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The transmission of polar effects through the bicyclo[2.2.2]octane framework has been investigated by
ascertaining how the geometry of a phenyl group at a bridgehead position is affected by a variable substituent
at the opposite bridgehead position. We have determined the molecular structure of sev&TéCRh-
CH,)sC—X molecules (where X is a charged or dipolar substituent) from HF/6-31G* and B3LYP/-BGE*
molecular orbital calculations and have progressively replaced each of the-tBide-CH,— bridges by a

pair of hydrogen atoms. Thus the bicyclo[2.2.2]octane derivatives were changed first into cyclohexane
derivatives in the boat conformation, then imtdoutane derivatives in the antsyn—anti conformation, and
eventually into assemblies of two molecules,#H; and CH—X, appropriately oriented and kept at a

fixed distance. For each variable substituent the deformation of the benzene ring relative kbrEmains
substantially the same even when the substituent and the phenyl group are no longer connected by covalent
bonds. This provides unequivocal evidence that long-range polar effects in bicyclo[2.2.2]octane derivatives
are actually field effects, being transmitted through space rather than through bonds. Varying the substituent
X in a series of PkrC(CH,—CH,)3sC—X molecules gives rise to geometrical variation (relative te-=) not

only in the benzene ring but also in the bicyclo[2.2.2]octane cage. The two deformations are poorly correlated.
The rather small deformation of the benzene ring correlates well with traditional measures of long-range
polar effects in bicyclo[2.2.2]octane derivatives, suclvaer oy values. The much larger deformation of the
bicyclo[2.2.2]octane cage is controlled primarily by the electronegativity of X, similar to deformation of the
benzene ring in PAX molecules. Thus the field and electronegativity effects of the substituent are well
separated and can be studied simultaneously, as they act on different parts of the molecular skeleton.

1. Introduction of possible paths. In the electrostatic field model the polar effect
is propagated by a field mechanism through the local environ-

The nature of substituent effects and their mode of transmis- L .

. - . ment (through-space transmission). The extent of the transmis-
sion through molecular systems are much debated issues .1 is expected to depend on the geometry of the framework
physical organic chemistryy.” Extensive experimental and P P 9 y

computational studies have been carried out on manGY-X gnd dielectric properties of the interposgd mgdium and to be
species, where X is a variable substitye@ a molecular |ndep§ndent of the number of paths. Dissection of.the polar
framework, ad Y a reaction site. The ionization of a carboxylic effect |r)t0 a short-range component (an electronegativity effect
group is a commonly used reaction, the effect of the substituent ransmitted through bond) and a long-range component (a field
at the reaction site being measured by the variation of the p  €'fect transmitted through space) has been propdste
value. The net substituent effect is usually partitioned into three former should propagate through no more than one carbon atom,
components: () a polaf223 (also named inductivé* or while the latter should propagate_through Ionge_r dlstancgs.
electrical) effect, originated by the charge or dipole moment Although a great deal of ingenuity has been invested in
of the substituent; (ii) a resonance (or mesomeric) effect, causedSynthesizing specific model compounds apt to discriminate
by the transfer ofr-electrons to or from the substituent; and between through-bond and through-space transmission of the
(iii) a steric effect, arising from the steric hindrance of the polar effect, the question has not yet been given a final answer.
substituent. The geometry of a monosubstituted benzene ring contains
Two models have been suggested for the transmission of thevaluable information on substituent effeéts the majority of
polar effect of the substituent through a molecular frameWwotk.  cases the deformation of the ring under substituent impact
In the inductive model the polar effect is propagated by conforms toC,, symmetry and is most pronounced in the ipso
successive polarization of the covalent bonds connecting theregion; it involves bond distances as well as angles. The changes
substituent with the reaction site (through-bond transmission). of the o. angle and the bond distances (Figure 1) have long
The extent of the transmission is expected to depend on theago been rationalized in terms of hybridization effects at the
number and nature of the interposed bonds and on the numbelpso carbofor valence-shell electron-pair repulsidigVe have
recently analyzed the deformation of the benzene ring in many
szgmihor ﬁawh%@ngg;:ﬁzrgzgm%enshou'd be addressed. Fax: 39-0862- Ph-X molecules, as obtained from quantum chemical calcula-
y X v tions at the HF/6-31G* leveéP The overall deformation depends

T University of Rome “La Sapienza”. g Hs e
* University of L'Aquila. on the nature of the substituent, reflectingiitslectronegativity,
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Figure 1. Lettering of the CG-C bonds and €C—C angles in a
monosubstituted benzene ring ©f, symmetry.

and, to a lesser extent, ttsdonor/acceptor ability. Nonbonded
interactions between the substituent and the ortho hydrogens
and carbons also play a role in determining the ring geometry.
By using symmetry distortion coordinat&aye have showf10 by progressively replacing each of the thre€H,—CH,—
that two orthogonal linear combinations of the internal ring yyigges by a pair of hydrogen atoms. Thus the bicyclo[2.2.2]-
angles, the structural SUbSt_'tPe”t paramet@rsand S, are octane derivativesl were changed first into cyclohexane
related to the electronegativity and resonance effects of agerjvatives in the boat conformation, PEH(CH,—CH,)o-
substituent, respectively: and S values are obtained from  cH—x (2), then inton-butane derivatives in the antsyn—

the following equation® anti conformation, PRCH,—CH,—CH,—CH,—X (3), and

_ _ eventually into assemblies of two molecules,—H; and
S = 0.7062 — 0.9560f + 0.044Ay + 0.20600 (1) CHs—X (4), appropriately oriented and kept at a fixed distance

S, = 0.031Ac + 0.291A8 — 0.99Ay + 0.677A0 + 0.28 (Chart 1). Although based on changes in molecular geometry
’ ’ ’ ' ' 5 rather than energies of isodesmic proton-transfer reactions, our
@) strategy is reminiscent of the isolated molecule approach used
where A = o — 120, A = f — 120, etc., for a Py Topsom/ _ _
monosubstituted benzene ring 65, symmetry2 These pa- In addition to the above species we have studied eleven
rameters are easily and reliably determined by computation also#-Substituted 1-pheny!b|cyclo[2.2;2]octan¢ derivatives - with
for experimentally inaccessible species and conformations. The€ommon dipolar substituentd,(X = Me, SiH, OMe, NH,
S parameter is a sensitive indicator of the polarity of the®h ~ OH, COMe, Cl, Ck, COCI, CN, and N@). This was done to
bond. Its values span a considerably wide range, more tian 16 establish (i) whether the geometrical distortion of the benzene

and increase linearly with the electronegativity of X within each 'INg caused by the remote substituent X is actually related to
of the first two rows of the periodic tablé.This has made it traditional measures of long-range polar effects in b|c_yclo[2.2.2]-
possible to derive a table of group electronegativities, using the Octane derivatives, such as the or oy scales, and (i) up to
phenyl group as a prob&These results override some previous which point the distortion of the blpyclo[2.2.2]ocj[§ne cage
criticism:14 the dependence of the angular deformation of the c@uSed by the presence of X at the bridgehead position depends
benzene ring on the electronegativity of the substituent is firmly ON the electronegativity of X.

established and widely recogniz&d.

We have now investigated the transmission mechanism of
long-range polar effects through the bicyclo[2.2.2]octane frame-  Molecular geometries have been determined by MO calcula-
work, by ascertaining how the geometry of a phenyl group at a tions at the HF/6-31G* and B3LYP/6-31tG** levels of
bridgehead position is perturbed by the presence of a substituentheory with gradient optimizatiot?, using theGaussian 98
at the opposite bridgehead position. The saturated polycyclic and Gaussian 0% packages of programs. We have imposed
framework of the bicyclo[2.2.2]octane molecule is particularly Cssymmetry to all the species investigated, with the symmetry
well suited to investigate the propagation of polar effects, as it plane perpendicular to the plane of the benzene #rithe
is sterically well-defined and does not allow resonance interac- imposed symmetry is not generally that of a potential energy
tions between substituent and prdb&/e have also investigated ~ minimum. Nevertheless, it has the major advantage of keeping
how the geometry of the bicyclo[2.2.2]octane cage in—-Ph any steric effect at the ortho hydrogens practically constant
C(CH,—CHy)sC—X molecules is affected by changes in the within each of the four molecular frameworks investigated,
electronegativity of X. Molecular geometries have been deter- irrespective of the nature of the variable substituent X. This is
mined by molecular orbital (MO) calculations at the HF/6-31G* particularly important because the geometry of the benzene ring
and B3LYP/6-311+G** levels of theory. Our results provide is sensitive to steric effect8:'3The CH;:+-CHjs separations in
an unequivocal answer to the question of through-bond versusthe bimolecular assemblie$ were assumed at the values
through-space transmission of long-range polar effects in obtained for the corresponding G+CH, separations in the
bicyclo[2.2.2]octane derivatives and shed light on the difference n-butane derivative$.
between long- and short-range effects in these molecules.

3. Calculations

4. Results and Discussion

2. Strategy 4.1. Analysis of the Benzene Ring DeformationSelected

To investigate the propagation of long-range polar effects we geometrical parameters of the benzene ring in molecular systems
have selected nine 4-substituted 1-phenylbicyclo[2.2.2]octane 1—4 are provided as Supporting Information to this paper. They
derivatives, PR C(CH,—CH,)3C—X (1), where X is a charged  are reported in Tables S1 and S2, from HF/6-31G* and B3LYP/

or dipolar substituent (= O, BH;~, COO~, MgCl, F, CIG;, 6-311++G** calculations, respectively. (All tables containing
PH;*, NH3*, and OH™, plus H used as a reference). We have an S in their identification label are deposited in the Supporting
then modified the molecular framework, & —C(CH,— Information; see the relevant paragraph at the end of the paper.)

CH,)3C—, so as to reduce the number of paths through which Univariate statistics for the internal and angular symmetry
the polar effect of X could be transmitted to the phenyl group coordinates of the benzene ring in bicyclo[2.2.2]octane deriva-
by successive polarization of chemical bonds. This was donetives (1) are presented in Table S3.
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Ay (°) b Figure 3. Scattergram of tha bond distance of the benzene ring vs
Ao = oo — 120 in Ph—C(CH,—CH,)sC—X molecules, from B3LYP/
0.6 1 O oo 6-311++G** calculations. The second degree polynonaiat 0.00146-
Clos OHy* (8)Ao2 + 0.0064(5)n0 + 1.4089(8) A fits the data with a correlation
0.3 | NO, coefficient of —0.9985 on 21 data points.
A (° TABLE 1: Linear Regressions between Angular Parameters
0.0 . . i _ha (, ) of the Benzene Ring in Molecular Systems 14, from
39 36 33 30 27 24 B3LYP/6-311++G** Calculations
' ' ’ ' . molecular  angular intercept  correlation
regressioh  system coefficient (deg) coefficient
AB vs Aa 1 —0.600(3) —0.185(9) —0.9998
2 —0.593(4) —0.167(13) —0.9998
3 —0.589(4) —0.039(7) —0.9998
4 —0.580(8) —0.035(16) —0.9992
Ay vs Aa 1 —0.128(4) 0.028(12) —0.9908
-1.5 : , . . , 2 —0.133(5) 0.033(16) —0.9938
39 -36 33 30 27 -24 3 —0.125(5) —0.080(8) —0.9948
Figure 2. (a—c) Scattergrams of the internal angles of the benzene 4 —0.116(14) —0.027(26) —0.9485
ring B, y, andd vs a in Ph—C(CH,—CH,)sC—X molecules, from A VS A 1 0.455(3) 0.308(10) 0.9995
B3LYP/6-31H-+G** calculations. The angles are given as deviations 2 0.452(3) 0.266(9) 0.9998
from 120, Ao = a — 12C°, etc. The correlation coefficients are 3 0.427(5) 0.237(8) 0.9995
—0.9998,—0.9908, and 0.9995, respectively, on 21 data points. The 4 0.392(12) 0.124(24) 0.9961
very small deviation from linearity in part b may be real, as it occurs
in all molecular systems investigated in the present study, at both the D4 VvsDs 1 2.07(3) 0.16(5) 0.9985
HF/6-31G* and the B3LYP/6-31t+G** levels of calculations. 2 2.09(3) 0.11(6) 0.9990
3 2.01(3) 0.46(4) 0.9992
4 1.90(8) 0.16(10) 0.9922

4.1.1. Internal CoordinateS.he values of the EC—C angles
of the benzene ring in each of the molecular systémé span
rather narrow intervals. Only in the case @fis the interval
wider than 2. Despite the limited variance, an important result

is observed consistently from the computed geometries: The

angless, v, ando are linearly related ta with high correlation
coefficients; see Tables 1 and S4. ScattergranmsfefAy, and

a2 The number of data points is 21 for molecular systieamd 10 for

2, 3, and4.

TABLE 2: Changes in the Benzene Ring Geometry (deg, A)
Caused by Different Molecular Frameworks (1-4, X = H),
from B3LYP/6-311++G** Calculations

AS versusAa for the bicyclo[2.2.2]octane derivativek are parameter ! 2 3 4
shown in Figure 2. Varying the natur@nd hence the polar Aa —3.16 —3.01 —184 195
effect—of the remote substituent X gives rise to a concerted ﬁg é:g é:gg é:(l)i é:gg
variation of the benzene ring geometry, following a well-defined AS ~1.13 ~1.09 —0.55 —0.64
distortional pathway. With molecular systeban increase of Aa 0.0087 0.0084 0.0049 0.0050
o by 1° causeg, v, ando to vary by—0.600(3), —0.128(47, Ab —0.0006 —0.0006  —0.0007 0.0001
and+0.455(3y, respectively, according to B3LYP/6-3t1G** Ac —0.0024  —0.0023  —0.0006  —0.0012
calculations. The corresponding figures from HF/6-31G* cal- 2Aq = o — 120, etc; Aa = a — r(C—C)henzene €tC, With

culations are-0.569(2}, —0.164(3Y}, and+0.464(3}, respec-
tively. Similar results are obtained for molecular systéhasid
3 as well as the bimolecular assembliesee Tables 1 and S4.

I’(C_C)benzenez 1.3946 A.

Similar nonlinear dependences are observed with molecular

These angular changes have some similarity to but are not thesystems2—4 at both levels of calculation.

same as those occurring in PR molecules upon variation of In the bicyclo[2.2.2]octane and cyclohexane derivatives (

the electronegativity of X2 and2) some of the methylenic hydrogen atoms are close enough
The C-C bond distances of the benzene ring are less affectedto the ortho hydrogens of the phenyl group to perturb the

than angles by the remote substituent X. The largest variancegeometry of the carbon hexag&hThe geometrical changes

is that of thea distance, which is 19 times smaller than that of that occur in going fromn-butane to cyclohexane derivatives

the anglen. when normalized data are used. Only #distances (83— 2) are clearly seen in Table 2. They are caused by steric

are therefore reported in Tables S1 and S2. A scattergraan of hindrance and are scarcely, if at all, affected by the remote

versusAa for the bicyclo[2.2.2]octane derivativélsshows a substituent X. Associated with them is a systematic increase of

regular, nonlinear decrease afwith increasinga (Figure 3). r(Ph—C), 0.019-0.023 A at both levels of calculation. Much
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smaller systematic changes occur in going fidto 1 and from 2.8
4 to 3. Under such circumstances the variation of the benzene
ring geometry that occurs within each of the four molecular 3.0 -

systems upon replacement of the remote hydrogen atom with a
substituent X can be attributed entirely to the polar effect of X.

4.1.2. Symmetry Coordinatds. a monosubstituted benzene B2
ring of Cy, symmetry, the seven internal coordinate, v, o,
a, b, andc (Figure 1) are not independent. They are linked by -3.4
two equations of geometrical constraints, expressing the condi-
tions of planarity and ring closure -3.6 -
ot+26+2y+d0=4n 3) 38
asin(/2) + b sin(g + a/2 — 1) = c sin(6/2) (4)
4.0

In a statistical analysis of the internal coordinates the geometrical
constraints introduce correlation. For instanzet: 6 correlates 42 ]
exactly withjg + v due to eq 3. Thus part of the correlation of
B, v, and o with o. observed in the present study is due to -
. . . 4.4 o o L
geometrical constraints. To form an orthogonal basis for Ds(°)
describing the geometry of monosubstituted benzene rings we "
have to make use of symmetry coordinates. These are symmetry-

. R . . Figure 4. Scattergram of the symmetry coordinde vs Ds for the
adapted linear combinations of the internal coordinates, trans- (> - fing of PAC(CH,—CHy)sC—X molecules, from B3LYP/6-

forming as the irreducible representations oflepoint group.  3114++G** calculations. The correlation coefficient is 0.9985 on 21
A description of the in-plane distortion of a benzene ring in data points.

terms of nine symmetry coordinates has been given by Murray- . . o
Rust!! If the distorted ring retainsC,, symmetry, as is In simple monosubstituted benzene derivatives Rhwhere

practically the case in the present sté#dyhen four of these  the variable substituent is attached directly to the benzene ring,
coordinates vanish. Of the remaining five, only three involve the angular ring distortion can be descriiéid terms of three

22 20 18 -16 -14

the internal ring angles; they are separate contributio.ns, originating from 'ghe electronegativit.y,
resonance, and steric effects of the substituent. These contribu-
D,=3"a—pf—y+9) (5) tions act entirely in theDgD4 plane. Thus the points corre-

sponding to different substituents are scattered ifDgi®, plane;
see Figures 5 and 6 of ref 10. To identify the electronegativity
distortion in ref 10 it was necessary to use a set of nonresonant,
1 nonsterically-hindering substituents of different electronega-
Dg=6 "(a—28+2y—9) (7) tivities; their data points were found to be aligned along a
straight line (electronegativity line) in thBgD4 plane. The
In molecular system&—4 the variance 0Ds is very much equation of the electronegativity line obtained at the HF/6-31G*
smaller than those dd, andDs (see, e.g., Table S3). Moreover, |evel of theory i4°
Ds correlates rather well wittD, and Dg. (The correlation

Ds=3 "a+B—y—0) (6)

coefficients range from 0.946 to 0.999.) Thus the angular D, = 1.29(3P4 — 0.45(6¥ (10)
variance of the benzene ring in molecular systdmg can be

represented entirely in tHasD,4 plane, as in the case of P Equations 9 and 10 have significantly different angular coef-
moleculesd.10 ficients; they represent different distortions of the benzene ring,

A scattergram oD, versusDs for the bicyclo[2.2.2]octane  caused by different electronic effects of the substituents.
derivatives1 shows that the data points are almost perfectly ~ With molecular systems—4 no resonance interactions occur
aligned (Figure 4). This correlation does not contain contribu- between the phenyl group and the remote substituent X, and

tions from geometrical constraints, becaudg and Dg are the steric effects on the phenyl group exerted by the bicyclo-
mutually orthogonal; it originates entirely from physical effects. [2.2.2]Joctane cage il and the cyclohexane ring i2 are
The equation of the regression line is constant, as discussed in section 4.1.1. Thus we are left with
only one variable effeetthis explains why all data points are
D,=2.07(3P4 + 0.16(5} (8) well aligned in theDgD4 plane. We reify this effect as the long-
range polar effect of X. A coordinate along the least-squares
from B3LYP/6-31H+G** calculations and line in theDgD4 plane, S, with the origin set at X= H, will be
used in each of the four molecular systems to measure the long-
D, = 2.30(3P4 + 0.36(5} 9) range polar effect of the substituent, as seen from the variation

of the benzene ring geometry. The equations giving the structural
from HF/6-31G* calculations. The correlation coefficients are substituent paramet&: for molecular system$—4 at the two
0.9985 and 0.9988, respectively. Excellent correlations are alsolevels of calculation are given in Table 3.
obtained for molecular systen®s-4; see Tables 1 and S4. It 4.2. Benzene Ring Deformation and Long-Range Polar
appears from Figure 4 that a nonlinear regression based on &ffects. The S values of O, BH3;~, COO~, MgCl, F, CIG;,
second-order polynomial would fit the data points even better. PHs™, NHz™, and OH™ are reported in Table 4 for each of the
The same is true of molecular syste@s4, at both levels of four molecular frameworks investigated. They have been
calculation. The small deviation from linearity is most probably calculated according to the appropriate equations in Table 3.
real but will be ignored in the present study. They depend only marginally on the level of calculation, except
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TABLE 3: Coefficients of the Equation St = ¢y + ;Aa + TABLE 5: Long-Range Polar Effects of Dipolar
CAf + csAy + ¢,Ad, Giving the Structural Substituent Substituents in Bicyclo[2.2.2]octane Derivatives
Parameter S for Molecular Systems -4, from HF/6-31G* experimental calculated
and B3LYP/6-311++G** Calculations Sa Sa gas-phase gas-phase
molecular  level of o substituent HF level B3LYP level og® o° acidityd aciditye
system calculation (deg) ¢ C C3 Ca H 0.00 0.00  0.00 0.00 0.0 0.0
1 HF 4354 0.692 —0.855 —0.204 0.367 Mgc' g-gg 8-‘032 003 005 10 04
B3LYP 4.154 0.697 —0.875 —0.165 0.342 Sits 0.04 006 015 24
2 HF 4130 0.693 —0.859 —0.196 0.362 OMe 0.05 0.06 0.19 0.16 2.6
B3LYP 3.961 0.697 —0.873 —0.168 0.345 NH: 0.06 0.06 0.12 0.11 0.7
3 HF 2.368 0.692 —0.856 —0.202 0.366 &H)Me %’,%% %‘_%89 %_22?3 020 29
B3LYP 2414 0.699 —0.881 —0.153 0.335 E 0.14 0.13 0.39 0.36 56 4.7
4 HF 2425 0.697 —0.873 —0.168 0.345 ok g18 016 08 00 o2 o2
B3LYP 2575 0.701 —0.891 -0.131 0.321 cocl 0.18 0.20 051
TABLE 4: Structural Substituent Parameters St for ﬁgz 831 852 g:gg 8:22 3:86 g?
Molecular Systems -4, from HF/6-31G* and B3LYP/ ClOs 0.36 0.37
6-311++G** Calculations?
aThe structural substituent parametsr refers to PR-C(CH,—
) molecular S- (deg) CH,)3C—X molecules. Its values (deg) have been calculated by the
substituent system HF B3LYP equationS = ¢y + G Aa + GAS + cAy + cAd from the internal
o 1 ~0.81 —0.74 angles of the benzene ring given in Tables S1 and S2, using the
2 —0.73 —0.72 appropriate coefficients from Table BFrom Table 1 of ref 27. These
3 -0.82 —0.88 polar parameters have been obtained fromftR&NMR chemical shifts
4 —-0.81 —0.95 of p-F—C¢Hs—C(CH,—CH,)sC—X species in cyclohexane solution.
¢ From Table 3 of ref 16g. These polar parameters have been obtained
BH3™ 1 —0.68 —0.67 from the computed gas-phase acidities of HOGIECH,—CH,)sC—X
2 —0.65 —0.65 species (B3LYP/6-3HG** level). 4AG°y — AG°x values (kcal
3 -0.72 -0.80 mol-Y) for the dissociation of HOOEC(CH,—CH,):C—X acids,
4 —0.68 —-0.71 measured by ion cyclotron resonance spectroscopy (from Table 1 of
coo 1 —054 —0.54 ref 16e). AHy — AHy values (kcal mol?) for the dissociation of
2 —0.48 —0.50 HOOC-C(CH,—CH)sC—X acids, calculated at the MP2/6-3t+G**
3 —0.56 —0.61 level (derived from data given in Table S7 of ref 16f).
4 —0.49 —0.50
MgCl 1 0.00 0.03 benzene ring relative to X H remains substantially the same
2 003 002 even when the substituent and the phenyl group are no longer
3 —0.06 —0.07 connected by chemical bonds. This finding provides unequivocal
4 —-0.07 —0.02 evidence that long-range polar effects in bicyclo[2.2.2]octane
= 1 0.14 0.13 derivatives are transmitted through space, as maintained by most
2 0.15 0.18 authorsil:a,Z,S,G,lGdf,17,25
3 0.15 0.14 S values for dipolar substituents in PIE(CH,—CH,)3sC—X
4 0.20 0.24 molecules are reported in Table 5. They are much smaller than
ClO; 1 0.36 0.37 those of charged groups. Although covering a range only 0.4
2 0.35 0.35 wide, they appear to be well determined, as they have closely
3 0.37 0.36 similar values from HF/6-31G* and B3LYP/6-3+H#G**
4 0.39 0.48 calculations’® Their dependence on the conformation of X with
PHs*" 1 0.74 0.78 respect to the bicyclo[2.2.2]octane cage was checked fer X
2 0.69 0.73 OH, OMe, and NQ@ and found to be insignificantly small.
2 8;8 8-;2 The S values of Table 5 correlate well with various measures
: of long-range polar effects in bicyclo[2.2.2]octane derivatives,
NHz* 1 0.79 0.79 such as: (i)or values from% NMR chemical shifts of
% 8-;2 8-;; 4-substituted J-fluorophenylbicyclo[2.2.2]octane derivativés,
4 078 091 (i) o val_ur_e_s from calcul_ated (B_3LYP/6-3}B** level) gas- _
phase acidities of 4-substituted bicyclo[2.2.2]octane-1-carboxylic
OH,* 1 0.89 0.94 acids?®d (i) experimental gas-phase acidities of 4-substituted
% 8-38 8-82 bicyclo[2.2.2]octane-1-carboxylic acid% and (iv) calculated
a 0.92 111 (MP2/6-311++G** level) gas-phase acidities of 4-substituted
bicyclo[2.2.2]octane-1-carboxylic acid¥. Details of the cor-
* S: values have been calculated by the equasior ¢ + ciAa + relations are given in Table 6; two examples are shown in

CAS + csAy + ciAd from the internal angles of the benzene ring

given in Tables S1 and S2, using the appropriate coefficients from Table Figures 5 and 6.
3 However, theS values of the 21 PRC(CH,—CH,)sC—X

species considered in the present study correlate poorly with
with some of the bimolecular assembliésIt appears from the correspondingx values from monosubstituted benzene
Table 4 that reducing the number of paths through which the derivativest? (The correlation coefficient is 0.851.) This is by
polar effect of X could be transmitted to the phenyl group by no means surprising, because the structural substituent param-
successive polarization of chemical bonds does not decreaseetersS: and S measure different effects. They are actually
the transmission efficiency. The angular deformation of the measures of long- and short-range polar effects, respectively,
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TABLE 6: Linear Regressions between the Structural Substituent ParameteS: of Ph—C(CH,—CH5)3C—X Molecules and
Various Measures of Long-Range Polar Effects

number

level of of data angular intercept correlation
regression calculation points coefficient (deg) coefficient

S Vs of? HF 13 0.360(15) —0.002(6) 0.990
B3LYP 13 0.341(15) 0.006(6) 0.989
SvsolP HF 10 0.355(13) 0.007(5) 0.995
B3LYP 10 0.332(14) 0.012(5) 0.993

SVSAG’y — AG°x© HF 8 0.0265(11) —0.008(6) 0.995

B3LYP 8 0.0248(9) —0.002(5) 0.996
S VS AHp — AHy® HF 10 0.0251(20) 0.012(10) 0.976
B3LYP 10 0.0234(17) 0.018(9) 0.979

aPolar parameter, from Table 1 of ref 27Polar parameter, from Table 3 of ref 16g=xperimental gas-phase acidity of HOOC(CH,—
CH,)3sC—X molecules, from Table 1 of ref 16€ Calculated gas-phase acidity of HO©C(CH,—CH,)sC—X molecules, from data given in Table

S7 of ref 16f.
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Figure 5. Plot of the structural substituent paramede(from B3LYP/
6-311++G** calculations on PR-C(CH,—CH,);C—X molecules) vs
the field parametesr (from *°*F NMR chemical shifts of-F—CgsHs—
C(CH,—CH,)sC—X molecules in cyclohexane solution; values from
Table 1 of ref 27). The correlation coefficient is 0.989 on 13 data points.
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Figure 6. Plot of the structural substituent paramede(from B3LYP/
6-311++G** calculations on PR-C(CH,—CH,)sC—X molecules) vs
the experimental gas-phase acidities of HOGI{CH,—CH,);C—X
molecules (values from Table 1 of ref 16e). The correlation coefficient
is 0.996 on 8 data points.

that is, of the field and electronegativity effects of the substituent,
as seen from the variation of the benzene ring geometry.
4.3. Deformation of the Bicyclo[2.2.2]octane Cage and

Short-Range Polar Effects.lt is reasonable to expect that the
geometry of the bicyclo[2.2.2]octane cage in-FB(CH,—
CH,)3sC—X molecules may vary with the electronegativity of
X, as does the geometry of the benzene ring irr Rimolecules.

A detailed analysis of the deformation of the bicyclo[2.2.2]-

N—/

Figure 7. Lettering of the C-C bonds and €C—C angles of the
bicyclo[2.2.2]octane cage in PIC(CH,—CH,);C—X molecules. The
cage has been assumed to confornCipsymmetry.

octane cage in the 21 PIC(CH,—CH,)3C—X species consid-
ered in the present study, confining the discussion to the most
prominent geometrical changes. The structures of these mol-
ecules were optimized under the constrain€o$§ymmetry, but

to simplify the analysis we have averaged appropriate bond
distances and angles of the cage so as to conforrsto
symmetry. The choice of th€s, point group follows naturally
from the structure and large-amplitude twisting motion of the
unsubstituted bicyclo[2.2.2]octane molectfe.

The carbon skeleton of a bicyclo[2.2.2]octane cageCgf
symmetry has, in general, three different bond distar@ed’(
andc') and four different anglesx(, #', y', andd'); see Figure
7. These internal coordinates are not independent, due to two
equations of geometrical constraint, expressing the condition
of coplanarity of the four carbon atoms of each bridge. An
additional geometrical parameter that has proved useful in the
present analysis is the nonbonded separation between the
bridgehead carbongC---C). The variances of these parameters
(Table S5) indicate that the deformation of the bicyclo[2.2.2]-
octane cage caused by the variable substituent X is much larg-
er than that of the phenyl group at the opposite bridgehead
position (Table S3) and is substantially confinedoto ', &',
andr(C---C).

The values of these four geometrical parameters are reported
in Tables S6 and S7, from HF/6-31G* and B3LYP/6-
311++G** calculations, respectively. Bivariate analysis (Table
7 and Figure 8) shows thgt andr(C---C) are linked too’ by
excellent linear relations, whereas the correlatioa’ afith o
is poor. Needless to say, part of these correlations is due to the
geometrical constraints mentioned above. Increasing the elec-
tronegativity of the substituent gives rise to a concerted variation
of the cage geometry, consisting of an increasexolnd a
simultaneous decrease @ r(C---C), anda’. The deformation
is of the same nature as that occurring in monosubstituted
benzene rings, as described in ref 8a, and is straightforwardly

octane cage under substituent impact is beyond the scope ofexplained in terms of hybridization effeéisat the bridgehead
the present study; it should be based on the geometries of manycarbon (see ref 14 for a description) or by the VSEPR métel.

H—C(CH,—CH,)3C—X molecules, unperturbed by the steric and
electronic effects of the phenyl group. A brief account of such

deformation, based on 21 substituents, has appeared retently.

Here we report the geometrical variation of the bicyclo[2.2.2]-

As in the case of monosubstituted benzene rings, the primary
angular distortion at the place of substitution is damped by an
opposite distortion at the adjacent carbon atoms of the frame.
Note, however, that in the benzene ring of-Phimolecules an
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TABLE 7: Linear Regressions between Geometrical
Parameters of the Bicyclo[2.2.2]octane Cage in
Ph—C(CH,—CH;);C—X Molecules

level of angular intercept  correlation
regressiof®  calculation coefficient  (deg, A)  coefficient
AB' vs Ao HF —1.09(3) —0.16(4) —0.993
B3LYP —1.08(3) —0.15(5) —0.993
r(C---C)vsAa’ HF —0.0264(3) 2.6345(4) —0.999
B3LYP —0.0264(3) 2.6435(5) —0.999
Ad vsAd’ HF —0.0060(8) 0.0018(12) —0.866
B3LYP —0.0071(8) 0.0017(13) —0.891

a2The number of data points is 21Aa’ = o'x — o'y, AR = f'x —
f'n, andAa = a'x — an.
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Figure 8. (a and b) Scattergrams of the cage parame{@fts= 5'x —
ﬁ'H and I'(C"'C) vs Ad' = o'y — o'y in Ph*C(CHz*CHz)sC*X
molecules, from B3LYP/6-3Ht+G** calculations. The correlation
coefficients are-0.993 and—0.999, respectively, on 21 data points.

increase ofx by 1° originated by a change in the electronega-

tivity of X causesp to decrease by 0.595(3)° whereas in the
bicyclo[2.2.2]octane cage of PIC(CH,—CH,)sC—X molecules
an increase ofl' by 1° gives rise to a decrease 6fby 1.09-

(3)°. The difference originates from the fact that in a mono-

substituted benzene ring &, symmetry the multiplicities of

o.andp are 1 and 2, respectively, whereas in a bicyclo[2.2.2]-

octane cage of3, symmetry botho’ andg’ have a multiplicity
of 3.

Unlike the small distortion of the phenyl group used as a
probe, measured by th& parameter, the large distortion of

the bicyclo[2.2.2]octane cage in PE(CH,—CH,)3C—X mol-

Campanelli et al.
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Figure 9. Plot of the cage paramet&fC---C) (from HF/6-31G*
calculations on PRC(CH,—CH,)sC—X molecules) vs the electrone-
gativity parameteiS: (from HF/6-31G* calculations on PRX mol-
ecules). The&: values are taken from Table 1 of ref 13; fo=XCOO,
OMe, OH, COMe, COCI, and NOthey refer to the coplanar
conformation of the substituent, and for X NH, and OH* to the
pyramidal conformation 'p as defined in ref 13. The correlation
coefficient is—0.990 on 21 data points.

2.50

C(CH,—CH,)sC—X molecules is likely to originate from steric
effects. These are dependent on conformation and may differ
in the two molecular systems.

5. Conclusions

The results of the present investigation point out the
importance of small structural differences in unraveling chemical
effects. The geometrical deformation of the carbon skeleton of
a phenyl group acting as a probe has been used successfully to
investigate how the long-range polar effect of a substituent X
propagates through the bicyclo[2.2.2]octane framework. Our
results demonstrate that the propagation efficiency does not
depend on the number of paths available for the transmission.
The geometrical deformation of the benzene ring relative to X
= H remains substantially the same even when the substituent
and the probe are not connected by covalent bonds. This
provides conclusive evidence that in bicyclo[2.2.2]octane
derivatives the long-range polar effect of the substituent is
transmitted through space rather than through bonds.

In Ph—C(CH,—CH)3sC—X molecules the deformation of the
phenyl group relative to X= H is small, particularly when X
is a dipolar substituent, but correlates well with various measures
of the long-range polar effect (field effect), such asdher o
parameters and the gas-phase acidities of 4-substituted bicyclo-
[2.2.2]octane-1-carboxylic acids. The deformation of the bicyclo-
[2.2.2]octane cage under substituent impact is much larger than
that of the phenyl group and is primarily controlled by the short-
range polar effect of the substituent; it correlates well with the
electronegativity distortion of the benzene ring in-Ph
molecules. Thus the field and electronegativity effects of the
substituent are well separated in-RB(CH,—CHy,)3C—X mol-
ecules; they act on different parts of the molecular skeleton,
causing different geometrical distortions, and can be studied
simultaneously in the same molecular system.

Supporting Information Available: Tables S1 and S2,
selected geometrical parameters of the benzene ring in molecular

ecules correlates quite well with the electronegativity distortion systems1—4, from HF/6-31G* and B3LYP/6-31t+G**

of the benzene ring in PRX molecules'®!® measured by the

calculations, respectively, Table S3, univariate statistics for the

S parameter (Figure 9). Thus the present molecular systeminternal and angular symmetry coordinates of the benzene
makes it possible to disentangle the field and electronegativity ring in Ph—C(CH,—CH,)3C—X molecules, from B3LYP/6-
effects of the variable substituent, as they act on different parts 311++G** calculations, Table S4, linear regressions between
of the molecular skeleton. Note, however, that with some angular parameters of the benzene ring in molecular systems
substituents (e.g., OMe, COMe, and COCI) part of the short- 1—-4, from HF/6-31G* calculations, Table S5, univariate

range geometrical distortion occurring in PX and Ph-

statistics for the internal coordinates of the bicyclo[2.2.2]octane
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cage in PR-C(CH,—CH,)3;C—X molecules, from B3LYP/6- (20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
311++G** calculations, and Tables S6 and S7, selected M:A: Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
. ! . ’ . N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
geometrical parameters of the bicyclo[2.2.2]octane cage in Ph \ennucei. B.: Cossi. M.: Scaimani, G.: Rega, N.. Petersson, G. A.;
C(CH,—CH,)3sC—X molecules, from HF/6-31G* and B3LYP/  Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
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. . X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
able free of charge via the Internet at http://pubs.acs.org. Gomperts, R.; Stratmann, R. E.. Yazyev, O.. Austin, A. J.. Cammi, R.

Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;;
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