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Weakly bound molecular complexes,1,2 the formation of which
is contrary to normal rules of valency,3 play an important role in
chemistry, physics, and biodisciplines, like energetics of enzymatic
reactions. Charge-transfer (CTC) or electron donor-acceptor (EDA)
complexes have been postulated in many common organic reac-
tions,3 although evidence for their involvement on the reaction
coordinate is generally weak. However, in electrophilic aromatic
substitutions, the role of the preorganization of the reagents within
these complexes has been stressed recently by Kochi:3c,d “...the
preorganization... can lead to a determined viable transition-state
structure, which hitherto may be discounted owing to the high
endergonic driving forces”.3d

Electrophilic halogen addition to alkenes is another reaction for
which the immediate formation of an olefin-bromineπ-complex
(“outer” complex)4 has been known for a long time.5 Recently, it
has been shown that 1:1 olefin-Br2 complexes are essential
intermediates in these additions.6

Geometry calculations7-9 indicated that the charge transfer is
very low, in agreement with the rotational spectrum of the ethylene-
Br2 complex in the gas phase.8a This is true for ethylene and similar
compounds but is not necessarily true for other olefins. Experimental
data on spectral characteristics and association constants for these
complexes are scarce, mainly due to the very high rate of their
subsequent ionization. Forπ-complexes between bromine and
simple linear alkenes, a linear correlation betweenhνCTC and the
donor ionization potential, IP, has been found,5 in accordance with
the usual Mulliken theory.3,4 Herein, we report the first evidence
of a direct relationship between association constants,KF, of the
π-complexes and polarizability of the olefins, whereas the expected

parallel trend betweenhνCTC or log KF and IP is not observed for
the considered set of olefins.

The UV spectral data andKF values of theπ-complexes of
alkenes1-8 and Br2, determined in this work and previously by
our group, are listed in Table 1.

With the exception of4,10 8,3c and 9,11 the IP values for the
considered olefins have not been measured but can be calculated.
Calculations have been performed initially at the B3LYP/CEP-121G
(d,p) level (see Supporting Information). The molecular geometry
was optimized, and the IP values were computed as the difference
between the electronic energy of the neutral olefin and that of the
radical cation at the same geometry (vertical ionization energy).10b

At the same geometry, the IP values were also calculated at the
B3LYP/6-311+ (d,p) level. No satisfactory correlation has been,
however, found betweenKF and the calculated IP values.

To analyze the substituent effects onKF, we have first used the
Taft-Topsom equation.12 This model has been recently applied13

with success to some thiocarbonyl-I2 complexes.
If we exclude the two tetrasubstituted alkenes bearing flexible

alkyl chains (6 and 7), able to shield the double bond to Br2

approach,10c the KF values, including those previously reported14

for 9 and10 (9, 1-hexene;10, 4-methyl-pent-1-ene) in CCl4, are
fairly well correlated (r ) 0.995) with σR, the polarizability
constants of the substituents12 (Figure 1) with a negative slope (FR

) -1.65( 0.06). To evaluate more accurately the polarizability,
(R), that is, the aptitude of the electronic cloud to undergo
deformation under the action of an electric field, we performed ab
initio calculations on the olefins1-10 at the B3LYP/CEP-121G
(d,p) and B3LYP/6-311+ (d,p) level. Very similar values were
found at both levels.15

On the basis of the computedR and IP for alkene and Br2, the
strength of the induced dipole-induced dipole dispersion interac-
tions (d6, atomic units) has been therefore calculated:

with indexes 1 and 2 for bromine (R1 ) 30.35 au, IP1 ) 0.387 eV)
and olefin, respectively. Again, with the exception of6 and7, fairly
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Table 1. Calculated and Experimental Parameters Related to
Several Alkenes and Bromine π-Complexes in DCE

CEP-121G (d,p) 6-311+G**

σR

R
au

IPa

eV
d6

au
R
au

IPa

eV
KF

b

M-1

λmax

nm εmax ref

1 -2.28 169.7 7.95 1286.6 172.3 8.09 147 270 2350
2 -2.88 240.2 7.27 1727.7 242.0 7.38 1850 270 9700 6h
3 -2.88 228.3 7.48 1672.4 229.5 7.64 768 267 9100 6c
4 -2.58 214.0 7.37 1554.8 219.4 7.51 289 272 18 000 6g
5 -2.18 145.5 7.76 1086.9 147.5 7.88 84 272 23 000 6d
6 -2.44 201.5 7.16 1436.8 221.2 7.27 9.71 260 4960 6b
7 -2.68 266.1 7.43 1940.5 274.7 7.08 1.6 272 48 000 6f
8 -0.96 67.7 8.79 542.8 69.5 8.95 0.47 287 5500 6a
9 -0.61 72.6 9.35 601.8 74.5 9.51 0.33c 270d 14
10 -0.57 72.1 9.30 595.8 74.2 9.45 0.15c 14

a In agreement with the experimental or previously calculated (refs 10b,
3c, 11) IPs, for example,4 IPexp ) 7.76 eV;4 IPcalc ) 7.49 eV;8 IPexp )
8.94 eV;9 IPexp ) 9.48 eV.b At 25 °C. c In CCl4. d In Freon 113 (ref 5).

d6 ) 3
2

R1R2

IP1IP2

IP1 + IP2
(1)
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good correlations were obtained when logKF values were plotted
versus computedR or d6 values (r ) 0.970 and 0.973),10c,16Figure 2.

These correlations strongly suggest that interactions different
from the dispersion ones (e.g. steric interactions, molecular motions,
charge transfer, and/or inductive effects) vary little from one system
to another. It is noteworthy that for crowded alkenes1-5, the term
in IP of eq 1 does not vary significantly, andR is the dominant term,
whereas the opposite is observed for8-10. Equation 1 is there-
fore more general than the usual Mulliken analysis and is able to
account for the substituent effects of both linear and caged alkenes.

In agreement with the nonexclusive role of IP on the stability of
theseπ-complexes is also the extremely low, if any, variation in
the complex absorption maximum (λmax).17 Furthermore, the value
of λmax for the cyclohexene-Br2 complex shows a surprising red
shift with respect to the tetrasubstituted olefins.17 Although, at least
for planar complexes, the separationd between donor and acceptor
(d ) e2/w), may affect the absorption maximum, B3LYP calcula-
tions seem to exclude this latter hypothesis.16 Deviations from the
linear (Mulliken) correlation are, however, not necessarily excep-
tional and can suggest a variation in the inner/outer character3a,cof
the complex on going from linear to caged alkenes.

Finally, we want to underline that theFR value found here can
be used to estimate the contribution of the substituent effects on
KF to the overall value ofFexp (kexp ) KFkikc/(k-i + kc)). Because
kinetic data for bromination of simple ethenes suggest18 that the
reactivity ratios of these olefins are scarcely affected by the solvent,
and only a modest solvent effect has been observed onKF,6b we
can evaluate that the polarizability effects onKF contribute
approximately to 75% of the overall change in rate due to changes
in alkene structure,FR(exp) ) -2.15.19 It is noteworthy that in the
addition of ICl to alkenes, an irreversible reaction, the substituent
effects on the 1:1 ICl-alkene complexes contribute to the overall
change in rate by ca. 24%.20 This may suggest a more important
return in olefin bromination or a charge development in the
π-complexes of caged alkenes larger than those of linear alkenes.
In olefin 4, the calculated distances between the two homoallylic
protons, which are directed toward Br2, are 4.51, 5.08, and 5.32 Å
in the unsubstituted olefin,π-complex, and bromonium ion,
respectively. At variance with ethylene for which practically no
rehybridization has been calculated on going from olefin to the

complex, in4 a significant rehybridization at the carbon occurs
already in theπ-complex, suggesting an “inner” character more
important than that in complexes of linear alkenes. In conclusion,
the present data reveal that the stability of the Br2-olefin π-com-
plexes is affected by both the donor ionization potential and the
polarizability of the CdC bond. Equation 1, taking into account
both effects, is able to describe these transient species better than
the Mulliken analysis. Furthermore, the comparison of the data
suggests that the magnitude of the charge transfer within these
complexes depends significantly on the polarizability of the olefins.
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Figure 1. Correlation betweenKF andσR.

Figure 2. Correlation between logKF andd6.
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