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ABSTRACT: Enthalpies of alkene—benzene and ether—benzene interactions were evaluated by semi-empirical MO
(PM3) calculations of heats of formation for (i) alkenes and ethers (Y) and (ii) Y-benzene (PhH) pairs. In the case of
the acyclic alkene—benzene systems, calculated enthalpies of the interastddh$ lad no close correlation with
experimental valuesAAH") determined by GLPC. This was also true for the acyclic ether-benzene systems. The
AAH; values for cyclic alkenes and cyclic ethers were both more negative than the corresponding acyclic ones by 0.3—

0.9 kcal mot™?, in essential agreement with theAH" for alkenes and ethers. With cyclic ethers and substituted
benzenes, a close relationship exists between the theoretitbl and experimental interaction enthalpids\H"),

the correlation coefficientp] for the AAH—AAH! plot being 0.95; using the correlation equation, the experimental
enthalpies 4AH") for cyclic ethers can be estimated from the theoretical enthalpid$l{) with an accuracy of
<0.1 kcal mol'®. With all the cyclic systems so far examined (Y = cyclic alkenes, cyclic ethers and substituted
benzenes), however, the correlation coefficigntas reduced to 0.90. Copyright 2000 John Wiley & Sons, Ltd.

KEYWORDS: intermolecular interaction; alkene—benzene; ether—benzene; MOPAC93; interaction enthalpies; semi-
empirical MO calculations

INTRODUCTION We have been studying factors controlling such precise
molecular recognition as occurs in living systems, by use
Precise molecular recognition is essential to living of a pair of acylurea derivatives (open-chain analogues of
systems. For example, the following biological discrimi- uracil and thymine) which can associate strongly with
nation is well known: enzyme-substrdtentigen—anti-  each other as well as with themsel}&#s a result, it has
body? nucleic acid—proteifi, drug-receptof, and been clarified that three-dimensional shape similarity
hormone—receptor recognitiGnin chemical systems, between interacting groups in reacting molecules is
molecular recognition has been extensively studied usingresponsible for more specific and precise molecular
a variety of model compounds such as crown etfers, recognition than would otherwise be achievéd.
cryptands, calixarene$and convergent cleft moleculés. These findings led us to investigate weak interactions
It is now accepted that molecular recognition, whether between interacting groups. Using GLPC, it has been
biological or chemicat? is due to specific weak (non- demonstrated that (i) enthalpies of weak interactions of a
covalent) interactions between interacting groups in the phenyl group AAH') with substituted benzené$,
respective molecules. alkanes’! alkenes’? etheré? and carbonyl compountfs
Concerning weak interactions between groups, com- range from—2.7 to+0.1 kcal moi™ (1 cal = 4.184 J) and
parable in energy (or enthalpy) to van der Waals (ii) the weak interactions of a phenyl group become more
interactions, extensive experimental studies have beenattractive with a cyclic group that is similar in three-
carried out. These include dipole-induced dipole inter- dimensional shape to a phenyl gratfbAAH' is the
action between the 1,3-dioxane and phenyl ritigan enthalpy of the weak interaction of a PhX molecule with
alkyl-phenyl interactiort? an alkyl-alkyl interactiof® the phenyl group in the stationary liquid (practically a

including that between twdert-butyl groupst* etc. PhH molecule) relative to the enthalpy of that of mn
Further, theoretical studies have recently been made omoctane molecule with the phenyl group. Further exam-
aromatic—aromatic interactionis, >’ for example. inations have revealed that the degree of recognition

between molecules each having a non-polar group can be
*Correspondence toT. Endo, Department of Chemistry, College of ~ controlled by the strength of shape-specific weak
Science and Engineering, Aoyama Gakuin University, Chitosedai, . . . .
Setagaya-ku, Tokyo 157-8572, Japan. interactions between non-polar groups in the respective

E-mail: t-endo@cc.aoyama.ac.jp molecules?®
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Figure 1. Front views (a—d) of initial arrangements of cyclic alkene (Y)-benzene systems. The Y in the systems are benzene (PhH)
(@), 1,3-cyclohexadiene (b), cyclohexene (c) and cyclohexane (d). These vertical arrangements were each chosen as a result of
investigating various arrangements, including parallel ones. The symbols d and 1 are shown in the benzene-benzene system (a)

The above-mentione@xperimentalenthalpiesof the
interactiong® can only be determinedwith a phenyl
group as one component,becauseof the limitation of
stationaryliquids availablein GLPC. Accordingly,some
theoretical approachesto evaluate weak interactions
between relatively non-polar moleculeswill help to
elucidate an entire picture of the weak interactions
including their shapespecificity. This approacmeednot
be very accurateandquantitative;it should,howeverbe
(i) preciseenoughto bring abouta goodcorrelationwith
experimentatesultsand(ii) convenientnoughto make
it possibleto calculatethe interactionenergiesbetween
the phenylgroup and a wide variety of groupswithin a
realistictime.

Ab initio calculationsseemnot to be suitablefor this
purpose:(1) they require successivdime and computer
resourcedvecausef complicatedcalculationsof config-
uration interactions(Cl) using a large numberof basis
setsand (2) calculationmethodsare still a subjectfor
theoreticalchemistsevenfor the intermolecularinterac-
tion of a methanedimer?* There appearto be no
calculation methodsavailable for electron correlation
whichallow calculationf interactionsbetweerbenzene
and various moleculesto be precise enoughwithin a
realistictime.

Ontheotherhand,for semi-empiricainethodssuchas
PM3 in MOPAC, CI calculationsare not implemented
explicitly, while the effect correspondingto electron
correlationis supposedo be incorporatedimplicitly in
the set of adjustableparametersthe use of which is
characteristioof semi-empiricalcalculations.The latter
view is consistentith thefactthatheatsof formationfor
various organic compoundscan be evaluated with
considerableccuracyby meansof MOPAC 2°

With this situation in mind, MOPAC was usedto
evaluateenthalpiesof intermolecularinteractions,and
examinations were made of the effectivenessand
limitations of the semi-empiricalmethod. Recently, it
hasbeendemonstratedhat the calculatedenthalpiesof
weak interactionsbetweenbenzene(PhH) and various

Copyrightd 2000JohnWiley & Sons,Ltd.

monosubstitutebenzenegPhX) haveaclosecorrelation
with the correspondingexperimentalenthalpiesdeter-
mined by GLPC?® In this paper, we report that the
calculated enthalpies of weak interactions of cyclic
alkenesandetherswith benzenéavea closecorrelation
with the correspondingexperimentalenthalpiesdeter-
minedby GLPC.

CALCULATION METHODS

All calculationswere carried out with the MOPAC93
progrant’ for PowerMacintosh(Chem3Dand MOPAC
Pro,CambridgeSofCorp.)onanApple PowerMacintosh
7200/120 computer. As alkenes (Y), 1-hexene,1,3-
hexadiene 1,3,5-hexatrienegyclohexane cyclohexene,
1,3-cyclohexadieneand benzene(PhH) were used; as
etherqY), 1-methoxybutaned,,2-dimethoxyethangetra-
hydropyranandl,4-dioxanevereused.

Calculation method

Basedon the resultsobtainedwith investigationson the
monosubstitutedbenzene—benzermirs (PhY—-PhHsys-
tems)?® theoreticalinteraction enthalpies(AAH;) were
evaluatedwith the PM3 method.

Initial arrangement

Several arrangementsvere examinedfor all Y-PhH
systems.On the basis of previous work.?® vertical
arrangementaeremainly investigatedasinitial arrange-
ments of a Y-PhH system (Figs 1-4). Unreasonable
verticalarrangementsn whichtwo H atomsfacingeach
other (an H atomin PhH andthe lowestH atomin Y)
penetratento eachotherwithin thevanderWaalsradius,
areexcludedasin the previouswork.2®

In the caseof cyclic alkenesandethers thefollowing

J. Phys.Org. Chem.2000;13: 330-336
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Figure 2. Side views (a—d) of initial arrangements of cyclic alkene (Y)-benzene systems. Symbols a—d for the systems as in Fig. 1
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Figure 3. Front views (a—c) of initial arrangements of cyclic ether (Y)-benzene systems. The Y in the systems are 1,4-dioxane (a),
tetrahydropyran (b) and cyclohexane (c). These vertical arrangements were similarly chosen as a result of investigating various

arrangements
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Figure 4. Side views (a—c) of initial arrangements of cyclic ether (Y)-benzene systems. Symbols a—c for the systems as in Fig. 3

examinationswere made: (1) parallel stackedarrange-
mentsand (2) relative positionsof C—C doublebonds
and O atoms, respectively,to the benzenering. With
straight-chainalkenesand ethers,the most stable (i.e.
anti-periplanarform) and secondmost stableconforma-
tionswereinvestigated.

Intermolecular distance

The interatomicdistance(d) is definedas the distance

Copyrightd 2000JohnWiley & Sons,Ltd.

betweerthelowestH atomof Y, whichis situatedsoasto

bejust abovethe centroidof the benzeneing andwhich

is nearestto eachC atom of PhH molecule,andthe C

atom of the PhH molecule [Fig. 1(a)]. An initial

intermoleculardistance(r,) is defined as the distance
betweerthe centroidof thebenzeneing lying onaplane
andthe lowestH atomof the Y moleculelocatedabove
the centroidof the benzeneing [Fig. 1(a)]. Settingup of

dwasperformedusingChem3D(ver.3.5)by geometrical
calculationso that r; may take the desiredvalue (i.e.

2.7A).

J. Phys.Org. Chem.2000;13: 330-336
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Energy minimization

Energy minimization (geometryoptimization) was car-
ried outin the following way both for a singlemolecule
(Y or PhH)andfor apairof moleculegaY—PhHsystem),
therebygiving their heatsof formation (AHg): (1) in the
case of single molecules,the structure preliminarily

optimizedby Chem3Dwas subjectto geometryoptimi-

zation with  MOPAC calculation; (2) with Y-PhH
systems(i) initial arrangementgFigs 1-4) weresetup,

usingthe optimizedstructuresof Y and PhH mentioned
in (1), (i) r, wasthensetupand(iii) energyminimization
was performedwith MOPAC calculation.

Enthalpy of interaction (AAH)

In generalthe enthalpyof interaction(AAHz) betweenA
andB moleculescanbe definedby Eqn. (1):

AAH; = AH (A-B) — {AH((A) + AH((B)} (1)

where AH;(A-B) is heatof formation of co-existingA
and B molecules,AH¢(A) is that of molecule A, and
AH;(B) is that of moleculeB.

RESULTS AND DISCUSSION

Semi-empiricalMO calculationsof heatsof formation
were performedfor initial arrangementsf the vertical

type.

Alkene-benzene systems

In the case of cyclic alkenes, arrangementsafter
geometryoptimization(optimizedgeometrieshavebeen
found to resemblethe correspondinginitial arrange-
ments.Thealkene—benzenateractionsareall attractive.
Optimizedintermoleculadistancegro) changefrom 2.5
to 2.9A . Therg valuesareslightly shorterthanthe sum
of half the thicknessof a benzenaing andthe van der
Waalsradiusof anH atom;this might comefrom thefact
thattheH atomin Y is locatedjust abovethe centroidof
thebenzeneing. The AAH; valuesfor thecyclic alkenes
decreasavith thenumberof C—C doublebondsranging
from —0.30 (cyclohexane)to —0.52kcalmol™* (ben-
zene)(Fig. 5). The trend of the experimentakenthalpies
(AAH") decreasindrom cyclohexand—0.44kcalmol™?)
to benzene(—1.32kcalmol™) with the number of
doublebondsby ca 0.3kcalmol~! was not observedn
the AAH; values.

With acyclic alkenes,the AAH; values remained
almost unchangedwith the number of double bonds:
—0.05 (n-hexane),—0.08 (1-hexene),—0.11 (1,3-hexa-
diene),and—0.13kcalmol~* (1,3,5-hexatriene|Fig. 5).
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Figure 5. Plot of AAH; for acyclic (O) and cyclic (@) alkene—
benzene systems against the AAH'. Alkenes Y used are as
follows: 1, n-hexane; 2, 1-hexene; 3, 1,3-hexadiene; 4,
1,3,5-hexatriene; 5,cyclohexane; 6,cyclohexene; 7, 1,3-
cyclohexadiene; 8,benzene (PhH)

Theexperimentaénthalpie§AAH") for acyclicalkene$®
are —0.04 (n-hexane),—0.39 (1-hexene),—0.74 (1,3-
hexadiene) and —0.89kcalmol™? (1,3,5-hexatriea),
clearly indicating the decreasen AAH' with increasing
numberof C—C doublebonds.Although the calculated
enthalpies(AAH;) for acyclic alkenesappearto showa
slight decreasavith increasingnumberof C— C double
bonds, they require closer examinationbefore further
discussion.

It is interestingthatthe AAH; valuesfor cyclic alkenes
are more negative than those for the corresponding
acyclic alkenes by 0.3-0.4kcalmol™!, in essential
agreementvith the AAH' for alkenesFigure5 displays
a plot of AAH; for cyclic andacyclic alkenesgachwith
the initial arrangemenbf vertical type (Figs 1 and 2),
againstthe experimentalenthalpies(AAH"). Although
eachsystemshowsa positive gradient,thereis no clear
relationshipbetweenAAH; and AAH' in total.

Ether-benzene systems

In the caseof cyclic ethers,optimized geometriesalso
resemblethe correspondingnitial arrangementsThe rg
valuesrangefrom 2.5to 2.6 A . The AAH; valuesfor
Y =tetrahydropyranand 1,4-dioxane, each with the
initial arrangemenbf vertical type (Figs 3 and 4), are
—0.60 and —1.07kcalmol™t, respectively (Fig. 6).
The AAH! valuesarereducedby ca. 0.5-0.%cal mol~*
on introduction of an oxygen atom to cyclohexane
[i.,e. —0.44 (cyclohexane), —1.35 (tetrahydropyran)
—1.84kcalmol™* (1,4-dioxane)](Fig. 6). A fascinating
aspectof the calculatedresultsis that the AAH; values
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Figure 6. Plot of AAH; for acycllc () and cyclic (A) ether—
benzene systems against AAH". Ethers Y used are as follows:
1, n-hexane; 9, 1-methoxybutane; 10, 1,2-dimethoxyethane;
5,cyc|ohexane; 11,tetrahydropyran; 12, 1,4-dioxane

decreasdrom cyclohexane(—0.30kcalmol ™) to 1,4-
dioxane(—1.07kcalmol™%) with the numberof oxygen
atomsby ca 0.3-0.5kcal mol ™.

The experimental enthalpies (AAH") for acyclic
ether? alter markedly with increasingnumber of O
atoms: —0.04 (n-hexane), —0.90 (1-methoxybutane),
—1.62kcalmol™ (1,2-dimethoxyethanejFig. 6). The
AAH; valuesfor acyclic ethersof morestableconforma-
tionshardly alterwith the numberof O atoms:—0.05(n-
hexane), —0.07 (1-methoxybutane),—0.13kcalmol™*
(1,2-dimethoxydtane)(Fig. 6). It shouldbe notedthat
the AAH; valuesfor cyclic ethersarealsomorenegative
thanthosefor the correspondingacyclic ethersby 0.5—
0.9kcalmol™, in essentialaccordancewith AAH' for
ethers. Although the calculatedenthalpies(AAH;) for
acyclic ethersappearto show a slight decreasewith
increasing number of O atoms, they require closer
examinationbeforefurther discussion.

Estimation of the experimental AAH' from the
correlation equation for cyclic systems

The aboveresultsfor alkenesandetherssuggesthatthe
trend in correlation between calculated (AAH;) and
experimentalenthalpies(AAH") differs with the shape
of the moleculeg(i.e. cyclic or acyclic), ratherthanwith
the functional group in the molecules(double bond or
etherlinkage).Sincethe AAH; valuesfor acyclicsystems
scarcelychangewith the numberof functional groups,
the following discussionon the estimationof experi-
mental AAH' from the correlationequationis limited to
cyclic systems.

Figure 7 shows the AAH~AAH" plots for cyclic
alkenesand ethers.The p for Y =cyclic alkenesand
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Figure 7. Plot of AAH; for cyclic alkene (@) +cyclic ether
(A)-benzene systems against AAH'. Numbering of cyclic
alkenes and ethers as in Figs 5 and 6. The correlation
equation and correlation coefficient (p) are for cyclic alkenes

ethersis 0.91, smallerthan that for Y = cyclic alkenes
alone(0.94),suggestinghatthesetwo systemsarebetter
correlatedndependently.

The plots for cyclic ethers(tetrahydropyrarand 1,4-
dioxane) were then combined with those for the
monosubstitutecbenzenegPhX)?® reportedpreviously
(Fig. 8). The p value for the AAH—AAH" correlation
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Figure 8. Plot of AAH; for cyclic ether (A) +substituted
benzene (O)-benzene systems against AAH'. Numbering of
cyclic ethers as in Fig. 6. Substituted benzenes Y used are as
follows: 13, PhEt; 14, PhMe; 8, PhH; 15, PhCl; 16, PhF; 17,
PhOMe; 18, PhNMe,; 19, PhNO,. Initial arrangements of
substituted benzene—benzene systems are V,, or V,, arrange-
ment where the lowest H atom at the para or meta position,
respectlvely, to substituent X is located above the centroid of
PhH.?® Substituted benzenes belonging to Vp, arrangement
are PhMe, PhH, PhOl\/Ie and PhNMe, and the others belong
to V,, arrangement?®
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0.4 locatedjustabovethecentroidof PhH.Thisis thesecond
: 5@ . . . .
examplein which theoretical enthalpiesof the weak
0.6 interactionsrelatedto a benzenanoleculehavea close
6@ 2 ) .
o8l correlationwith the experimentaknthalpiesTherehave
% probably beenno reportson ab initio calculationsof
g -1} energieof intermoleculaiinteractionsof simplealkenes
g ) and etherswith benzeneThe presenceof the attractive
N 2 weakinteractionsof benzenehas,however,beenshown
A with ethers'*?® and alkenes>® The calculated AAH;
:<t] valuesby the semi-empiricakalculation althoughnotin
< -6} o =0.902 good agreementwith the correspondingexperimental
g8l 19 AAH! values, can be used to estimate AAH' with
o AAH'=-0.364 + 1.370AAH¢ appropriatecorrelationequations.
-2 1 i

1.4 12 -1 -08 -06 -04 -0.2
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Figure 9. Plot of AAH; for cyclic alkene (@) -+cyclic ether

(A) +substituted benzene (O)-benzene systems against We are grateful to Mr Keitaro Sugio for valuable
AAH'. Numbering of alkenes, ethers and substituted assistance.

benzenes as in figs 7 and 8
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