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Abstract: H/D exchange between arenium ions bearing various substituentsEY, Me;CH, Ck;, CRCO,

NO,, MesSi) on a perdeuterated ring and bases having at least one H atom at the active site are described. A
radiolytic technique operating at atmospheric pressure and allowing the recovery of neutral end products was
used. The exchange depends on features of both the base (structure, proton affinity) and the arenium ion.
The elementary step for back proton transfer from the protonated base to the neutral arene has been studied
by NMR analysis of the H distribution within Y§D,H. The protonation was found to involve the most basic

ring positions: orthfpara for alkyl substituents (¥= Et, Me;CH) and orthémeta for electron-withdrawing
substituents (Y= Ck;, CRCO, NO).

Introduction formation and separation of iemeutral complexes, and steps

The exchange of acidic hydrogen for deuterium results from
proton-transfer reactions that regenerate the reactants. Therefor

b and c are hydron transfers (the term “hydron” is used
éhroughout the paper to indicate"rind D" collectively).

the reaction is approximately thermoneutral, if allowance is Scheme 1
made for a change in the isotopic content. Exchange reactions

have been extensively studied in solution, providing information, MD" + AH = [MD " AH] (a)
for example, on the kinetic acidities of weak carbon a&itleey

have also been the topic of several gas-phase studies aimed at [MD+ AH] = [M ADH +] (b)
evaluating the number of sites that may be involved in proton

transfer within a gaseous speéiaad at differentiating isomefs. [M ADH "] =[MH " AD] (©
H/D exchange reactions have recently gained renewed interest

as a probe of biomolecule structire. [MH™ AD] —MH" + AD (d)

A working model for the mechanism of the exchange reaction
on a positive ion can be represented by a four-step processg
(Scheme 1%,where [MD" AH], [M ADH ], and [MH" AD]
represent ionneutral complexes. Steps a and d describe the

In the present study MDis a deuterated arenium ion. These
pecies are known to undergo H/D exchange in the presence of
a neutral that has a proper proton affinity (PA) and an
exchangeable hydrogen at the active &it€he MH" product

(1) (@) Koch, H. F.Acc. Chem. Resl984 17, 137. (b) Lin, A. C.; ion from Scheme 1 may react further if one more deuterium is
Dahlberg, D. B.; Kresge, A. J. Am. Chem. Sod983 105, 5380. (c) present at the protonated site or if multiple D-bearing sites may
Werstluk, N. H.; Timmins, GCan. J. Chem1989 67, 1744. (d) Jones, J. be protonated Thusl the parent benzenium |Q§rD7C may

R. The lonization of Carbon Acig#\cademic Press: New York, 1973.
(2) (a) Brodbelt, J. SMass Spectrom. Re1997, 16, 91. (b) Dagan, S.;

exchange up to all seven D’s. The scheme becomes more

Amirav, A. J. Am. Soc. Mass Spectroh®9§ 7, 550. (c) Hunt, D. F.; Sethi, complex when the neutral partner, AH, possesses two or more

S. K. J. Am. Chem. S0d.98Q 102 6953. (d) Dookeran, N. N.; Harrison,
A. G.J. Am. Soc. Mass Spectroh®95 6, 19. (e) DePuy, C. H.; Bierbaum,
V. M. Acc. Chem. Red.981, 14, 146. (f) DePuy, C. H.; Bierbaum, V. M.

H atoms at equivalent basic sites because multiple exchange
processes may occur between the partners within theneatral

In Structure/Reactity and Thermochemistry of lonAusloos, P., Lias, S. complex.

G., Eds.; Reidel: Dordrecht, The Netherlands, 1987. (g) Grabowski, J. J.;

The exchange process of Scheme 1 may be described also

DePuy, C. H.; Bierbaum, V. MJ. Am. Chem. S0d.983 105 2565. (h) ; i ; ;
Squires, R. R.; Bierbaum, V. M.; Grabowski, J. J.; DePuy, CJHAm. frc_)?_ anhalt.ematlve pcl)lnt of \lllew'f ite% b Sh'\c;|WS thehform?‘rt_:on
Chem. Soc1983 105, 5185. (i) Grabowski, J. J.; DePuy, C. H.; Van Doren, WIthin the ion—neutral complex of the base M together with a
J. M.; Bierbaum, V. M.J. Am. Chem. Sod.985 107, 7384. relatively mild Brgnsted acid, ADH Typically, AH and M

(3) () Ranasinghe, A.; Cooks, R. G.; Sethi, SOfg. Mass Spectrom.  should not differ in proton affinity (PA) by more than 2@5

1992 27, 77. (b) Chan, S.; Enke, C. @. Am. Soc. Mass Spectror©94
5, 282. (c) Nourse, B. D.; Hettich, R. L.; Buchanan, M. ¥.Am. Soc.

kcal moltin order for H/D exchange to be obsend. Thus,

Mass Spectrom1993 4, 296. (d) Hawthorne, S. B.; Miller, D. JAnal. the subsequent Htransfer step ¢ deals with a closely thermo-
Chem.1985 57, 694. neutral proton transfer to the neutral aromatic ring of M. From

(4) (a) Green, M. K.; Lebrilla, C. BMass Spectrom. Re1997, 16, 53.

(b) Campbell, S.; Rodgers, M. T.; Marzluff, E. M.; Beauchamp, JJ.L. (6) (a) Freiser, B. S.; Woodin, R. L.; Beauchamp, JJLAm. Chem.
Am. Chem. Socl995 117, 12840. (c) Campbell, S.; Rodgers, M. T.;  Soc.1975 97, 6893. (b) Martinsen, D. P.; Buttrill, S. Bxrg. Mass Spectrom.
Marzluff, E. M.; Beauchamp, J. LJ. Am. Chem. S0d994 116, 9765. (d) 1976 11, 762. (c) Ausloos, P.; Lias, S. @. Am. Chem. S0d.981, 103

Dookeran, N. N.; Harrison, A. GJ. Mass Spectroml995 30, 666. (e) 3641. (d) Kuck, D.; Ingemann, S.; de Koning, L. J.;"@macher, H.-F.;
Gur, E. H.; de Koning, L. J.; Nibbering, N. M. M. Mass Spectroni996 Nibbering, N. M. M.Angew. Chem., Int. Ed. Endl985 24, 693. (e) Stone,

31, 325.

J. A.Org. Mass Spectroni993 28, 1119. (f) Ni, J.; Harrison, A. GCan.

(5) Lias, S. G.J. Phys. Cheml1984 88, 4401. J. Chem.1995 73, 1779.
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this perspective, we have used the exchange sequence of Schem
1 to investigate the site to which a proton transfers. The idea
of using a selected reagent ion, generated within ani@utral

complex from the ionic precursor of the neutral substrate, is
not new in gas-phase ion chemistry. A novel application of

this concept has recently been reported, involving the formation ortho meta
of an alkylating species inside a long-lived ieneutral complex para

formed upon collision of an arenium ion with an olefin that -

ultimately undergoes a “Crafts-riedel” reaction. Much effort

has been devoted to assessing the site of protonation in gaseou| ~

aromatics. This problem has been addressed by various mas:
spectrometric techniques, which usually suffer from the limited 770 s 760 s
ability to resolve unambiguously the protonation site on the ’ T (ppm) :

aromatic ring® This kind of information has been sought by Figure 1. NMR spectrum of the aromatic protons of €EDH in

_computatlonal methods, esﬂr_natmg the relative stability (_)f the he (CDy).CO solution of the radiolytic products from a gaseous mixture
isomers of protonated aromatics. We have used an experimental ponzenes, (2.3 Torr), HO (1.6 Torr), Ck (610 Torr), and @ (10

kinetic approach to the problem, based on a radiolytic technique topy).

that allows the recovery of the neutral products from-ton

molecule reactions occurring in the pressure range from a few was outgassed, filled with the selected gases, and sealed. The ampule
Torr to several atmospher@sThe neutral products may be was cracked open inside the reaction vessel. Following thorough
analyzed by H NMR, allowing detailed structural characteriza- mixing of all components, the vessel was irradiated at@n a 220

tion. This approach has successfully been exploited in the Gammacell (Nuclear Canada Ltd.) at the dose rate of ca.18° Gy
evaluation of both the extent and the site of protonation of h™*for3=5h. The radiolytic products were extracted by freezing the
toluene by gaseous Brgnsted aciéisin particular, H NMR vessel in liquid nitrogen and injecting 0.4 mL of deuterated solvent
analysis revealed that strong acids such as‘Cihd GHs* under airtight conditions. The solution of the radiolytic products was

- . analyzed by GEMS using a Hewlett-Packard 5890 series Il gas
ptrottlo?at? the a{_(l)matlc cfarbons of tollue?el-nt;n aITOStt. chromatograph in line with a quadrupole mass spectrometer HP 5989B.
stalis —— way. Ere We 10CUS o _eva uating the _pro onation o capillary columns and gas chromatographic conditions were the
site of substituted benzenes by mild Brensted acids, such asjiowing: (i) a 50-m long, 0.20-mm-i.d. fused silica capillary column,

those generated within the iemeutral complexes of Scheme  coated with a 0.5ém cross-linked methyisilicone film (HP PONA

1. column), operated isothermally at 8C for 5 min and then heated at
) _ the rate of 3 deg mirt to 75°C and subsequently at 16 deg mirno
Experimental Section 240°C; (ii) a 30-m long, 0.20-mm-i.d. bonded-phase capillary column,

coated with a 0.2ém poly(ethylene glycol) film (Supelcowax 10M from
Supelco Co.), operated at 3& for 5 min and then heated at the rate
of 8 deg min to 60°C and subsequently at 16 deg miro 220°C.
The GC-MS analysis yielded information not only on the chemical
identity of the radiolytic products but also on their isotopic content.

Materials. CgHg, CHs, CFs, CO, GH4, O,, and Sk were research-
grade gases from Matheson Gas Products Inc. with a stated purity in
excess of 99.95 mol %. Benzedgand tolueneds with isotopic purity
of >99.96% were purchased from Aldrich. A high isotopic purity is
required to allow a meaningful determination of the H content within .
products arising from H/D exchange processes, originating from the BY starting from the perdeuterated substrates, bendepe-oluene-
deuterated substrates. Since the exchange is not extensive under typic&le: radiolytic products were expected to incorporate H on the aromatic
conditions, one must subtract the background H content without "9 to varying extents, to be determined from the individual experi-
affecting the significance of the measured H incorporation. The NMR Ments. To this end, the mass spectrum of the unlabeled standard of
solvents, (CB),CO and CDCl,, were purchased from Cambridge _each radlo_lytlc prodl_Jct was examl_ned to search fordlagnost!c fragment
Isotope Laboratories, Inc. Methyl nitratand 2,2, 2-trifluoroacetophe- oS- To yield meaningful information, the selected fragment ion should
noneds'2were prepared according to conventional methods. All other retain the constituents of the aromatic ring and not be accompanied by

compounds used as additives, as standards, or as reagents for th@ther ions ?'r?”nﬁ by one mass unit. In so(;ne cases,lthe search was
synthesis of standards were obtained from commercial sources. unsuccessful in the El mass spectrum and-®5 analyses were

Procedure. The gaseous samples were prepared according to a well- Performed under chemical ionization (C) in methane where the ion
established procedure. In a typical experiment, a few milligrams of formed by addition of @Hs" behaved satisfactorily. The solutions of
benzeneds or tolueneds was weighed and sealed into fragile glass the radiolytic products were first analyzed in the full scan mode to

ampules, which were introduced into a 1-L Pyrex vessel. The vessel identify the radiolytic products and evaluate their absolute and relative
' yields by using the internal standard calibration method. Subsequent

(7) (a) Aschi, M.; Attina M.; Cacace, FAngew. Chem., Int. Ed. Engl. GC—MS runs were performed in the selected ion monitoring mode to
%ggg i‘r,? 5?% ?Sg) Aschi, M.; Attina M.; Cacace, FJ. Am. Chem. Soc. increase the sensitivity in the quantitation of the diagnostic peaks for
' : . the H incorporation. Whenever appropriate, corrections forl#ie
8) See, for example: (a) Tkaczyk, M.; Harrison, A. [@t. J. Mass P -
Spsec)trom. lon PI’OCESF;EQQSg :)L32, 73. )(/b) Hrusak, J.; Schder, D.; Weiske, contribution of an adjacent peak were effected.
T.; Schwarz, H.J. Am. Chem. S0d.993 115 2015. (c) Kuck, D.Mass H NMR Analysis. The solutions of the radiolytic products in the
Spectrom. Re 199Q 9, 583. deuterated solvent were examined by H NMR to determine the H
(9) (a) Cacace, FAcc. Chem. Red.988 21, 215. (b) Speranza, Miass content on the aromatic ring positions of the product arenes. The H

Spectrom. Re 1992 11, 73. (c) Cacace, F. IiStructure/Reactity and

Thermochemistry of lonéwusloos, P., Lias, S. G., Eds.; Reidel: Dordrecht, NMR spectra were performed on a Bruker AMX 50(.] lnstr_ument with
The Netherlands, 1987. a H probe operating at 500.13 MHz. The deuterium signal of the
(10) Cerichelli, G.; Crestoni, M. E.; Fornarini, $.Am. Chem. So¢992 solvent was used as the lock. The chemical shifts are given in ppm

114, 2002. The use of NMR techniques for the characterization of neutral () with reference to TMS as internal standard. All the spectra have
products of i_0|°rmolecu|e reactions in the gas phase has been first reported been performed using a sweep width of 6000 HZ, #§ angle, and

in the foIIowgg: (a)SRedgngan,OE. V\é.éé]oht:h K.(;<.; Lee, L. W. Kh Morton, 3 repetition time of 9 s. Typically, 4000 scans were averaged.
T.H.J. Am. Chem. S04.984 106, 4639. (b) Redman, E. W.; Johri, K. K. Apqdizations were used to improve DFT spectra. They can be used

Morton, T. H.J. Am. Chem. S0d.985 107, 780. - . e )
(11) Deloine, M. Bull. Soc. Chim. Fr1895 13, 1044. to improve resolution or sensitivity but not both simultaneously.

(12) Cacace, F.; Crestoni, M. E.; Fornarini,JSPhys. Chem994 98, Examples are shown in Figure 1, where sensitivity was privileged at
1641. the cost of broadened peaks, and Figure 2, where the resolution was
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ortho

para

7120 7:18 7.|16 7114

(ppm)
Figure 2. NMR spectrum of the aromatic protons of MGHC;D4H
in (CDs3).CO. MeCHGCsD4H (together with MeCHCsDs) was isolated
by preparative GC from the radiolytic products from a gaseous mixture
of benzeneds (2.1 Torr), HO (1.2 Torr), GHs (630 Torr), and @(10
Torr).

726 724 722

Table 1. NMR Data on the Aromatic Proton in Otherwise
Perdeuterated Arenes

compd 9 (ppm) 4o

YCe¢DsH ortho meta para (Hz) solvent
Y=MeCH 7.240(t) 7.275(m) 7.150(m) 1.1 (GRCO
Y = NO;, 8.256 () 7.693(m) 7.845(m) 1.0 (GRCO
Y =CR 7.720 (t) 7.610(m) 7.680(m) 1.1 (GRCO
Y=CRCO 7.986( 7.486(m) 7.653(m) 1.1 GO

improved at the expense of a decreased signal/noise ratio. Prior to Cp,CeDs

NMR analysis of the radiolytic products, standard compounds were

examined to ascertain the chemical shift and absorption pattern of the
aromatic hydrogen into otherwise perdeuterated arenes under the

prevailing instrumental conditions. The collected data are listed in

Table 1. In several systems the NMR signals of the aromatic protons
in the radiolytic products emerged clearly from the analysis of the crude

solutions without further workup. Figure 1 shows the signals of the
aromatic protons of PhGHFn the crude solution of the radiolytic

products. However, in most cases, the results were checked on the

isolated aromatic product after separation from the radiolytic mixture
by preparative GC, using the following columns: (i) bentone 34-
diisodecylphthalate (1:1 on Chromosorb W, 5 m,°f®); (ii) SE 30
silicone oil (3% on Supelcoport, 4 m, 8C). Care was exercised to

@aimo et al.

Table 2. H Incorporation in the Alkylated Products from the
Gas-Phase Reaction of Benzahewith Radiolytically Formed
Me,CH" lons

system compositich extent of H incorporation

CsDs additives within the aromatic ring
(Torr) (Torr, PA/kcal mot?)e of Me;CHGCsDs (%)°
1.7 GHa, 2.0 (163) 18

3.0 HO, 1.4 (167) 17

4.3 H.0, 1.2 (167) 18

2.0 H0, 5.3 (167) 17

2.1 CRHCH,0OH,1.8 (176) 32

2.5 CCKCH;0H,1.6 (177) 18

2.1 MeOH, 0.6 (182) 13

2.0 MeOH, 0.9 (182) 13

2.2 MeOH, 1.9 (182) 12

2.6 CFHCH,0H,1.8 (183) 10

21 n-CsH,0OH, 1.1 (191) 7

0.8 n-CsH,OH, 2.0 (191) 7

2.2 c-GH;00, 1.0 (201) 6

2.2 EgN, 1.5 (232) 5

2 All systems contained 4Bl (580—700 Torr) and @(10 Torr).® %
values refer to the fraction of MEHCsD4H with respect to the overall
(Me,CHCD4H + Me,CHGCsDs) products formed, as determined by
mass spectrometry.The PA values are taken from ref 13, unless stated
otherwise 8 The GHg pressure was ca. 4 atrhThis work.

Table 3. H Incorporation in the Alkylated Products from the
Gas-Phase Reaction of Toluedewith Radiolytically Formed
Me,CH?* lons

extent of H incorporation

system compositich within the aromatic ring

additives of Me;CHG;D4CD3 (%)°
(Torr) (Torr, PA/kcal mot1)® (ortha/metdpara)

2.4 CRCH,OH, 2.1 (169) 8 9 9
2.2 CRHCH,0OH, 1.9 (176) 11 6 12
2.6 CCECH,0OH, 1.9 (177) 10 9 10
2.6 MeNQ, 2.5 (179) 2 3 2
25 MeOH, 1.9 (182) 12 23 12
2.6 CFHCH,0H, 1.9 (1839 12 11 12
1.8 EtOH, 0.9 (188) 6 11 6
2.1 t-C4HoOH, 0.9 (194) 4 3 5
2.6 c-GH1oNH, 2.3 (226) 4 3 3
2.2 EgN, 1.9 (232) 3 2 3

aSee note in Table 2. See notes in Table 2.¢ % values refer to
the fraction of M@CHGCsD;HCD; with respect to the overall

check the possible occurrence of H enrichment upon GC separation,(|\/|ezc;Hc;c-,D3HCD3 + Me,CHG:D4CD3) products formed, as deter-
which was never observed. The GC separation was accompanied bymined by mass spectromety/See notee in Table 2.

partial loss of the minute amounts of the arene products formed, so

that once the signal pattern (chemical shifts and relative intensities) of in Tables 2-4, which report on isopropylation reactions and

the product of interest was unambiguously identified, it was preferable

on substitutions by various Y groups. Typically, the composi-

to work on the crude solutions to determine the H content on each tion of a radiolytic system includes a bulk gas or mixture of

ring position by integration of the corresponding NMR signals. Figure
2 presents a typical spectrum of the aromatic protons of PhGHMe
isolated from a radiolytic experiment.

PA Determination. The PA value of CFHCH,OH was evaluated
in the present study, by studying the equilibrium for the proton-transfer
reactions GFHsO" + B — C,FHsO + BH™ in the cell of a Bruker
Apex 47e FT-ICR mass spectrometer at 300 K. EiN@d MeOH
were used as reference bases (B) of known'PPFhe entropy change
of the proton-transfer equilibrium was assumed to be negligible.

Results
H-Incorporation in the Aromatic Products. The aromatic

gases, from which the reagent ion! ¥r NY™, is produced by
y-irradiation, and @, used as scavenger of radical species that
might interfere with the ionic products of interest. The
perdeuterated substrate and a basic additive are present as minor
components. The substitution products account for the major
reaction product(s) of the reagent ion. The product yields (not
reported in Tables-24) approach the values expected from (i)
the known radiochemical yield of the reagent ion freradi-
olysis of the bulk neutral gasand (ii) the mole fraction of the
substrate that competes for the reagent ion with other basic
additives. All reagent ions are known to give aromatic

substitution products from the perdeuterated substrates are listecgubstitution products according to well-established sequences

(13) PA’s and other thermochemical data are from the following unless

of ionic reaction$:15 The relevant new data listed in Tables

stated otherwise: Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J.2—4 concern the extent of H incorporation on the aromatic ring

L.; Levin, R. D.; Mallard, W. GJ. Phys. Chem. Ref. Dal®88 17, Suppl.

1. Uncertainties in the absolute scale of PA’s have been discussed: (a)

Meot-Ner (Mautner), M.; Sieck, L. WI. Am. Chem. S0d991, 113 4448.
(b) Smith, B. J.; Radom, L1. Am. Chem. So&993 115 4885. (c) Szulejko,
J. E.; McMahon, T. BJ. Am. Chem. S0d.993 115 7839. (d) Sieck, L.
W. J. Phys. Chem. A997, 101, 8140.

of the substitution products, evaluated from the integration of

(14) (a) Ausloos, P.; Lias, S. @. Chem. Physl962 36, 3163. (b) Lias,
S. G.; Ausloos, PJ. Chem. Phys1962 37, 877. (c) Sandoval, |. B.; Ausloos,
P.J. Chem. Physl963 38, 2452. (d) Ausloos, P.; Lias, S. G.; Gorden, R.,
Jr.J. Chem. Phys1963 39, 3341.
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Table 4. H Incorporation in the Substitution Products from the Gas-Phase Reaction of Behzame-Tolueneds (CsDsX, X = D, CDy)
with Charged Electrophiles

extent of H incorporation within

system composition (Tofr) the aromatic ring of Y@D4X (%)°
CsDsX (X) bulk gas additives (PA/kcal mot)© reactant ion (Y) drtho/metdpara, when X= CDy)
D, 2.0 CH, 700 HO, 1.0 (167) Et (Et) 16
CDs;, 2.6 CH, 640 CRHCH,0H, 1.9 (176) Et (Et) 12 11 17
CDs;, 0.6 CH, 605 MeOH, 7.4 (182) Et(Et) 34 50 42
D, 3.9 CH, 605; MeONQ, 8.5 HO, 0.9 (167) MeONGH™ (NO,) 2.9
D, 2.1 CH, 620; MeaSi, 20 NH;, 1.0 (204) MeSit (MesSi) 1.0
D, 2.2 CH, 620; MeSi, 20 c-GH1oNH, 1.0 (226) MeSit (MesSi) 0.5
D, 29 CH, 575; MaSi, 20 EtN, 0.7 (232) MeSit (MesSi) 0.9
D, 3.9 ChR, 400; CO, 200 KO, 2.0 (167) CECO' (CRCO) 15
D, 3.7 Ch, 650 GHa, 5 (155) CE' (CR) 0.5
D, 138 CR, 645 GHg, 2.0 (163) CE' (CR) 4.4
D, 2.3 Ch, 610 HO, 1.6 (167) CE" (CR) 2.7
D, 2.3 CR, 590 c-GH100, 1.0 (201) CE" (CR) 1.8
D, 1.9 CR, 635 EtN, 1.7 (232) CE" (CRy) 1.4
CD;, 2.4 CR, 590 HO0, 1.6 (167) CE" (CR) 1.2 5.7 2.9
CD;, 1.8 Ch, 590 EtN, 1.6 (232) CE" (CR) 0.5 0.8 1.0

2 All systems contained £X10 Torr).? % values refer to the fraction of Y\DsHX with respect to the overall (YEDsHX + YCeD4X) products
formed, as determined by mass spectromét8ee notec in Table 2.

the GC-MS profiles of diagnostic ions and corrected for the Et i-Pr Me
background content due to incomplete deuteration of the @ 56 @ 59 @ (1862)
substrate. Despite a specific search, no evidence was obtained

for the formation of substitution products incorporatiag H’s. - =6 v =6 (182.9)

The isopropylation products have been the most thoroughly (187.3)
examined. The data collected in Tables 2 and 3 allow some

generalizations regarding the dependence of the extent of H CF3 COCF; NO,
incorporation in the alkylated products on the features of the @ 50 (167.7) @ 46 @ 42 (154.9)
addltlve: .In particular, to obser\{e appreciable H incorporation, 48 (1673) 51 47 (157.2)
the additive should have a labile H atom and an appropriate =2 (1642) -3 ~ 11 (152.3)

PA. The additive becomes decreasingly effective when its PA

Is higher or Iowgr than the optimum value. The highest vaI_ues site-specific PA’s (in parentheses). The PA’s for the ring positions of
of H mcorporaﬂop depend on the structure of the alkylation toluene were calculated by the MI.32(fc)/6-316**//HF6-31€E*ZPE
product. Thus, in the case Of_ MeHGCeDs formed from (HF/6-31G*) model (ref 16ac). The PA's of nitrobenzene were
benzeneds, the most effective additive appears to belEH,- obtained by 4-31G calculations on the isodesmic reactiop-NHg*
OH, whereas the isomeric M@HCsD4CDs products from  + CgHs— NO,—CeHs + CoH; " (ref 16d). Site-specific PA’s af, 0,0
tolueneds undergo the highest extent of H incorporation in the  trifluototoluene were obtained by MP2(fc)/6-31G*//HF/6-31&*ZPE
presence of methanol, showing a somewhat different behavior (HF/6-31G*) calculations (ref 17).

depending on their isomeric structure. As the PA of the additive was investigated than in the isopropylation reaction. Y groups
is increased (for example, by using strongly basic amines), the such as CECO, CR, and NQ are characterized by the presence
H incorporation reduces to very low values, irrespective of of highly electronegative atoms. Finally, the formation of
whether the amine is tertiary or possesses an exchangeable Hilylated arenes from M&i+ requires the presence of basic
at the basic nitrogen atom. Experiments performed at a total amines, thus limiting the effective choice of additives.
pressure of 4 atm showed a negligible effect of the pressure of H Distribution in the Arene Products (YCDsH). The
the bulk gas. In a similar way, changing the concentration of positional distribution of H on the aromatic ring of the
the additive by a factor of 3 did not affect significantly the substitution products determined by H NMR is summarized in

Figure 3. Experimental distribution of H incorporation and theoretical

results. _ . . . Figure 3. The five Y@D4H arenes that were examined may
. Table 4 summarizes the results regardmg the H incorporation be divided in two groups. When Y is an alkyl group, the overall
in the substitution products from the reaction of benzéyand H incorporation in the presence of,® as the additive is ca.

toluenedg with various ionic electrophiles. These data do not 18% (Tables 2 and 4). The H NMR analysis affords a reliable
lend themselves to broad generalizations because they deriveavaluation of the positional distribution of H with an uncertainty
from few examples of different reactions run under different of only £3%. In both products (¥= Et and MeCH) the ortho
conditions. However, it is worth pointing out certain features. and para positions are strongly favored. In the case of Y
Even though the ethylation products formed in Jt&ve not CRCO, CR, and NQ, the H incorporation that was obtained
been extensively studied, they nevertheless appear to behavén the presence of ¥ is much smaller (Table 4) and the
similarly to the higher homologues from the isopropylation positional distribution of H is affected by a greater uncertainty
reaction, in that the extent of H incorporation depends on the of about+6%. However, despite the problems associated with
PA of the additive. Other electrophiles, i.e., O, CR™, the determination of very low levels of H enrichment, it clearly
MesSi*, and the nitrating ion MeON$I*, lead to a relatively ~ emerges that the major fraction of H incorporation takes place
minor H incorporation, though a smaller variety of additives at the ortho and meta ring positions.

(15) (a) Cacace, F. liDrganic Reactiity: Physical and Biological Discussion
AspectsGolding, B. T., Griffin, R. J., Maskill, H., Eds.; The Royal Society . .
of Chemistry: London, 1995. (b) Fornarini, Bass Spectrom. Re1996 Because this work was focused on the behavior of arenes

15, 365. and arenium ions with respect to hydron-transfer reactions, well-
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known routes to the formation of gaseous arenium ions have M + ADH"
been explored. Direct protonation of a Y-substituted benzene
or toluene, the most straightforward approach to Y-substituted
arenium ions, is complicated by the possible occurrence of
proton transfer not only to the ring carbons but also to the Y
substituent. When Y is the thermodynamically favored proto-
nation site, arenium ions might never be obtained by this route.
Alternatively, arenium ions can be formed as the charged
intermediates of the electrophilic aromatic substitution reaction
by gaseous cations generated in dense gases by a radiolytic
methodology’.1® To this end, charged electrophiles have been
selected corresponding to"{Et", Me,CH*, CR*, CRCO",
MesSi™) or to cationic species able to deliver Yo an aromatic

ring (MeONQH™). These ionic reagents are known to be [MH" AD]

formed as the major ionic species from the interaction of Figure 4. Potential energy profile for H/D exchange.

y-radiation with a selected gas or gaseous mixture at atmospheric

pressure. In the gaseous environment of the radiolytic systems,OH).1* The increase would be steeper if a statistical correction
the reagent ions are thermalized by several unreactive collisionswere made for the different number of exchangeable H's on
before a reactive encounter with the aromatic substrate takesthe additive: two for HO, four for GH,, and only one for Ck
place. The charged intermediate, a Y-substituted arenium ion,HCH2OH. A further increase in the basicity of the additive
may in turn dissipate any excess energy content deriving from has a detrimental effect on the efficiency of H/D exchange. It
the exothermic formation process by collisions with the bulk may be argued that the series includes additives that greatly
gas at atmospheric pressure. The ground state Y-substituteddiffer in structure. The efficiency of isotope exchange reactions
arenium ion thus created undergoes unimolecular and bimo-is known for example to increase, the greater the dipole moment
lecular reactions, which have been studied in detail. The of AH.56¢However, the same trend is observed in the meta
Y-substituted arenium ion primarily formed corresponds to an isomer from the isopropylation of toluertg-performed in the
ipso-protonated Y-substituted arene, which is known to evolve presence of a series of alcohols, though in this case the most
by relatively fast 1,2-hydron shifts to more stable isond&rs. pronounced H incorporation is found in the presence of MeOH
This unimolecular rearrangement may compete with the hydron (PA = 182 kcal mot?). Both series of isopropylation reactions
transfer to a base, which may be purposely added or be theshow that H/D exchange is most effective when the PA
aromatic substrate itself. The latter situation may be relevant difference between the isopropylation product (isopropylben-
in those cases where the entering Y group decreases the basicitgene, PA= 192 kcal mot!; m-isopropyltoluene, PA~ 196

of the aromatic ring by an electron-withdrawing effect, so that kcal mol?) and the exchange reagent is ca. 15 kcal thoks
hydron transfer from the Y-substituted arenium ion to the previously reported, isotope exchange does not occur when there
starting substrate is an exothermic proc€skinally, upon are no H atoms at the site of proton transfer in the neutral
collision with a suitable neutral molecule, the Y-substituted molecule?~® Thus, the effect of MeNg used in the place of
arenium ion may engage into a reversible hydron transfer an alcohol of similar basicity, is to reduce the H incorporation
sequence that regenerates the reactants and would occuto the background levels that are observed when a highly basic
unnoticed unless appropriate deuterium labeling is used. It istertiary amine like BN ensures fast and irreversible deproto-
on this last process that the following discussion is centered. nation of the arenium intermediate. The residual H incorpora-

[MD* AH]

H/D Exchange within [Arenium lon Neutral] Complexes. tion is ascribed to the presence of unavoidable traces of water
The incorporation of H into the aromatic ring of the products N the radiolytic systems. It follows from these observations
from the electrophilic substitution of benzedger tolueneds, that the H/D exchange process requires the presence of an H

which depends on the features of an added neutral, providestom at the basic site of the additive in order to occur, but its
strong evidence that in the radiolytic systems at atmospheric €xtént depends on the balance of at least two factors. Within
pressure H/D exchange takes place, which resembles the wellthe framework of Scheme 1, step b will be increasingly favored
known H/D exchange detected by various mass spectrometric AH becomes more basic. However, to obtain exhange
techniques. This statement is substantiated by several analogiesProducts, step ¢ must occur, as well. Step c becomes progres-
emerging from inspection of Table 2. Consider the reaction of SIVely less favored as the PA of AH increases, to the point of
a single electrophile, MEH* generated in propane, with  diminishing in the face of competing reactions. For example,
benzeneds or tolueneds in the presence of comparable con- dissociation to M and AHD may occur, activated by collision
centrations of additives. The PA of the additive affects the With a molecule of the bulk gas. The involvement of a second
extent of H incorporation. For example, in the isopropylation Molecule of AH is rejected on the basis of the negligible effect
of benzeneds, an increased fraction of H on the aromatic ring N the H incorporation of varying concentrations of AH, which
is found when the PA of the additive increases from the value Might otherwise be expected to affect the formation of termo-
of 163 kcal mot? (ethylene) to 176 kcal mot (CRHCH,- lecular complexes. Finally, the generally accepted energy
profile for H/D exchange reactions (Figure 4) predicts that
(16) (a) Maksic, Z. B.; Kovacevic, B.; Kovacek, D. Phys. Chem. A exchange within a single collision event is limited by the
1997, 101, 7446. (b) Eckert-Maksic, M.; Klessinger, M.; Maksic, Z. B. thermalization provided by frequent unreactive collisions with

Phys. Org. Chem1995 8, 435. (c) Eckert-Maksic, M.; Klessinger, M.; : : B
Maksic, Z. B.Chem. Eur. J1996 2, 1251. (d) Attina M.. Cacace, F.. the bulk gas at atmospheric pressure. The-ioautral com

Yanez, M.J. Am. Chem. Sod.987 109, 5092. plexes may dissipate their excess energy to the point of
(17) Aschi, M.; Chiavarino, B.; Crestoni, M. E.; Fornarini, B.Phys. becoming unable to surmount the energy barrier separating them.
Chem.1996 100, 19859. Specific features of the arenium ion affect the progress of

(18) (a) Cacace, F.; Crestoni, M. E.; Fornarini,JS.Am. Chem. Soc. " .
1992 114, 6776. (b) Kuck, D.; Schneider, J.; Grmacher, H.-FJ. Chem. the H/D exchange. An additional methyl group on isopropy-

Soc., Perkin Trans. 2985 689. Ibenzenium ions alters the efficiency of the exchange reagent.
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Different alkyl groups exert similar effects on the basicity of possessing two or more basic sites. Mass spectrometric studies
an aromatic rind? hence, it was expected (and found) that the have used different approaches to the problem, which have been
ethylation products of benzem- and tolueneds showed successfully applied to a number of very simple speties.
comparable behavior regarding the extent of H incorporation Alternatively, the study of thermodynamic parameters for
as the isopropylated ones. proton-transfer equilibria has yielded indirect information on

The presence of a few other exemplary substituents on thethe relative stability of isomeric protonated species that may
arenium ion (Y= MesSi, NO,, CF;, CRCO) decreases the be further characterized by the reactivity of suitably labeled
extent of H incorporation markedly with respect to the alkylated models. Finally, theoretical calculations may provide informa-
arenium ions (Y= Me,CH, Et), though these cases have been tion on the relative stability of isomeric species, though their
less thoroughly investigated. The thermodynamically favored reliability decreases with increasing size of the species. The H
site of protonation of substituted benzenes bearing strongly NMR analysis of H incorporation in the ortho, meta, and para
electron-withdrawing substitutents is known to be the Y group. positions has allowed the first direct experimental determination
This notion is well established for ¥ CF!” and NG and of the ring sites undergoing protonation within a few gaseous
can be reasonably extended to % COCFK. Thus, it is arenes. It may in fact be noticed that the elementary step leading
conceivable that most of the corresponding arenium ions will to H incorporation is a proton-transfer event from ADIb
undergo an irreversible deuteron transfer to form {¥g YCeDs within the noncovalent complex [Y4Ds ADH™], the
ADH*] complexes that further evolve into Y-protonated species, same complex that would be obtained by collision of ADH
as exemplified by step f in Scheme 2. with YCe¢Ds. The protonation of YgDs by ADH™ is only

slightly exothermic, starting from the free reagents. Therefore
Scheme 2 we expect ADH to behave as a mild and selective Brgnsted
N N acid. It may be also emphasized that ppg ADH*] complexes
[YCeDg AH] =[YCD; ADH"] (e) cannot be unambiguously generated by other routes. lonic
Brgnsted acids that may be formed by the radiolytic technique
[YC¢Ds ADH+] = [CeDsYH+ AD] ) are either too strong or behave as Lewis acids or tend to form
clusters with their neutral precursor.

In the absence of specific activation barriers, selective
Bransted acids should protonate the thermodynamically favored
hi . / h . sites. This expectation is fulfilled by the experimental H
o e e hote v . dSbuton epred g 3, compared with e caleatet
to the less basic aromatic ring and is bound to be removed bysne-specmc PA's (in parentheses). The effect of an alkyl group

. . on the benzene ring increases the basicity of the ortho and para
a base. In a minor fraction of back hydro_n transfer events, .arbon atoms, as predicted by calculations where the methyl
however, a proton may move to the least disfavored aromatlcgroUIO is used as a model. Both ethyl- and isopropylbenzene

??;g%g?é’ﬁ%g%;S/Ztse?:gsqlihaém d%lf[gngrlg'%: 'enncgerﬁgéagfo?ﬁeare protonated on the ortho/para positions in a closely statistical
FH i th h PE aditi ratio. The ortho/para selectivity that characterizes this H

%Xttirét ?riﬂuc;?gr?quralla:f[)igno?ea;igges?:\]cea?ti!jg?uz 3istilr:\cfs incorporation is among the highest ever observed in the reaction

fraction of H incorpgration is observéd inFt)he preséncezﬂ@ of a gaseous gharged electrophile With an alkylbenzene. The
Y substituent in the second row of Figure 3 is an electron-

andh HO. St t:e same tlmt% ?_?S'C comp?_unois Sevli)ld of dWithdrawing group deactivating the ring with respect to elec-
exchangeablé H's suppress the H incorporation to backgroun trophilic attack and is generally less deactivating in the meta

levels. P I . .

The negigible H incorporaton displayed by trmetivisii-  £ieO 11 S TSI TR AR O
benzene is traced toa different origin. It IS kr_10wn that the into the pattern of calculated PA’s for the ring positions of
presence of a M?S.' group on the aromatic ring gtrongly nitrobenzene and,o,o-trifluorotoluene, which predict that the
enhances the basicity of the ipso parﬂ%fr.hgrefore this site ortho and meta positions have a comparable basicity, distinctly
will be the only one that may be involved in back and forth greater than that of the para position. Protonation at the ortho
transfer of a hydron that will finally be removed by the base. position may benefit from the interaction between the ortho

In this caje it (;agnoé be ver|f|e§;|hwh$rt]her a h)gjrf)n'z“t'r_'ansfer hydrogens on the tetrahedral carbon and the electronegative
process does indeed occur within the HP8&CsDs ] atoms on the substituett.

complex by the present experimental technique. Further, the In discussing the H/D exchange process within (DG

formation of neutral silylated products from the gas-phase ADH*] complexes, it was implicitly assumed that the complexes

i o ) i
reaction of MeSi* requires the_p_resence of a strong nitrogen undergo mutual rotation of their components, allowed by their
base, whereas neutrals containing oxygen (such as aICOhOIS)significant lifetime. Therefore, ADH is free to migrate and

r?ﬁ‘:‘ WIEPh S|Iygated arinlum _|on_?_ bytr|1_|u_c|eophll|ct_attac!;hgt attack any position. Several experimental studies have shown
sticon. - 1he absence of any significant H incorporation within-— i, gaseous [arene cation] complexes, where the cation is an

MesSIGeDs thus confirms the known reactivity behavior of alkyl cation, have significant lifetimes indeédThe mobility

silylated arenium iong? : o
i - . of the tert-butyl cation within [-C4Hg™ Ar(CH,).Ar] has been
Pos_ltlonal Selectivity of the Gas-Phase Pro_tonauon of reportec* and the intermediacy of “loose” iomeutral com-
Substituted Benzenes.A fundamental problem in gas-phase
ion chemistry concerns the protonation site within molecules  (20) (a) Cacace, F.; Crestoni, M. E.; Fornarini, S.; GabriellijrR. J.
Mass Spectrom. lon Processk388 84, 17. (b) Fornarini, SJ. Org. Chem.
(19) (a) Maerker, C.; Kapp, J.; Schleyer, P. v. R. @mganosilicon 1988 53, 1314. (c) Crestoni, M. E.; Fornarini, 3ngew. Chem., Int. Ed.
Chemistry I| Auner, N., Weis, J., Eds.; VCH: Weinheim, Germany, 1996. Engl.1994 33, 1094. (d) AttinaM.; Cacace, F.; Fornarini, &ngew. Chem.,

[CDsYH" AD] — = CD.Y + BH' + AD

(b) Schleyer, P. v. R.; Buzek, P.; Mer, T.; Apeloig, Y.; Siehl, H.-U. Int. Ed. Engl.1995 34, 654.
Angew. Chem., Int. Ed. Endl993 32, 1471. (c) Cacace, F.; Crestoni, M. (21) McEwan, M. J. IPAdvances in Gas-Phase lon ChemistAdams,
E.; de Petris, G.; Fornarini, S.; Grandinetti, Ean. J. Chem1988 66, N. G.; Babcock, L. M., Eds.; JAI Press: Greenwich, CT, 1992; Vol. 1.

3099. (22) March, JAdvanced Organic Chemistrywiley: New York, 1992.
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plexes has been demonstrated by a stereochemical probe basegl/olve by different routes, depending on the relative PA of the
on the use of chiral reager®® An alternative mechanism for  base and the neutral arene. A relatively strong base abstracts a
the site-specific H/D exchange is, however, conceivable. A deuteron, forming the Y-substituted arene irreversibly, whereas
rapidly equilibrating (by 1,2-D shifts) mixture of ortho, meta,  no reaction occurs with a weak base. In intermediate situations,
and para Y@De" ions may form a “structured” complex with  where deuteron transfer to the base is allowed within the-ion
AH. DT transfer from the tetrahedral carbon yields AQH neutral complex but the dissociation of the protonated base and
which subsequently releases a proton to the same cdtdon.  neutral arene is thermodynamically forbidden, a back hydron
this alternative pathway ADHremains near the unique ring transfer may occur, resulting in H/D exchange if the base has
carbon that undergoes both reaction steps. In most cases thisne or more other H's on the basic atom. Under the conditions
site-specific model appears unlikely, in view of the growing of the radiolytic technique (which ensure the complete ther-
evidence on related [arene cation] complexes. It may, though, malization of the charged reagent), the most extensive H/D
be possibly involved in the H/D exchange of arenium ions exchange in alkylbenzenes has been observed when the PA of
bearing electron-withdrawing substituents, where thorough the base and the arene differ by about 15 kcaltholThe back
sampling of the potential basic sites of the neutral arene by proton transfer from the exchange reagent to the arene within

ADH™ should rather favor protonation of the substituent. the ion—neutral complex yields Y-subtituted products incorpo-
) rating a H atom into an otherwise perdeuterated aromatic ring.

Conclusions The positional H distribution obtained by H NMR analysis of
The protonation of arenes has been studied under minimally the aromatic products affords the first direct determination of
perturbed conditions, between the partners of an-iweutral the kinetic site of protonation of gaseous aromatics. It is thus
complex, using a H/D exchange process as mechanistic tool.confirmed that alkyl groups exert a marked ortho/para orienting
The addition or transfer reaction of"fo benzeneis or toluene- effect, whereas strongly electron-withdrawing groups such as

ds has been used to form Y-substituted deuterated arenium ionsNOz and CF display a comparable extent of ortho as well as

The ion—neutral complex of the arenium ion with a base may mMeta H incorporation. The site selectivity of proton transfer
was found to parallel the site-specific PA’s calculated by
theoretical approaches.

(23) (a) Aschi, M.; AttinaM.; Cacace, F.; D'Arcangelo, G. Am. Chem.
S0c.1998 120, 3982. (b) Aschi, M.; Cacace, F.; Troiani, Angew. Chem.,
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