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Abstract

The gas phase reactivity behaviouephenylalkyloxonium ions obtained by protonation or alkylation-gfhenylalkanols (gHs(CH,),,OH
with n = 1-5, denoted a%-5, respectively) has been investigated by FT-ICR mass spectrometry and by a radiolytic approach operating at
nearly atmospheric pressure. The radiolytic methylation reaction is directed exclusively at the O-atom, yielding oxonium ions whose reactivity
behavior varies along the serig#s5. The oxonium ions from the lower membeds 2) are prone to undergo a nucleophilic displacement
process in competition with an exothermic deprotonation reaction at variance with the higher members which are unreactive towards this
process. This feature is paralled by their increased stability toward<CeHi; ) induced dissociation, both effects assigned to the increased
stabilization gained by the electrostatic interaction of the oxonium part with-lectron density of the phenyl group allowed by the folding
of the aliphatic chain. The occurrence of cycloalkylation processes and peculiar extent of H/D exchange sequences within grétonated
lend support to this effect.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [4] and model receptorgs]. A wide range of cations can
be involved in cations interactions including simple metal
The paramount role played by non-covalent interactions, ion such as N& and K", the most abundant cations in
including van der Waals interactions and hydrogen-bonding, living systems. Cation= interactions are affected by the
is well documented in all areas of chemistry. Although they environmen{6] and their features have been probed in the
are classified as “weak” interactions with respect to covalent gas phase by computationdl] and/or mass spectrometric
bond, they are substantial in molecular recognition mech- studies[8]. Pioneering mass spectrometric experiments on
anisms. Recently, considerable attention has focussed orthe Lit/benzene and K/benzene association are due to
two different demonstrations of non-covalent interactions, Beaucham9] and Kebarlg10], respectively. Electrostatic
namely the cationw interactiong[1] and non-conventional interactions are dominant in prototypical catieninter-
hydrogen bond§?]. In both cases tha-electron density of  actions[la]. A significant contribution may be due to the
an aromatic ring can be involved, binding either a cation or polarization of ther-electron system by the cation as shown
a hydrogen atom supplied by a hydrogen bond donor, re- by theoretical calculation8a,11]and cation induced polar-
spectively. The cationrinteractions are common in protein  ization and coiling of an alkyl chain has been suggested to
structures and in crystal packing. They may affect the forma- account for the enhanced™Lbinding energies of alkylben-
tion of host—guest complexes directing protein-lig§sidor zened12]. It has been suggested that the aromatic residues
substrate—enzyme binding and the operation of ion channelson the side chains of amino acids can stabilize carboca-
and can be exploited in the design of synthetic ionophorestion intermediates in enzymatic reactions. However, the gas
phase reaction of carbenium ions with benzene, leading to
mpondmg author. Teks 39-06-46913634: the formgtion of ar-compl_ex, does_ not necessarily proceed
fax: 1+39.06-49913602. ' by a distinctm-complex intermediat¢13]. On the other
E-mail address: barbara.chiavarino@uniromal.it (B. Chiavarino). hand, ammonium ions, which are coordinatively saturated,
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can bind to themr-electrons of aromatic systems according namely a radiolytic techniqugl8] and FT-ICR mass

to the same fundamental interactions that operate for alkali spectrometryf19].

metal ions although hydrogen bonding interactions, both

NH-aromatic w-system and CH-aromatier-system, are

conceivabld14]. Indeed, ther-electron density of aromatic 2. Experimental section

systems is widely recognized to perform as hydrogen bond

acceptor even towards neutral donfd5]. An interesting 2.1. Materials

example of the role played by non-covalent interactions is

shown by the protonated benzene-water cluster. Accord- The gases used (Q i-C4Hig) were research grade
ing to ab initio calculations the $#0™—benzene complex products from Rivoira Co. with a stated purity ex-

is energetically favored by 10.9 kd/mol with respect to the ceeding 99.95mol%. MeF, supplied by H&S Chemical,
CeH7t—water complex, in spite of the fact that benzene is was 99.8mol% pure. Bis-[(3-phenyl)-propyllether and
56.4 kJ/mol more basic than water in the gas pHa&¢. bis-[(2-phenyl)-ethyllether to be used as GC standards
This finding arises from the substantial binding energy were prepared by the reaction of a sodium alkoxide,
of the HsOT—benzene complex with the respect to the CgHs(CHy)2.30Na, with the alkyl halide gHs(CHz)2 3Br.
corresponding value for §E1;—water complex. The cal-  All other chemicals used were obtained from commercial
culated geometry of gD*—benzene resembles an edge-on sources.

w-complex with an O-bound hydrogen interacting with the

w-electron density above a C-C bond. This remarkably 2.2. Radiolytic experiments

stable non-covalent complex combines the features of a

cation-r interaction with the directional character of a hy- The gaseous samples were prepared in sealed 250 mi
drogen bond belonging to the so-called uncoventional type. Pyrex vessels using standard vacuum procedures. Because
The strong stabilization exhibited by the®T association an accurate knowledge of the relative amounts of the reac-
with benzene is expected to affect the reactivity behavior tants was required, carefully weighted combinations of the
of gaseous oxonium ions whenever the molecular environ- substrate and additive were prepared and an equilibration
ment allows them to approach theelectron density of an  time (1 h at 150C) was allowed to assure their complete va-
aromatic ring. Suitable systems to verify any possible role porization. The irradiations, run to less than 1% of substrate
played by the interaction of a cation with theelectron den- conversion, were performed in a 220 Gammacell (Nuclear
sity of an aromatic ring may be devised where the cationic Canada Ltd.) for 3h at the dose rate of ca-4Gy/h in a

site is covalently bound to a phenyl ring by means of a thermostated device. The radiolytic products were extracted
aliphatic chain. Several studies have addressed the reactivityoy freezing the vessels at 77 K and then washing the inner
and thermodynamic features of the cationic intermediateswalls with ethanol by repeated freeze—thaw cycles. The
obtained from the addition of a gaseous electrophife) (& identity of the products was checked with reference stan-
one phenyl ring ofx,w-diphenylalkanes (DPA)13c-d,17] dards, (some of them obtained by synthesis) and their yields
In the first place, the presence of two phenyl rings confers were obtained by GC-MS analysis using a Hewlett-Packard
enhanced stabilization to thetEDPA collision complex, 5890 series Il gas chromatograph in line with a quadrupole
due to E interacting simultaneously with the-electron HP 5989B mass-spectrometer. The fused silica column
densities of both phenyl groups. Secondly, in the ensuing (50 m long, 0.20 mm i.d.) coated with a QuBn cross-linked
arenium ion the participation of the spectator ring is clear by methylsilicone phase (HP PONA column) was operated
the role played in stabilizing the-adducf17b]and in react- isothermally at 100C for 2 min and then heated at the rate
ing with it by proton and group transfer processes. The sameof 8°C/min to 150°C and then at 16C/min to 240°C.
approach has been used to investigate the effect exerted by 8lank experiments were done to ascertain the radiolytic
neighbouring phenyl group on the formation and reaction of origin of products.

an oxonium ion obtained by Eattack tow-phenylalkanols

aiming to point out the role of possible intramolecular in- 2.3. FT-ICR mass spectrometric experiments

teractions between the-electron density and the oxonium

part of the molecule. It may be expected that the spatial re- The FT-ICR experiments were performed with a Bruker
guirements for the two groups to interact will vary along the Spectrospin Apex 47e spectrometer equipped with an exter-
investigated series of compounds, namejHEXCH,), OH nal ion source and a cylindrical “infinity” cell of 6 cm length
(ROH) with n = 1-5, henceforth denoted 4s5, respec- and 6 cm diameter situated between the poles of a 4.7 T su-
tively. Where the conformation of the ions is suitable to perconducting magnetM + H]* and [M + H — H,OJ"
establish a hydrogenr(or generally cations) interaction, ions were generated by the chemical ionization (Cl) of a se-
their stability is expected to be greater. The investigation was lected substrate (M) in the external ion source usiigH 1o
effected in the gas phase, an environment free of solvationas reactant gas at the pressure of ca B0~> mbar and
and ion pairing effects, typical of the condenses phase. Twotransferred into the cell. The ions of interest were isolated
different and complementary methodologies were exploited, by broad band ejection of any other unwanted ion and mass
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spectra were acquired at increasing reaction times, showingTable 1 _ _
the progress of the reaction with a neutral reagent intro- Gas-phase reaction of ME" with w-phenylalkanols (ROH)

duced by a needle valve to a constant pressure in the rangesystem composition T(°C) [TEAY  Products
of 4 x 1078 to 9 x 10~8mbar. Inlets and cell were at room  (mbarf [ROH] (%)
temperature (25C), which is considered as the effective ROH TEA  MeF ROMe ROR
reaction temperature. The pseudo-first order rate constants ;g 14 585 100 038 54 16
(kexp) Of the ion-molecule reactions were derived from the 1 (26) 1.6 585 100 0.61 60 40
exponential decay of the reactant ion abundance as a func4 (2.1) 1.6 565 100 0.76 66 34
tion of time and converted to absolute rate constants using! 23) 21 585 100 0.91 67 33
the known neutral pressure. The partial pressures were rea (1'? ;g ggg 188 123 ;‘é gg
from a calibrated ion gauge and corrected by individual re- ; §0:8)7) 13 585 100 150 80 20
sponse factor$20]. The reported values of second-order 1 (0.62) 1.1 585 100 1.8 82 18
rate constants are the average of usually three experimentd (1.9) 13 590 150 0.65 28 72
run at different neutral pressures. The normalized efficiency : (14 1.1 590 150 0.81 32 68
(in %) of the ion—molecule reaction is given byxpy/keor. 183 1‘51 233 128 1(2) gg %
The collision rate constank{) was calculated using the ;73 719 580 150 14 29 7
parametrized trajectory theofg21]. 1(1.3) 2.1 575 150 1.6 31 69
1(12) 22 590 150 1.8 33 67
1(15 30 575 150 2.0 34 66
2 (2.4 - 560 100 0 80 20
3. Results 2E3.0; 0.64 585 100 0.21 87 13
2(1.8) 058 575 100 0.33 89 11
3.1. Radiolytic reactions 2(2.3) 091 580 100 0.39 85 15
20 12 590 100 0.61 91 9
The reactivity of the homologue series ofphenylalka- 2(7n 15 585 100 0.86 91 9
nols 1-5 towards MeF' ions, powerful methylating 2 (1.5) 1.4 585 100 0.95 92 8
. o ; 2(0.70) 1.2 575 100 1.7 95 5
agents obtained from the radiolysis of MeF accordingto a , 54y 95 585 160 0.40 71 29
well-known sequence of ionic procesgeg], was studied 2(2.6) 1.1 580 160 0.43 69 31
in the gas phase at nearly atmospheric pressure. Features of (1.9) 11 575 160 0.61 67 33
the reaction conditions that may affect the product pattern 2 31) 26 590 160 0.85 76 23
were investigated, namely the presence at variable concen? (2'2) :2%(2) g?g 128 (1)'28 Zg ;‘15
tration of an added base (triethylamine, TEA), the relative , (1:o§ 15 570 160 15 86 14
amounts of the gaseous components, and the temperature (0.83) 1.4 585 160 1.7 85 15
of the experiments. 2(0.90) 1.8 575 160 1.9 87 13
Table 1summarizes the composition of the irradiated sys- 3 (1.7 - 585 100 0 100 n.d.
tems and the reaction products whose ionic origin is en- 283; 2'92 55555 1128 8'41 110%0 :'3'
sured by the presence of a large excess (15mbar)20f O 353  0ss 500 160 0.38 160 nd.
introduced as an efficient alkyl radical scavenger. The ab-4 (25 - 585 100 0 98 n.d.
solute radiochemical yields, measured by thejnGvalue, 4(2.2) 092 575 100 0.42 g7 n.d.
are found to be close to the known, (3 value of the reac- jgég 088 22% 115;% %36 9;‘5 ”-g-
tant ion and decrease with the increasing concentration of5 (16) C 625 100 0 100 nd.

the base, a trend that is typically observed for products orig- : :
inating from positively charged electrophiles, thus testifying | All gaseous systems contained @5 mbar) as radical scavenger.
their ionic origin. Average error+ 10%.

. . . CIndane is not detected among the reaction products.
Although aryl alcohols own two sites potentially suitable  drgtraiine is formed accounting for a yield complementary to 100.
to be attacked by an electrophilic cation, the aromatic ring  eBenzosuberane is not detected among the reaction products.
and the hydroxyl oxygen, only the oxygen methylation prod-
uct, ROMe inTable 1(R = Ph(CH),—, wheren equals the
number of methylene units in the reagent substrate), is ob-from 20% of the overall ether products when no base is
served. Wherl and2 are used as substrates, the correspond- added to 5% when the [TEA]/[ROH] ratio approaches two.
ing symmetrical ether products are also formed, ROR. In The same trend is confirmed at 18D. Experiments run at a
each set of experiments run at constant temperature the relconstant value of [TEA]/[ROH] show that the formation of
ative yields of the two ether products, ROMe and ROR, are ROR is favored at higher temperature. For example, when
found to depend on the ratio between the concentration of the[TEA] /[ROH] = 0.6 the relative fraction of ROR obtained
added base and the substrate concentration, [TEA]/[ROH]. at 160°C is about three times the amount found at 100in
For example, at 100C the formation of ROR fron® ap- the case o2. The formation of ROR froni is comparatively
pears favored as the TEA concentration decreases, varyingmore extensive than froi As in the latter case, the relative
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yields of ROMe and ROR depend on the relative amount of
base with respect to substrate, at least at®@Where the
fraction of ROR varies from 46 to 18%, in response to a
change of the [TEA]/[ROH] ratio from 0.38 to 1.8. At higher
temperature, 150C, ROR (R= PhCH-) becomes the ma-
jor product, with a relative yield that appears constant at ca.
70% in the [TEA]/[ROH] range spanning from 0.65 to 2.0.

ROR is not detected among the products of the higher
alcohols,3-5, even in the experiments run at higher tem-
perature (150-16TC) in the absence of any added base.
However, in the reaction of the formation of ROMe is ac-
companied by minor amounts of tetraline. The yield of this
side product seems to be positively affected by decreasing
amine concentration and increasing temperature, though th
observed change is barely appreciable.

3.2. Mass spectrometry

3.2.1. CI product patterns

lonization of 1-5 under CI{-C4H10) condition was per-
formed in the external ion source of the FT-ICR instru-
ment at a total pressure about seven orders of magnitud
lower than that prevailing in the radiolytic experiments.
The results are reported ifable 2 As in the radiolytic
experiments, the homologue series of substrat&sshow
a different behavior upon protonation by M&" ions, de-
pending on the size of the alkyl chain. In fact, B04H10)
of 1 and2 yields ions atm/z 91 and 105, respectively, as the
major product ions. These ions, formally corresponding to
PhCH™ and PhGH4™, may arise by loss of one molecule
of water following the protonation of the OH group, as
depicted inEq. (1)

.
ROH ™ MeC

—i-C4Hg

[ROH,T] — Rt + H,0 1)

Although the process of water loss is observed also in the
protonation of the higher homologues, the most prominent
ion obtained by CIi¢C4H1p) of 3-5 is the intact protonated
molecule, [ROH+ H] ™. The corresponding [ROH H]*
ions are not observed in the caselaind 2.

Table 2
Product ions from the CKHC4H10) of w-phenylalkanols (ROH)

ROH Product ions (%)

1 [PhCH]* (85); [CaHo—C7Hg]* (15)

2 [Ph(CH)2]* (81); [Ph(CH)20H]* (9);
[C4Hg—CgHg]* (7); [CaHe—CgH9OH]™ (3);

3 [Ph(CH)sOH]H* (85); [Ph(CHy)s]™ (15);
[Ph(CH)30H]HT (20)

4 [Ph(CH.)4OH]H* (44); [Ph(CH)4]* (26);
[Ph(CHp)4OHJ2HT (30)

5 [Ph(CH)sOHJH* (41); [Ph(CHy)s]* (29);

[PhCH] T (17); [PhGH4]T (6);
[PhGHel* (7)

Mass Spectrometry 235 (2004) 145-154

Table 3
Rate constantsk{xp) and efficiences (Eff) of the reactions of protonated
w-phenylalkanols 3-5 and related ions with MeOD

Substrate iof kepr Eff Product ions

(%)°
[Ph(CHp)30OH]HT 3.2 22 GH1,0DT — CgHgODst
CoH11™ (3) - - unreactive
CoH11™ (indane) 3.1 21 gH10DT — CgHgDs™
[Ph(CHy)4OHJH+ 33 23 GoH140D* — CigH110Ds*
CioH13" (4) 2.9 20 GoH12DT — CioHgDs™
CioH13™ (tetraline) 2.7 18 GoH1oDT — CyoHgDst
[Ph(CH,)sOHJHT 3.0 21 G1H160DT — C;11H130Ds*+
CuiHist (5) 2.3 16 GiH14D'T — CyiHi1oDst
CiaHis™ 3.0 21 G1H14D' — CiiH1oDs™
(benzosuberane)
8Ph(CH)3OCHsH* 015 1.0  GoH14OD*
[Ph(CH).CHgH+ 32 22 GH1Dt — CoH7Dg™

2The substrate ions are obtained byi€lgH;p) of a neutral substrate
(given in parentheses when ambiguity may exist) in the external ion
source of the FT-ICR mass spectrometer.

bIn units of 10-19cm®/molecule. Estimated errat 30%.

¢ The normalized efficiency Ef= kexp/keoll, Was calculated as described
in the experimental section.

€,

3.2.2. Kinetics of the ionic reactions

In order to characterize the ions obtained by protonation
of 3-5, their H/D exchange reactivity with MeOD has been
assayed in the FT-ICR cell. The product ions, the rate con-
stants and the efficiencies of these reactions, together with
those of protonated benzocycloalkenes used as reference
ions, are listed inTable 3 In each of these experiments,
the selected ion is allowed to react with a stationary con-
centration of MeOD to observe any potential H/D exchange
processes. All the ions corresponding to the protonated sub-
strate ([ROH+ H]™ ROH = 3-5) show similar reactivity
towards MeOD. This neutral promotes sequential deuterium
incorporation into the protonated substrates, ending with the
incorporation of four deuterium atoms in each cdsg. 1
shows an exemplary reaction profile along with best fitting

100

1%

Time (s)

Fig. 1. Time dependence of the normalized abundances of the ions formed
upon reaction of [Ph(Ch)zOH]HT ions m/z 137 formed by ClicC4H10)

of 3 in the presence of MeOD at&x 108 mbar (ionsm/z 137 @),

m'z 138 (), m'z 139 (A), m/z 140 (O), 'z 141 @).
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curves obtained by the Kinfit prograf3] for the reaction Model ions obtained by protonation of Ph(g&OMe

of the consecutive incorporation of deuterium atoms in pro- are found to undergo slow exchange of only one hydrogen
tonated3 with MeOD, at the apparent neutral pressure of whereas protonated-propylbenzene exchanges six hydro-
5.8 x 10 8 mbar. gens in a relatively fast stepwise sequence.

Also the ions resulting by water loss from protonated  The rate constants for the individual steps of the H/D ex-
3-5 were assayed by H/D exchange with MeOD. A differ- change sequences were determined from a best fitting of the
ent behavior characterized the iongHz1 T, CioH13", and plots describing the time dependence of ion abundances us-
C11H15T generated in the external ion source byi@gH10) ing the Kinfit program23] and are reported ifiable 4 The
of 3-5, respectively. WhereasgBl11™" is unreactive in pres-  kinetic pattern comprises a sequence of stepwise, reversible
ence of MeOD, H/D exchange processes are observed whemeactions of incorporation of D atoms.

Ci10H13™ or Ci1H15™ are allowed to react, ending with the

incorporation of five D-atoms within both of these ions.

The sequence of five H/D exchange processes is also ob-4. Discussion

served when MeOD is allowed to react with theHG1 ™,

Ci0H13™, and GiHi5" ions generated by protonation of 4.1. The methylation process

the corresponding cycloalkanes, viz. indane, tetraline and

benzosuberane, respectively. Also, the rate constants for the A measure of the methylating power of WM& ions is
decay of the substrate ion are equal within experimental er- given by the methyl cation affinity (MCA) of MeF, namely
ror both for GoH13™ ions (irrespective of their formation  the reaction enthalpy for the dissociation of a methyl cation
by water loss from protonatetlor by protonation of tetra-  from MexF™ (Eq. (2) [24].

line) and for GiH15™ ions (irrespective of their formation

by water loss from protonateslor by protonation of ben- ~ Me2F" — MeF + Me™

zosuberane). AHY = MCA (MeF) = 51 kcal mott (2)

This value should be compared with the MCA of the
Table 4 selected substrate. The exothermicity of the reaction is
Individual rate constants for the consecutive steps of the H/D exchange diven by the difference in MCA between MeF and the
reaction between selected ions and MeOD in the FT-ICR cell, obtained w-phenylalkanol, as shown i&qg. (3)
with the KinFit program[23]

Substrate ioh ki koP ks kg° ksP ke®

MeoFt + ROH — MeF + [ROH + Me]*
AHY = MCA (MeF) — MCA (ROH) A3)

[Ph(CHp)3OH]JH* 46 25 058 042 - -

69 75 09 12 B B As stated abovew-phenylalkanols have two different

[Ph(CH)4OH]H* 36 21 026 015 - - types of nucleophilic sites, namely the hydroxyl oxygen and
54 63 040 045 - - the individual positions of the aromatic ring¢heme },
[Ph(CH)sOHJH 36 23 074 064 - - each site being characterized by a specific MCA value.
54 69 11 19 - - The radiolytic product pattern shows that the methyla-
CoH11™ (indane) 41 33 26 1.7 062 - tion on the hydroxyl oxygen does indeed occur. The MCA'’s
50 50 52 51 37 - of the phenyl alkanols are not known, but the MCA value
CioHist (4) 41 33 30 20 058 — of MeOH (334 kJ/mol)[24b] and the estimated value of

5.0 5.0 6.0 6.0 35
CioH13™ (tetraline) 4.2 3.4 3.0 2.1 0.82 -

355 kJ/mol for benzene provide a reference for the relative

50 51 6.0 6.3 4.9 — © 6
H,)0O —Me
CiiHis (5) 34 28 24 1.7 064 - |
41 42 48 51 38 - «~H
CiiHis™ 3.0 2.3 2.0 1.2 0.63 —
(benzosuberane)
3.6 35 4.0 3.6 38 — X - MeF 6
[Ph(CH),CHgH* 48 43 31 22 13 082 Mel” + ROH  ————
5.6 6.0 55 5.2 4.6 58 H M
V]
2The substrate ions are obtained byi€IgHp) of a neutral substrate
(given in parentheses when ambiguity may exist) in the external ion ,
source of the FT-ICR mass spectrometer.
B 1n units of 107 cn®/molecule. The rate constahteported in italics (CH2),OH
are corrected by statistical factors accounting for the probability of/sl 5

D* transfer in the elementary step within the framework of the proposed
H/D exchange scheme (see text). Scheme 1.
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energetics of the methyl cation attachment at the hydroxyl ously depending on the varying length of the aliphatic chain.
and the phenyl moiety of the selected substrates. The es-TheO-methylation product is formed by an exothermic alky-
timated MCA value of benzene was evaluated considering lation process, yielding primarily an excited RGH)Me

the heat of formation of ipso-protonated toluene, the pri- ion. The excess energy can be released to the bulk MeF

mary product ion from the methylation of benzene. 6f molecules before undergoing further reaction, by unreactive
ipso-protonated toluene is obtained from the experimental thermalizing collisions in the gaseous environment at atmo-
proton affinity (PA) of toluene (784 kJ/molR5a] corre- spheric pressure. The thermalized oxonium i@nnjay un-

sponding to the formation of the most stap#a-protonated dergo competitive paths, as illustratedScheme 21t can
isomer, taking account the difference in stability between the be deprotonated by an added strong base (B), giving ROMe
two isomers as obtained by ab initio calculati¢®Sb]. The as neutral end product (pathway aScheme 2 TEA was
thermochemical data for the methylation of methanol and chosen as the base because of its high PA (982 kJ/mol), rel-
benzene by MgFT ions are expected to be lower limits for  ative to the reported PA of methyl benzyl ether (819 kJ/mol)
the values pertaining to methylation at the oxygen atom and[25a]. Considering the high exothermicity of the deprotona-
at the aromatic ring of Ph(ChHi, OH, respectively, because tion reaction, it is conceivable that TEA deprotonafeat
the stabilization effects of a Ph(G}_1 group on the MCA each collision with a kinetic constarig) that may be eval-
of methanol and of a HO(CH),, substituent on the MCA  uated by ion-molecule collision theorigal]. Also the sub-
of benzene are not considered. However, the benzene andtrate itself (ROH) may deprotonate the ionic intermediate
methanol MCA data suggest that the methylation at the aryl (6), according to a somewhat endothermic and consequently
moiety of Ph(CH), OH is favored by 21 kJ/mol with respect  slower reaction (pathway b iBcheme Pwith kg2 rate con-
to O-methylation, a rather small bias. This difference may be stant. Alternativelys may undergo a nucleophilic substitu-
easily counterbalanced by specific structural effects due totion reaction by ROHKyy, observed only in the reaction of
interactions arising between the methylated charged moiety1 and2) where methanol is the leaving group. A symmetric
with the second functional group in the molecule. In fact, oxonium ion is formed, ROH* (8), finally yielding ROR
when the methylation occurs on the hydroxyl oxygen, the so as neutral product (pathway c 8cheme
formed speciesd) can be stabilized by interaction of the ox- Within the framework oScheme 2a linear dependence is
onium end with the aromatic ring. Similarly, the methylated expected for the relative yields of the two radiolytic products
arenium end o7 may be stabilized by interaction with the ROMe and ROR on the [B]/[ROH] ratidqg. (4) where [B]
OH group. The protonated benzene—water complex providesand [ROH] are the stationary concentrations of TEA and
a simplified model showing that non-covalent interactions ROH, respectively) with a slope equal to the/kyy ratio.
largely favor the HO*—benzene complgt 6]. As described Linear plots are obtained, as showrFig. 2for the reaction
in the introduction, ample evidence testifies the intramolec- of 1 at 100°C.
ular stabilization provided to a cationic site by an aryl group [ROMe]  kg1[B] + kg2[ROH] kg1[B] kg2 4
bou_nd bya_flem_ble allphatlc chain. Thus, thls I_<|nd ofe_lectro- [ROR] knu[ROH] ~ no[ROH] T g (4)
static stabilization, an intramolecular catianinteraction, ) )
may conceivably revert the expected order of MCA values Under the reasonable assumption that the deprotonation
of the two nucleophilic ends of the-phenylalkanols. of 6 by TEA occurs upon every collision, the rate constant
The selectiveD-methylation can be explained also by a kg1 is estimated to be approximately constant for the various
kinetic factor. In the methyl cation transfer reaction from Substrates whereas the valuekgf is found to vary wheri
MeoF+ to the aryl group, the nucleophilic site, a delocal- and2 are used as subst.rates. The slopes of the linear plots
ized 7 system, undergoes a major electronic and structural for the methylation reaction dfand2run at 100°C, 2.7 and
reorganization in order to build a MegfG bond. The re- 7.8, respectively, suggest that the nucleophilic substitution is
sulting significant activation barrier is responsible for ex- indeed slower than the deprotonationGof-urthermore, the

ample for the slow kinetics of the methylation of benzene

by Me;CI* ions, in spite of its exothermicit{26]. On the +B (kp1)
other hand, a relatively minor activation energy barrier is — > ROMe @
expected for the methylation at the oxygen atom where the -BH
lone pair electrons are readily available to build the O-Me
bond. +ROH (kg2)
RO(HMe® ——F— ROMe (b)
4.2. The radiolytic methylation of 1-5 6 - ROH,
The formation of ROMe as the exclusive radiolytic methy- +ROH (kny)  + +B
lation product ofl-5 shows that the active methylation site is ot ROR . ROR ©
-Me .

the oxygen atom. Although this finding is a common feature
for the homologue series, at closer inspection significant re-
activity differences among its members can be traced, obvi- Scheme 2.

8
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[ROMe]/[R20]

*
*

0 T
0 1 2
(B[]
Fig. 2. Plot of the [ROMe]/[RO] yield ratio (R= PhCH-) vs. [BJ/[1],

namely the partial pressure ratio, from radiolytic experiments af CO6f
benzyl alcoholl. Details of individual experiments are listed Table 1

nucleophilic displacement is slower wheris the reagent
substrate.

151
- MeOH +B
_ —>
-BH"
N
+OMe
H
Scheme 3.

The clear tendency to prefer the formation six-membered
rings, and thus tetraline-type products, has been reported for
the electrophilic cyclization ofo-phenylalkyl-type cations
under CI condition$27].

Even at higher temperature, where the entropically un-
favourable folded conformation is expected to be less pop-
ulated, the intermolecular nucleophilic substitution reaction
remains ineffective fo8-5, signifying a decreased reactivity
of the oxonium ion6 towards nucleophilic attack by ROH
when the methylene chain is longer. This result can be ex-
plained by the increased stabilization of the positive charge

Apparently, the increasing chain length decreases the ef-by thew system of the spectator aromatic ring. The stabi-

ficiency of the nucleophilic substitution reaction. This trend
is confirmed by the higher homologuez-$) which do not

lization comes into play when the methylene chain is long
enough (forn = 3-5) to allow a proper approach between

give any ROR product, even in the absence of added basethe charge and the aromatic system.

This behavior can be explained by an increased stability of

the ionic intermediate, RQ(H)Me, due to the increasing in-

4.3. The reactivity behavior of 1-5 towards protonation

teraction between the positively charged oxonium end and and H/D exchange in FT-CR mass spectrometry

the aromatic ring allowed by an appropriate folding of the
aliphatic chain as the number of the methylene units in-

The CI{-C4H10) mass spectra of-5 show once again

creases. Due to the presence of an activation barrier, the ratea marked difference betwedr2 and the higher members

of the nucleophilic substitution reaction is expected to dis-

of the series. The reagent ion, &', is a mild protonat-

play a positive temperature dependence. Accordingly, theing agent, whose conjugate base is characterized by a PA

slope of the linear plot obtained for the [ROMe]/[ROR] yield

value close to the one estimated fb{25a]. However, in

ratio from 2 at 150°C decreases to 3.3, an effect to be as- spite of this choice, the protonation bfand2 at 6 x 10>

cribed almost entirely té&yy because of the minor temper-

mbar leads to the ions formally corresponding to PaCH

ature effect expected on the collisional rate constant for the and PhGH4™ as major products. Their formation implies

deprotonation reactig21]. The behavior of[ROMe]/[ROR]
yield ratio from1 in the methylation reaction run at 10Q
is different, showing little sensitivity to the [B]J/[ROH] ratio.

the loss of water from an oxonium intermediate ROH
(Eq. (1) or, alternatively, the loss of MEOH from an in-
termediate adduct ion, ROH(CM) . In all cases an inter-

This behavior is likely due to the remarkable tendency of the mediate oxonium ion is formed evolving into the dissocia-

oxonium ion froml to undergo fragmentation yielding ben-

tion products. The ion can be formed either by direct attack

zyl cations when given energy by increasing the temperatureat the OH group or by electrophilic attack at the ring fol-
of the high pressure radiolytic environment, as also shown lowed by ring to oxygen proton migration, as suggested by

by the CI{-C4H10) mass spectra. The benzylation bby

the formation of minor products formally corresponding to

free benzyl cations thus becomes an independent source oC4Hg—C;He" and GHo—CgHg™, from the CI{-C4H10) of

ROR.

1 and2, respectively. The formation of product ions by loss

The lack of ROR products from the higher homologues of water (or MgCOH) from 1 and2 under CI conditions is
3-5 is accounted for by the intramolecular stabilization ascribed to the comparatively lower stability of the oxonium
gained by the corresponding methylated oxonium ions intermediates favoring the entropically driven dissociation
where the cationic site can approach the phenyl ring. Indeedprocess in the low pressure environment. It may also reflect
the occurrence of a folded conformation is responsible for a comparatively high stability of the product ions. The pro-
the formation of a cyclization product that is obtained from tonated species frorg&-5 are instead stable with respect to
the reaction of4, though in only modest yield. The for-  dissociation, likely reflecting the stability of a folded con-
mation of tetraline $cheme Barises by an intramolecular  formation where the charged site approaches the electron
nucleophilic substitution where oo binds to the remote  donating group. Structural information can be obtained by
methylene group and MeOH is the leaving group. sampling these species by the H/D exchange reaction with
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MeOD [28]. Methanol is selected as the exchange reagenttermolecular H/D exchange with MeOD, though they can
in view of its PA value, close to the ones pertaining to the slowly undergo an intramolecular exchange with the oxo-
sites possibly involved in the protonation®5, namely the nium group. The suggested mechanism is consistent with
hydroxyl group and the phenyl ring. Protonation on oxygen the reactivity of protonated Ph(GhOMe towards MeOD
implies two exchangeable hydrogens on the basic site andshowing the incorporation of just one D-atom. Due to the
is expected to lead to the incorporation of two D atoms ac- methyl substitution, the protonated ether oxygen is now too
cording to the reaction pathway exemplified by the first two basic to engage in D™ transfer processes with the ortho
steps ofScheme 4Protonation on the phenyl ring leads to ring carbons.

an alkyl-substituted arenium ion, prone to undergo exchange The electrostatic stabilization gained by the interaction
of six hydrogeng29], as indeed verified within protonated between the oxonium moiety and the phenyl ring appears
n-propylbenzeneTable 3. Experimentally, the progress of to play a role when the aliphatic chain is longer thas:

H/D exchange within protonate8-5 ends with the incor- 2. Protonated. and2 undergo complete dissociation upon
poration of four D atoms according to a pattern that can be CI(i-C4H10). Also the higher members, though, undergo dis-
accounted for by exchange at the oxonium moiety activating sociation to a certain extent upon C4H1o) and the ques-
two ring positions as well, conceivably the two ortho posi- tion may rise whether the loss of water occurs from a folded
tions. The proposed-22 sequence is supported by a kinetic conformation where the aromatic ring may provide nucle-
analysis of the H/D exchange reaction. When the rate con-ophilic assistance to C-O bond cleavage. In this case the
stants for the individal stepg4ble 4 are statistically cor-  CgH11", CigH13", and G1H1s ions formed by loss of wa-
rected according to the suggested mechanism, two distinctter following the protonation reaction &5 should have
values are obtained. The first two H/D exchange steps arethe structure of protonated indane, protonated tetraline, and
characterized by a common higher rate coefficient, whereasprotonated benzosuberane, respectively. The ions of inter-
the remaining two events occur at a similar slower rate, as est have been sampled by the H/D exchange reaction com-
expected if two different couples of hydrogen atoms are in- paring their reactivity behavior with the one observed for
volved. The details of the interaction between the oxonium the predicted product ions. The model ions, the protonated
moiety and the ring hydrogens may once again involve the benzocycloalkenes, react with MeOD by a sequence of five
folding of the aliphatic chain to allow a reversible"HD* steps of H/D exchange occurring at comparable rates, if their
transfer process between the O-atom and thg,&atom statistical probability is accounted fofgble 4. The proto-

as shown inScheme 4According to the proposed scheme nation sites are clearly the aromatic carbon atoms charac-
the two ortho ring positions are not active in the direct in- terized by comparable values of site specific [B8]. The

ROH,” + MeOD — s ROMHD" + MeOH fast
ROMH)D'+ MeOD — »  ROD," + MeOH fast
+ +

(CHp), — 8D (CH,), — OD (CHy), — O(H)D
D
D
@ ~D" ©< ~H ©/ slow
—_— H ——
CeH,D(CH), O(H)D® + MeOD —» CeHsD(CH,),0D;" +MeOH fast
+ +
(CH),—OD (CH»), — OD (CHy), — O(H)D

D
D D D D D
~D" ~H" slow
E— H ——»

Ce¢H3D2(CHp), O(H)D® + MeOD _— »  CeH3Dy(CH,),0D," +MeOH fast

n=3-5

Scheme 4.
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reactivity behavior of @oH13* and G1Hy5™ ions obtained nucleophilic attack was found from the higher homologues
by CI(i-C4H10) of 4 and5 matches well with the exchange (3-5), even at higher temperature. This result is suggestive
reactivity displayed by the corresponding protonated benzo- of a higher stability of these ions, which may attain a config-
cycloalkene, thus proving the occurrence of a cycloalkyla- uration allowing an intramolecular hydrogen bond between
tion process. However, thegH1; ions obtained from the ~ the OH" end and ther-electrons of the phenyl ring. Sim-
CI(i-C4H10) of 3 are unreactive towards H/D exchange with ilar considerations can explain the results of i€l{H;0)
MeOD, pointing to the formation of an isomeric structure experiments yielding the intact protonated species only in
different from protonated indane. It is likely that a linear the case 08-5, where the aliphatic chain contains three or
side-chain benzyl-type cation is formed whose conjugate more methylene units. The oxonium intermediates fG#%
base is characterized by a PA high enough to make H/D may in fact benefit from the electrostatic stabilization af-
exchange with methanol not accessible on thermodynamicforded by the approach of the oxonium moiety to the phenyl
groundg25a,28] The relative ease of ring closure reactions ring. The folding of the aliphatic chain is highlighted by
is known to depend on the size of the ring being formed, the formation of protonated tetraline frofy as a result of
tuned by specific structural factof31]. However, whereas  an intramolecular nucleophilic attack. The folding is driven
the formation of tetraline by an intramolecular cycloalkyla- by the quest for electrostatic stabilization by the positively
tion reaction is reported, under similar Friedel-Crafts con- charged oxonium end. In fact the situation appears to be
ditions only traces of indane are formfg®]. Noteworthily, quite different in the neutrab-phenylalkanols. The role
the formation of tetraline from the radiolytic reactionis and extent of OH= type intramolecular hydrogen bond
confirmed by the characterization of the ionic arenium inter- within neutral1l-3 has been studied and debated by various
mediate by the H/D eschange reaction in FT-ICR, whereasspectroscopic methods showing a limited contribution of
the evidence is negative for a cyclized product fi@navhen H-bonded conformerf33].

5is the reagent, the product ion of an intramolecular cycliza- It may be finally remarked that cation—interactions
tion process is observed only in the low pressure conditions may be profitably studied in the gas phase, operating in an
of FT-ICR mass spectrometry, where the low density envi- environment void of the complicating factors such as the
ronment is unable to provide third body thermalization of presence of counterions and solvent that can profoundly
any excited species or any kind of intermolecular ion-neutral affect their extent and relative weight with respect to other

interaction. Under these circumstances, processes may b#on-covalent interaction$,34].

activated that require surmounting activation energy barri-

ers and take advantage of an intramolecular ion-neutral end

group interaction.

5. Conclusion

The role of ROHT— and ROHBT—x interactions is
clearly discernible in the alkylation and protonation reac-
tions, respectively, of»-phenylalkanols in the gas phase
under two different pressure regimes, close to 1 atm in
radiolytic systems and ca 1®mbar in FT-ICR mass spec-
trometry. The active site for the alkylation and the protona-
tion processes is found to be the oxygen atom, reflecting
the operation of both kinetic and thermodynamic factors.
The ensuing ionic intermediates, RO(H)EE = H, Me,
Me3zC), show a reactivity behavior that can be accounted for
by the varying length of the aliphatic chain. In the radiolytic

experiments, where the high pressure environment ensures

a high frequency of thermalizing collisions, the methylated
intermediates, RO(H)Mg, are deprotonated by an added
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