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bstract

The enthalpy of formation of m-quinomethane has been determined by energy-resolved collision-induced dissociation measurements involving
hloro-substituted phenoxide ions. The chloride affinity of m-quinomethane is measured to be 202 ± 9 kJ/mol, whereas the chloride affinities of
- and p-quinomethane are both 57 ± 5 kJ/mol. The difference in the chloride affinities reflects the difference in the stabilities of the Kekule and

on-Kekule structures. Combination of the dissociation energy of the meta-isomer with the gas-phase acidity of 3-(chloromethyl)phenol, measured
y using the kinetic method to be 1432 ± 6 kJ/mol, results in an enthalpy of formation of 166 ± 13 kJ/mol for the m-quinomethane diradical. The
easured value agrees with that predicted by bond additivity. The low bond dissociation energies for the o- and p-isomers, along with electronic

tructure calculations, suggest that the corresponding chlorine-substituted ions are best described as halide/diradical complexes.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Quinones (1), quinomethanes (2) and quinodimethanes (3)
re substituted aromatic molecules that differ by the presence
f oxygen atoms or methylene groups [1].
These didehydro-substrates, which result from homolytic
leavage of aromatic O–H and C–H bonds in hydroquinones,
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E-mail address: pgw@purdue.edu (P.G. Wenthold).

t
v
s
o
h
d
[

387-3806/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2007.02.052
resols and xylenes, respectively, are interesting for both prac-
ical and fundamental reasons. For example, quinones occur
idely in nature and are found in a variety of pigments and
edicines [2,3]. They play significant roles in photochemical

rocesses, oxidation–reduction reactions, photosynthesis and
re precursors for synthetic transformations [4,5]. In addition,
lkylated quinones, such as 2c, have been discovered to play
mportant roles in biochemical processes, such as protein and
NA alkylation [6], and quinomethanes, 2, are critical reactive

ntermediates formed in the biotransformation of lignin and cer-
ain anticancer or antibiotic drugs [7–11]. As benzylic precursors
12], quinomethanes are extremely useful in organic synthesis
ecause they can be exploited for carbon–carbon bond formation
r in reactions with nucleophiles [7,13–16]. Due to their ability
o act as Michael acceptors [6] they can cause harmful effects in
ivo, including immunotoxicity, cytotoxicity and carcinogene-
is [17,18]. For example, butylated hydroxytoluene undergoes

xidation by an isoform of Cyt P450 in the lung cells, and the
ydroxylated structure can be modified into a reactive interme-
iate that can undergo covalent binding, leading to cytotoxicity
19].

mailto:pgw@purdue.edu
dx.doi.org/10.1016/j.ijms.2007.02.052
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The ortho- and para-isomers of quinomethane (2a, 2c) are
xamples of Kekule structures, where resonance forms can be
rawn in which all the electrons can be paired. Conversely, m-
uinomethane (2b) is a non-Kekule structure, because it is not
ossible to draw a resonance structure in which all the electrons
re paired (Scheme 1). o-Quinomethane, 2a, its substituted ana-
ogues, and p-quinomethane, 2c, have closed-shell electronic
tructures and are well known in condensed-phase synthetic
hemistry [7,20–28]. Similarly, 2b has been characterized by
V–vis optical absorption spectroscopy [29] and electron para-
agnetic resonance (EPR) spectroscopy [30,31]. In addition,

b undergoes cycloaddition reaction with dienes, presumably
hrough a zwitterionic, monocyclic, singlet reactive intermedi-
te [32]. The meta-diradical can be generated by photochemical
r thermal ring cleavage of 6-methylenebicyclo[3.1.0]hex-3-en-
-one [29].

Simple methods have been developed in order to predict the
lectronic ground states of molecules like 1–3 [33–37]. In all
ases, the ground states for the Kekule isomers are predicted to
e singlets, whereas those for the non-Kekule, meta-isomers are
redicted to be triplets. The singlet ground states of the ortho-
25] and para-isomers [28] are well established for 1–3 [1].
riplet ground states have been confirmed for 1b and 3b, and

he spectroscopic data and reactivity of 2b are consistent with
he presence of a triplet ground state, as well [29,32].

The differences in the electronic properties of the ground
tates of the ortho-, meta- and para-isomers are reflected in their
hermochemical stabilities. Enthalpies of formation for many of
he species have been measured by using mass spectrometric

ethods. For example, Hehre and co-workers [38] determined
he enthalpies of formation of 3a and 3c by bracketing the energy
or proton transfer from the methyl-substituted benzyl cations
Eqs. (1a) and (1b)) [38].

(1a)
(1b)
.

y using the bracketed proton affinity values along with the
nthalpies of formation of the benzyl cations, the heats of for-
ation of 3a and 3c were determined to be 209 and 222 kJ/mol,

espectively [38]. The measured energies for 3a and 3c are
ore than 100 kJ/mol lower than that for m-xylylene, 3b, which
as determined by Hammad and Wenthold [39] by using a

ombination of ion proton affinity and energy-resolved CID
easurements. Similarly, Kass and co-workers [40] measured

he energy of formation of m-quinone, 1b, and found it to be
8.5 kJ/mol, whereas the enthalpies of formation for the ortho-
nd para-isomers are −96.7 and −115.9 kJ/mol [16].

The thermochemical properties of quinomethanes, 2, have
ot been investigated to the same extent as have those for 1 and
. Previously reported studies [41] have determined the pro-
on affinities of 2a and 2c (Eqs. (2a) and (2b)), but they cannot
e used to determine the enthalpies of formation of the reac-
ive species because the energies of the corresponding benzyl
ations are not known. In this work, we report an investigation
f the isomeric quinomethanes, 2a–c, by using energy-resolved
ollision-induced dissociation (CID) [42,43] of the o-, m- and
-chloromethylphenoxide ions, 4a–c, as shown in Scheme 2.

(2a)
Scheme 2.
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3. Results
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The enthalpy of formation of m-quinomethane (2b) has been
easured by combining the energy for halide loss with the

as-phase acidity of 3-chloromethylphenol. The dissociation
nergies of the 2- and 4-chloromethylphenoxide ions are much
ower than that for the meta-isomer, consistent with the forma-
ion of highly stable products. Electronic structure calculations
ndicate significant lengthening of the C–Cl bond lengths in the
ons of the ortho- and para-substituted phenoxide ions, suggest-
ng that the ions might be better described as “halide–biradical
omplexes” [44].

. Experimental

All experiments were carried out in a flowing afterglow-
riple quadrupole instrument that has been described elsewhere
45,46]. The primary reactant ion, F− was prepared by
0 eV electron ionization of fluorine gas (5% in He). The
ons are carried by helium buffer gas (0.400 Torr, flow
He) = 190 STP cm3/s) through the flow tube (1 m × 7.3 cm)
here they are allowed to react with neutral reagent vapors,

dded through micrometering or leak valves. The ions in the
ow tube undergo ∼105 collisions with the helium buffer gas
efore being extracted from the flow tube through a 1 mm sam-
ling orifice, where they are focused into a triple quadrupole
nalyzer.

Energy-resolved mass spectrometry experiments are carried
ut by selecting ions with the desired mass-to-charge ratio
y using the first quadrupole and injecting them into the sec-
nd quadrupole (q2, radio frequency only) where they undergo
ollision-induced dissociation with argon or neon target, using
eon for reactions with very low dissociation energies. Product
ons are mass analyzed with the third quadrupole and detected
ith a channeltron electron multiplier operated in pulse counting
ode. The collision energy of the primary ion in q2 was varied

nd fragment ion intensities were monitored as a function of q2
od offset voltage to yield energy-resolved mass spectra, with the
nergy zero determined by using retarding potential analysis.

Cross-sections for CID, σ, were calculated using I/Io = σNl,
here I and Io are the intensities of the product and reactant

ons, respectively, N the number density of the target and l is
he effective collision path length. The effective path length
as measured to be 24 ± 4 cm [46] by using the reaction of
r+ + D2 → ArD+ + D [47]. Cross-sections are measured at sev-

ral different pressures ranging from 0.075 to 0.200 mTorr, and
xtrapolated to zero pressure, corresponding to single collision
onditions.

.1. Data analysis

Energy-resolved cross-sections were modeled with the
xpression shown in Eq. (3) [48,49], where E is the center-of-
ass collision energy of the reactant ion, gi the fraction of the

ons with internal energy Ei, E0 the threshold energy for disso-

iation, n the parameter that reflects the energy deposition in the
ollision [50] and σ0 is a scaling factor. Also convoluted into the
t were the ion kinetic energy distributions, approximated as a
aussian function with a 1.5 eV (laboratory frame) full-width at

d
p
e
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alf-maximum, and a Doppler broadening function to account
or motion of the target gas. The factor Pi is the probability for
on dissociation, calculated from RRKM theory. A loose, orbit-
ng transition state was assumed for the process, corresponding
o the phase space limit [51,52], with the constants calculated
y using the calculated properties of the products.

(E) = σ0

∑

i

Pigi(E + Ei − E0)n

E
(3)

The data are modeled by adjusting the parameters to corre-
pond with the steeply rising portion of the appearance curve
irectly above the onset. Data analysis and modeling of the
ross-sections were carried out using the CRUNCH 5 pro-
ram developed by Armentrout and co-workers [47–49,51,52].
odeled threshold energies, E0, are 0 K �E values and were

onverted to 298 K bond dissociation enthalpies by using the
ntegrated heat capacities of reactants and products, obtained
rom electronic structure calculations. Uncertainties in enthalpy
alues were calculated by statistical combination of the standard
eviation of values obtained from replicate experimental trials,
he uncertainty in the absolute energy scale for the experiment
estimated to be 0.15 eV laboratory frame), and a contribution
ue to uncertainty in the transition state model. The uncertainty
n the transition state was estimated as the change in dissoci-
tion energy when raising and lowering the frequencies of the
ransition state so to cause a 8 J/(mol K) change in the activa-
ion entropy for the reaction. A contribution is also included to
ccount for uncertainty in the chosen fitting range of the data,
hich is estimated by finding the effect on the data.

.2. Computational methods

Geometries, absolute energies, vibrational frequencies and
nthalpies for isomers of chloromethyl phenoxides were calcu-
ated using density functional theory (B3LYP), using Gaussian
3 [53].

.3. Materials

The 3-(chloromethyl)phenol was prepared by demethyla-
ion of the commercially available methyl ether by reaction
ith 1.0 M BBr3 [54]. The 2-(chloromethyl)phenyl and 4-

chloromethyl)phenyl acetates were obtained from commercial
ources and used as supplied. Liquid samples were degassed by
uccessive freeze–pump–thaw cycles prior to use. Helium was
urified via a liquid nitrogen trap containing molecular sieves.
as purities are as follows: He (99.995%), F2 (5% in helium),
r (99%), Ne (99%).
In this section, we describe the measurements of the
issociation energies for loss of chloride from o-, m- and
-chloromethylphenoxide ions, and the determination of the
nthalpy of formation of m-quinomethane.
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Table 1
Modeling parameters obtained from fits of CID cross-sections in Fig. 1

Chloromethyl
phenoxide ion

�H298 (kJ/mol) n �S‡ (J/(mol K))a

ortho-, 4a 57 ± 5 1.5 ± 0.1 57
meta-, 4b 202 ± 9 1.2 ± 0.1 48
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.1. Ion generation

The o- and p-chloromethyl phenoxide ions were gener-
ted by chemical ionization of the corresponding acetates by
−. The phenoxide ions are presumably formed by an addi-

ion/elimination reaction at the carbonyl, as shown for the
rtho-isomer in Eq. (4), or an E2 elimination to form ketene
nd HF. Both reactions are estimated to be highly exothermic
55]. The addition/elimination reaction is more exothermic than
2 elimination (�H ≈ −150 kJ/mol for the addition/elimination
rocess and −60 kJ/mol for the E2 reaction), whereas the E2
eaction is entropically favored.

(4)

The 3-(chloromethyl)phenoxide ion was formed directly by
eprotonation of 3-(chloromethyl)phenol using F− as the base.
hloride anion is also observed as a product in the ioniza-

ion, with an intensity that is ∼5% of that of the phenoxide
ons for the meta-isomer and ∼15% for the ortho- and para-
somer.

.2. CID of phenoxide ions

Chloride is the only product observed upon CID of the
hloromethylphenoxide ions, 4a–c. Energy-resolved cross-
ections for the formation of chloride are shown in Fig. 1.
ecause the dissociation energies of 4a and 4c were very low,
eon was used as the target for the CID of those ions. CID of
b was carried out using argon as the collision target. In the
enter-of-mass frame of reference, the threshold energies for
ormation of chloride 4a and 4c are essentially the same, and

re much lower than that for 4b, consistent with the expected
elative stabilities of products 2a–c. Modeling the data by using
he procedures described in Section 2 gives the parameters listed
n Table 1. In particular, the 298 K dissociation enthalpies are

ig. 1. Energy-resolved cross-sections for chloride formation from o-, m- and
-(chloromethyl)phenoxide ions, along with convoluted fits to the data. Argon
as used as the CID target for the meta-ion, whereas neon target was used for

he ortho- and para-isomers.
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ara-, 4c 57 ± 5 1.1 ± 0.1 48

‡ Standard notation for activation entropy.
a Activation entropy at 1000 K.

ound to be 57 ± 5, 202 ± 9 and 57 ± 5 kJ/mol for 4a, 4b and
c, respectively.

.3. Acidity of 3-(chloromethyl)phenol

Although the dissociation energies reflect the general ther-
ochemical properties of the products being generated, they

lso reflect the differences in the stabilities of the anions,
s determined by the gas-phase acidities of the neutral phe-
ols. The thermochemical relationship between dissociation
nergy (�Hrxn(OC6H4CH2–Cl−)), gas-phase acidity (�Hacid),
nd product enthalpy of formation is shown in Eq. (5). As such,
q. (5) can be used to determine the enthalpy of formation
f the quinomethanes, �Hf,298(OC6H4CH2), if the gas-phase
cidity of the neutral precursor, HOC6H4CH2Cl, is known.
n this work, we have measured the gas-phase acidity of 3-
chloromethyl)phenol, with which the enthalpy of formation of
b can be determined. Unfortunately, weak chloride binding in
ons 4a and 4c make gas-phase acidities measurements for 2-
nd 4-(chloromethyl)phenol impractical.

�H f,298(OC6H4CH2)

= ΔH rxn(OC6H4CH2–Cl−) + ΔHacid(HOC6H4CH2Cl)

+ ΔH f,298(HOC6H4CH2Cl) − ΔHacid(HCl)

− ΔH f,298(HCl) (5)

The gas-phase acidity of 3-(chloromethyl)phenol was deter-
ined by using the kinetic method, developed by Cooks

nd co-workers [56,57]. Proton-bound dimers of 4b with a
eries of references, HBi, were subjected to CID over an
nergy range of 3–5.5 eV (center-of-mass frame). At any given
nergy, the relationship between the measured branching ratio,
E = I(Bi

−)/I(RCl−), and the difference in the gas-phase acidities
f 3-(chloromethyl)phenol, �Hacid(HRCl), and the reference,
Hacid(HBi), is given by Eq. (6), where Teff,E is the effective

emperature at the dissociation energy and ��S is the difference
n the activation entropies for the two dissociation channels.

nrE = �Hacid(HRCl) − �Hacid(HBi) + ��S

RTeff,E
(6)

plot of ln rE versus �Hacid(Bi) at energy E has a slope
E = −1/RTeff,E and an intercept yE = (�Hacid(HRCl)/RT) +
��S/R). The gas-phase acidity of 3-(chloromethyl)phenol is
btained from a second regression plot of yE versus −mE, which
as a slope of �H(HRCl) and an intercept ��S/R. As noted by
rmentrout [58], the slope and intercept of the first regression
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lot are strongly correlated. The correlation can be eliminated
y plotting the ln rE values versus �Hacid(Bi) − �Hacid(avg),
here �Hacid(avg) is the average gas-phase acidities of the ref-

rence acids. In this formulation, the slope of the second plot is
Hacid(HRCl) − �Hacid(avg).
The measured branching ratios over the energy range

onsidered are shown in Fig. 2a. The references used in this
ork include 3-fluorophenol (�Hacid = 1438 ± 8.8 kJ/mol),
-fluorophenol (�Hacid = 1451 ± 8.8 kJ/mol), 3-chlorophenol
�Hacid = 1431 ± 15 kJ/mol) and 4-chlorophenol (�Hacid =
436 ± 8.8 kJ/mol) [59]. The references were chosen
ecause they have acidities similar to that expected for
-(chloromethyl)phenol and because they do not have any
ubstituents in the ortho-positions that would sterically affect
he structure of the proton bound dimer, thereby minimizing
he significance of ��S. Representative plots of ln rE versus

Hacid(Bi) − �Hacid(avg) at collision energies 3, 4 and 5 eV,
re shown in Fig. 2b. The slopes of the lines imply effective

emperatures of 580, 770 and 990 K at 3, 4 and 5 eV, respec-
ively. The second regression plot, along with a linear fit to
he data, is shown in Fig. 2c. The linear fit has a slope of

7 ± 4 kJ/mol, where the uncertainty includes the statistical

ig. 2. Kinetic method plots for the determination of the acidity of 3-
chloromethylphenol). (a) Measured branching ratios as a function of energy;
b) representative plots of ln r vs. �Hacid(Bi) − �Hacid(avg) at collision energies
, 4 and 5 eV (center-of-mass frame of reference); (c) second regression plot to
etermine the gas-phase acidity.
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rror of the linear fit and an estimated 50% uncertainty in the
easured effective temperature at each energy [60,61]. The

verage acidity of the references, �Hacid(avg), is 1439 ± 7,
here the uncertainty assumes that half of the uncertainty in

he reference acidities is an absolute uncertainty and half is
andom uncertainty. The measured slope, when combined with
Hacid(avg), gives a gas-phase acidity value of 1432 ± 8 kJ/mol.
he intercept of the second regression plot is −1.7 ± 0.9 which
orresponds to ��S = 14 ± 8 J/(mol K). The relatively small
alue of ��S reflects the structural similarity between the
hloromethylphenol and the reference acids.

.4. Enthalpy of formation of m-quinomethane

The enthalpy of formation of 2b can be calculated by using
he relationship shown in Eq. (5). Although the enthalpy of for-
ation of 3-(chloromethyl)phenol, �Hf,298(HOC6H4CH2Cl),

as not been measured previously, it can be reliably estimated
y assuming that difference in the enthalpies of formation of
-(chloromethyl)phenol and m-cresol is the same as that for
enzylchloride and toluene. The assumption is supported at
he B3LYP/6-31G* level of theory, as the enthalpy of the reac-
ion shown in Eq. (7) is calculated to be 0.5 kJ/mol. Thus, the
nthalpy of formation of 3-(chloromethyl)phenol is estimated to
e −165 ± 4 kJ/mol. The enthalpy of formation of 2b, calculated
y using Eq. (5), is 166 ± 13 kJ/mol.

(7)

. Discussion

.1. Enthalpy of formation of 2b

The relative dissociation energies of 4a–c shown in Table 1
redominantly reflect the relative stabilities of neutral products
a–c. Formation of the more stable, closed-shell neutral products
equires a much lower dissociation energy than formation of
he triplet diradical. Previous studies of the �,�-m-phenylene
iradicals 1b [40] and 3b [39] have found that their enthalpies of
ormation are generally consistent with the values predicted by
ond additivity. The bond additivity estimation for the enthalpy
ormation of 2b is illustrated in Eq. (8). Assuming that the O–H
nd �-C–H bonds in m-cresol have the same values as those in
henol (371 ± 3 kJ/mol) [62] and toluene (375.3 ± 2.5 kJ/mol)
63], respectively, the enthalpy of formation of 2b is predicted
o be 173 ± 6 kJ/mol, which agrees with the measured value of
66 ± 13 kJ/mol. The agreement between the measured enthalpy
f formation of 2b and the bond additivity estimate indicates
hat intersystem crossing is rapid during the nominally spin-
orbidden reaction.
(8)
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.2. Structures of 2- and 4-(chloromethyl)phenoxide ions

The acidities of 2- and 4-(chloromethyl)phenol have not been
easured in this work because the structures of the conjugate

ase anions are not necessarily well defined. Although they may
ave the chloromethyl-substituted phenoxide ion structure, as
eflected in the structure of 4a, the low-dissociation energies
or loss of chloride are in the range of those weakly bound
luster ions [59,64]. Linnert and Riveros [44] have reported
hat ion–benzyne complexes can be formed by deprotonation
f bromo- and iodobenzene.

Electronic structure calculations support the assessment of 4a
nd 4c as halide–diradical complexes. At the B3LYP/6-31 + G*

evel of theory, the ion–diradical complexes, 5a and 5c, are found
o have 298 K enthalpies that are 1 kJ/mol higher and lower than
he phenoxide structures, respectively. More importantly, the
alculated 298 K free energies of 5a and 5c are ∼3 kJ/mol lower
han those of the phenoxide ions. The phenoxide ions themselves
ven exhibit properties that suggest a halide/diradical complex.
or example, the C–Cl bonds in 4a and 4c are calculated to
e 1.99 and 2.55 Å, significantly longer than the correspond-
ng bond length in 4b, 1.89 Å. Similarly, the Mullikin charge
ensities indicate that the negative charge in the ions is located
n the chloride ions, and not on the phenoxyl oxygen. There-
ore, it is not surprising that the ion prefers to adopt a structure
here the ion has completely dissociated from the aromatic �

ystem.

. Conclusions

The enthalpy of formation of the m-quinomethane biradi-
al has been determined by using a thermochemical cycle that
ombines acidity measurements and energy-resolved collision-
nduced dissociation. The measured enthalpy of formation,
66 ± 13 kJ/mol, agrees with the value predicted by bond addi-
ivity, as expected for the triplet diradical. The halide bond
issociation energies for the 2- and 4-(chloromethyl)phenoxide
ons are much lower than that for the meta-isomer, consis-
ent with the expected differences in stabilities of the neutral
roducts. The low halide binding energies and computational
tudies suggest that the 2- and 4-(chloromethyl)phenoxide ions
ave unusually long C–Cl bonds, and may actually exist as
alide–diradical complexes.
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