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relatively hlgher rates and for the occurrence of consecutive alkvlatlon steps, yielding Dolvalkvlated nroducts of the
less activated substrates. The relevance of the work to the theory of the aromatic substitution as a new entry into
the reaction manifold of Friedel—Crafts alkylation and to gas-phase ion chemistry, as an irrefutable demonstration

of the kinetic role of INCs is briefly discussed.

Introduction

Electrophilic aromatic substitution proceeds in many cases
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where P denotes a proelecirophile, namely a species devoid,
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per se, of electrophilic character, whose activation by the
Brgnsted or the Lewis acid A generates the electrophilic reagent
E*. Among the numerous examples of proelectrophiles one
can cite alkenes, alkyl halides, alcohols, epoxxdes acyl halides,
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and its attack on the CgHsX substrate are temporally and
spatially separated events, in that aromatic substitution involves
the encounter of the substrate with the electrophile formed in a
preliminary step and dispersed in the reaction medium or on a
solid catalyst.

An alternative route is conceivable, whereby the electrophilic

euhstitution ocours within the r-nmnlpv formed upon addition
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of an arenium ion to the proelectropmle, e.g.
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This sequence embodies a distinct reaction pathway, with special

 Universith di Roma “La Sapienza”.

* Universita di Camerino.

® Abstract published in Advance ACS Abstracts, December 1, 1995,

(1) A preliminary outline of intracomplex electrophilic substitution has
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kinetic and mechanistic features, only if aromatic substitution
does actually occur within the complex, without separation of
the reagents. If, on the contrary, E* escapes into the medium
and reacts with the aromatic substrate at some later stage, the
whole sequence 2 reduces to a conventional substitution 1 whose
only peculiarity is that the acid used to activate the proelectro-
phile is an arenium ion.
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solution, which has prevented further developments.

Asg nnﬂ of our rnnhnnmo interest in the rPnr'h\nfv of gaseous

catxons.“ % we have undertaken a systematic study of eleCterhl]lC
aromatic substitution OCCUITIDE within the gaseous ion—nentral

complexes (INC) formed upon addition of arenium

variety of proelectrophiles. The investigation, pcrformed thh
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was prompted, first, by an interest in demonstrating an alterna-
tive entry into the reaction manifold of aromatic substitution
exploiting the unique features of gas-phase ionic processes.
Second, investigation of the kinetic and mechanistic features
peculiar to reaction sequence 2 appeared highly promising, in

view of the extremely short lifetime of the E* reagent prior to
capture hv the aromatic suhstrate contained in the same INC
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e.g., isomerization of highly unstabie cations couid in principle
be reduced or cnnnr@ccnd Third, it wae hoped that the recults

might provide addltlonal and more concluswe evidence on the
kinetic and mechanistic role of ICNs, currently the focus of

romatio

(3) (a) Olah, G. A. Abstract of Papers 3P, 138th National Meeting of
the American Chemical Society, New York, 1960. Quoted in Friedel—
Crafis and Related Reactions, Olah, G. A, Ed.; Wiley: New York, 1963,
(b) Balaban, A, T. Rev. Chim. {Bucharest) 1962, 7, 1.

(4) Cacace, F. Acc. Chem. Res. 1988, 21, 215 and references therein.

(5) Aschi, M.; Atting, M.; Cacace, F.; Ricci, A, J. Am. Chem. Soc. 1994,
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In addition, a HP 5890 GC, equipped with
quantitative analysis of the products.
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accordmg to standard procedures, using a greaseless vacuum line, in
sealed 135-mL Pyrex vessels. The irradiations were performed in a
220 Gammacell from Nuclear Canada Ltd. equipped with a thermostatic
device designed to maintain the sample to within £1 °C from any
desired temperature in the range from 40° to 150 °C. The irradiation
time was 2 h, the total dose 1 x 10* Gy. Following the irradiation,
the vessel was cooled to 77 K, and its contents dissolved into CH,0H,
carefully washing the inner walls, and performing repeated freeze—
thaw cycles. The nature, the yields, the D content, and its intramo-
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with a 0.5 /Amilayer f cross-linked methylsrlrcone phase (PONA

column from HP) operated in the temperature range from 70° to 220
Tal
.

Results

Mass Spectrometric Results, The CHY/CI spectra of
gaseous mixtures containing C¢Hg and olefins, recorded at 150
°C at pressures from 0.1 to 0.5 Torr, display peaks whose m/z
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mixtures. Whereas these ‘expenments demonstrate the occur-
rence of gas-phase isopropylation, they give no information as
to whether, and to what an extent, alkylation occurs vig sequence
2. ICR spectrometry, with its unique ability to establish parent—
daughter relationships in consecutive ion—molecule reactions,
is the technique of choice to discriminate among channels 1
and 2. Unfortunately, the charged producis from exothermic

1on

107 7 Torr) typ1ca1 of FT-ICR expenments, whrch generally
prevents detection of the alkylated aromatic adducts. E.g.,
preliminary FT-ICR experiments were performed, where CgHgD™

.. Soc. 1989, 111, 3560.

K. Ed ) Kluwer Dordrec t, :

(10) (a) Kuck, D. Mass Spectrom Rev. 1990 9, 586. (b) Bowen, R. D.
Acc. Chem. Res. 1991, 24, 364. (c) Longevialle," P. Mass Spectrom. Rev.
1992, 11, 157. (d) McAdoo, D. J.; Morton, T. H. Acc. Chem. Res. 1993,
20, 295.
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Flzure 1i. The ConD* neak, calculated m/z =122.10800, from the

Table 3. Relevant Thermochemical Data
reaction AH®, kcal mol™!
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(3) COH™ + (eHg = CO + (CsHy) 39.4,2 —=38.1
(4) (CHa)F* + CiHg = CHaF + sC4Ho™ —33.0¢
(EN/OLIN B L T — LD L (O TN _ A3 nad _An sbd
() ligjer” T Leite = L 7 (Lrizlerie) 40U, 4U.5
(7) SC4H0+ + C(,Hs = \SC4H9 e 5H5)+ —33.3de

{9) ¥t 120 = CH3CeH; + —-2.3

(CH:;):OH+

(10) (CH; CeHg) + C3Hg = (CH; CgHs iCHy )™ —28.Y
(12) CHs* + CsHs = CH, + iC;Hy * —479,7 —48.25
AN OT A L O = O L T _A07a_&nnb
QLo Lris’ T el = iig T Leriy 45,7, SUL

(15 25) iCsHy T+ CeHs = (1L3H7 Lgl‘ls)"' —35.744
(18) C¢H7 * + C3Hg = (iC3H; CeHe) ™ —33.9,294 —34,144
(20) CF3* + CgHs = (CF3CeHg™ 58.74¢

(22) (CF3CgHg)* + C3Hg = (CF3CeHs iC3Hy) T ca. —8_5’1
(27) (CH3CsHe)T + iCH = (CH; CeHs tCiHg )™ —24.394

¢ According to the NIST daiabase, ref 12, * According to the revised

PA scale of ref 13. ¢ From the heat of formation of (CH3),F*, ref 14
and 15, and of sCsHg*, ref 12.  Referred to formation of the most stable
protomer. ¢ Estimated from the data of ref 12. / Referred to formation
of protonated p-cymen o that of
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exothermic (Table 1)
DCO™ + CH,— CO + CHD" 3)

cell, isolated by selective-ejection techniques, and allowed to
react with C3Hs contained in the cell at a low stationary pressure
(1-5) x 1078 Torr. As anticipated, no CoHi2D™ ions from

seguence 2 were dggecggd, owine to their r‘nm?lAtA back

dissociation. However, by usrng a pulsed valve, one can obtain,
allait fam o choet timma (<& e mescoiisas 11m b & v 1N—5
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Torr, which allows collisional stabilization of a fraction of the

excited CoH;2D* ions, and hence the1r posmve 1dent1ﬁcatlon

C4HD* + C,H, — [INC] — C,H,,D" (2a)
In fact, no CgHg was introduced into the reaction cell,!” which
excludes the role of any free isopropyl ion in the formation of
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(11) (a) Berthomieu, D.; Brehner, Vi 6hanessian, G.; DenheZT. P
Millié, P.; Audier, H. E. J. Am. Chem. Soc. 1993, 115, 2505. (b) Berthomieu,
D., Brenner, V.; Ohanessian, G.; Denhez, J. P.; Millié, P.; Audier, H. E. J.

Phys. Chem. 1995, 99, 712.
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L3is (A3 o X)L 8/ gids 192 9 5L OF3 D FH O} 3 13 0
315 50 1.0 6.4 0.0184
353 5.0 1.0 1.0 0.17
353 3.0 1.0 0.4 0.50
353 20.0 1.0 9.8 0.26
393 5.0 1.0 1.3 1.0
408 5.0 1.0 0.8 0.7

CaHg? {CyHsiN CeHD4iCs
3i5 10.0 0.2 244
353 100 02 21.8
393 10.0 0.2 19.8

C,Hg8 (CH;),0 CeDsiC:H Y  CFiCq CFiCsDyiCHD:CD<CF,
315 10.0 1.1 11.0 0.13

315 10.0 8.0 0.9 0.11
tert-Butylation

iC4Hg/ (CHa»0O CsDsCH, [CHiCADAtCAHRD]
315 10,0 1.0 12.8 0.26 (m=27%,p="73%)
353 10.0 i.0 29.8 0.i15(m= ,p=T72%)
393 10.0 1.0 29.8 0.16 (m= ,p = 60%)

Cyclopentyiation
¢-CsHyo (CH3),0 CeDsCH; CsDscCHsHy C4Ds _Q CH;CsDycCsHgD CH;C3D4cCsHgD:CsDsCH;
CH,

315 10.0 1.0 11.7 1.2 0.88 0.06
353 10.0 1.0 17.3 1.0 0.50 0.09
e 1NN £ 1 1" £ n AN n1a nneg
353 10.0 5.1 125 .40 0.15 0.05
353 10.0 10.1 12.3 0.17 0.10 0.03
393 10.0 1.0 13.2 0.40 0.16 0.11
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@ All systems contained 720 Torr of the bulk gas and O,, 10 Torr. ? Standard deviation of the yields +10%, increasing to +20% for Gy values
<1073, < Bulk gas CH3F, CsDs 1.5 Torr, ¢ Isomeric composition of cymenes, o = 50%, m = p = 25% ¢ Bulk gas CHu, CeDs 3 Torr. / Isomeric

cnmnn«non of mmrnnvlherwenec 0=47%, m = ZZ% D= jl% Y=HD.¢ Buik gas C

. A Y =H, D in the annmx1mate 4:1

ratio. 'm = 75%,p = 25%, also formed CF3C6D3 (lC;HsD)z and CF,CD, (1C3H5D)3 7Bulk gas CH3F CGDS 3.0 Torr. * Bulk gas CHSF, CeDs 1.2

Torr. * Isomeric composition of cyclopentyltoluenes o =

1.4
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Figure 2. Depression of the radiolytic yields of aromatic products from

gas-phase cyclopentylation upon addition of increasing amounts of
(CHs)N.

In summary, the results show that charged products whose
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ions are formed upon addition of benzenium ions to propene,
in a process that occurs without separation of the reactants after
their encounter. The results are consistent with, but fall short
of proving, operation of { sequence 2, in that the lack of structural
discrimination of FT-ICR spectromelry does not aliow for the
exclusion of the possibility that the CoH12D™ ions observed are
noncovalent complexes, rather than protonated cumene.
Radiolytic Alkylation. Methodology. This technique,
whose principles, experimental details, and applications have
been reviewed,* is based on the y irradiation of a gaseous system
whose bulk component gives upon ionization the charged
reagent of interest, via a well-defined sequence of reactions.
Following complete collisional thermalization, the ion interacts
with the aromatic substrate(s), giving charged intermediates

whose deprotonation yields neutral end products, analyzed by

miz

[ 3

40%, m = 29%, p = 31%.

GC, GC/MS, or NMR. The radicals cogenerated in the
radiolysis together with the charged species are trapped by an
efficient scavenger (O») present at a relatively high concentration
in the gas. In any case, the ionic origin of the products of
interest is independently confirmed by the depression, and
eventually the suppression, of their yields caused by increasing
concentrations of interceptors, e.g., bases, that trap the charged
species (Figure 2). Furthermore, independent evidence for the
postulated ionic reagents and intermediates is obtained from the
mass spectrometric study of the same system, and, finally, the
very nature of the products, e.g., the alkylated arenes relevant
to this work, often indicates their ionic origin.

The resuits from the study of the reactions investigated are
summarized in Table 2, where the yields of the products are
expressed by their Gy values, namely the number of
molecules formed per 100 eV absorbed.

Isopropylation. Three primary charged reagents have been
used, namely (CH;),F*, C,Hs™ (n = 1, 2), and CF5™, obtained
from the irradiation of CH3F, CHi, and CF., respectively. -
(CH3),F" is the major stable ion formed, together with traces

23745 et SRR ARAD AR e LE2

of CH3FH+, upon ionization of gaseous CH3F according to fast,

consecutive ion—molecu tions firmly established by mass
spectrometric and radiolvtic studies 18=22 The (CH.)ET ione
pectrometric and radiolytic studies. The (CHj3),F" ions
react with C3Hg and CsDg according to the sequence of ion—

molecule reactions illustrated by the SImphﬁed sche e A of

'S hn-—f i Tha naramannt racnlt n thae farmatin an
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(12) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17 suppl. No. 1.

(13) Szulejko, J. E.; McMahon, T. B. J. Am. Chem. Soc. 1993, 115, 7839.

(14) McMahon, T. B.; Heinis, T.; Nicol, G.; Hovey, J. K.; Kebarle, P.
J. Am. Chem. Soc. 1988, 110, 7591.
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(CHLF + GHy ———= F + CH' @
(CHF" + CDg ——= CHF + (CHCPY' )
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A/‘.CSH'I
(CHLCDg"™ + B —= BD* + s a8
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BDT + CJiDs an
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Remarkably, K undergoes a sharp increase with the temper-
ature, reflecting the corresponding increase of the kip/ko ratio
illustrated in Flgure 4. Since the exothermic proton transfer 9

{C an i l.uuuuuvu,u J.l'lY pe uaov 15 EXpeCica be a umu.. W\;aniiv'
temperature-dependent process,?* the trend is most likely traced
to the increase of kip with the temperature. Interestingly, the
isomeric composition of the cymenes from reactions 10 and 11
corresponds, within experimental errors, to that observed in the
direct alkyiation of toluene by free iC3H;™ ions 2 (vide infra).

The results show that the iC;H¢D™ ions guantitatively react
with CH3CsDs within complex 2a without escaping into the
gaseous medium, where they would be trapped by C¢Ds yielding
iC3H¢DCsDs, which has not been detected among the products.

Formation of sec-C4HgCgD:s is readily accommodated by the
consecutive reactions 4 7, and 8 of scheme A whereas

A different approach has been based on the use of CHs* and
C>Hs*, the major ions formed with a combined G4+m) value of
ca. 3 in neat irradiated CH,.2> Their interaction with C3Hg and

(1 ﬁ\ The of ref 14 have hee
followmg Glukhovtsev, M. N.; Szulejko

J. W.; Scott, A. P.; Smith, B. I.; Pross A.;Radom
98, 13099

. E.; McMahon, T. B.;
, L. J. Phys. Chem. 1994,

nave

Karaman,

4 keal om
-T. L.; Fry, J. L. J. Org. Chem. 19’1 56, 188.

(17) Despite efficient differential pumping of the transfer system, traces
of CgHg actually leak from the external ion source inio the ceil, but its
concentration is far too low to account for the CoH;;,D* ions observed,
especially in view of the large (more than 50 000-fold) excess of CsHs.

(18) Herod, A. A.; Harrison, A. G.; McAskiil, N. A. Can. J. Chem. 1971,
49, 2217.

(19) Beauchamp, J. L.; Holtz, D.; Woodgate, S. D,; Patt, S. L. J. Am.
Chem. Soc. 1972, 94, 2798.

(20) McMabhon, T. B.; Kebarle, P. Can. J. Chem. 1985, 63, 3160.

(21) Hollis, J.; Tedder, J. M.; Walker, G. S. J. Chem. Soc., Perkin Trans.
21991, 1187.

(22) Speranza, M.; Pepe, N.; Cipollini, R. J. Chem. Soc., Perkin Trans.
2 1979, 1179,

(23) The lack of selectivity of free iC3H,7 is reflected by 2 giueneKbenze
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P. J. Chem. Soc., Perkin Trans. 2 1979, 891.

(24) Su, T., Bowers, M. T. Gas Phase Ion Chemistry, Bowers, M. T,
Ed.; Academic Press: New York, 1979; Vol. 1, p 84.

(25) Ausloos, P.; Lias, S. G.; Gorde I
3341.

Aschi et al.

CsDg p-o-.-ctes the ionic reaction pattern illustrated, in a
simplified form, in scheme B of Chart 1. The salient result is
the formation of cumene of the isotopic composition C¢HDy4-
CH(CH 3)Cﬁ2D, demonstrated by its EI mass spectrum that
A Y 11 L _ /AL 18\ . e W 4 170N — - - -
(llbpldys cquauy I CIISC (vl — 13) anda {ivl == 10) PC&KS, 'dnsmg
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CHOHNMH-NY ran anly ha tracad tn danratnnatinn af an
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arenium ion formed within the complex 2b, since any free
iC.HA T ione would be tranned by .. vieldine inctead T De-
iC3HgD™ ions would be trapped by CeDg, yielding instead CeDs
CH(CH;)CH;D as the final product. The failure to detect the
latter indicates that no iC;HJ_)* ions escape from 2b. The
iC3H7C4sDs cumene, formed i signj‘icant vields, arises from
the attack on CsDs of the iC3H; " ions formed upon protonation
of C3Hg by C,Hs'. The effic 1encv of the alkylation 18 is
appre igh n esponding process 10, and,
in ad ' the temperature. Another
Zam ke A neerd acraee et d oo ae
1ItCL Ul-=, 14 CYCLl UllL plU'
pylb consecutive alkylation
atana AAitinn nf increngcinelvy
steps ddition of increasingly
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(X=H, CF;; Y=H,D ; R=iC3Hy)

The third reagent used, CF3*, is the major cation formed upon
ionization of CF4 and is unreactive toward the parent molecule.*
Irradiation of C3Hg and CeDg highly diluted in CF4 gas promotes
the ionic reactions illustrated in the simplified scheme C of Chart
1. Occurrence of the alkylation within complex 2¢ is demon-

v TY T

girated bv formation of CFC:D.C:H:D isomers. a nrocess
s €4 Dy Iormaiion of L3l gyl sHgl) 1S0mMers, a process
n ot
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only occur via sequence 22. However, at varianc
with the alkylation reactions previously discussed, there is
evidence that a fraction of the iCsH¢D™ ions formed within
complex 2c¢ fails to react with CF3CsDs, a strongly deactivated
substrate, and escapes into the gaseous medium, where the ions
are trapped by CsDs, giving CsDsiC3HgD, detected in significant

vields among the nroducts
yiCids among Ui proGucts.

tert-Butylation. Irradiation of gaseous systems containing
1C4Hg and C6D5 hlghly dlluted in CH3F promotes a sequence
S l U ate (l lIl UlC scneme
eric CHaCDCHD tert-
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alkylatlon pathway

(CH,C,Dg)" + iC H; — [((,H3(,6D6) “iCHy] =

[CH,C(D,*1C,;HD"] — (CH3C6D5tC4H8D)+ Q7
Zd

(CH,CDsC,H,D)" + B —BD" + CH,C,DC HD (28)

As in isopropylation, the isotopic composition of rert-
butyltoluenes, in particular the presence of a D atom in a methyl
group of the tert-butyl substltuent, is only consistent w1th
intracomplex alkylation. The efficiency of the process, ex-
pressed by the kx7/ko ratio deduced from the product ratio R,
decreases at higher temperatures (Figure S), whereas the extent
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Cyclopentylation. Irradiation of ¢cCsHg and CgDg in excess

CH-F promotes aromatic ovrlnnemvlatmn accordine to a
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reaction sequence analogous to that illustrated in scheme A of

FThart T whaee bay gtamg ars tha nnmna&:fq!ra measacasa
a1, wWinlose g8y 8iCpPs ait uld COMpeiiuve proCesses

B~ BD* + CHaCqDs @)
(CHaCeDe)*

P N I o T o WP ST
——_"HL,qunL)n)"'.L‘J:Hnl —~—— [ggtgTligmigll ' |
+C«\.45r'|3 -

1e 2a

L=

[CH3CeDscCsHgD)* (29)
followed by deprotonation
(CH3C6D5CC5H8D)+ +B—BD"+ CH,C,D,cC;HD (30)

The nresence of 2 D atom in the cvelonentane ring of isomeric
111€ presence Of a L7 aiom 1 1€ cyciopentane ring of semerngc

cpentyitoiuenes shows that the aikyiation occurs within compiex
Ze. At a given [cCsHjs] value, the rate of cyclopentylation
linearly decreases with [B], as shown in Figure 6, consistent
with the postulated competition between reactions 9 and 29.
The efficiency of the intracomplex alkylation, at any fixed
[cCsHgl:[B] ratio, is expressed by the CH3CgDycCsHgD/
CH3CeDs product ratio and shows a weakly positive temperature
dependence (Figure 7). Formation of CsDscCsHg is traced to
alkylation of C¢D¢ by free, unlabeled ¢CsHg™ ions from the
(26) Cacace, F.; Ciranni, G. J. Am. Chem. Soc. 1986, 108, 887.

(27) Cacace, F.; Crestoni, M. E.; Fornarini, S. J. Am. Chem. Soc. 1992,
114, 6776 and references therein.
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The results reported in the previous section demonstrate
operation of intracomplex aromatic alkylation according to the
sequence

.1‘7/'1 vr a1 Y I S N

(XC¢Hg)~ + olefin = [(XC4Hg) -olefin] =
[XC4Hs'R'] = o complex (2)

1nformat1ve reactlon

outlmmg a pecuhar, yet mechamstlcally
1

10 alkylation at all is observed from the
interaction of ( tdurene) H* with propene. By contrast, no
iC3HeD™ jons escape from complexes 2a and 2b containing

CH3CsDs and C¢HDs as the neutral ligands, whereas there is

evidence for the iC, H.DT logs from complex 2¢. containing

vidence for the iC;H¢D™ loss from complex 2¢, containing
CF3CeDs.

Such contrasting, and in some respects seemingly paradoxical,
features can be rationalized taking into account the relative
stability of complexes 1 and 2, and the barrier for their
interconversion, that depends on the balance between the
basicities of the arene and of the olefin involved, whose proton
affinities (PA) are reporied for convenience in Table 3.

Let us consider first the pairs where APA = PA (arene) —
PA(olefin) is large, say >20 kcal mol™!, e.g., in the case of
toluene vs ethylene or idurene vs propene. Despite the larger
ion—molecule interaction energy and hence the higher stabiliza-

tion expected for complexes 2 with respect to the corresponding



E, kcai moi
iC B, *+ CHyCyhig iCoH," + CeH,
L g
} I (CeH,)" + C3H;
|1
10 = R -10+
CHCHY + B, | 1L
Tl 2e
el
1s
|
|
N d | 5
-4 a G o

Aschi et al.

CRCHY + CHe
g T "%
\
[ Vo
ol |
i e |
ib | | 10 |
L -
b . | =
CFy CoHs + iCH, T\ Pl
N
pre N
N
= |
el ¥
el [
| [ -
| [s3
-
G .1
bl I 94

a From ref 12. ? From ref 13. ¢ From ref

equz;l to the PA of c- -CsHio, ref 12.

complexes 1,28 the latter ones are much more stable in the case
considered, which introduces a large endothermicity component
into the barrier for 1 — 2 conversion, thus blocking the whole

alkylation sequence 2.

Next we turn to palrs ose APA is smaller, say 10 kcal
mol ™!, as in the case of to'iuene vs propene, illustrated in the

schematic energy dlagram of Figure 8a. Apart from the heats
of formation of the free . %, de

Il'OIIl literature ValUCS. ihe 132’1'3.[11 shouid be I'CEdIClCG as
qualitative, since the reported energies of complexes 1a and 2a
are educated guesses that however are not inconsistent with
theoretical estimates for related systems.!! The stability gap

due to the higher PA of toluen

be conS'"Fra'""y redﬂced by th
than in 1a, making the 1a — Za conversion onlv moderatelv

endothermic. Under the additional assumption that the activa-
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1a — 2a conversion step, the experimental value of 9.1 £ 1.0
kcal mol~! from the Arrheniuns plot of Figure 4 represents the
AE, difference between the barrier for the back dissociation of
1a and for its conversion into 2a, leading to a E, value of ca.
14 kcal mol™! for the latter process.
endothermicity term, the intrinsic barrier for DT transfer from
the toluenium ion to propene in complex 1a can be estimated
of the order of 10 kcal mol™!. Albeit largely approximate, this
value is reasonably close to those derived from experimental

and theoretical methods for related processes The only
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(28) According to semiempirical calculations, ref 11, the interaction
energy of complex 2 exceeds that of complex 1 by ca. 8 kcal mol™! for the
p-Xylene/propene pair.

(29) Cacace, F.; Crestoni, M. E.; Fornarini, S.; Kuck, D. J. Am. Chem.
Soc. 1993, 115, 1024.
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estimated on the order of 6 kcal mol~! according to the resuits

of cemiemnirical and ab initio calculations. !l The estimated E
Of sermiempirical ang go mifie caicuiatons. 10 estimated oy

value agrees as well with the height of the barrier from the above
mentioned AM 1 study.’® Analogous considerations apply to
the toluene/cpentene and toluene/ibutene pairs, whose APA is
also small.

1c can evolve 1nto comp ex 2c via an exotherrmc process,
presumably characterized by a barrier whose height is expected
to be very small, according to the Hammond Dostulate The
efficiency of the alkylation sequence 2 depends on the kx/kys
ratio, affected in turn by the relative height of the barriers for
the formation of the Wheland intermediate from 2¢ and for
dissociation of the complex. The observation of a weakly
negative temperature dependence suggests that the two barriers
are comparable, pointing to an appremable activation energy
for the formation of the o complex. Such a finding, that sets
CF:C¢Hs apart from CsHs and CH3iCgHs, befits the strong
deactivation of the substrate, whose low reactivity toward
gaseous cations was previously reported.’! The special features
outlined in the energy diagram of Figure 8c provide a reasonable
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(30) Berthomieu, D.; Audier, H.; Denhez, J. P.; Monteiro, C.; Mourgues,
P. Org. Mass Spectrom. 1991, 26, 271.

(31) Attina, M.; Cacace, F.; Yafiez, M. J. Am. Chem. Soc. 1987, 109,
5092.

(32) Denhez, J. P.; Audier, H. E.; Berthomieu, D. Org. Mass Spectrom.
1993, 28, 704.
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By exploiting the unique features of the gaseous reaction
environment we have demonstrated the operation and outlined
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of INCs has long been postulated in mass spectrometry, 5!
based however on indirect evidence related to the fragmentation
pattern of excited species from the ionization of a parent
molecuie where ihie puiaiive componenis of ihe complex were
covalently bound. In a specific case of alkylarenium ions, the
lack of irrefutable experimental evidence has forced recourse
to theoretical approaches,'*® whose resuits, incidentaily, despite
the severe limitations imposed by the complexity of the system,
do not appear inconsistent with the experimental evidence from
this work.

By contrast, the approach outlined in this report p
positive evidence for the occurrence of electrophilic aromatic
substitution within ion—molecule complexes prepared by as-
sembling their initially separate components, exactly as in
condensed-phase coordination chemistry. Furthermore, the
complexes are thermally equilibrated with the dense gaseous
environment, which allows meaningful definition of the reaction

temperature, and confers generality to the results, making them

Wic ICT ality 1O tle TesU Tlarlily UICTIL

amenable to the standard kinetic treatment universally used in
solution chemistry.
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