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Abstract

The enthalpy of formation of m-quinomethane has been determined by energy-resolved collision-induced dissociation measurements involving
chloro-substituted phenoxide ions. The chloride affinity of m-quinomethane is measured to be 202 4 9 kJ/mol, whereas the chloride affinities of
o- 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
non-Kekule structures. Combination of the dissociation energy of the meta-isomer with the gas-phase acidity of 3-(chloromethyl)phenol, measured
by using the kinetic method to be 1432 4 6 kJ/mol, results in an enthalpy of formation of 166 £ 13 kJ/mol for the m-quinomethane diradical. The
measured value agrees with that predicted by bond additivity. The low bond dissociation energies for the o- and p-isomers, along with electronic
structure 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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1. Introduction

Quinones (1), quinomethanes (2) and quinodimethanes (3)
are substituted aromatic molecules that differ by the presence
of oxygen atoms or methylene groups [1].

&Y@g&

a
1: X=Y=0

2: X=0,Y=CH
3: X=Y=CH,

These didehydro-substrates, which result from homolytic
cleavage of aromatic O-H and C-H bonds in hydroquinones,
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cresols and xylenes, respectively, are interesting for both prac-
tical and fundamental reasons. For example, quinones occur
widely in nature and are found in a variety of pigments and
medicines [2,3]. They play significant roles in photochemical
processes, oxidation—reduction reactions, photosynthesis and
are precursors for synthetic transformations [4,5]. In addition,
alkylated quinones, such as 2¢, have been discovered to play
important roles in biochemical processes, such as protein and
DNA alkylation [6], and quinomethanes, 2, are critical reactive
intermediates formed in the biotransformation of lignin and cer-
tain anticancer or antibiotic drugs [7-11]. As benzylic precursors
[12], quinomethanes are extremely useful in organic synthesis
because they can be exploited for carbon—carbon bond formation
or in reactions with nucleophiles [7,13-16]. Due to their ability
to act as Michael acceptors [6] they can cause harmful effects in
vivo, including immunotoxicity, cytotoxicity and carcinogene-
sis [17,18]. For example, butylated hydroxytoluene undergoes
oxidation by an isoform of Cyt P450 in the lung cells, and the
hydroxylated structure can be modified into a reactive interme-
diate that can undergo covalent binding, leading to cytotoxicity
[19].
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Scheme 1.

The ortho- and para-isomers of quinomethane (2a, 2¢) are
examples of Kekule structures, where resonance forms can be
drawn in which all the electrons can be paired. Conversely, m-
quinomethane (2b) is a non-Kekule structure, because it is not
possible to draw a resonance structure in which all the electrons
are paired (Scheme 1). 0-Quinomethane, 2a, its substituted ana-
logues, and p-quinomethane, 2¢, have closed-shell electronic
structures and are well known in condensed-phase synthetic
chemistry [7,20-28]. Similarly, 2b has been characterized by
UV-vis optical absorption spectroscopy [29] and electron para-
magnetic resonance (EPR) spectroscopy [30,31]. In addition,
2b undergoes cycloaddition reaction with dienes, presumably
through a zwitterionic, monocyclic, singlet reactive intermedi-
ate [32]. The meta-diradical can be generated by photochemical
or thermal ring cleavage of 6-methylenebicyclo[3.1.0]hex-3-en-
2-one [29].

Simple methods have been developed in order to predict the
electronic ground states of molecules like 1-3 [33-37]. In all
cases, the ground states for the Kekule isomers are predicted to
be singlets, whereas those for the non-Kekule, mera-isomers are
predicted to be triplets. The singlet ground states of the ortho-
[25] and para-isomers [28] are well established for 1-3 [1].
Triplet ground states have been confirmed for 1b and 3b, and
the spectroscopic data and reactivity of 2b are consistent with
the presence of a triplet ground state, as well [29,32].

The differences in the electronic properties of the ground
states of the ortho-, meta- and para-isomers are reflected in their
thermochemical stabilities. Enthalpies of formation for many of
the species have been measured by using mass spectrometric
methods. For example, Hehre and co-workers [38] determined
the enthalpies of formation of 3a and 3¢ by bracketing the energy
for proton transfer from the methyl-substituted benzyl cations
(Egs. (1a) and (1b)) [38].

H2+ H,
CH;, CH,
+ B —» + BH
3a (1a)
Hs H,
zb +B —>» [b + BH'
CH; CH,
3¢ (1b)

By using the bracketed proton affinity values along with the
enthalpies of formation of the benzyl cations, the heats of for-
mation of 3a and 3¢ were determined to be 209 and 222 kJ/mol,
respectively [38]. The measured energies for 3a and 3c are
more than 100 kJ/mol lower than that for m-xylylene, 3b, which
was determined by Hammad and Wenthold [39] by using a
combination of ion proton affinity and energy-resolved CID
measurements. Similarly, Kass and co-workers [40] measured
the energy of formation of m-quinone, 1b, and found it to be
28.5 kJ/mol, whereas the enthalpies of formation for the ortho-
and para-isomers are —96.7 and —115.9 kJ/mol [16].

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

H3+ H»
OH 0]
+B —>» + BH
2a (2a)
Hy
+B —> + BH'
0
2 (2b)
CH
+ Cl™
(w' .
meta . CI-
CHCI \ (-:Hz
4 para
a: ortho ) _
b: meta +Cl
c: para

Scheme 2.
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The enthalpy of formation of m-quinomethane (2b) has been
measured by combining the energy for halide loss with the
gas-phase acidity of 3-chloromethylphenol. The dissociation
energies of the 2- and 4-chloromethylphenoxide ions are much
lower than that for the meta-isomer, consistent with the forma-
tion of highly stable products. Electronic structure calculations
indicate significant lengthening of the C—CI bond lengths in the
ions of the ortho- and para-substituted phenoxide ions, suggest-
ing that the ions might be better described as “halide—biradical
complexes” [44].

2. Experimental

All experiments were carried out in a flowing afterglow-
triple quadrupole instrument that has been described elsewhere
[45,46]. The primary reactant ion, F~ was prepared by
70eV electron ionization of fluorine gas (5% in He). The
ions are carried by helium buffer gas (0.400Torr, flow
(He) =190 STP cm?/s) through the flow tube (1 m x 7.3 cm)
where they are allowed to react with neutral reagent vapors,
added through micrometering or leak valves. The ions in the
flow tube undergo ~103 collisions with the helium buffer gas
before being extracted from the flow tube through a 1 mm sam-
pling orifice, where they are focused into a triple quadrupole
analyzer.

Energy-resolved mass spectrometry experiments are carried
out by selecting ions with the desired mass-to-charge ratio
by using the first quadrupole and injecting them into the sec-
ond quadrupole (g2, radio frequency only) where they undergo
collision-induced dissociation with argon or neon target, using
neon for reactions with very low dissociation energies. Product
ions are mass analyzed with the third quadrupole and detected
with a channeltron electron multiplier operated in pulse counting
mode. The collision energy of the primary ion in q2 was varied
and fragment ion intensities were monitored as a function of q2
rod offset voltage to yield energy-resolved mass spectra, with the
energy zero determined by using retarding potential analysis.

Cross-sections for CID, o, were calculated using /1, = oNI,
where [ and I, are the intensities of the product and reactant
ions, respectively, N the number density of the target and [ is
the effective collision path length. The effective path length
was measured to be 24 &4 cm [46] by using the reaction of
Art + Dy — ArD* 4+ D [47]. Cross-sections are measured at sev-
eral different pressures ranging from 0.075 to 0.200 mTorr, and
extrapolated to zero pressure, corresponding to single collision
conditions.

2.1. Data analysis

Energy-resolved cross-sections were modeled with the
expression shown in Eq. (3) [48,49], where E is the center-of-
mass collision energy of the reactant ion, g; the fraction of the
ions with internal energy E;, Ey the threshold energy for disso-
ciation, n the parameter that reflects the energy deposition in the
collision [50] and o is a scaling factor. Also convoluted into the
fit were the ion kinetic energy distributions, approximated as a
Gaussian function with a 1.5 eV (laboratory frame) full-width at

half-maximum, and a Doppler broadening function to account
for motion of the target gas. The factor P; is the probability for
ion dissociation, calculated from RRKM theory. A loose, orbit-
ing transition state was assumed for the process, corresponding
to the phase space limit [51,52], with the constants calculated
by using the calculated properties of the products.

Pigi(E + E; — Eo)"
0(E)=6()Z gi( +E 0) 3)

The data are modeled by adjusting the parameters to corre-
spond with the steeply rising portion of the appearance curve
directly above the onset. Data analysis and modeling of the
cross-sections were carried out using the CRUNCH 5 pro-
gram developed by Armentrout and co-workers [47-49,51,52].
Modeled threshold energies, Ey, are 0 K AE values and were
converted to 298 K bond dissociation enthalpies by using the
integrated heat capacities of reactants and products, obtained
from electronic structure calculations. Uncertainties in enthalpy
values were calculated by statistical combination of the standard
deviation of values obtained from replicate experimental trials,
the uncertainty in the absolute energy scale for the experiment
(estimated to be 0.15 eV laboratory frame), and a contribution
due to uncertainty in the transition state model. The uncertainty
in the transition state was estimated as the change in dissoci-
ation energy when raising and lowering the frequencies of the
transition state so to cause a 8 J/(mol K) change in the activa-
tion entropy for the reaction. A contribution is also included to
account for uncertainty in the chosen fitting range of the data,
which is estimated by finding the effect on the data.

2.2. Computational methods

Geometries, absolute energies, vibrational frequencies and
enthalpies for isomers of chloromethyl phenoxides were calcu-
lated using density functional theory (B3LYP), using Gaussian
03 [53].

2.3. Materials

The 3-(chloromethyl)phenol was prepared by demethyla-
tion of the commercially available methyl ether by reaction
with 1.0M BBr3 [54]. The 2-(chloromethyl)phenyl and 4-
(chloromethyl)phenyl acetates were obtained from commercial
sources and used as supplied. Liquid samples were degassed by
successive freeze—pump—thaw cycles prior to use. Helium was
purified via a liquid nitrogen trap containing molecular sieves.
Gas purities are as follows: He (99.995%), Fa (5% in helium),
Ar (99%), Ne (99%).

3. Results

In this section, we describe the measurements of the
dissociation energies for loss of chloride from o-, m- and
p-chloromethylphenoxide ions, and the determination of the
enthalpy of formation of m-quinomethane.
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3.1. Ion generation

The o- and p-chloromethyl phenoxide ions were gener-
ated by chemical ionization of the corresponding acetates by
F~. The phenoxide ions are presumably formed by an addi-
tion/elimination reaction at the carbonyl, as shown for the
ortho-isomer in Eq. (4), or an E2 elimination to form ketene
and HF. Both reactions are estimated to be highly exothermic
[55]. The addition/elimination reaction is more exothermic than
E2 elimination (A H =~ — 150 kJ/mol for the addition/elimination
process and —60 kJ/mol for the E2 reaction), whereas the E2
reaction is entropically favored.

ﬁ FQ ‘ 0
A ~cn, /('\(,H3 _
CICH; (71(‘H_\(5 (~I(1H!\é
+ FF—> — + ,ﬁ\
H;C F
4a (4)

The 3-(chloromethyl)phenoxide ion was formed directly by
deprotonation of 3-(chloromethyl)phenol using F~ as the base.
Chloride anion is also observed as a product in the ioniza-
tion, with an intensity that is ~5% of that of the phenoxide
ions for the meta-isomer and ~15% for the ortho- and para-
isomer.

3.2. CID of phenoxide ions

Chloride is the only product observed upon CID of the
chloromethylphenoxide ions, 4a—c. Energy-resolved cross-
sections for the formation of chloride are shown in Fig. 1.
Because the dissociation energies of 4a and 4c¢ were very low,
neon was used as the target for the CID of those ions. CID of
4b was carried out using argon as the collision target. In the
center-of-mass frame of reference, the threshold energies for
formation of chloride 4a and 4c are essentially the same, and
are much lower than that for 4b, consistent with the expected
relative stabilities of products 2a—c. Modeling the data by using
the procedures described in Section 2 gives the parameters listed
in Table 1. In particular, the 298 K dissociation enthalpies are

Cl-

Cross Section, A’
~ w

—

4.' 0 6:0
Collision Energy (center-of-mass), eV

0.0 2.0

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

Table 1
Modeling parameters obtained from fits of CID cross-sections in Fig. 1

Chloromethyl ASt (J/(mol K))?

phenoxide ion

AHzgg (kJ/mol) n

ortho-, 4a 57+5 1.5+0.1 57
meta-, 4b 202 £ 9 1.2 £ 0.1 48
para-, 4¢ 57+5 1.1 £0.1 48

! Standard notation for activation entropy.
2 Activation entropy at 1000 K.

found to be 57 &5, 20249 and 57 & 5kJ/mol for 4a, 4b and
4c, respectively.

3.3. Acidity of 3-(chloromethyl)phenol

Although the dissociation energies reflect the general ther-
mochemical properties of the products being generated, they
also reflect the differences in the stabilities of the anions,
as determined by the gas-phase acidities of the neutral phe-
nols. The thermochemical relationship between dissociation
energy (AHxn(OC¢H4CH,>—C17)), gas-phase acidity (AHjciq),
and product enthalpy of formation is shown in Eq. (5). As such,
Eq. (5) can be used to determine the enthalpy of formation
of the quinomethanes, AH293(OCgH4CHy), if the gas-phase
acidity of the neutral precursor, HOC¢H4CH>Cl, is known.
In this work, we have measured the gas-phase acidity of 3-
(chloromethyl)phenol, with which the enthalpy of formation of
2b can be determined. Unfortunately, weak chloride binding in
ions 4a and 4¢ make gas-phase acidities measurements for 2-
and 4-(chloromethyl)phenol impractical.

AHy 298(0C¢HsCHy)
= AHxn(OCsH4CH—CI7) + AH,iq(HOCgH4CH,Cl)
+ AHf 298(HOC¢H4CH,Cl) — A H g (HCI)
— AHg 293(HCI) (5)

The gas-phase acidity of 3-(chloromethyl)phenol was deter-
mined by using the kinetic method, developed by Cooks
and co-workers [56,57]. Proton-bound dimers of 4b with a
series of references, HB;, were subjected to CID over an
energy range of 3—5.5 eV (center-of-mass frame). At any given
energy, the relationship between the measured branching ratio,
rg =I(B;7)/I(RC17), and the difference in the gas-phase acidities
of 3-(chloromethyl)phenol, AH,:q(HRCI), and the reference,
AH,a(HB;), is given by Eq. (6), where T g is the effective
temperature at the dissociation energy and A AS is the difference
in the activation entropies for the two dissociation channels.

A Hyeid(HRCI) — A Hyeig(HB;) + AAS

lan = (6)
RTet g

A plot of Inrg versus AH,q(B;) at energy E has a slope
mg=—1/RTer and an intercept yg=(AHucia(HRCI)/RT) +
(AAS/R). The gas-phase acidity of 3-(chloromethyl)phenol is
obtained from a second regression plot of yg versus —mg, which
has a slope of AH(HRC) and an intercept AAS/R. As noted by
Armentrout [58], the slope and intercept of the first regression
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plot are strongly correlated. The correlation can be eliminated
by plotting the Inrg values versus AHyia(B;) — AHgcig(avg),
where AH,q(avg) is the average gas-phase acidities of the ref-
erence acids. In this formulation, the slope of the second plot is
AHycig(HRCD) — AHycig(avg).

The measured branching ratios over the energy range
considered are shown in Fig. 2a. The references used in this
work include 3-fluorophenol (AH,:q= 1438+ 8.8 kJ/mol),
4-fluorophenol (AH,ciq =1451 % 8.8 kJ/mol), 3-chlorophenol
(AHgycig=1431+£15kJ/mol) and 4-chlorophenol (AH,q=
1436 = 8.8kJ/mol) [59]. The references were chosen
because they have acidities similar to that expected for
3-(chloromethyl)phenol and because they do not have any
substituents in the ortho-positions that would sterically affect
the structure of the proton bound dimer, thereby minimizing
the significance of AAS. Representative plots of Inrg versus
AHyia(B;) — AHycg(avg) at collision energies 3, 4 and SeV,
are shown in Fig. 2b. The slopes of the lines imply effective
temperatures of 580, 770 and 990K at 3, 4 and 5 eV, respec-
tively. The second regression plot, along with a linear fit to
the data, is shown in Fig. 2c. The linear fit has a slope of
—7 £4kJ/mol, where the uncertainty includes the statistical

(a) *
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Fig. 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 In 7 vs. AH,¢ia(B;) — AHacia(avg) at collision energies
3,4 and 5eV (center-of-mass frame of reference); (c) second regression plot to
determine the gas-phase acidity.

error of the linear fit and an estimated 50% uncertainty in the
measured effective temperature at each energy [60,61]. The
average acidity of the references, AHgcq(avg), is 1439+ 7,
where the uncertainty assumes that half of the uncertainty in
the reference acidities is an absolute uncertainty and half is
random uncertainty. The measured slope, when combined with
AHyiq(avg), gives a gas-phase acidity value of 1432 £ 8 kJ/mol.
The intercept of the second regression plot is —1.7 £ 0.9 which
corresponds to AAS=14+8J/(molK). The relatively small
value of AAS reflects the structural similarity between the
chloromethylphenol and the reference acids.

3.4. Enthalpy of formation of m-quinomethane

The enthalpy of formation of 2b can be calculated by using
the relationship shown in Eq. (5). Although the enthalpy of for-
mation of 3-(chloromethyl)phenol, AHt293(HOCsH4CH,CI),
has not been measured previously, it can be reliably estimated
by assuming that difference in the enthalpies of formation of
3-(chloromethyl)phenol and m-cresol is the same as that for
benzylchloride and toluene. The assumption is supported at
the B3LYP/6-31G" level of theory, as the enthalpy of the reac-
tion shown in Eq. (7) is calculated to be 0.5 kJ/mol. Thus, the
enthalpy of formation of 3-(chloromethyl)phenol is estimated to
be —165 &4 kJ/mol. The enthalpy of formation of 2b, calculated

by using Eq. (5), is 166 &£ 13 kJ/mol.
HO CH,Cl
-
(N

"Hy
HO CH;
+

4. Discussion

H.Cl

—>

4.1. Enthalpy of formation of 2b

The relative dissociation energies of 4a—c shown in Table 1
predominantly reflect the relative stabilities of neutral products
2a-—c. Formation of the more stable, closed-shell neutral products
requires a much lower dissociation energy than formation of
the triplet diradical. Previous studies of the r,m-m-phenylene
diradicals 1b [40] and 3b [39] have found that their enthalpies of
formation are generally consistent with the values predicted by
bond additivity. The bond additivity estimation for the enthalpy
formation of 2b is illustrated in Eq. (8). Assuming that the O—H
and a-C-H bonds in m-cresol have the same values as those in
phenol (371 &3 kJ/mol) [62] and toluene (375.3 £ 2.5 kJ/mol)
[63], respectively, the enthalpy of formation of 2b is predicted
to be 173 £ 6 kJ/mol, which agrees with the measured value of
166 + 13 kJ/mol. The agreement between the measured enthalpy
of formation of 2b and the bond additivity estimate indicates
that intersystem crossing is rapid during the nominally spin-
forbidden reaction.

OH 0° 0°
H -H
—> —>
(371 (375.3)
CH, CH;

S s)
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4.2. Structures of 2- and 4-(chloromethyl)phenoxide ions

The acidities of 2- and 4-(chloromethyl)phenol have not been
measured in this work because the structures of the conjugate
base anions are not necessarily well defined. Although they may
have the chloromethyl-substituted phenoxide ion structure, as
reflected in the structure of 4a, the low-dissociation energies
for loss of chloride are in the range of those weakly bound
cluster ions [59,64]. Linnert and Riveros [44] have reported
that ion—benzyne complexes can be formed by deprotonation
of bromo- and iodobenzene.

i

H H H C
R
Yr
H H H H-~"
\
C —
H/ \H_ —CI
5¢ Sa

Electronic structure calculations support the assessment of 4a
and 4c as halide—diradical complexes. At the B3LYP/6-31 +G"
level of theory, the ion—diradical complexes, S5a and Sc, are found
to have 298 K enthalpies that are 1 kJ/mol higher and lower than
the phenoxide structures, respectively. More importantly, the
calculated 298 K free energies of S5a and Sc are ~3 kJ/mol lower
than those of the phenoxide ions. The phenoxide ions themselves
even exhibit properties that suggest a halide/diradical complex.
For example, the C—Cl bonds in 4a and 4c are calculated to
be 1.99 and 2.55 A, significantly longer than the correspond-
ing bond length in 4b, 1.89 A. Similarly, the Mullikin charge
densities indicate that the negative charge in the ions is located
on the chloride ions, and not on the phenoxyl oxygen. There-
fore, it is not surprising that the ion prefers to adopt a structure
where the ion has completely dissociated from the aromatic
system.

5. Conclusions

The enthalpy of formation of the m-quinomethane biradi-
cal has been determined by using a thermochemical cycle that
combines acidity measurements and energy-resolved collision-
induced dissociation. The measured enthalpy of formation,
166 + 13 kJ/mol, agrees with the value predicted by bond addi-
tivity, as expected for the triplet diradical. The halide bond
dissociation energies for the 2- and 4-(chloromethyl)phenoxide
ions are much lower than that for the meta-isomer, consis-
tent with the expected differences in stabilities of the neutral
products. The low halide binding energies and computational
studies suggest that the 2- and 4-(chloromethyl)phenoxide ions
have unusually long C—Cl bonds, and may actually exist as
halide—diradical complexes.
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