeys this equation. 

Introduction n 

Halogenatedd organic compounds (XOCs) with a limited number of carbon atoms 

(CC < 3) are widely spread in the environment both in the gas and water phase. A 

numberr of these XOCs are found on the priority pollutant list in several developed 

countries.. Environmental chemists have therefore measured degradation kinetics of 

aa number of XOCs in the solvent water by the hydroxide-ion and water itself (the 

neutrall  reaction) in order to determine their persistence and degradation pathways. 

Thee results have been compiled recently and analyzed by Roberts et al. (1993). 

Eliminationn and substitution by small nucleophiles are the main degradation 

pathways.. Hammett-type of correlations have been established with this set of data 

(Robertss et al. 1993). These types of correlations are examples of, what is generally 

knownn as quantitative structure-activity relationships (QSARs). 

Knowledgee of the degradation pathway is becoming increasingly important because 

thee toxic effects of products might be much larger than the reactants. Elimination 
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andd substitution reactivity in the gas and water compartments are quite different 

(Depuyy 1990). While in the gas phase elimination processes seem to be the major 

reactionn pathway between the XOCs and oxygenated nucleophiles, as is the case 

here,, in solvents substitution is more frequently observed. Both types of reactions 

are,, however, fundamental in organic chemistry and many theoretical studies have 

beenn devoted to them (Ingold 1969, Shaik et al. 1992, Pross and Shaik 1982, Marcus 

1997,, Dewar and Yuan 1990ab, Bach et al. 1979, Minato and Yamabe 1985 and 

1988,, Ito and Kakehi 1990, Gronert 1991 and 1992, Glad and Jensen 1994, 

Bickelhauptt et al. 1993, Maulitz et al. 1997, Hu and Truhlar 1996). Most of these 

paperss are dedicated to substitution reactions in the gas-phase, since these reactions 

involvee only the simultaneous change of two bonds instead of four as in 

eliminationn reactions. The work of Cram et al. (1956) and Bunnett (1962) has 

indicatedd that changes in bonding in an E2 elimination may be a concerted but 

non-synchronouss elongation of the C-H and C-halogen bonds. It leads to a variety 

off  transition states (TS) from a normal E2 through an attack at the H a (E2H) to an 

El-lik ee or ElcB-like one (scheme 4.1). Knowledge of the factors, which affect the 

positionn of the transition state and competition between the different reaction 

pathways,, is a fundamental aspect in physical organic chemistry. 

Schemee 4.1 

NN N 

\\ \ 
\ \ 

H, , \ \ 

Vss s\ *ye~~ c \ *¥~c ^ 
\ \ 

Hall  Hal 
Hal l 

El-lik ee E2H ElcB 

Experimentall  evidence of the degradation pathways in water of pertinent 

haloalkaness has indicated that both the elimination and substitution pathways for at 

leastt the chlorinated and brominated compounds seem to occur via a concerted bi-

molecularr mechanism. This is more difficult to assess for fluorinated ethanes, 

whichh seem to be very persistent in water (Jeffers and Wolfe 1996). The concerted 
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mechanismm especially counts for the hydroxide-promoted elimination reaction but 

seemss also to be valid for the neutral process (by water itself) (Roberts et al. 1993). 

Highh level ab initio calculations have indicated that the ««ft-periplanar elimination is 

inn favor over the syn-one. (Hu and Trular 1996, Gronert 1991) in the gas phase 

(schemee 4.2) and it is expected that it also prevails in solution. 

Schemee 4.2 
NN N 

Hal l 

\ \ ^ cc C\ \\^c cs /̂ 

^4»//'-periplanarr JTy«-periplanar 

Kineticc isotope effects have established that most elimination reactions in both the 

gass and solvent phase show an ElcB-like TS for the type of nucleophile and 

electrophiless used here (Dewar and Yuan 1990b, Bierbaum et al. 1985). In this 

paperr the ««//-periplanar elimination by the hydroxide-ion in water of different 

XOCss has been modeled by the AM I (Stewart 1993) method. For this method is 

chosenn because it is frequently used in the QSAR-field and a calculated imaginary 

frequencyy of a similar E2-reaction was close to one with a high level ab initio 

methodd (Hu and Truhlar, 1996). It has also been used extensively to investigate 

otherr E2 reactions in the gas phase Dewar and Yuan 1990ab, Lee et al. 1992). A 

secondd aspect is that solvation effects are recently included in the MOPAC package 

throughh a dielectric continuum model, COSMO (Klamt and Schüürmann 1993), 

whichh obtains reasonable free energies of solvation (Maassen et al. 1995). Presently 

COSMOO is often used in QM calculations to account for solvation effects (Steffen 

etal.. 1997, Day et al. 1998). 

Thee calculated activation free enthalpies are correlated with the experimental 

activationn free enthalpies of Jeffers etal. (1989 and 1996) and Walraeven etal. (1974) 

(Seee Table 4.1). The first set has been obtained by following the concentration-time 

off  the haloalkane bv GC and the second set bv conductivity measurements. The 
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experimentall  set by jeffers et al. often lacks product identification. However, if a 

highh correlation is found between the calculated values according to a certain 

mechanismm and the experimental ones, a strong indication is given that this 

mechanismm will also prevail for the other substances in the data set. 

AA number of the selected XOCs, Like 1,1,2-trichloroethane, have different 

eliminationn decay channels. Three different decay products are possible in this case; 

1,1-dichloroethenee and cis- or transA. ,2-dichloroethene. Although only the 

degradationn to 1,1-dichloroethene is nearly always observed with the hydroxide-ion, 

thee model should indicate why this is the case. In a previous paper, patterns in 

experimentall  free activation enthalpies of hydroxide induced and neutral 

eliminationn reactions have been interpreted (Krop et ai 1999). In a following paper 

QSARss will be established with quantum mechanical derived descriptors for the 

samee reactions and group of substances as in this paper. 

QSARss are used nowadays in fate models (Mackay and Paterson 1992). A variation 

off  a factor of 10 in the calculated concentration of a certain substance in one of the 

environmentallyy relevant compartments is allowed in policy decision. In this paper 

thee established model wil l also be examined on its predictive power. 

Theoryy and methods 

AA number of the chloro and bromo alkanes included in table 1 show elimination 

behaviourr in water (Roberts et al. 1993) and in these cases the Arrhenius equation 

{k{k — A exp(-EjRT)) has been applied. The experimental values of the pre-

exponentiall  factor, A, and the activation energy, Ea, can be transformed in to the 

activationn entropy, A'S, the activation enthalpy, A*H, and the activation free 

enthalpy,, AtG — A?H - TA*S, by standard methods (Connors 1990). In order to 

comparee AG - values of the hydroxide-induced E2 reaction, the reaction rate 

constants,, k, were corrected for statistical factors, the number of identical E2 

configurationss in the molecule. 1,1,1-Trichloroethane, e.g., has three identical 

eliminationn modes of the H-C-C-Cl moiety. 

Forr a number of ethanes, nearly every important thermodynamic parameter, like 

thee free enthalpy of formation, A.G0, and solvation in water, AsojG°, under standard 

conditions,, are also available from the literature. Thus the reaction free enthalpy, 

AArrG°,G°, of these E2 reactions in water could be determined (see Table 4.2). ArG and 

AArrG°G° are examples of parameters or endpoints often used in rate-equilibrium 
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relationshipss (Murdoch and Magnoli 1982, Murdoch 1983) of which the Marcus-

equationn (Eqs. 4.1a and b) is used most extensively nowadays. In its derivation it is 

assumedd that the reaction is adiabatic, which is normally the case in the reactions 

describedd here, that no diffusion control occurs and that one of the reactants is 

neutrall  so that in a first approximation no work energy terms enter Eqs. 4.1a and b 

Althoughh originally developed for electron transfer reactions, when the resonance 

energyy of the interaction states, B, is equal to zero, Eq. 4.1a and b seems to have a 

widerr scope (Ratner and Levine 1980), 

A?GA?G = ^ K ? + B) = A/4(1+ArG°/Af (4.1a) 

A?GA?G00 = Z^Po = M / 4 = A/4 (4.1b) 

Thee Marcus equation leads to the definition of AfG0 and is interpreted in terms of 

solventt and inner-sphere reorganization energies (A) (Connors 1990, Eberson 

1982).. Eqs. 4.1a and b has been applied successfully to proton transfer (Kresge 

1975),, alkyl shift (Albery and Kreevoy 1978, Albery 1980) and nucleophilic 

displacementt reactions, many of which are non-identity ones (Wolfe 1981). In these 

casess high level ab initio calculations have shown high correlations with the 

reorganizationn energies calculated via the Eq. 4.1a and b. 

Thee Marcus equation also leads to a definition of the position of the transition state 

onn the reaction coordinate, a, which is given by 

a=0.5(1+Aa=0.5(1+ArrG°/A)G°/A) (4.2) 

I tt is generally believed that Bronsted and Hammett correlations or other (non-

linearr free energy relationships ((N)LFER occur if A:G0 remains constant and 

(A(ArrG°flG°fl 4A is not too large. Eq. 4.1 then changes to A:G = AtG0 + a ArG° where a 

andd A:G0 are found by linear regression analysis. These types of correlations are still 

usedd when it is considerably difficult to model the mechanism by computer 

calculations. . 

Inn this paper the free enthalpy of activation, A:G the reorganization energy, AGQ 

andd the position of the TS, a, of the base induced E2 reaction of small haloethanes 

andd halopropanes will be calculated by COSMO-AMI and Eqs. 4.1a and b and 4.2, 

andd compared to literature data based on experiments. 
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Al ll  calculations are performed by the AM I method in the MOPAC93 package. For 

waterr an EPS value of 80 has been used. Configuration interaction has not been 

applied. . 

Al ll  reactions were forced into an ^//'-periplanar E2 mode by approaching the 

hydroxidee to the Ha-atom of the electrophile. Al l complexes were fully optimized 

andd TSs were located by the eigenvector following method and characterized by 

onlyy one negative eigenvalue of vibrational imaginary frequency, (keywords: AM I 

EPS=800 CHARGE=-1 NOINTERTS PRECISE). 

Forr the TS, an intrinsic reaction coordinate path (IRC) was followed both forwards 

andd backwards (keywords: DRC and IRC=1, ISOTOPE, LET, LARGE-1, X-

PRIORITY=0.4).. All but one gave the original reactants and products. The only 

exceptionn was the fluor elimination of l-fluoro-l,l,2,2-tetrachloroethane, where an 

ElcBB mechanism was followed. No IRC was followed for the 2-bromo elimination 

off  l,2-dibromo-3-chloropropane both by an attack on the hydrogen atom at CI 

andd C3 because of the high number of possible conformations to be checked. 

Molecularr (activation) enthalpies and entropies were calculated by subtracting the 

calculatedd entropy (enthalpy) of the separately calculated reactants and products 

fromm the TS complex at 298. For the monohalogenated propanes, TSs have been 

obtainedd for different conformations. In general the energetically lower one gave 

thee energetically lower TS and was used in the calculations. This was, however, not 

soo for the chlorine elimination at position 1 or 3 of 1,1,2,3,3-pentachloropropane 

andd 1,3-dichloropropane. In this case the conformation with the lower energy of 

thee reactant was used, which gave also the energetically lower (if possible) product 

conformation. . 

Al ll  statistical calculations were performed with Excel 97 for windows. The 95% 

confidencee interval (95% CI), prediction interval (95% PI) and the adjusted R-

squaredd (R~adj) were used as statistical quality indicators. 

Resultss and discussion 

Tablee 4.1 shows the selected XOCs used in the calculations. All calculations 

showedd the appearance of one activation barrier in water. In the gas phase a double 

welll  barrier is usually calculated and accepted. These two barriers are formed by the 

associationn of an electrostatic charge-dipole complex between the reactants or 

products.. This electrostatic dipole complex is replaced by interactions with the 
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solventt molecules in solution. In the strong solvating power of water, the first well 

seemedd to have disappeared completely at least when the dielectric continuum 

methodd is used in the calculations (Sola et al. 1991). It is expected, therefore, that 

thee calculated free activation barrier will correspond to the experimental one and 

noo correction is necessary for the calculated barrier. It turned out to be that the 

calculatedd (by COSMO-AMI) and experimental values of the free activation 

enthalpyy of the set of Jeffers et al. show a large discrepancy for the fluorinated 

compounds.. These calculated values are much lower than the experimental ones 

whilee for all the others they are substantially higher (data not shown). Unrealistic 

resultss of AM I calculations of the reorganization energies of the fluor methyl shift 

reactionss have also been reported before (Shaik et al. 1992). Therefore, all 

fluorinatedd substances were excluded in the subsequent regression analysis. 

StatisticalStatistical parameters of free activation enthalpy calculations 

Correlationss between the calculated values and the experimental sets of Jeffers et al. 

andd Wakaevens et al. (see Table 4.1 for the experimental values) are shown in Fig. 

4.1.. Very satisfactory correlation is found with the following equations (4.3a-c). 

Withh the set of Jeffers et al. without the fluor-compounds (Jeffers et al. 1989 and 

1996): : 

tfG^tfG  ̂ = 0.76  0.23) A?G (COSMO-AM1) + 0.87  6.70) (4.3a) 

(n=13,(n=13, s.e.r. = 1.89, F=53, R% = 0.81) 

wheree n is the number of datapoints, s.e.r. is the standard error of regression, F i s 

thee Fisher value and between brackets the 95% confidence interval of the value is 

indicated. . 

Withh the set of Wakaevens et al. (1974): 

tfG^tfG  ̂ = 1.2  0.4) A:G (COSMO-AMI) - 9.8  10.5) (4.3b) 

(n=6,(n=6, s.e.r. = 1.02, F=68, K2
adj = 0.93) 
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Tablee 4.1 Endpoin: values derived from literature and calculated activation free enthalpy 

fromm the established QSAR.(See text for its derivation). 

Namee and product of 

E22 reacuon (if necessary) 

1,1,1,2-tetrachloroethane e 

1,1,11 -trichloroethane 

1,1,2,2-tetrachloroethane e 

1,1,2,3,3-pentachloropropanee to 

1,1,3,3-tetra-chloropropene e 
1,1,2-tribromoethanee to 
1,11 -dibromoethene 
1,1,2-trichloroethancc to 

1,11 -dichloroethene 
1,1,2-trichloroethanee to 
cis-l,2-dich!oroethene e 
1,1,2-trichloroethanee to 
trans-1,2-dichloroethene e 
1,1,2,2-tetrachloro-ll  -fluoroethane 
too l-fluor-l,2,2-trichloroethene 

1,1-dibromoethane e 

1,1-dichloroethane e 

l,2-dibromo-3-chloropropane e 

1,2-dibromoethane e 

1,2-dibromopropanee to 
2-bromopropene e 
1,2-dibromopropanee to 

1-bromo-l-propene e 
1,2-dichloroethane e 

1,3-dichloropropane e 

1-bromo-l-chloro-ethanee to 

chloroethene e 
l, l ,2-trif luoro-l,2-dichloroethane e 
too trifluorochloroethene 
1-chloropropane e 

2-chloropropane e 

Chloroethane e 

Pentachloroethane e 

Abbreviation n 

inn this article 

1112-TCA A 

111-TCA A 

1122-TCA A 

11233-PCP-C12 2 

112-TBA-Br2 2 

112-TCA-C12 2 

112-TCA-C11--
cis s 

112-TCA-C11--
trans s 

l lc l f22CA-Cl l 

11-DBA A 

11-DCA A 

12db3cp-tot t 

12-DBA A 

12-DBP-Brl l 

12DBP-Br2 2 

12-DCA A 

13-DCP P 

11-BCA-Br r 

lc l l f2c2FA-Cl l 

1-CP P 

2-CP P 

CA A 

PCA A 

A* GG (lit.) (kcal/mo 
jj  Jeffers et al. 

(1989,, 1996) 

22.5 5 

N oo reacuon 

18.2 2 

16.2 2 

18.4 4 

21.3 3 

31.6 6 

27.2 2 

28.7 7 

23.8 8 

25.5 5 

26.4 4 

25.9 9 

21.0 0 

N oo reaction 

N oo reaction 

25.6 6 

15.6 6 

Walraevens s 
eta!.eta!. (1974) 

22.6 6 

18.0 0 

20.8 8 

24.4a a 

25.9 9 

15.6 6 

0 0 
Others s 

16.9b b 

18.0b b 

20.5C C 

23.3d d 

23.3d d 

24.5e e 

15.1f f 

A* GG (QSAR) 
Fromm Ec_43c 

20.6 6 

26.2 2 

182 2 

19.6 6 

19.9 9 

19.6 6 

232 2 

22.9 9 

(17.Ö) ) 

272 2 

28.0 0 

22.4 4 

23.7 7 

22.9 9 

23.6 6 

23.4 4 

2 63 3 

27.8 8 

(16.0) ) 

28.3 3 

28.9 9 

28.4 4 

17.7 7 

11 No distinction was made between the cis or trans product 

bb Cooper etal. 1987,c Burhnson 1982, d Vogel 1986,e Okamoto 1967,'Roberts 1991 
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30 0 

255 -

aa = 

20 0 

15 5 

A*GG (exp) vs A*G (COSMO-AMI) 

20 0 

00 / 

* * 
a a 

25 5 

* * 

30 0 

A ' GG (COSMO-AMI) 
(kcafmol) ) 

35 5 

 Data Jeffersetal (1989, 
19969) ) 

üü Data Walraevens et al. (1974) 

-- - - QSAR (Eq. 4.3a) 

QSARR (Eq. 4.3b) 

QSARR all data (Eq. 4.3c) 

Fig.. 4.1 Correlations between the calculated and experimental free enthalpies of activation. 

Bothh sets do not show any significant difference (95% CI) in both the slope and 

thee intercept and both sets may therefore statistically be joined into one overall set 

withh the following characteristics 

tfGtfGlxplxp = 0.77  tiG (COSMO-AM1) -0.88

(n-19,(n-19, s.e.r. = 1.87, F=73, K2
aJj = 0.80, withoutfluor-compounds) 

(4.3c) ) 

Noo other set of experimental values of free activation energies is available with a 

sufficientlyy large number of data. However, with the exception of the other data of 

1,1,1,2-tetrachlorethane,, all other data are close to both sets (see Table 4.1). 

Itt is noteworthy that the intercept of all correlations does not deviate significantly 

fromm zero. However the slope in Eqs. 4.3a and 4.3c seems to deviate significantly 

fromm 1 (one) albeit not ver)- much. The calculated free activation enthalpies in the 

higherr region seem to be too high. From a mechanistic point of view this is quite 

understandable.. The set of Jeffers et al. contains a number of substances where the 

eliminationn might still be doubtful since no product information is given contrary 
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too the set of Walraevens et al. (1974). This is especially important in the higher free 

activationn enthalpy region of, e.g., chloroethane. In this region competition with 

nucleophilicc substitution becomes more important. As such the experimental 

valuess might be partially caused by an increasingly important substitution process, 

leadingg to lower experimental values than calculated ones. Another point is that, 

althoughh the regression of both sets are not significandy different from each other, 

thee deviation between both sets seems to increase for the higher free activation 

enthalpyy (see Figure 4.1). 

Correlationss between the calculated and experimental activation enthalpy and 

entropyy were low for the activation enthalpy and not existent for the entropy. 

Inspectionn of the experimental data showed that the variation in data is much larger 

forr both the experimental activation enthalpy (e.g. 78 - 94 kj.mof1 for 1122-tca) 

andd entropy (e.g. -2 +40 J.mor'K"1 for 1122-tca) values than for the ones of the 

freee activation enthalpy (e.g. 75 - 76 kj.mol"1) (data not shown). 

Residuall  Plot 

3?? 2- f  * 
§§ 1 *
s || Or - —*+ -  i —i 
£eL2300 4 «25 30 $5 40 

AA -

A*G(OOSMOAM1) ) 

Fig.. 4.2 Residual plot of the complete data set. 

Thereforee it seems more beneficial to try to correlate activation free enthalpy values 

thann activation enthalpy and/or entropy ones. 

Too investigate whether the established QSAR might still possess a hidden 

correlation,, a residual plot is made (Figure 4.2). A small parabolic pattern might be 

possible.. To test thus hypothesis, the correlation between the calculated AMI and 

itss quadratic value are used as descriptors. A regression analysis shows a slight 

significantlyy dependence of the quadratic value. In order to investigate whether this 
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descriptorr is orthogonal to the AM I values, its collinearity is investigated by 

calculatingg the variance of inflation factor, VI F (Myers 1990). 

95%% Confidence and prediction intervals of established QSAR (Eq.4.3c) 

A'C(COSMO-AMl ) ) 
(kcal/mol) ) 

derivedd QSAR 

**  CI 

- 9 5**  CI 

+95**  PI 

-- - - 9 5*  PI 

OO Experimental values 

40 0 

Fig.. 4.3 Established QSAR (Eq. 4.3c) with its 95% confidence and prediction intervals. 

Forr the set of these descriptors a value of VI F - 82 500 is found. A perfect 

orthogonall  set of two descriptors should lead to value of 2. It can be concluded 

thatt the inclusion of a quadratic term leads to a very highly correlated second 

descriptorr with the first one and as such the quadratic term needs to be 

disregarded. . 

Thee established QSAR may be used to predict activation free enthalpies of E2 

processess or corresponding product concentrations. However prediction intervals 

aree usually larger than confidence intervals since the uncertainty of the single point 

shouldd still be taken into account. 95% confidence (CI) and prediction intervals 

(PI)) are indicated in Fig. 4.3. 

Sincee the lines are not curved too much, one value is taken for the 95% CI and 

95%% PI. 'with these values die relative variation oi product concentration can uC 

calculatedd with [A]/[B]  = kA/kB = exp[(A'GB - rfGJ/RT]. Based on the 

confidencee interval the product can var)' between 0.12 and 8 times the estimated 

valuee and for the prediction interval this is between 2.7E-3 and 3.8E+2. 

113 113 



ChapterChapter 4 

Tablee 4.2 COSMO-AMI calculated values of endpoirus by Eqs. 4.1 and 4.2 

Abbreviation n 

1112-TCA A 

111-TCA A 

1122-TCA A 

11233-PCP-C12 2 

112-TBA-Br2 2 

112-TCA-C12 2 

112-TCA-Cll-trans s 

llclf22CA-cl l 

11-DBA A 

11-DCC A 

12-DBA A 

12-DBP-Brl l 

12DBP-Br2 2 

12-DCA A 

13-DCP P 

11-BCA-Br r 

lcllf2c2FA-Cl l 

1-CP P 

2-CP P 

CA A 

PCA A 

Calculatedd values 

A*G G 

kcal/mol l 

25.5 5 

32.7 7 

22.3 3 

24.2 2 

24.5 5 

24.2 2 

28.5 5 

20.9 9 

34.1 1 

35.0 0 

29.5 5 

28.5 5 

29.3 3 

29.1 1 

32.9 9 

35.4 4 

19.6 6 

35.4 4 

36.3 3 

35.6 6 

21.7 7 

ArG° ° 

kcal/mol l 

-39.0 0 

-35.8 8 

-35.6 6 

-36.2 2 

-43.7 7 

-27.8 8 

-31.6 6 

-41.3 3 

-41.7 7 

-29.3 -29.3 

-39.0 0 

-41.6 6 

-45.3 -45.3 

-26.2 2 

-27.3 3 

-41.7 7 

-38.4 4 

-27.1 1 

-28.0 0 

-21.8 8 

-39.8 8 

byy COSMO 

A*G0 0 

kcal/mol l 

(Eq.4.1) ) 

10.2 2 

11.7 7 

9.1 1 

9.6 6 

10.4 4 

8.8 8 

10.2 2 

9.3 3 

12.6 6 

11.6 6 

11.2 2 

11.2 2 

11.8 8 

9.8 8 

10.9 9 

13.0 0 

8.7 7 

11.5 5 

11.8 8 
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AA statistically sound prediction of the concentration of a degradation product, 

withinn a factor of 10, based on the established QSAR is therefore still ver}- difficult, 

despitee of its satisfactory other statistical parameters. 
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A*G0(lit.)) vs A*GU(COSMO-AM1> 

A'G0(lit.)) =. 2.42 a'G0(C0SMO-AM 1 )• 8.21 

R** {adj)= 0 64 

A*G0(COSMO-AM1) ) 

Fig.. 4.4 Plot of the reorganization energies calculated by COSMO-AMI and derived from 

experimentall values after Eqs. 4.1a and b. 

experimentalexperimental and theoretical reorganisation energies 

Thee success of the Marcus equation in a number of reaction families has been 

attributedd to the high correlation between reorganization energies calculated by ab 

initioinitio  and by applying Eqs. 4.1a and b to experimental data. A similar correlation, 

basedd on COSMO-AMI calculation and literature data derived from experiment, is 

shownn in Figure 4.4. Although a reasonable correlation could be established, it is 

nott as accurate as one would wish. In addition, the correlation strongly deviates 

fromm a unit slope. Analyzing the COSMO-AMI data, the much lower values of the 

calculatedd intrinsic barriers are caused by significant higher values of the calculated 

freee activation enthalpie and much more exothermic value of the free reaction 

enthalpiess (Table 4.2). These two differences in values also lead to unrealistic 

positionss of the TS, given by (X and derived from Eq. 4.2 (Table 4.2). Values of CC 

aroundd 0.40 for the elimination of chloro and bromo ethanes can be derived from 

literaturee data based on experiment (Krop ei al. 1998). 

Thee main cause is most likely the inaccurate calculations of the participating ions. 

Ass such the systematic errors, which one might expect in this type of correlations, 

aree apparently not cancelled. Lower values of reorganization energies are calculated. 

Onlyy more accurate QM calculations, using large basis sets and/or configuration 

interaction,, are necessary to give an answer on the validity of the Marcus equation 

forr E2 reactions. 
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ComparisonComparison with experimental patterns 

Thee established QSAR should predict certain experimental patterns. In Table 4.1 

thee free activation enthalpies of all the substances referred to in this reference are 

calcualtedd by the established QSAR. Table 4.1 shows clearly that fluorinated 

compoundss lead to irrealistic low activation free enthalpies and the established 

relationshipp should therefore not include fluorinated compounds. 

Thee formation of 1,1-dichloroethene from of 1,1,2-trichloroethane (112-TCA-C12) 

iss a factor of approximately 100 times faster (see Table 4.1) than the formation of 

trans-1,2-dichloroethenee from the same compound (112-TCA-C11). This agrees 

withh the experimental observation that littl e 1,2-dichloroethene has been measured 

(Walraevenn et a/. 1974). A similar difference is predicted for the elimination of 

1,1,2-tribromoethane.. Table 4.1 also explains correctly that more of the trans 

productt is formed than cis product. 

Thee sequence CA to 111-TCA displays experimentally a distinctive decrease in 

reactivityy but this behavior is not correctly predicted by the established QSAR 

(tablee 4.1). The calculated reactivity even increases slightly. It predicts, however, 

reasonablyy the increase in reactivity in the sequence 111-TCA to PCA. 

Thee QSAR shows that the reactivity of the mono chloropropanes is slightly lower 

thann for the chloroethanes. Experimentally the difference is seen to be larger (Table 

4.1)) (Jeffers 1989). 

Thee experimentally determined difference in reactivity of similar bromoethanes and 

chloroethaness like 11-DBA and 11-DCA is larger than the QSAR has established. 

Howeverr the differences are small (Table 4.1). 

Thee QSAR does not predict accurately the elimination behavior of 12db3cp 

(Burlinsonn 1982). The preferred process is elimination of the chlorine at position 

C-3,, favored ver}' slightly over the elimination of Br-1 (data not shown). The 

isomerr ratio of the products, 2,3-dibromo-l-propene and 2-bromo-3-chloro-l-

propene,, is calculated to be approximately 65% over 35% while experimentally a 

5%% over 95% is measured. The incorrect behavior is caused by the calculated 

activationn entropy differences (data not shown). Calculated activation enthalpies 

showw a correct reversal of the reactivity. However statistically the differences are 

completelyy negligible. Elimination of the bromine on the C2-position is 

substantiallyy less favored, as is experimentally observed. The QSAR correctly 

establishess a decrease in elimination reactivity of pep compared to pea. 
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Fluorinatedd compounds, ions and multiple chlorine bonds on the Ca especially 

whenn no halogen is present on the Cp-atom are problematic in these calculations. 

Noo systematic errors are made in these calculations. 

Conclusions s 
Activationn free enthalpies of elimination reactions of small XOCs (C<3) in water by 

thee hydroxide-ions are successfully correlated by COSMO-AMI calculations 

withoutt configuration interaction. The correlation is substantially better than with 

eitherr the calculated activation enthalpy or activation entropy. The correlation is 

nott suitable for fluoratinated XOCs, which calculates much lower activation free 

energiess than corresponding elimination of chlorine or bromine compounds. 

AA closer comparison of the established QSAR and experimental values indicates 

thatt a number of reactivity aspects are correctly predicted but the calculations 

cannott predict the substantially diminishing reactivity of the elimination sequence 

chloroethanee to 1,1,1-trichloroethane. 

Thee use of these types of correlation in predicting reactivity or the formation of 

degradationn products is still limited because of statistical constraints. Only if very 

highh correlations are found with standard error of regressions of a few tenth of 

kcal,, such QSARs are useful in policy decision making. Whether elimination 

processess also follow the Marcus equation, could not be established accurately. 

Althoughh a reasonable correlation was found between the calculated and derived 

reorganizationn energies by COSMO-AMI, it was too low for that purpose. 

Substantiallyy higher values of the free activation enthalpy and more exothermic 

reactionn free enthalpies were calculated than could experimentally be derived. This 

alsoo leads to an unrealistic position of the TS. As such the COSMO-AMI method 

iss less promising in calculating important physical organic properties for this type 

off  reactions. 

Optimizedd reactant and complex geometries as obtained in out-files are available 

fromm the authors on request. 
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