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A DFT study of the reaction of phenyl cation and some 4-substituted derivatives (cyano, methyl,
methoxy, amino) with a π nucleophile (ethylene) as well as with representative n nucleophiles (NH3,
MeOH, andMeCN) reveals a multiform behavior depending on both the cation multiplicity and the
trap used. A straightforward addition takes place with the singlet (π6σ0 structure) both with ethylene,
where a spiro[2,5]octa-4,7-dienyl (phenonium) cation is formed, and with n nucleophiles, where the
corresponding onium cations result. On the contrary, with the triplet (π5σ1 structure) the reaction
depends on the nature of the nucleophile, as indicated by MO correlation diagrams. Thus, with
ethylene a bonding interaction occurs between the singly occupied σ(sp2) orbital of the cation and the
alkene π orbital and leads to a planar distonic diradical cation. On the contrary, no addition takes
place with n nucleophiles, which interact only with the phenyl cations π MO, leading to weakly
bonded, face-to-face complexes. An electron-withdrawing substituent such as CN allows the
formation of a stabilized adduct cation also from the triplet, but only with a good nucleophile, such
as ammonia. The spin-dependent dichotomy in the chemical behavior rationalizes recent experi-
mental findings and fits with the prediction formulated by Taft 45 years ago. The unusual
combination of a carbocation nature and of triplet multiplicity originates the peculiar chemistry of
phenyl cations that appear to be promising intermediates in synthesis.

Introduction

In contrast to aliphatic chemistry, substitution via a SN1
mechanism is a rare occurrence among aromatic com-
pounds.1,2a,b This is indeed a textbook example of a mec-
hanistic difference, since this reaction would involve the
unassisted detachment of the nucleofugal group and the

formation of an aryl cation. This intermediate is expected
to be planar, just as aliphatic cations. However, whereas in
the latter ones the stable sp2 orbitals are filled and a p orbital

(1) (a) Bergstrom, R. G.; Landells, R. G.M.; Wahl, G.W., jr.; Zollinger,
H. J. Am. Chem. Soc. 1976, 98, 3301. (b) Zollinger, H.Diazochemistry I; VCH:
New York, 1995. (c) Fagnoni, M. Org. Chem. 2006, 3, 253. (d) Fagnoni, M.;
Albini, A. InMolecular and Supramolecular Photochemistry; Ramamurthy, V.,
Schanze, K. S., Eds.; Dekker, New York 2006; Vol. 14, p 131.

(2) (a) Clayden, J.; Greeves, N.; Warren, S.; Wothers, P. Organic Chemistry;
Oxford University Press: Oxford, 2001; p 590. (b) Smith, M. B.; March, J.
March’s Advaced Organic Chemistry, 5th ed.; Wiley Inter-Science, 2001; p 853.
(c) Singlet phenyl cation is perhaps the most implausible hydrocarbon carbonium
ion that can be imagined, save for various antiaromatic cations (e.g.,
cyclopentadienyl), since its electron deficiency is localized in an orbital of
relatively high s character (sp2); see: Swain, C. G.; Sheats, J. E.; Harbison, K.
G. J. Am. Chem. Soc. 1975, 97, 783. (d) For the orbital ordering in halobenzenes,
see: Johnson, P. M.; Anand, R.; Hofstein, J. D.; LeClaire, J. E. J. Electron
Spectrosc. Relat. Phenom. 2000, 108, 177.
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is vacant, phenyl cations would be in the uncommon situa-
tion where the p orbital is filled (it is a part of the aromatic π
system) and the sp2 orbital is vacant.2a,c,d (see Scheme 1).

Experimental evidence for the role of this cation is limited
to cases where such a good leaving group as the neutral
nitrogen molecule is involved, as in the decomposition of
phenyl diazonium salts3a-c (or similarly in the release of
phenyl iodide from iodonium salts).3d However, the view has
been presented that even in the dediazoniation reaction a
very loose SN2Ar rather than a SN1Ar mechanism actually
gives the most appropriate description of the reaction.3e

Mechanistic studies are thus limited in scope, and this is
not compensated for by a synthetic interest. Indeed, themost
useful reactions from diazonium salts involve the phenyl
radical, not the cation,4 and the few other methods for
arriving at this intermediate, such as the decay of tritiated
benzene, are not suitable for synthetic application.5 Further-
more, there might be little point in preparing a high-energy
intermediate that would react unselectively, typically with
the solvent, as indeed suggested by early studies. However, it
was observed early that some of the reactions attributed to
this intermediate were ill-reconciled with a π6σ(sp2)0 struc-
ture, and in 1961 this led Taft6a (and later Abramovitch)6b to
consider the possibility of an alternative diradical (triplet)
structure (π5σ1) and to expect a “versatility of reactions”
(ionic/radicalic) for the phenyl cation. Early computational
studies evidenced that triplet states were high in energy and
not accessible in the decomposition of diazonium salts.6c

Further theoretical work well documented the different
electronic character of the two spin states and showed that
although the singlet is by far the most stable state in the
parent cation, substituents may revert the order.6d-h How-
ever, in the four decades following Taft’s proposal very little
beyond solvolysis has emerged in the chemistry via phenyl
cation and one may sum up the situation by stating that the

thermal generation of this intermediate has elicited a limited
interest in theory and spectroscopy and none at all in
synthesis.

Things are different in photochemistry, not only because
irradiation inmatrix is a convenientmethod for spectroscopic
studies on this cations7 but also for preparative purposes. In
fact, photolysis is the best method for the clean cleavage of
phenyldiazonium salts (Z = N2

þ, see Scheme 2a) and the
generation of phenyl cation (1þ) in the singlet or triplet
multiplicity according to the substituents present.8 Further-
more, the photolysis of various phenyl halides (Z=Cl, F) and
esters (Z = OSO2CF3, OPO(OR)2, etc.) has been found to
generate smoothly tripletphenyl cations.9 These intermediates
have thus become accessible, and their spin-dependent chem-
istry has been revealed. The singlet acts as an indiscriminate
electrophile (most often adding to the solvent), while the
triplet behaves as a selective intermediate attacking preferen-
tially π nucleophiles (and then, with some differentiation of
the rate) and anions, but not (or much less) neutral n
nucleophiles9,10 Several synthetic protocols for arylation re-
actions have been developed that appear to parallel (in some
cases with advantage from the environmental point of view)
modern transition-metal-catalyzed arylations.9c This fostered
a new computational investigation. An analysis of energy and
geometry of (substituted) phenyl cations was recently carried
out.11 The key question of the (spin-dependent) reactivity of
these intermediates is discussed here.

SCHEME 1. Alkyl and Phenyl Cations SCHEME 2. (a) Photochemical Generation of Phenyl Cations;

(b) Structure of Singlet (11þ) and Triplet (31þ) Phenyl Cations

(3) (a) Burri, P.; Loewenschuss, H.; Zollinger, H.; Zwolinski, G. K.Helv.
Chim. Acta 1974, 57, 395. (b) Glaser, R.; Horan, C. J.; Lewis, M.; Zollinger,
H. J. Org. Chem. 1999, 64, 902. (c) Slegt, M.; Overkleeft, H. S.; Lodder, G.
Eur. J.Org. Chem. 2007, 5364. (d) Lewis, E. J.Am.Chem. Soc. 1958, 80, 1371.
(e) Wu, Z.; Glaser, R. J. Am. Chem. Soc. 2004, 126, 10632.

(4) (a) Galli, C. Chem. Rev. 1988, 88, 765. (b) Bunnett, J. F.; Yijima, C.
J. Org. Chem. 1977, 42, 639. (c) Fernandez-Alonso, A.; Bravos-Diaz, C.Org.
Biomol. Chem. 2008, 6, 4004.

(5) (a) Stang, P. J. InDivalent Carbocations; Stang, P. J., Rappoport, Z., Eds.;
Wiley: Chichester, 1997; p 451. (b) Angelici, G.; Sparapani, C.; Speranza, M.
Tetrahedron 1984, 40, 4865. (c) Filippi, A.; Lilla, G.; Occhiucci, G.; Sparapani,
C.; Ursini, O.; Speranza, M. J. Org. Chem. 1995, 60, 1250. (d) Apeloig, Y.; Arad,
D. J. Am. Chem. Soc. 1985, 107, 5285.

(6) (a) Taft, R. W. J. Am. Chem. Soc. 1961, 83, 3350. (b) Abramovitch,
R.A.;Gadallah, F. F. J.Chem. Soc. B 1968, 497. (c) Jaffe,H.H.;Koser,G. F.
J. Org. Chem. 1975, 40, 3082. (d) Nicolaides, A.; Smith, D. M.; Jensen, F.;
Radom, L. J. Am. Chem. Soc. 1997, 119, 8083. (e) Dill, J. D.; Schleyer,
P. v. R.; Pople, J. A. J. Am. Chem. Soc. 1977, 99, 1. (f) Steenken, S.;
Ashokkumar, M.; Maruthamuthu, P.; McClelland, R. A. J. Am. Chem.
Soc. 1998, 120, 11925. (g) Aschi, M.; Harvey, J. N. J. Chem. Soc., Perkin
Trans. 2 1999, 1059. (h) Bernardi, F.; Grandinetti, F.; Guarino, A.; Robb,
M. A. Chem. Phys. Lett. 1988, 153, 309.

(7) (a) Ambroz, H. B.; Kemp, T. J. Chem. Soc. Rev. 1979, 8, 353.
(b) Ambroz, H. B.; Kemp, T. J.; Przybytniak, G.K. J. Photochem. Photobiol.
A: Chem. 1997, 108, 149. (c)Winkler,M.; Sander, W.Angew. Chem., Int. Ed.
2000, 39, 2014. (d) Winkler, M.; Sander, M. J. Org. Chem. 2006, 71, 6357.

(8) (a) Gasper, S. M.; Devadoss, C.; Schuster, G. B. J. Am. Chem. Soc.
1995, 117, 5206. (b)Milanesi, S.; Fagnoni,M.; Albini, A. J. Org. Chem. 2005,
70, 603.

(9) (a) Guizzardi, B.; Mella, M.; Fagnoni, M.; Freccero, M.; Albini, A.
J. Org. Chem. 2001, 66, 6353. (b) Mella, M.; Coppo, P.; Guizzardi, B.;
Fagnoni, M.; Freccero, M. J. Org. Chem. 2001, 66, 6344. (c) Fagnoni, M.;
Albini, A. Acc. Chem. Res. 2005, 38, 713. (d) De Carolis, M.; Protti, S.;
Fagnoni, M.; Albini, A. Angew. Chem., Int. Ed. 2005, 44, 1232.

(10) (a) Dichiarante, V.; Fagnoni, M.; Albini, A. J. Org. Chem. 2008, 73,
1282. (b) Freccero,M.; Fagnoni,M.; Albini, A. J. Am. Chem. Soc. 2003, 125,
13182. (c) Dichiarante, V.; Fagnoni, M. Synlett 2008, 787. (d) Dichiarante,
V.; Dondi, D.; Protti, S.; Fagnoni, M.; Albini, A. J. Am. Chem. Soc. 2007,
129, 5605.

(11) Lazzaroni, S.; Dondi, D.; Fagnoni, M.; Albini, A. J. Org. Chem.
2008, 73, 206.
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Results and Discussion

To rationalize and generalize the dramatically different
chemistry of singlet and triplet phenyl cations found in the
experiment, it was decided to explore computationally the
reactions of both spin states of these cations with different
traps. These were n nucleophiles, viz., methanol, acetonitrile
(both often used as the solvent in the studies involving these
intermediates), and ammonia, as well as a representative π
nucleophile, ethylene. The experiments suggest that, as one
may expect, substituents have a large effect on the reactivity
of these ions, and thus the 4-cyano, methyl, methoxy, and
amino derivatives were considered in addition to the parent
cation. The study was carried out by using a DFTmethod at
theUB3LYP/6-31G(d) level. This is easily implemented even
with substituted derivatives and has proven to offer a good
quantitative estimate of the singlet/triplet energy gap
in phenyl cations3e,6h and other ionic intermediates12

and a reliable description of geometry and electronic struc-
ture of triplet phenyl cations, in good accord with CASSCF/
6-31G(d) data.9b,10d,11When weak complexes were involved,
this was supplemented by using theM05-2xmethod, which is
optimized for such a case and was combined with a triple-ζ
basis set.13 Since the heterolytic cleavage of the phenyl

cations precursors is effective only in polar solvents, all of
the calculations are referred to an acetonitrile solution by
using the diffuse polarizable continuous solvent model
(CPCM) method (see Experimental Section).

Phenyl Cations: Characteristics. Geometry, energy, spin,
and charge distribution were calculated for phenyl cations
and the corresponding adduct cations. The geometric para-
meters for the first intermediates have been previously
determined11 and are reported in Table 1, part a for facil-
itating the comparison (see below). As summarily indicated
through mesomeric formulas 1

1
þ (see Scheme 2b), C1 is

puckered inside in the singlet phenyl cation and the C2/
C1/C6 moiety has some cumulene character, lessened to
a degree in electron-donating substituted derivatives,
where C1 lies above the molecular plane. In contrast, the
triplet is planar with a pronounced bond alternance
(formula 31þ).

The calculated energies and solvation free energies of
the cations are reported in Supporting Information. To
assess the effect by substituents, we used the isodesmic
reaction in eq 1. This compares the substituent effect on
4-substituted phenyl cations (X-C6H4

þ = X-1þ) with res-
pect to the stabilization of the corresponding hydrocar-
bon (X-C6H5). In other words, this measures the sub-
stituent effect on the free energy change for the reaction
of the phenyl cation with the hydride anion, and thus the
electrophilicity of cations X-1þ, actually the target of the
study.

The resulting free energy data (referred to the ground state -
the singlet - of the parent cation) gave a linear fit by using

TABLE 1. Representative Data about the CalculatedGeometry of Phenyl Cations 1,31þ andAdduct Cations Arising from the Reaction with Ethylene, 12þ

and 33þa

aDistances in angstroms.

(12) (a)Mendez, F.; Garcia-Garibay,M.A. J. Org. Chem. 1999, 64, 7061.
(b) Cramer, C. J.; Truhlar, D. G.; Falvey, D. E. J. Am. Chem. Soc. 1997, 119,
12338. (c)Winter, A.H.; Falvey,D. E.; Cramer, C. J. J. Am.Chem. Soc. 2004,
126, 9661. (d) Winter, A. H.; Gibson, H. H.; Falvey, D. E. J. Org. Chem.
2007, 72, 8186.

(13) Zhao, Y.; Schultz, N. E.; Truhlar, D. G. J. Chem. Theory Comput.
2006, 2, 364.
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the two parameters field (F ) and resonance (R ) indexes
equation developed by Swain14 (eq 2).

X-1þ þC6H5-H f X-C6H4-Hþ 1þ ð1Þ

ΔGð1Þ ¼ fF þ rR þ i ð2Þ
The resulting coefficients are reported in Table 2, first line.

In the case of the triplet the resonance term dominates with r
large and negative (-45.9), in accord with the π5σ1 structure
that gives to these states the character of aromatic radical
cations. The quite unusual r/f ratio of almost 9 leads one to
expect a major effect of the mesomeric electron-donating
substituents (and polar solvents) on properties linked to the
stability of such intermediate. The large stabilization by
mesomeric electron-donating groups explains the effective
photogeneration of phenyl cation from the corresponding
substituted phenyl chlorides by cleavage in the triplet state.
The coefficients are both negative also with the singlets, but r
is small (here π orbitals are filled). Notice that in the thermal
decomposition of diazonium salts, a reaction involving the
singlet cation as the intermediate, a positive r has been
measured.15 This is due to the different solvation of the
two cations, the starting diazonium and the intermediate
phenylium, whereas the present calculation refers to the
latter species per se.

The charge distribution was then explored by using the
NBO method,16 considered the best suited for this assess-
ment.17 As it is shown in Table 3, the charge is to a large
extent localized at C1 in the singlet cation 11þ (þ0.4 toþ0.6,
the lower values refer to electron-donating substituents) and
to a somewhat lesser degree in the triplet cation 31þ (þ0.3 to
þ0.4).With donating substituents the charge atC4 is large, in
particular with the methoxy derivative.

Thus, the charge distribution, in particular at C1, changes
moderately with the solvent, and indeed even with the multi-
plicity, even if it is consistently lower in the triplet. An
attempted double parametrical correlation of the charge at
C1 (ΔC) by using the Swain indexes (eq 3) did not give a

satisfactory correlation (see the proportionally large i value,
indicating the impossible separation of resonance contribu-
tions, see Table 2b).

ΔC ¼ fF þ rR þ i ð3Þ

This supports that all phenyl cations are electrophiles at
C1 and the difference in reactivity is not due to this char-
acteristic.

Finally, the spin distribution was analyzed in triplet
cations (see Table 3). The spin density in triplet 31þ is mainly
at C1 (1.3-1.4) in accordance with the π5σ1 structure of this
intermediate, a biradical with an electron in the σ orbital and
the latter one delocalized in the π system, with the highest
value at C4 (0.4). Here again, the spin at C1 is little affected
by the substituent, but an electron-donating substituent at 4
displaces the spin at that carbon toward itself.

Adduct Cations. Singlets. The reaction of phenyl cations
with the above-mentioned nucleophiles was next exp-
lored. Minima were located with the structures sketched in
Scheme 3; the free energy change values for the correspond-
ing processes are reported in Table 4.

With singlets, addition of ethylene to C1 occurs with the
alkene orthogonal to the benzene ring and forms the strongly
stabilized spiro[2,5]octa-4,7-dienyl (phenonium) cation 12þ

(57.9 kcal/mol for the parent cation; the energies of the
substituted cations are reported in Table 4, and schematic
formulas are indicated in Scheme 3). Adduct 12þ is char-
acterized by a slightly longer C1-Ca(b) bondwith respect to a
non-spiro cyclopropane ring18 (1.628 Å, shortened however
in the presence of donating substituents) and by a pro-
nounced bond-alternance in the cyclohexadienyl moiety that
is increased by substituents. Similar conclusions on the
structure of phenonium ions and its formation from singlet

TABLE 2. Two-Parameters Linear Correlations for Substituent-Induced Stabilization of Phenyl and Adduct Cations and for the Charge at C1 in Phenyl

Cations

singlet triplet

cation f r i R2 f r i R2

Stabilization
X-C6H4

þ -13.3 -7.58 -0.17 0.99 -5.92 -45.9 0.65 0.98
X-C6H4-C2H4

þ -5.81 18.1 -0.96 0.97 -1.21 -5.49 0.00 0.98
X-C6H4NH3

þ -8.18 -2.29 -0.23 0.97 -10.1 -26.9 1.02 0.98
X-C6H4OMeþ -7.84 -1.88 -0.16 0.97 -0.63 -9.72 0.09 0.99
X-C6H4NdCþMe -8.05 2.16 -0.04 0.99 -0.39 -2.54 0.28 0.95

Charge at C1

X-C6H4
þ 0.007 0.201 0.558 0.997 -0.016 0.164 0.399 0.999

TABLE 3. NBO Charge and Spin Density on Phenyl Cation X-1þ

singlet, 1X-1þ triplet, 3X-1þ

charge charge spin density

C1 C4 C1 C4 C1 C4 Xa

CN-1þ 0.584 -0.174 0.409 0.023 1.31 0.39 0.17
1þ 0.553 -0.244 0.402 0.023 1.38 0.49
Me-1þ 0.550 -0.036 0.378 0.196 1.37 0.41 0.05
MeO-1þ 0.502 0.355 0.324 0.455 1.35 0.17 0.24
NH2-1

þ 0.383 0.215 0.274 0.222 1.33 0.05 0.35
aSum of the spin densities over the substituent atoms.

(14) Swain, C. G.; Lupton, E. C. J. Am. Chem. Soc. 1968, 90, 4328.
(15) (a) Kuokkanen, T.; Virtanen, P. O. I. Acta Chem. Scand., Ser. B

1979, 33, 725. (b) Zollinger, H. Angew. Chem., Int. Ed. 1978, 17, 141.
(16) Weinhold, P. Natural Bond Orbital Methods. In Encyclopedia of

Computational Chemistry; Schleyer, P. v. R.; Allinger, N. L., Clark, T.,
Gasteiger, J., Kollman, P., Schaefer, H. F., III, Schreiner, P. R., Eds.;Wiley:
Chichester, UK, 1998; Vol.3, p 1792.

(17) (a) Muller, T.; Meyer, R.; Lennartz, D.; Siehl, H.-U. Angew. Chem.,
Int. Ed. 2000, 39, 3074. (b) Van Alem, K.; Lodder, G.; Zuilhof, H. J. Phys.
Chem. A 2000, 104, 2780. (c) Hernandez-Garcia, R. M.; Barba-Behrens, N.;
Salcedo, R.; Hojer, G. THEOCHEM 2003, 637, 55. (d) Suresh, C. H.; Koga,
N. Inorg. Chem. 2000, 39, 3718.

(18) Osterodt, J.; Nieger, M.; V€ogtle, F. J. Chem. Soc., Chem. Commun.
1994, 1607.
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phenyl cation had been previously reached,19 and this point
will not be commented further.

As for n nucleophiles, strongly stabilized (by 50 to >80
kcal/mol) planar adducts with ammonia, methanol, and
acetonitrile (14þ, 17þ, and 110þ) are formed. In the adducts
the aromaticity of the ring is conserved and the distance
between the nucleophile heteroatom andC1 is 1.50, 1.48, and
1.38 Å, respectively, evidencing the fully formed σ bond (see
Table 6). In fact, these are the anilinium cation (in which the
C-N distance is in fact 1.50 Å),20 protonated anisole, and
N-phenylisocyanide cation, respectively. The bent geometry
of the iminium moiety in the acetonitrile adducts 110þ is
well suited for the ensuing addition of water leading to
N-phenylacetamides (Ritter reaction; the C1-heteroatom
distances are listed in Table 6, and the ring bond lengths
are reported as Supporting Information).

Adduct Cations: Triplets. Quite a different behavior is
found with triplets. With ethylene, no low-lying spiro-cyclo-
propane adduct analogous to 1

2
þ is found and the lowest-

lying adduct cation has a planar, singly bonded structure
(33þ) with the C1-Ca-Cb angle close to the sp

2 angle of 120�
(120( 1�). Examination of the spin distribution (see Table 5)
shows that this species has to be considered a distonic
diradical, with one of the unpaired electrons at the outer
carbon Cb (consistent value 1.08) and the other one deloca-
lized over the aromatic ring, mainly at C1 and C4 in parent
33þ (in part delocalized on the heteroatom in the amino and
methoxy derivatives, not shown; see below for a discussion of
the electronic structure).

These adducts are again strongly stabilized (>30 kcal/
mol, though not as much as the singlet phenonium, see
Table 4). A convenient representation in terms of Lewis
structures was obtained through the natural resonance the-
ory (NRT).21 With this approach the structure of triplet
cations 3X-1þ is well represented by the formula in Scheme 2,
with five electrons in almost degenerate π orbitals and one in
the C1 sp

2 orbital.
The unpaired spin makes the phenonium structure char-

acteristic of singlets unattainable for the triplets, and an
in-plane approach is followed instead. The cation singly
occupied sp2 orbital interacts with the ethylene π forming a

SCHEME 3. Adducts Formed by Singlet and Triplet Phenyl

Cations with Ethylene, Ammonia, Methanol, and Acetonitrile

TABLE 5. Spin Density in Triplet Adducts
3X-1þ 33þ 35þ 38þ 311þ

C1 C4 C1 C4 Cb C1 C4 C1 C4 C1 C4

CN 1.31 0.39 0.37 0.40 1.08 0.73 0.62 1.15 0.37 1.23 0.40
H 1.38 0.49 0.43 0.46 1.08 0.96 0.62 1.20 0.41 1.28 0.45
Me 1.37 0.41 0.44 0.40 1.08 1.09 0.39 1.22 0.38 1.30 0.41
OMe 1.35 0.17 0.45 0.20 1.08 1.15 0.22 1.26 0.20 1.32 0.19
NH2 1.33 0.05 0.44 0.09 1.08 1.17 0.12 1.26 0.08 1.31 0.08

FIGURE 1. Energy profile (PES) for the addition of cation 31þ to
ethylene.

TABLE 4. Free Energy Change for the Addition of Phenyl Cations 1.3X-1þ to Various Nucleophiles (kcal/mol)

singlet triplet

X 12þ C2H4
14þ NH3

17þ MeOH 110þ MeCN 33þ C2H4
35þ NH3

36þ NH3
38þ MeOH 39þ MeOH 311þ MeCN 312þ MeCN

CN -60.9 -84.9 -57.0 -66.5 -35.3 -28.3 -9.5 -1.6 2.2 4.0 4.5
H -57.9 -77.5 -50.1 -60.1 -33.4 -15.2 -10.8 0.7 1.4 4.5 7.8
Me -61.9 -77.5 -50.0 -60.2 -32.7 -8.1 -3.4 2.4 4.5 5.5 5.4
MeO -69.4 -80.6 -53.3 -64.8 -31.5 -3.3 1.8 5.7 5.2 5.9 4.8
NH2 -72.1 -75.9 -48.6 -61.7 -29.4 2.1 4.8 7.2 0.3 6.4 4.2

(19) (a) del Rio, E.; Menendez, M. I.; Lopez, R.; Sordo, T. L. J. Am.
Chem. Soc. 2001, 123, 5064. (b) Olah, G. A.; Head, N. J.; Rasul, G.; Prakash,
G. K. S. J. Am. Chem. Soc. 1995, 117, 875. (c) Sieber, S.; Schleyer, P. v. R.;
Gauss, J. J. Am. Chem. Soc. 1993, 115, 6987. (d) Yamabe, S.; Tanaka, T.
Nippon Kagaku Kaishi 1986, 1388. (e) Mustanir; Than, S.; Itoh, S.; Mishima,
M. ARCHIVOC 2008, 135.

(20) Hauge, S.; Marøy, K. Acta Chem. Scand. 1992, 46, 1166.

(21) Glendening, E. D.; Weinhold, F. J. Comput. Chem. 1998, 19, 593.
Glendening, E.D.;Weinhold, F. J. Comput. Chem. 1998, 19, 610.Glendening,
E. D.; BadenHoop, J. K.; Weinhold, F. J. Comput. Chem. 1998, 19, 628.
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σ bonding orbital and a singly occupied p orbital, while the
other cation SOMO (π) remains essentially unperturbed in
the adduct. This is shown for the parent cation 31þ in Figure 1
and has been found to hold true also for 3CN-1þ and 3NH2

-1þ, although the MOs energies change are in the latter case
significantly higher. The formula drawn in Scheme 3 is thus
a reasonable representation of the electronic structure of
adduct 33þ and the energy and the structure of the open-chain
adducts change little by changing the substituent.

The course of the reaction was examined by stretching the
σ bond by 0.05 Å intervals and optimizing the structure at
every step. Initially (structure 313þ, Figure 1) the ethylene is
superimposed to the cation, and the first interaction involves
the ethylene π orbitals and an ortho hydrogen atom, then
interaction with the sp2 orbital increases with the ethylene
forming a 74� angle with the ring (314þ, see Figure 2 for MO
correlation diagram) . At this point the energy rapidly
decreases while the ethylene moiety rotates allowing the
formation of a σ bond. As a consequence of the rotation,
the Cb (p) orbital becomes lower in energy than the σ* orbital
and one of the unpaired electrons ends up in it (final structure
33þ, MO description in Figure 2).

With n nucleophiles, the difference is even more dramatic
and triplets do not undergo the straightforward addition
typical of singlets. The reaction with ammonia leads to the
moderately stabilized (15 kcal/mol) adduct cation 35þ, exhi-
biting a loose C1-N bond (1.58 Å), a pronounced bond
alternation in the ring, and a large deviation from planarity
(70�). With 3CN-1þ the adduct with ammonia is more stable
(28 kcal/mol) and more similar to the singlet adducts 1X-4þ,
with a short C1-N distance (1.48 Å, see Table 6) and only a

small (15�) out of plane deviation of that bond. On the other
hand, inserting electron-donating groups on the ring, from
methyl to amino, further reduces the limited stabilization
available, so that the C1-N bond is lengthened and the
stabilization decreases, so that with the last substituent the
addition is slightly endoergonic. In these cases different
modes of attack become competitive and lead to adducts
where the C1-N bond forms a 90� angle with the aromatic
ring plane. As a matter of fact, two complexes of this type
were individuated, respectively, with the nucleophile sitting
above C1 or above C4 (see structures 35þ and 36þ). The
former ones are more stable (by 3-5 kcal/mol) and some-
what more strongly bonded to the ring (C1-C4, 2.17 to
2.24 Å) than the latter ones.

In Figure 4a,b the correlation diagram for the addition to
ammonia is reported for two cases, parent 1þ and 3CN-1þ.
The latter cation yields adduct 3CN-5þ, where a σ bond is
formed and the two unpaired electrons sit in a π and a π*
orbital respectively. The species actually corresponds to the
triplet state (ππ*) of cation 1CN-4þ, viz., the one formed
from 1CN-1þ and ammonia. This well explains the large
energy difference between the two adducts despite the geo-
metric similarity. With the parent cation, on the other hand,
it is the π orbital of the cation that combines with the nN
orbital to form an essentially non-bonding orbital.

Also in this case, a more detailed picture was obtained by
stretching the σ bond. Two spin-parallel electrons cannot be
placed in a orbital, and thus the in-plane approach of singlets
is prohibited. With 31þ a weak complex is initially formed
prior to the interaction with the (π)1 orbital (structure 317þ,
Figure 3a; for the coordinates, see Supporting Information).
Development of a σ bond leads to structure 3

5
þ, but reaching

this requires an orbital rearrangement (developed after
transition state), so that a π* orbital shifts below the σ*
orbital, and configuration 3

5
þ is reached, (see Figure 4a1,a2

for the MO description of the structures discussed).
Different is the reaction course for the addition of ammo-

nia onto 3CN-1þ (Figure 3b), in which a weak intermediate
3CN-16þ is observed along the reaction path, followed
(similarly to parent cation) by an orbital rearrangement
giving structure 3CN-17þ (Figure 4b1). This undergo a
further rearrangement in which the bond C-N is ultimately
formed by interaction of the sp2 SOMO on C1 leaving the π
SOMO unchanged (Figure 4b2). This interaction brings the
ammonia molecule almost coplanar with the aromatic ring.

In the reactions of the triplet cations with methanol, no
planar adduct is formed. Only “orthogonal” associations
could be located, slightly endo- or exoergonic (ΔG=-1.6 to
þ5.2 kcal/mol; see Table 4). This caused minimal changes in
the ring geometric parameters and in spin distribution with
respect to the starting phenyl cation. Again, two different
structures with the heteroatom close to C1 or to C4 were

TABLE 6. Heteroatom-C1 (or C4) Distance (Å) in the Adduct Cations with Ammonia, Methanol, and Acetonitrile

adducts with NH3 adducts with MeOH adducts with MeCN

14þ C1-N 35þ C1-N 36þ C4-N 17þ C1-O 38þ C1-O 39þ C4-O 110þ C1-N 311þ C1-N 312þ C4-N

CN 1.497 1.484 2.512 1.473 2.252 2.676 1.389 2.316 2.512
H 1.499 1.581 2.206 1.479 2.268 2.409 1.389 2.319 2.206
Me 1.498 2.170 2.416 1.479 2.305 2.546 1.385 2.430 2.416
OMe 1.494 2.279 2.775 1.475 2.390 3.182 1.378 2.597 2.775
NH2 1.493 2.342 2.971 1.474 2.462 3.514 1.372 2.665 2.971

FIGURE 2. MO correlation diagram for the addition of cation 31þ

to ethylene: intermediate 314þ and final adduct 33þ.
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located. Among the complexes with methanol, the former
structure is somewhat stabilized with X=CN,H,Me, while
the latter is more stable withX=NH2, probably because the
charge in the starting cation is displaced toward the amino
group in 4 in that case (see Table 3). Finally, in the case of
acetonitrile there is no interaction at all and formation of
“complexes” 311þ and 312þ is endoergonic (ΔG ca. þ5 kcal/
mol) and involves no change with respect to the starting
cations 3X-1þ either in geometry (see Supporting Informa-
tion) or in charge and spin distribution (see Table 5), as one
may expect since there is practically no interaction. This
characteristic fostered further analysis by different compu-
tational methods, in order to check the authenticity of the
result. The M05-2x method, which is optimized for weak
interactions, was adopted and was combined with a triple-ζ
basis set. The results reported in Table 7 for three complexes
with MeCN show limited (and not systematic) differences in
the C-N distance between the different approaches and
superimposition of the optimized structure evidenced the
close similarity (see as an example the figure in Supporting
Information for the case of 3CN-11þ). This lent credibility to
the conclusions drawn above on structure and role of such
intermediates.

Summing up, except for in the case of 3CN-1þ, phenyl
cations behave as π, not σ, acceptors with n donors, forming
weak adducts of formula 3

5
þ for ammonia. It is easily

understood that when using donors weaker than ammonia

this mode of interactions is the only one available. The
different mode of interaction is also reflected in the calcu-
lated21 resonance structures for the adduct cations that are
summarily depicted in Scheme 4, ordered from the most to
the least important.

The parameters obtained (see Table 2) from the
Swain-Lupton correlation of the adducts energy (eqs 4
and 5) gave further evidence for the structure of such cations.

X-C6H4
þ þC6H5-Nuþ f X-C6H4-Nuþ þC6H5

þ ð4Þ

ΔGð4Þ ¼ fF þ rR þ i ð5Þ
Key points are the positive r value (18) with phenonium

ions 12þ, a delocalizedπ (Wheland) cation, in contrast with σ
cation 11þ; and the almost identical f and r values (ca.-8 and
-2) for the three singlet adduct with n donors, smaller than
those of singlet phenyl cations since the charge lays roughly
in the same region as in 11þ but farther from the aromatic
moiety. As for the triplets, the most interesting point is the
much smaller resonance effect in the distonic adduct cations
33þ with respect to phenyl cations 3X-1þ, indicating that the
two unpaired electrons interact significantly and lessen the
character of aromatic radical cation.

Selective Arylation. Phenyl cations are obviously strong
electrophiles.11 The usefulness of these intermediates is
linked to the selective reaction with π, not n, nucleophiles
in the triplet manifold, in contrast to the unselective reaction

FIGURE 3. PES for the attack onto ammonia by cations (a) 31þ and (b) 3CN-1þ.

FIGURE 4. Orbital correlation diagram for the attack onto ammonia by cations (a) 31þ (a1, transition state 3171, a2, final adduct 35þ) and
(b) 3CN-1þ (b1, intermediate 3CN-17þ, b2, final adduct 3CN-5þ).
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of the singlets. This is an important issue; because phenyl
cations are conveniently generated in polar (and nucleo-
philic) solvents such asMeOHandMeCN that are themedia
of choice for generating these intermediates by photo-
heterolysis. We were unable to locate transition states in
the addition to ethylene, which similarly to other strongly
exothermic reactions appears to occur over a slippery surface
leading to the adduct cations. Thus, the activation energy
is<1 kcal/mol, and the available data are not sufficient for a
kinetic prediction. However, the different free energy change
involved in the addition to ethylene versus to the solvent
[ΔG(6)] is apparent when considering the isodesmic reaction
in eq 6, which refers to the trapping of the solvent-bonded
phenyl cation by an added nucleophile (see Table 8).

X-C6H4-Solv
þ þNu f X-C6H4-Nuþ þSolv ð6Þ

ðSolv ¼ MeOH,MeCNÞ ðNu ¼ C2H4,NH3Þ
The adducts with ethylene are consistently stabilized with

respect to those with MeOH and MeCN by 30-40 kcal/mol
and also those with ammonia (for some of which a slight
barrier has been located; see Figure 4b) are more stabilized
than those with MeOH andMeCN, except for the case of the
aminophenyl cation. It appears reasonable to think that such
large thermodynamic differences translate into a preferential
reaction path. Thus, the reaction with ethylene is always

preferred to that with the solvents, and so is the reaction with
ammonia except for electron-donating substitutedderivatives.

Conclusions

In thiswork the different reactivity of singlet/triplet ionswith
π/n nucleophiles has been documented through a computa-
tional analysis. Interactionwith theπ system distributes part of
the charge on the ring (particularly with electron-donating
substituents), so that the simplified representation with an
empty sp2 orbital orthogonal and not influenced by the π
orbitals is misleading even for the singlet state and insignificant
for the triplet. The peculiar structure and the all-important fact
the triplet state, too high in energy to have a role with aliphatic
cations, is here accessible characterize these intermediates. In
particular, the triplet has a biradical structure with the charge
essentially on the ring. The initial approach with nucleophiles
thus occurs in every case toward the ring (see the initial relative
position in Figures 2 and 4). In a later phase, however, alkenes
interact with the sp2 orbital and a strongly σ bonded, distonic
biradical is generated, whereas this is not the case with
n-donors, where the cation continues to behave as π electro-
phile and formweakcomplexes (except for the reactionof 3CN-
1þ with a good nucleophile such as ammonia). The changing
approach in the former case is reminiscent of the non-least-path
mechanism of the addition of (singlet) carbenes to alkenes,22

altough the similarity is rather formal.
Summing up, the above computation supports that the

chemistry of the phenyl cation spin states is even more
divergent than that of carbenes,23 further taking into account

TABLE 7. Comparing C1-N Distances in Weak Complexes of Triplet Phenyl Cations with Acetonitrile

3CN-1þ þ CH3CN

program Gaussian Gaussian gamess gamess
functional B3LYP B3LYP B3LYP M05-X2
basis set 6-31G(d) 6-311þþG(2d,p) 6-311G(2d,p) 6-311G(2d,p)
d(C1-N) 2.316 2.356 2.3241 2.2583

31þ þ CH3CN

program Gaussian gamess
functional B3LYP M05-X2
basis set 6-31G(d) 6-311G(2d,p)
d(C1-N) 2.31948 2.3762

3MeO-1þ þ CH3CN

program Gaussian gamess
functional B3LYP M05-X2
basis set 6-31G(d) 6-311G(2d,p)
d(C1-N) 2.59735 2.646

TABLE 8. Free Energy Changes ΔG(6) for the Reaction of Solvent-

Complexed Triplet Phenyl Cations with an Added Nucleophile (see eq 6)

C2H4 vs
MeOH

C2H4 vs
MeCN

NH3 vs
MeOH

NH3 vs
MeCN

3CN-1þ -33.7 -39.3 -26.7 -32.3
3
1
þ -34.1 -37.9 -15.9 -19.7

3NH2 -1
þ -29.7 -33.6 þ1.8 -2.1

SCHEME 4. Most Important Calculated NRT Resonance

Structures for Adduct Cations 35þ, 3CN-5þ with PercentWeighta

aIn the case of the first intermediate, notice the nonplanar structure and
the fact that theC1 sp

2 orbital, thoughdistorted, is still populated. This is
orthogonal to the π system, as indicated by the dot outside the ring.

(22) Keating, A. E.; Merrigan, S. R.; Singleton, D. A.; Houk, K. N.
J. Am. Chem. Soc., 1999, 131, 3933 and references therein.

(23) Advances in Carbene Chemistry; Brinker, U. H., Ed.; JAI: Greenwich,
CT, 2001; Vols. 1-3.
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that both the presence of the charge and the thermodynamic
drive toward re-establishing aromaticity introduce impor-
tant differences in the chemistry.

The accessibility of triplet cations by photoheterolysis of
simple aromatic derivatives, such as phenyl halides, lends
interest to the computational predictions. Literature results
support that the rate of reactions of triplet phenyl cations is
very high,24 so that, if formed in the photofragmentation
step, they may react in that multiplicity before intersystem
crossing to the singlet occurs and one has access to the
synthetically valuable (selective) triplet chemistry. Which
state will be formed first upon irradiation has thus a deter-
mining role and is fortunately predictable according to the
rules that were previously reported;11 at any rate the triplet
can be alternatively obtained by energy transfer sensitiza-
tion.

Importantly, the different course of the initial addition of
the phenyl cation is not the only partition point. Thus, the
addition of the triplet to alkenes leads to distonic biradical
cation 33þ that requires some time before losing the triplet
identity and attaining the structure of an electron-paired
(cationic) intermediate, open-chain or cyclic (phenonium).
This complex course of the reaction has been followed by
laser flash photolysis,24 and the competition between the
cationic steps, involving either inter- or intramolecular nu-
cleophile trapping or cationic rearrangement, can be in turn
directed by the appropriate choice of the structure of the
starting material and the experimental parameters.25

Thus, with phenyl cations not only may one have either a
ionic (singlet) or a carbene/radical (triplet) chemistry, as
predicted by Taft, but in the latter case one combines
radical/carbene chemistry in the first step and cationic
chemistry in the last ones, which offers a large potential for
directing the reaction. These results suggest that triplet
phenyl cations are powerful synthetic intermediates that
are expected to become as versatile and rewarding as car-
benes, besides being one of the best examples of the smooth
generation of a highly reactive intermediate by photochemi-
cal means.

Experimental Section

Optimizations were carried out at the UB3LYP/6-31G(d)
level (p-Me, OMe, NH2, CN and parent) by using the Gaussian
03 package.26 Frequency calculations were evaluated at the
same level of theory, and in this way the structures reported
were certified as minima. Energies of the solvated cation were
evaluated with the CPCM method on the (in vacuo) optimized
geometries by using acetonitrile as solvent.27 The calculations
with the M05-X2 functional were performed by using the US-
GAMESS package version 12 Jan 2009 (R3).28 For the calcula-
tion of Gibbs free energies in Table 4 and in the isodesmic
reactions in eqs 1, 4, and 6 entropic corrections at 25 �C have
been included. Energies and coordinates are reported as Sup-
porting Information.
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