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Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry has been used to determine the gas-phase
acidities (values in parentheses) of the radicals CgHs' (1592 kd mol-1), CgHsF* {1565 kJ mol—1), CgH4Cl*

(1554 kJ mol-1) and CgH4CN- (1554 kJ mol-1).

The gas-phase acidities of numerous stable molecules have
been determined either by studying proton transfer equilibria
or by observing the occurrence/non-occurrence of proton
transfer in reactions between the conjugate bases and refer-
ence compounds with a known acidity.!2 The studies of
gas-phase acidities may serve as an experimental basis for
insight into the structural properties that determine the
stability and reactivity of anions in the absence of solvent
molecules. In this respect, little is known about radical anions
notwithstanding that studies of the gas-phase bimolecular
chemistry of these species can provide knowledge about the
acidity of radicals and the influence of a radical centre on the
rate of proton transfer.

The gas-phase acidity, Achid(HA), can be written as the
difference between the bond dissociation energy, E4(HA),
and the electron affinity of A*, E.,(A"), plus the ionization
energy of the hydrogen atom, E;(H), eqn. (1).1:2

AHJa(HA) = Eg(A-H) - E(A") + E(H) (1)

Accordingly, the difference in acidity between a radical and
the parent molecule is determined by the appropriate E4 and

E., values. For example, CH3' is ca. 36 kJ mol-! more acidic
in the gas phase than CH,4 mainly as a result of a larger E., of
CH, than of CHy* [E.,(CH;) — E..(CHj') = 55 k] mol-1].34
The same order of gas-phase acidities of a radical and the
parent molecule is reported for other systems, e.g. H,C=CH"/
H,C=CH,*-8 and Ph-N-NH-Ph/Ph~-NH-NH-Ph? while the
cyclopentadienyl radical is much less acidic than cyclopenta-
diene in the gas phase.8.10

The gas phase acidity of C¢Hs* has been placed at ca. 1640
kJ mol—1 on the basis of an experimental E., of o-benzyne of
54 kJ mol—1 and AHY(0-C¢H,) = 494 kJ mol-1,11 Recently, we
published a revised value of the heat of formation of
o-benzyne of 440 kJ mol—1.12 This value in combination with
the reported E., of o-benzyne leads to AHY;(CsHs") = 1587
kJ mol-!, which implies that the ortho-positions with respect
to the radical centre in C¢Hs* should have approximately the
same acidity in the gas phase as methanol (AHq = 1592 kJ
mol~1).1.2 The conjugate base of the phenyl radical, CéHy~*, is
known to be formed by a formal H,*+* abstraction from
benzene by the O—" radical anion.!3 This reaction results
predominantly in the radical anion of o-benzyne as indicated
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Table 1 Gas-phase acidities, AHgdd, of the C¢dHsX compounds and the
CgH X radicals

AH{ ol AHYGof
Compound kJ mol-1! Radical kJmol—1
Cg¢Hsg 1677 £ 24 C¢Hs" 1592 + 84
CgH;sF 1620 + 8 CeHyF* 1565 + 6¢
CsHsCl 1612 + 12¢ CgH,Cl 1554 + 6f
C¢HsCN 1603 + 8 CegH4CN* 1554 + 6f

2 Value from refs. 2, 20. & Value from ref. 20. ¢ This work; bracketed
between the acidities of C¢HsF and CsHsCN. ¢ See text. ¢ Bracketed
between the acidities of (CH;);CHOH (1571 kJ mol-!) and
(CH;CH,),CHOH (1559 kJ mol-1); values from refs. 1,2. f Bracketed
between the acidities of (CH;CH,),CHOH and FCH,CH,OH (1548
kJ mol-1); value from refs. 1,2.

by photoelectron spectroscopy,!! the nearly exclusive abstrac-
tion of HD+*" in the reaction of O~ with 1,3,5-trideuterioben-
zene!'3 and the almost negligible occurrence of D,** abstrac-
tion (1-2%) in the reaction of O~ with 1,4-dideuterioben-
zene.l* The C¢H,~* ion exchanges all hydrogen atoms for
deuterium atoms in the presence of D,O in our FT-ICR15-17
instrument,f but no hydroxide ions are formed.} Reaction
with CH;OH proceeds by proton abstraction, while exchange
of one hydrogen atom occurs in the presence of CD;0D along
with formation of methoxide ions. These results support the
estimated gas-phase acidity of the ortho-positions in C¢Hs*
and we place Achid(C(,Hs') at 1592 + 8 kJ mol—1. The phenyl
radical is thus ca. 85 kJ mol~1 more acidic in the gas phase than
benzene (AH%;4(CeHg) = 1677 kJ mol—1)2:20 (see Table 1).

The revised gas-phase acidity of C¢Hs" leads to a Ej of the
C-H bond ortho to the radical position in Ce¢Hs* of 334
kJ mol—-! which is ca. 130 kJ mol—1lower than the value for the
C-H bonds in C¢Hg.12 The difference in C-H Ej is partly
compensated by the larger E., of CcHs* (ca. 99 kJ mol-1)2
than of o-benzyne (54 kJ mol~1)11 and as a result the phenyl
radical is 85 kJ mol-! more acidic in the gas phase than
benzene.

The reaction between O~ and the C¢H;X (X = F, Cl, CN)
compounds proceeds to some extent by H,** abstraction. The
results in Table 1 show that the CgHyX® radicals are
significantly more acidic in the gas phase than the correspond-
ing C¢HsX molecules. The difference in acidity for C¢HsF and
CgH4F" is ca. 55 kJ mol—! while the C¢H4CN" radical appears
to be ca. 49 kJ mol—! more acidic than C¢HsCN in the gas
phase. The effect of the radical centre on the acidity is thus less
pronounced for the substituted species than for the CsHs'—
Cg¢Hg system.

The formation of isomeric radical anions from the CgHsX
compounds is indicated by the occurrence of H,** as well as
HD+- abstraction in the reaction of O~* with para-deuterio-
fluorobenzene. The ion formed by HD+* abstraction slowly
exchanges hydrogen atoms for deuterium atoms in the
presence of D,O,% but after a reaction time of ca. 2 s the
distribution of the ions CcH3F—* (50%), CsH,DF-- (38%),

+ The general experimental procedure is described in refs. 16, 17 and
references cited therein. The O~ ion was formed by dissociative
electron capture to N,O (electron energy 1.2 eV). The experiments
were performed with a total pressure in the FT-ICR cell of about 8 x
10-5 Pa and with 1:1:1 mixtures of N,O, C¢Hg or C¢HsX and the
reference acid. The ions of interest were isolated by ejecting all other
ions from the cell (see refs. 15-17) at a trapping time of 150-250 ms.
The CsH; X~ ions were reisolated with a delay of 750-950 ms for the
purpose of observing the occurrence/non-occurrence of proton
transfer.

1 Hydrogen/deuterium exchange reactions of anions are discussed in
refs. 18, 19. The process may occur when the exchange reagent is <80
kJ mol~1 less acidic in the gas phase than the conjugate acid of the
anion.

645

C¢HD,F-- (10%) and C¢D3;F—* (2%) remains essentially
constant. No exchange occurs between the ion formed by H,+*
abstraction and D,O indicating that this ion is less basic than
the ion formed by HD+* abstraction and that the latter ion
may isomerize to the former ion in the presence of water.
These results imply a different gas-phase acidity of the
isomeric C¢HyF* radicals and/or a different acidity of the
various positions within a given radical.

The reaction of O~ with para-deuteriochlorobenzene and
para-deuteriobenzonitrile proceeds also in part by H,** and
HD+* abstraction. Hydrogen/deuterium exchange between
the radical anions from these substrates and D,O is not
observed to any significant extent, which may mean that the
ions formed are not sufficiently basic in the gas phase to
undergo exchange with water. The acidities listed in Table 1
are based upon experiments in which the CcH;X—* ions were
reisolated with a delay of about 800 mst thus allowing the
more basic isomer(s) to react with the reference acid either by
proton transfer or by isomerization into the less basic
isomer(s). In conclusion, the values in Table 1 are expected to
refer to the conjugate acids of the less basic radical anions
formed in the reaction of O~ with the C¢HsX compounds.
Further studies concerned with the formation of isomeric
CgH:X~* radical anions in the reactions of O~ with CgHsX
compounds and the question of the acidity of the different
sites within the phenyl radicals are in progress.
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