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ABSTRACT: An improved model is presented fab initio calculations of the polarizability constantg using

Sadlej’s basis set. A new set of constants was calculated for common groups and these were compared with previous

3-21G and 3-21Gcalculations and with some experimental equilibrium constants in the gas phase. For the time

being, the calculations seem to be the most general approach for obtaining these constants whereas the experiment

possibilities are limited in scopé&l 1998 John Wiley & Sons, Ltd.
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INTRODUCTION Their theoretical foundation is not rigorous: the essential
factor is the ability of Egn (1) to predict the experimental
The quantitative evaluation of substituent effects in terms facts. For constants not easily accessible by conven-
of constantsr is one approach to the general problem of tional experiments, quantum chemical models were
elucidating how the individual parts of a molecule proposed by Marriott, Topsom and co-work&r8These
influence each othérThe constants of different kinds models are also essentially empirical and justified mainly
also represent an attempt to classify the substituentby the agreement with the experimental values. We
effects under various labels possibly describing the recently recalculated a set of constants by standard
mechanism of interaction. In the latest stage of develop- modern computational methods and included also some
ment, four kinds of constants are distinguisRéd, special substituents needed in QSAR.omparison with
representing the field-inductive mechanisat)( reso- standard sets revealed that the calculatechre of
nance §g), polarizability @,) and electronegativitya,). approximately the same reliability as experimental values
An arbitrary experimental quantity(e.g. an equilibrium  but with various types of constants the position differed.
constarf) may be then approximated by Eqn (1), where ~ Whereas calculations ofr, o and o, proceeded
the ps are proportionality constants aads the fitting without problems, some questions arose with The
error: model is based on calculating the polarization potentials
for the molecule XCH and the parent CH o, being
Y =Y’ + proE + PROR + pa0a + pxoy+e (1) proportional to the difference. In the original pagehe
3-21G basis set was used for hydrogen and first-row
elements; if the substituent X contained atoms from other
than the first row, the 3-21G* basis set was recom-
mended. In our opinion, this basis set is inappropriate for
this purpose: calculations of molecular polarizability
require the use of larger and more flexible basis sets.
Therefore, we considered it expedient to recalculate the
whole set of constants, by the basis set developed by
Sadlej'®*! This set was especially devised for SCF
*Correspondence toO. Exner, Institute of Organic Chemistry and (?aICUIations of polarizabilities and Other electric prope_r—
Biochemistry, Academ'y of Séiences of the Czech Republic, 16610 ties of molecules. However, we did not consider it
Praha 6, Czech Republic. _ expedient to improve the model by including electron
o A OS S anct st samber3os) . CoMelation because we wanted to preserve i orgina
06/1658. simplicity. The set of substituents selected previously for
tUndergraduate at the Faculty of Science, Charles University, Praha. special use in QSAR was only slightly extended here to

All terms of equation (1) need not be statistically
significant in every case. Even when the equation is
satisfactory for predicting, the individual terms need not
have a physical meaning. The constantsre obtainable
from various conventional model reactions or proper-
ties}™ commonly from the equilibrium constants.
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include alsosomesubstituentémportantfor comparison
with experimentafuantities.

CALCULATIONS

We usedthe basisset as recommendedy Sadlej!®**

(6s2p)/[3sls]for hydrogen,(10s6p2d)/[5s3pldfor first-

row atoms and (13s10p2d)/[7s5pldfor second-row
atoms. These sets were used both for geometry
optimization and calculation of the polarizationpoten-
tials of the moleculesXCH; and CH,. The polarization
potentialPP is defined? as

(Wa|H'|Wo) (Ta|H'|T)
PP = 2
2 T E-E 2)

a#0

In this second-ordeterm of the Mgller—Plessetheory,
the summatiorextendsoverall singly excitedconfigura-
tion statefunctions and the Hamiltonian H’ represents
coulombicinteractionsbetweena positive chargeand a
XCHj3 or CH, molecule.The positivechargeis located?
at a distanceof 3 A from the centralcarbonatomin the
directionalong one of the threeC—H bonds.Using the
Hartree—Focknolecularorbitals o andorbital energies:
at the optimumgeometry,Eqn (2) may be rewrittenas

PP — ZZZ (@ilH’ |301 ‘PJ|H i) (3)

The pair of indicesi andj representsa single electron
excitationi - j andtheH’ matrix elementsareevaluated
for the models @ --- H3CX and @ --- HCH3 as noted
above. The constant ¢, is then expressedas the
difference:

0o = PPch;x — PPeh, (4)

RESULTS AND DISCUSSION

The calculated values of ¢, are given in Table 1.
Comparedvith thevaluescalculatedpreviously? thereis
generalagreemenbut also someindividual differences.
In particular,the valuesfor all polaracceptorgroupsare
now smaller in absolutevalue, for tert-butyl the new
value is greaterand in the caseof SO,CHs thesetwo
effectscompensateThe small polarizability of fluorine,
smaller than that of hydrogen,is still more stressed.
Statistical comparison (Table 2, line 1) reveals a
relatively poorcorrelationwith certainirregularfeatures,
in particular a non-zerointercept. We are unable to
decidesimply which scaleis ‘better.” Comparisonwith
theoreticallybasedvaluesof polarizability** is possible
only for isolated atoms. A decision on the basis of
experimentadatawould be feasiblein principle but for
the time beingthereis no simple experimentalquantity
which could be directly correlated with o,. Most
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important applicationsof ¢, are multiparameterequa-
tionssuchasgEqn(1) correlatingthe gas-phasbasicityor
acidity?, but just the term with ¢, is sometimes
statisticallyinsignificantor doubtful. Most significantin
this respectwas the correlatiorf of the basicities of
substituted amines, XCH,N(CHs),. This was later
extendedy Headley but the coefficientsverechanged
very little to give Eqn (5). For alkyl derivatives
RN(CHg),, i.e. without an interposedmethylenegroup,
Eqn (6) is valid.** The referencecompounds trimethy-

Table 1. Calculated polarizability constants g,

Substituent Ref. 7 Ref.9 This work
CH; -0.35 -0.35 -0.32
C,Hs —-0.49 —-0.49 —-0.49
CsH- —0.54 —0.54 -0.56
CH(CHy), -0.62 -0.62 -0.66
CH,CH(CHs), —-0.67 -0.72
CH(CHs)C,Hs -0.78 -0.82
C(CHa)3 -0.75 -0.75 -0.84
CH,C(CHy); —-0.8% —-0.87
CH,F -0.33 -0.25
CHF, —-0.3¢% -0.18
CFs -0.25 -0.25 -0.12
CH,OCH; —0.458 —0.42
CH=CH, —-0.50 —-0.54 -0.50
C=CH —-0.60 —0.66" -0.55
CHO —-0.46 —-0.46 -0.32
COCH; —-0.55 —-0.55 —0.47
COOCH, -0.48 -0.37
CONH, —-0.46 —-0.37
CONHCH;° -0.52(2), —0.46(2),
—0.56(E) —0.56(E)
CON(CHp), -0.69 -0.67
COF —0.36" -0.19
CSNH, -0.65 -0.66
CSNHCH -0.71(2, —0.76(2),
—0.80(E) —0.85(E)
CSN(CHb), -0.88 ~0.96
CN —-0.46 -0.52 -0.32
NH, -0.16 -0.17 -0.16
N(CHa), —0.44 —-0.44 -0.52
NHCOCH;” -0.28(2), —0.29(2),
—~0.47(E) —0.44(E)
NHCONH,? -0.25(2), —0.26(2),
~0.38(E) —0.39(F)
NHCSCH;? —-0.48(2), —0.56(2),
—0.68(E) —0.66(E)
NHCSNH,” —0.39(2), -0.52(2),
—0.55(E) —0.56(E)
NO, —-0.26 -0.26 —-0.09
OH —-0.03 -0.03 +0.06
OCH;, -0.17 —-0.17 -0.13
F +0.13 +0.13 +0.28
SH —-0.55 —-0.53 -0.60
SCH; —-0.68 -0.68 -0.79
SO,CHs —-0.62 -0.63 -0.63
Cl -0.43 —0.44 -0.37

& Calculationscarriedout now accordingto the methodof Ref. 9.
b Conformationon the partially doubleC—N bondZ or E asindicated
¢ This is a correctionof a misprintin Ref. 9.
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Table 2. Correlations of constants ¢, with some experimental quantities (energy in kJ mol~")

Line Explanatoryvariables Responséunction Regressiorcoefficientd rP sD NP
1 o, (Ref.9) o, (this work) 1.17(5¥ 0.963 0.073 46
2 —AGpase 0" a,, (this work) 0.038(4),—1.02(12) 0.968 0.071 10
3 —AGpase 0" o, (Ref.9) 0.034(3),—0.99(10) 0.968 0.060 10
4 —AGpase 0F° a,, (this work) 0.035(2),—0.92(8) 0.981 0.067 14
5 —AGpase OF° a, (Ref.9) 0.037(2),—1.05(6) 0.986 0.055 14
6 —AGpasd o, (this work) 0.0349(19) 0.9907 0.050 of
7 —AGpasd o, (Ref.9) 0.0368(12) 0.9965 0.032 of
8 —AGaciq, —AGpasd o, (this work) —0.0092(16),—0.0131(13) 0.972 0.074 9
9 —AGgacig —AGpasé o, (Ref.9) —0.0096(12),—0.0108(10) 0.976 0.056 9

10 ~AGg,gig —AGpasé oF 0.0044(3),—0.0034(2) 0.9981 0.012 9

& Standarddeviationin parentheses.

r = Correlationcoefficient,SD = standarddeviationof the fit andN = numberof data.

¢ Theinterceptof 0.103is not negligible.
d Basidties of substitutecdimethylaminesXCH,N(CHs), (Ref. 14).

¢Includingalsocompoundsvith thesubstituent€H(CHs),, CH(CHs)C,Hs, C(CHa)s andC(CHs)»CoHs in placeof CH,X (asit wasdonein Ref.14).

Only alkyl substituentsncluding those(in footnotee).
9 Acidities and basicitiesof substitutednethanolsXCH,OH (Ref. 15).

laminein both cases.

—6AG (kcal)=287 o +6.7 0, — 0.1 (5)
—6AG (kcal)= 1650, +5.8 (6)

In the caseof Eqgn (5), we canconsideroe asknown
since it has been obtained by both experimentaland
theoreticalmethodswith concordantresults® thena, is
the responsefunction. With the experimental data
available** we obtainedthe resultsgiven in Table 2,
lines 2 and 3. The proportionality constantsagreewith
those in Eqn (5) (inkcalmol™) within 15%. The
precisionof the equationis satisfactory(seeparticularly
the correlation coefficient). On the other hand, it is
evidentthatany preferencdor newvaluesof ¢, overthe
previousones is not possibleon the basisof thesedata.
We canstill includefour alkyl substituentsiotcontaining
aCH, groupaswasdoneby Headley** Thecorrelationis
slightly improved(Table2, lines4 and5), buta decision
betweenold andnew valuesis still impossible:it seems
merelythatthe original valueswerebetter.

Using Egn (6), we obtainedthe resultsshownin Table
2,lines6 and7. An essentiatlrawbacks therestrictionto
alkyl groups.The differencebetweencorrelationswith
newandprevious$ valuesof ¢, now seemgo begreater.
Neverthelessthe difference betweenlines 6 and 7 is
againinsignificantstatistically, as were also the differ-
encedetweerline 2 and3 andbetweerines4 and5 (F-
test, confidencelevel « =0.10). The correlationswith
Eqn (6) arebetterthanthosewith Eqn (5); it seemghat
for alkyl groupstheconstants, arebetterdefinedwith a
clearerphysicalmeaningthanfor more polar groups.

Another ingenious idea® comparesthe gas-phase
aciditiesand basicitiesof the samecompoundssubsti-
tuted alcohols,RCH,OH. Whereagpolarizability effects
strengthenboth quantities, polar effects strengthenthe
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acidity andweakenthe basicity. This wasexpresset? by
the equationq7) and(8).

RCH,OH + CH3;0~ = RCH,O~ + CH3;0OH
—6AGaeig~ | +P (7)
RCH,OH 4 CH30"H, = RCH,O"H, + CH30H
—6AGpase~ —| + P (8)

By substractinggAGgig from 6AGpase @ measureof the
inductive effectwasobtained"> Converselywe canadd
Eqns(7) and(8) to obtainameasuref polarizability. The
model can be improved. There is no reasonwhy the
effectsshouldhaveexactlythe sameintensity*® for both
6AGgcig and 6AGpase We can thus write in the second
approximation

Themodelcanbetestedn thefollowing way.FromEqgns
(9) and(10), eitherP or | is eliminatedandl is identified
with pg o andP with p, ¢,. We obtain

—b 0AGgcid + 0AGpase= pr (a+ b) o¢ (11)
a 6AGac|d + 6AGbage: pa (a+ b) Oq (12)

Equation(11) can serveto test how the model works
since the constantsor are known with reliability.
Equation(12) canthen indicate whetherthe calculated
constants,, havesomephysicalmeaning.Theresultsare
givenin Table 2, lines 8 to 10. The correlationwith o
seemgo be of fairly high precisionbut the variation of
theirvaluesis very small:for all alkyl substituentgr = 0.
Correlation with ¢, is of similar precisionas in the
previousmodel: the differencebetweenold andnew g,
values is again insignificant at « =0.10. This model
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evidentlyoffersthe bestexperimentabpproacho o, not
dependenton any other quantity than two gas-phase
ionizationequilibria. Theregressiortoefficientsn Table
2, lines 8-10, agreewith the expectationsaccordingto
Egns (11) and (12). This confirms that the model is
meaningful. However,only a restrictednumberof sub-
stituentscanbeinvestigatedn thisway sinceprotonation
mustnotoccuronthesubstituentAttemptedextensiorto
further derivativeswastechnicallydifficult owing to the
decompositionof many compoundsafter ionization’
This difficulty was circumventedn a recentapproach?
wheredAG,qiq and 6AGpscfor a seriesof alcoholswere
calculatedat the HF/6—31G** level andconvertednto |
andP accordingto the original uncorrectedeqns(7) and
(8). Anotherdifferencecomparedvith ourtreatmentvas
thedefinitionof the substituentn the moleculeRCH,OH
(the whole group RCH, insteadof R as here).For this
reasona direct comparisonwith our resultsis possible
only with a few values but evidently this combined
theoretical-empiridaapproach? yields fairly closerela-
tive valuesto ours.In conclusion,eventhe abovesetof
model compoundsioesnot allow us to decidebetween
the sets of calculateds, constants;evidently a more
efficientmodelsystemshouldbe sought.

CONCLUSIONS

The procedureoutlinedheregivesin any casethe possi-
bility of calculatingthe constantss, in a reproducible,
standardway. In our opinion, thesecalculationsare the
best possibility of obtaining these constantsto date.
Experimentally, the constantshave been documented
only on afew models.This is the reasonwhy we cannot
saythatusingof atheoreticallymoresubstantiatechodel
hasactually changedhe resultsfor the better.Also, the
exactphysicalmeaningof ¢, is unclear,particularly in
comparisorwith theinductiveeffectrepresentethy con-
stantssg. Referringto theobservableuantitiegpresented

0 1998JohnWiley & Sons,Ltd.

here,we can say only that ¢, represenghe ability to
stabilize a charge, either positive or negative,and of
refersto stabilizing the negativeand destabilizingthe
positive charge. For a better understanding,further
experimentaimodelswould be necessary.
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