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The geometry and the energy of a number of substituted phenyl cations have been calculated for both
spin states at the UB3LYP/6-31G(d) levek(m-, p-Me, OMe, NH, CN, NG,) or at the UB3LYP/6-
311++G(2d,p) level 6-, m-, p-SiMes, SMe). The geometric differences were assessed by means of a
self-organizing neural network. The triplets maintain a regular hexagonal structure that is minimally
affected by substituents, while in the singletsptickers inward and, when an electron-donating group

is present, shifts out of the plane. The triplets have the character of aromatic radical ions and are strongly
stabilized by electron-donating substituents, independently of the position of the latter. In the case of
singlets, the effect of substituents on the energy is weaker and depends on the position (the largest effect
is exerted when the group is in meta). A two-parameter correlation of all of the triplet energies shows
the predominant mesomeric effect of the substituents. In the case of singlets, linear correlations are obtained
only when each position is treated separately and when the predominant effect is inductive for the ortho
and, less markedly, the para position, whereas at the meta position, mesomeric and inductive effects are
comparable. The ground state is determined to be the singlet for the parent cation and for electron-
withdrawing substituted ions. With electron-donating substituents, the triplet is the ground state for ortho
and para derivatives, while the two spin states are roughly isoenergetic when the donating group is in the
meta position. These data allow predicting the reactivity of each cation.

Introduction cally oriented and concerned only a few reactions of limited
synthetic interest. Thus, the phenyl cation was an intermediate
in the solvolysis of phenyldiazonium salts (under controlled
conditions to avoid radical paths in the dediazoniation) as well
as of a few phenyl triflates where the cation was stabilized by
multiple silyl substitution (eq 1). Alternative precursors were
tritiated benzenes, which were investigated by Speranza and
shown to decay to the phenyl cation and to undergo various
arylation reactions¢ however, this could be hardly considered

a method suited for preparative purposes.

Although the role of trivalent (alkyl) carbocations has long
been established and extensively studied, their divalent ana-
logues, viz., vinyl and phenyl cations, have received less
attention. This applies in particular to the latter intermedi&tes,
about which little has been reported. Until a few years ago, the
literature included some spectroscopic studies in the gasi¥hase
or in a matrix at a low temperatu and only a handful of
studies in solutioA®f Even the work in solution was mechanisti-
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(1) () Stang P. J. IiDivalent CarbocationsStang, P. J., Rappoport, + n
Z., Eds.; Wiley: Chichester, 1997; p 451. (b) Fornarini, S.; Speranza, M. Ph" + Solv— Ph—Solv (1)
J. Am. Chem. S0d985 107, 5358. (c) Ambroz, H. B.; Kemp, T. Chem. ] ) ) ) )
Sgc. Re. 1979 8, 35(3j (d) Wlnklelr, M.; Sander, V?]Angew. Chem,, Int. In parallel with experiments, theoretical studies were carried
Ed. 200Q 39, 2014. (e) Wu, Z.; Glaser, R.. Am. Chem. So004 126, i i ; i
10632 and references cited therein. (f) Apeloig, Y.; AradJDAm. Chem. out. The most mteres_tlng point Was gwdenced a!ready 30 years
Soc.1985 107, 5285. (g) Angelini, G.; Fornarini, S.; Speranza, JMAm. ago and had to do with the multiplicity of the cation. Thus, the
Chem. So0c1982 104, 4773. two spin states of this intermediate have a quite different
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structure, withz80° orbital occupation for the singlet that is a reactions via phenyl cations, we report below a study of the
localized carbocation andi®¢! for the triplet that has a  structure and energy of a series of phenyl cations, both singlet
diradicalic charactetlt was also shown that in the parent phenyl and triplet.

cation the singlet is the ground state and the triplet lies20

kcal/mol above it, but substituents shift the energy of the Results and Discussion

intermediates considerably and may reverse the order. The two

structures are in a way reminiscent of those of singlet and triplet . ; . . .
carbenes, and one may have expected that these cations coull? be well s.U|ted for charged mtgrmedlates andin par t'.CUIar for
’ phenyl cationgce4ac The merits of DFT for obtaining a

become, just as carbenes, synthetically useful intermediates. e . ) -
However, this has not been the case, and very little has beenqw"‘m'tat've estimate of the singlefiiplet gap for hypovalent

’ : ' . L species such as nitrenium iGA8and carbene¥; ' as well as
reported in the following years on the synthetic exploitation of henvl cationsi have been evidenced. Of the ions considered
these cations, let alone spin selectivity, although a pioneering pheny ' : ’

. . . : ' the parent phenyl cation as well as tloe, m-, p-amino,
paper by Schustédid evidence that with some diazonium salts -methoxy, -methyl, -cyano, and -nitro derivatives were calculated

direct phot_qusi_s led to solvolysi.s via. the singlet cation, while at the UB3LYP/6-31G(d) level, whereas the m, p-trimeth-
phqtosen5|t|zatlon led to redyctlon via the .tr||_olet. Clearly, the yisilyl (TMS) and -thiomethoxy derivatives (and again the parent
"m'tefi access t(,) phgnyl cations and .the “m'ted, Scope_ of.the ion for the sake of comparison) were calculated at the UB3LYP/
chemlstry occurring discouraged planning synthetic applications g_g1 14+ G(2d,p) level (see Experimental). All optimized
of these intermediates. geometries were found to have zero imaginary frequencies. The
However, the situation has recently changed, and thesesolvation energy in acetonitrile was evaluated accordingly to
stumbling blocks have been removed. In fact, it has been foundthe CPCM method.
that phenyl cations are conveniently generated by photolysis in  As will appear in the following, substituent-dependent trends
a polar medium not only of phenyl diazonium salts but also of were recognized both in the geometry and in the energy of the
phenyl chlorides, fluorides, phosphates, mesylates, and relatectations investigated, and relations with experimental results
compounds, at least when an electron-donating group is presentould be established.
(for many of the cases studied, the substituent was in the para Geometry. To better understand the geometry of the cations
position, but equally satisfactory cases have been found alsostudied, we made recourse to the method of self-organizing
for the other positions).Furthermore, while confirming that  neural networks, a technique for processing data that has been
the singlets are quite unselective electrophiles and that solvolysisapplied recently in chemistye.g., for the quantification of
is the normal result in this case, it was found that triplet phenyl aromaticity’9 This method is well suited for comparing and
cations add selectively ta, not to n, nucleophile$ A lucky classifying a large amount of data giving (semi)quantitative
circumstance was that with the above-mentioned electron- parameters as the output. A pattern classification with neural
donating substituted phenyl halides and esters intersystemnetworks is expected to assess ino@jectie way the effect of
crossing generally preceded fragmentation and thus photolysissubstituents on the structure of phenyl cations.
led to the triplet cation, the synthetically most useful state. ~We used self-organizing maps, as developed by Kohénen.
Actually, in this way, a large scope method for-C bond This is an unsupervised neural network that is used for creating
forming arylation reactions was found, and several good yield @ Projection from a higher dimensional space onto a two-
synthetic procedures were developed that parallel transition- dimensional space, while preserving topological relations as
metal-catalyzed coupling reactions such as Suzuki, Heck, andfaithfully as possible. We introduced geometrical parameters

Sonogashira reactions, while being considerably simpler from of the carbon skeleton of the benzene ring (bond lengths, angles,
the experimental point of viedf! and dihedral angles but not the argubstituent distance to

Thus, mte_rest in such intermediates may grow and lead to (5) (a) Winter, A H.: Gibson, H. H.; Falvey, D. 8. Org. Chem2007
new synthetic procedures. We felt that at this juncture a new 7, 'g1g "(b) winter, A. H.; Falvey, D. E.; Cramer, C.10.Am. Chem. Soc.
computational investigation was appropriate and may help the 2004 126 9661. (c) Geise, C. M.; Hadad, C. M. Org. Chem200Q 65,

; iz ati ; i ; 8348. (d) Wang, Y.; Hadad, C. M.; Toscano, JJPAm. Chem. So002
ratlonallz_atlon of the results obtained in the meantime as vyell 124, 1761, (&) Hill B. T.- Zhu, Z. Boeder. A: Hadad, C. M.. Platz, M. S.
as, pOSS|b|y, foster further deVeIOpment. As a contribution J. Phys. Chem. R002, 106, 4970. (f) Trindle, CJ. Org. Chem2003 68,
toward understanding the mechanism and the scope of arylation9669. (g) Schreiner, P. R.; Karney, W. L.; Schleyer, P. v. R.; Borden, W.
T.; Hamilton, T. P.; Schaefer, H. F., IlJ. Org. Chem1996 61, 7030. (h)
Matzinger, S.; Bally, T.; Patterson, E. V.; McMahon, RJJAm. Chem.

(2) (a) Dill, J. D.; Schleyer, P. V. R.; Pople, J. A. Am. Chem. Soc. Soc.1996 118 1535-1542. (i) Cramer, C. J.; Truhlar, D. J.; Falvey, D. E.
1977, 99, 1. (b) Steenken, S.; Ashokkumar, M.; Maruthamutu, P.; J. Am.Chem. S04997 119 12338. (j) Guizzardi, B.; Mella, M.; Fagnoni,

The work was carried out by the DFT method, which appears

McClelland, R. A.J. Am. Chem. Sod998 120, 11925. (c) Aschi, M.; M.; Freccero, M.; Albini, A.J. Org. Chem2001, 66, 6353.
Harvey, J. NJ. Chem. Soc., Perkin Trans.1®99 1059. (d) Laali, K. K; (6) Barone, V.; Cossi, MJ. Phys. Chem. A998 102, 1995. Cossi, M.;
Rasul, G.; Prakash, G. K. S.; Olah, G. A.Org. Chem2002 67, 2913. Rega, N.; Scalmani, G.; Barone, ¥. Comp. Chem2003 24, 669.

(e) Filippi, A.; Lilla, G.; Occhiucci, G.; Sparapani, C.; Ursini, O.; Speranza, (7) (@) Zupan, J.; Gasteiger, Neural Networks for Chemists. An
M. J. Org. Chem1995 60, 1250. (f) Nicolaides, A.; Smith, D. M.; Jensen,  Introduction Wiley-VCH: Weinheim, 2003. (b) Gasteiger, J.; Teckentrup,

F.; Radom, L.J. Am. Chem. Socl997 119 8083. (g) Angelici, G.; A.; Terfloth, L.; Spycher, SJ. Phys. Org. ChenR003 16, 232. (c) Aires-
Sparapani, C.; Speranza, NMetrahedron1984 40, 4865. (h) Filippi, A.; de-Sousa, J.; Gasteiger,JJ.Comb. Chem2005 7, 298. (d) Ceroni, A,;
Occhiucci, G.; Speranza, MCan. J. Chem1991, 69, 732. (i) Hori, K.; Frasconi, P.; Pollastri, G\eural Network005 18, 1029. (e) Randic, M.;
Sonoda, T.; Harada, M.; Yamazaki-Nishida,T®&trahedror200Q 56, 1429. Butina, D.; Zupan, JChem. Phys. LetR006 419 528. (f) Asikainen, A.;
(3) Gasper, S. M.; Devadoss, C.; Schuster, Gl.B\m. Chem. So4995 Kolehmainen, M.; Ruuskanen, J.; TuppurainenOkemospher2006 62,
117, 5206. 658. (g) Alonso, M.; Herradn B. Chem-Eur. J. 2007, 13, 3913.
(4) (a) Mella, M.; Coppo, P.; Guizzardi, B.; Fagnoni, M.; Freccero, M.; (8) (a) Kohonen, T Self-Organizing Maps3rd ed.; Springer: Berlin,

Albini, A. J. Org. Chem2001 66, 6344. (b) De Carolis, M.; Protti, S.; 2001. (b) Kohonen, T.; Hynninen, J.; Kangas, J.; Laaksone&SQM PAK:
Fagnoni, M.; Albini, A.Angew. Chem., Int. EQ005 44, 1232. (c) Freccero, The Self-Organizing Map program packadeeport A31; Helsinki Uni-

M.; Fagnoni, M.; Albini, A.J. Am. Chem. So2003 125, 1382. (d) Fagnoni, versity of Technology, Laboratory of Computer and Information Science,
M.; Albini, A. Acc. Chem. Re005 38, 713. 1996. http://citeseer.ist.psu.edu/kohonen96som.html.
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FIGURE 1. Sammon map obtained from the trained data set of phenyl )
cation geometric parameters (calculated bond lengths, angles, andCHART 2. Structure of Parent (‘1) and Electron-Donating
dihedral angles). The larger set represents phenyl cations in the singletSubstituted (X-1) Singlet Phenyl Cations

state, and the smaller one represents the triplets. The parent cations in

4

the two series (empty circles) and ortHdiamond), meta(squares), 3

and para (triangles) substituted derivatives are indicated. 2 @
1 + 5+

CHART 1. Structure of Parent (1) and Substituted ¢X-1) 14

Triplet Phenyl Cations
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X = electron-donating group
X = NH,, SMe, OMe, Me, SiMe3, CN, NO,

the divalent carbon and thus of the formal charge, as visualized

avoid that this factor overcomes the other ones, see Supportingin formulas3X-1 in Chart 1. As a matter of fact, if any group
Information) as obtained from the optimization of all of the of isomeric cations’o-, m-, and p-X-1 is piled up with the
above phenyl cations. An & 8 output grid with rectangular  substituent on the same side, the ring carbons of the three ions
boundaries was chosen as the output as this is the best choicguperimpose exactly disregarding where the formal charge is.
for identifying structure similarities. A visually effective way As for the singlets, these occupy a larger portion of the map
for presenting the results of this analysis is a Sammon®map in Figure 1, with no superimposition with the triplet zone, and
(see Figure 1), a nonlinear projection generated through anare rather scattered in an area diagonal with respect to the axes,
iterative procedure. In this map, the input vectors are reducedindicating that several geometric parameters are affected; in
to two-dimensional points on a plane. The closer two structures particular, dihedral angles are quite variable.
are in the map, the more similar they are, thus allowing the In fact, the different electronic structure of the singtef
unbiased recognition of the similarity and difference. orbital occupation, see formufd in Chart 2) is accompanied

The map shows the large difference between singlgtand by a large deviation from the regular hexagonal geometry due
triplet (31) phenyl cations. The triplets are confined within a to puckering inward of ¢ (the G—C;—Cg angle opens up to
small cluster with a small effect by the substituents. Actually, 147 in 11). At the same time, the £C; and G—Cs bonds
the corresponding points lie on a short horizontal segment with become shorter, giving some cumulene character to this moiety,
parentl close to an extreméo-NO,-1 and3p-TMS-1 are found while the G—C3 and G—Cs bonds are lengthened so that
at the other extreme, and the geometrical change is due to theformulall’ may be taken to represent the structure of the parent
interaction of the cationic site and the N@xygen in the first singlet phenyl cation (Chart 2). The planarity of the ring is
case and to the hyperconjugation with the methyl groups in the conserved, but a low-frequency vibration (457.3&phas been

latter. Also in these cases the displacement is small. located, which corresponds to the twisting of the “allene”
The character of an aromatic radical cation and the presencemoiety. The (Mulliken) charge is located in part at &d in
of the half-filled s orbital in the molecular planemfo! part at G.

electronic structure) have little effect on the geometry of the  As for substituted derivatives, those bearing a group that has
triplet cation 1, see Chart 1), and the regular hexagon geometry electron-withdrawing action or a small donating effect are found
is conserved. Also in substituted triplets the angles remain closein Figure 1 in an area close to the parent cation, indicating no
to 12C and the planarity is maintained (as an examplelsee  major modification of the geometry. Cations bearingehattron-
NH,-1in Figure 2). The only significant change involves bond donatinggroup, on the other hand, maintain the above features,
lengths. In these ions, the<X bond is slightly shortened with  but with further deformations that depend on the position. These
respect to the corresponding neutral molecule (including the casegroups participate in the delocalization, as indicated by a slight
of X=Me, where apparently hyperconjugation contributes) and shortening of the €X bond (by 2-3% with respect to the

so are the bonds in the 2,3 and 4,5 positions with respect to thecorresponding neutral derivative PX). Furthermore, the
substituent. This leads to some cross-conjugated character thatarbon in 4 with respect to such substituents tilts out of the
may be envisaged as the 16X ™)-cyclohexa-2,5-diene struc-  molecular plane “seeking” the heteroatom lone pair. This is most
ture contributing to some degree. Notice that the deformation apparent when the substituent is in pakg-X-1) where the

is determined by the position of the substituemit by that of displacement out of plane of;@educes puckering of the ring

208 J. Org. Chem.Vol. 73, No. 1, 2008
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TABLE 1. Substituent Effect on the Energy of Phenyl Cations 1:AE (kcal/mol) in MeCN of the Isodesmic Reaction in Equation 2

singlet triplet

substituent F R ortho meta para ortho meta para
NH> 0.037 —0.681 1.09 10.46 4.20 34.60 33.80 36.50
SMe 0.332 —0.186 —3.68 0.33 —4.28 23.86 22.42 24.15
OMe 0.413 —-0.5 —8.69 0.16 —4.00 16.71 15.60 17.60
Me —0.052 —-0.141 2.07 1.30 —0.22 4.80 4.16 6.01
TMS —0.047 —0.044 12.34 5.14 1.46 5.00 2.73 3.00
H 0 0 0.00 0.00 0.00 0.00 0.00 0.00
CN 0.847 0.184 —18.33 —13.11 —11.74 —13.60 —13.05 —11.00
NO, 1.109 0.155 a —15.65 —14.91 —19.09 —17.66 —17.40

a Attempted optimization oto-NO,-1 failed because this ion collapsed toward a further intermediate with an oxygen bonded to C-1. Compare ref 2e.

at that position (as an example, the angle and the dihedral anglestructure) and (for singlets) to the nature and position of the

at G are 134 and 13 for p-NH,-1 and 142 and 10 for the
p-OMe analogue, to be compared with 24ahd O in 11). A
(lower) tilt and a more complex deformation are observed also
for Cs in ortho derivatives (compar®-NH,-1 in Figure 1). In
meta derivatives, gtilts out of plane, but because this atom is
a part of the stiff “cumulene” function the latter moiety is
slightly rotated. Furthermore+s C, and G—Cs bonds acquire
some single and double bond character, respectively, forming
a conjugate &C—C=X" moiety where the strong donation
by the substituent is apparent (see formitaX-1, typical
examples arém-NH,-1 andIm-SMe-1).

substituents, and the plot in Figure 1 can be used to predict the
geometry of additional phenyl cations.

Energy. As mentioned in the Introduction, the singlet is the
ground state of catioft by a large spanXEst 21.3 kcal/mol).
Substituents, however, may cause a large effect on the energy
of the cations. Thus, the energy of the above series of phenyl
cations was calculated, and the substituent effect was assessed
by comparing the energy of the cation and that of the
corresponding benzene (calculated at the same level) for the
substituted and the parent compound. T¥ein MeCN of the
isodesmic reactions in eq 2 gives a quantitative measure of the

Thus, geometric changes in the cation structure can be tracedstabilization.

back to the multiplicity of the state (and thus to the electronic

20
<
10 A
=
[
© 9 A z°
) o
*
-10 ¢
20 :
20 -15 -10 -5 0 5 10
AE pred
40
b NH: §
SMe
20 8
= T™MS OMe
< $ Me
; 0 *
H
<
-20 CN
NO:2
-40 - - .
20 -10 0 10 20 30 40
AE pred

FIGURE 3. Stabilization by the substituent of the (a) singlet

(diamonds, ortho-substituted; triangles, meta; crosses, para) and (b)

triplet phenyl cations: comparison between the calculated value (Table
1) and that predicted according to the equations in Table 2. Empty

X—CgH,” + H—CgH;— X—CiHs + H—CH," (2

The values obtained are reported in Table 1, where it is
apparent that electron-withdrawing substituents destabilize both
singlet and triplet cations, while the electron-donating ones
strongly stabilize the triplets but have a variable, and at any
rate smaller, effect on the singlets.

To rationalize the results, a linear correlation of the above
AE values by using substituent parameters from the literature
was explored. No satisfactory correlation was found by using a
single parameter treatment, such @sp or oM, A two-
parameter treatment by using the field)(and resonanceX)
indexes developed by Swéi? was next tested (see eq 3 and
Figure 3).

AE=fT7+rA+i 3)
This fitting was successfif, and the stabilization by electron-
donating substituents resulted in a negative value for both
coefficientsf andr, as expected for a cation. A value close to
0 was obtained for the intercept i, which attested a good
agreement with the theoretical model. More precisely,rthe
andp-substituted singlets gave a satisfactory correlation, whereas
among the o-substituted cations the trimethylsilyl derivative was
more stable than expected (see Figure 3a, empty symbol) and
was excluded from the correlation (the parameters obtained are

(9) (@) Swain, C. G.; Lupton, E. d. Am. Chem. S0d.968 90, 4328.
(b) We refer here to the structures optimized in vacuo and assume that the
geometry is unchanged in solvent (see Experimental). Therefore, we feel it
is appropriate to UsAE in this case. Trial calculations showed thsitl
(and G) values differ from AE by at most +2 and 2-3 kcal/mol,
respectively. (c) As pointed out by a Referee, what is assessed by means
of the isodesmic equation (eq 2) is really the relative ability of substituents
X to stabilize benzene and the phenyl cation. Presumably, the effect of X

symbols correspond to values not taken into account for establishing on benzene is so much smaller than that on the phenyl cation the former
the correlations in Table 2. The substituent present is indicated for the can be neglected. At any rate, these are compared with substituent parameters
triplet (o-, m-, p-isomers almost superimposed). that are obtained through a similar approach, and the comparison is fair.

J. Org. ChemVol. 73, No. 1, 2008 209
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TABLE 2. Two-Parameters Linear Correlation for the 40
Substituent-Induced Stabilization of Phenyl Cations According to
Equation 3 30 ™3
f r i R2 H CN NO,
= 20 Me 7
3X-CgHsta —11 —41 15 0.96 g v
10-X-CeHs'h 21 —-2.3 0.62 0.97 % 10 f
Im-X-CeHa™ —14 —-12 1.4 0.96 4 OMe g
1p-X-CsH4+ -13 —5.5 -0.3 0.98 w P NH, SMe ;
=] T = |
a The values for the thiomethyl-substituted derivatit@sm-, andp-SMe I h
were excludec? The value for silylatedo-TMS was not taken into account. 10
=20

reporteq in Table 2). As for th.e. trlplets,s.:lngle correlation FIGURE 4. SIT energy gap for parent (slasheah)(black),m- (gray),
was satisfactory for ththreepositions, provided that the three 5,4 (colorless) substituted phenyl cations.

thiomethyl derivatives were excluded (see Figure 3b, empty o ) .
symbols), since these were again more stable than expected. and p-derivatives, where the substituent is away from the
The data in Table 2 evidence that for triplets the large divalent carbon, thé value is close to that<11) found with

substituent effect is mainly due to the resonance faator ( thitrlplets.t t f the diff t effect on the t
—41). The high ratior/f = 4 is unusual among aromatic N Imporiant consequence ot the difierent enect on e wo

molecules and reflects the radical cation nature of triplet Eg'nnt:g[ﬁ;ﬁ;gg;frstﬁg tﬁITe(izt(ggek'l(f:glrgoll)Y/vvlgi]lg\]/atiuski)rslu}éts
resulting from the above evidencedlo® orbital population in the span is 25 kcal/mol foF; substituents in meta and 20 Ecal/
this state (see formuld&l). Thus, substituents capable of P e . - .
. f . o - mol in the other positions, excluding-TMS) is that their

mesomeric electron donation are highly effective in stabilizing . . .
the cation by delocalizing the electron vacancy intherbital energetic order changes,_as can be appreciated t_)y looking at
(see formulas$’X-1 in Chart 2). Consistently with this repre- the AEsy values reported in Figure 4. As appears in Table 1,

: PN y ep both electron-withdrawing groups and substituents with a small
sentation, the stabilization imdependent of the substituent

. . O 9 value such as methyl and trimethylsilyl have a not too
positionrelative to the formal charge at;CThe stabilization is 4 y YISty

. . ; ., dissimilar effect on the singlet and triplet cations, so thBtr
larger than predicted by eq 2 with the thiomethyl group, possibly is little varied (notice that the@-TMS group tilts the balance
due to enhanced donation from the sulfur d orbitals. Cor-

dinal . I ithdrawi bsti further toward the singlet). With mesomeric electron-donating
respondingly, mesomeric_electron-withdrawing substituents groups, however, the stabilization of the triplets is large. Whether
cause the expected large destabilization.

this overcomes that enjoyed by the singlets by more than the
As for the singlet states, the overall stabilization is smaller 21.3 kcal/mol of the parent cation, thus re\/ersing the order,
and characterized by a modest contribution of the resonancedepends on the position of the substituent. In fact, in the meta
term. This is in accord with ther®0® population in this state  position the resonance term contribution is large also for the
and thus with the smaller electron withdrawal from the sub- singlets. The two opposite effects make the two spin states
stituent to the ring. With the singlets, separate correlations have roughly isoenergetic fametaamino, methoxy, and thiomethoxy
to be drawn for each position. For the andp-position, ther (and hydroxy, not reported) substituted cations. In the ortho and
andf values are comparablef(ratio ca. 1 and 0.4, respectively), para positions, however, resonance is more important, and the
i.e., within the range observed for many reactions of arométics, triplet is the ground state.
again supporting that the full occupation of the bondimg Effect on the Chemical Reactivity. As mentioned in the
orbitals in these states maintains the aromatic character muchintroduction, phenyl cations are conveniently generated by
more than triplets. In particular, the largestalues are those  photochemical reactions. The chemistry of phenyl cations has
of the meta isomers, and these cations are consistently morebeen experimentally found to depend on the multiplicity of the
stable than the correspondilgderivatives, with a difference  reacting state, the triplet reacting preferentially witlmucleo-
that increases with mesomerically donating groups. This is a philes and thus giving valuable-€& bond forming arylations,
guantitative expression of the stabilization due to the conjugation the singlet reacting unselectively and thus most often with the
shown in formulalm-X-1 (Chart 2). solvent. Which one of these behaviors is followed depends on
The contribution of the field effect follows, as expected, the the precursor used and the conditions. Electron-donating
order 0 > m & p. In particular, with ortho substituents substltuteo_i phenyl halides an_d esters undergo photocleavage
stabilization arises almost exclusively from a large contribution from the triplet and form the triplet phenyl cation (see Scheme
by the field effect {= —21), whiler is small, with anr/fvalue ~ 1)- As itappears in Scheme 1 and Figure 4, in this case, this is
(0.1) again unusual for aromatics, in a way contrary to that the ground §tate, and thus under thes.e conditions, grylatlon is
evidenced above for triplets. This is consistent with the fact & Predominant process, at least wih and p-substituted
that the substituents lie side by side with the empty orbital at COMPounds. With the meta derivatives, however, the singlet is

C1. On top of this, the-trimethylsilyl derivative enjoys an extra isoenergetic or even more stable, and thus in the absence of a
stabilization by ca. 8 kcal/mol with respect to the expected valu

e goodu trap, I1SC to the singlet may occur and the reaction shifts
(see Figure 3a) that appears to be an example of the well-knownt© solvolysis. Indeed, we recently found that this peculiar “meta”
“B-stabilization” effect of silicon-bonded group&For the m-

effect is actually operating with chloroanisofés.

(11) (a) Dichiarante, V.; Dondi, D.; Protti, S.; Fagnoni, M.; Albini, A.

(10) Lambert, J. BTetrahedron199Q 46, 2677-2689. Lambert, J. B.; J. Am. Chem. So2007, 129, 5605. (b) The effect of thexmethoxy group
Zhao, Y.; Emblidge, R. W.; Salvador, L. A.; Liu, X.; So, J.-H.; Chelius, E. on the (thermal) decomposition of diazonium salts has been early
C. Acc. Chem. Red.999 32, 183-190. observed: Taft, R. WJ. Am. Chem. Sod.961, 83, 3350.
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SCHEME 1. Generation of Singlet and Triplet Phenyl
Cations from Phenyldiazonium Salts and from Phenyl
Halides and Esters by Direct Irradiation (hv) and Triplet
Sensitization £Sens) and Effect of Electron-Withdrawing
(EWG) and Electron-Donating (EDG) Substituents on the
Energy Order
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and their energy is less affected by substituents. This results in
a change of the multiplicity of the ground state cations. In
summary, electron-donating groups stabilize the singlets when
in meta and the triplets in any position (and by a larger amount).
As a result, the triplet is the ground state withor p-electron-
donating substituted phenyl cations. Due to the different
chemistry exhibited by the two spin states, these effects are of
primary importance for predicting the reaction occurring when
the phenyl cation is generated. Some of the predictions based
on these calculations, in particular the “meta” effect on singlets,
have been recently confirmed experimentalit is hoped that
interplay between calculation and experiment will open the path
toward a larger application in synthesis of these fascinating
intermediates.

Experimental
Optimizations were carried out at the UB3LYP/6-31G(d) level

G (o-, m-, p-Me, OMe, NH, CN) or at the UB3LYP/6-311+G-
. . . (2d,p) level 6-, m-, p-NO,, SiMe;, SMe) by using the Gaussian

Another strong stabilization of the singlet is caused by an 2003 packagé? Frequency calculations were evaluated at the same
o-trimethylsilyl group. In the monosubstituted cation, this simply |evel of theory to certify structures as minima. Energies of the
confirms its singlet nature. An interesting situation is expected solvated cation were evaluated with the CPCM method on the (in
to arise with polysubstituted phenyl cations when both triplet- vacuo) optimized geometries by using acetonitrile as sofent.
stabilizing (e.g., amino, methoxy) and singlet-stabilizing (e.g., ~ The structure optimization of some of the phenyl catiéns
0-SiMes) groups were present. considered had been previously reported, and our results were

When on the other hand the phenyl cation is photogeneratedperfecuy compatible (these were the parent ions, the three methoxy,

from phenyldiazonium salts, the situation is varied because thefgsosg dogéhgu%%rgrt?ne;}/r?g:ﬁ?;;OEnnergIes and coordinates are
competition between 1SC and fragmentatlon in the gxcned All calculations on the Self-Organizing Neural Network were
diazonium depends on the substituent (Schemé& 1ith evaluated with the SOM PAK progra#aThe input table used for
electron-withdrawing substituents, direct irradiation gives the network training is reported as Supporting Information.

triplet phenyl cation. This is not the ground state in this case A rectangular topology and bubble function was used as a
(see Figure 3), but it may arylate a good trap before neighborhood kernel for generating a lattice 0fx88 neurons.
intersystem crossing to the singlet ground state. In the absenceTraining was done in two phases: an ordering phase with 1000
of such a trap, solvolysis via the cation is the result, as actually steps and a self-organizing phase with 10000 steps. During the first
observed? With electron-donating substituents, dediazoniation Ccycle, the learning rate and initial neighborhood were set to 0.05
precedes ISC and direct irradiation leads to the singlet. Although @"d 10, respectively. The parameter values for the second cycle
this is the high-energy state with such substituents, solvolysis We® 0-02 and 3, respectively.

is too fast to allow competition by ISC. However, triplet  acknowledgment. Support of this work by CILEA for the
sensitization gives the triplet diazonium and the triplet phenyl free access to their supercomputer facility and intellectual
from these derivatives.

Supporting Information Available: Cartesian coordinates and
energies for phenyl catiorisand training input and output of self-
organizing neural network. This material is available free of charge
via the Internet at http:/pubs.acs.org.

JO7020218

Conclusions

The geometry and the energy of the singletoC structure,
puckered) and triplet stater{o! structure, planar) of a series
of substituted phenyl cations have been investigated by DFT
methods. The pattern of t_he effe_c_ts with reference to the nature (13) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.; Scuseria, G. E.; Robb,
of the substituent and to its position has been recognized. Them. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
regular hexagon geometry of ring carbons in the triplet state is N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
minimally affected by substituents. The singlet cation is more Mennucci, B.; Cossi, M., Scalmani, G.; Rega, N.; Petersson, G. A.;

. . Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
heavily deformed (cumulene character at the-C,—Cs moiety) Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
and is affected to a large extent both by the position and by the X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
nature of the substituent in particular with electron-donating éegg]'mi”oh?-?lp(gﬁqulﬁegs; ggh?;z}(rinaJnn\}vR'Ali/';lzaéye\\(/’-?/'l;ogﬁtrlgéAkJ-';
substltu_ents that cause a ring carbon_to shift _out of plane. BeS|desV0th, G. A Salvador, P.: Dannenb’eré’ 3.3 ZakizewsKi, V. G.: Dap'prié'h,
preventing loss of planarity, the radical cation structure of the s; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
aromatic ring in the triplets maximizes the effect of substituents D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

; : G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
on the energy, whereas’ singlets are more easily deformed Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

M. A; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(12) Milanesi, S.; Fagnoni, M.; Albini, AJ. Org. Chem2005 70, 603.
Scaiano, J. C.; Nguyen K. T.; Leigh, W. J. Photochem1984 24, 79.

J. Org. ChemVol. 73, No. 1, 2008 211



