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Abstract
Several lignin model compounds were examined to test whether gas-phase ion–molecule
reactions of trimethylborate (TMB) in a FTICR can be used to differentiate the ortho-, meta-, and
para-isomers of protonated aromatic compounds, such as those formed during degradation of
lignin. All three regioisomers could be differentiated for methoxyphenols and hydroxyphenols.
However, only the differentiation of the ortho-isomer from the meta- and para-isomers was
possible for hydroxyacetophenones and hydroxybenzoic acids. Consideration of the previously
reported proton affinities at all basic sites in the isomeric hydroxyphenols, and the calculated
proton affinities at all basic sites in the three methoxyphenol isomers, revealed that the proton
affinities of the analytes relative to that of TMB play an important role in determining whether and
how they react with TMB. The loss of two methanol molecules (instead of one) from the adducts
formed with TMB either during ion–molecule reactions, or during sustained-off resonance
irradiated collision-activated dissociation of the ion–molecule reaction products, revealed the
presence of two functionalities in almost all the isomers. This finding supports earlier results
suggesting that TMB can be used to count the functionalities in unknown oxygen-containing
analytes.
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Introduction

Isomeric compounds often exhibit different physical and
chemical properties. Hence, differentiation of isomers is

an important problem, and especially challenging when the
isomers are components of a complex mixture. Mass
spectrometry is the method of choice for analysis of complex

mixtures, such as lignin degradation products formed during
the development of biofuels, since the analysis can be done
without isolating and purifying the mixture components.
However, mass spectrometric differentiation of isomers is
often problematic since they have exactly the same molec-
ular weight, and their fragmentation pathways are often
similar. Hence, isomer differentiation by mass spectrometry
is commonly based on abundance differences of dissociation
products [1, 2]. However, occasionally, unique fragmenta-
tion patterns have been observed for isomers [3].
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In contrast to gas-phase dissociation reactions, gas-phase
ion–molecule reactions provide a powerful technique for
obtaining structural information for isomers [4–15]. Most
often these experiments involve using an ionized reagent to
probe the structure of a neutral analyte. Among many other
reagents, ionized boron and phosphorus reagents have been
demonstrated to be useful in the identification of isomers.
For example, reactions of protonated trimethylborate (TMB)
and its complexes, (2TMB+H – CH3OH)

+ and (2TMB+H)+,
have been shown to allow differentiation of some neutral
isomeric cyclic glycols and mono- and disaccharides [14].
Phosphenium ions have been employed to distinguish neutral
diastereomeric hydroxysteroids, cyclic vicinal diols and
cis- and trans-1,2-diaminocyclohexanes [16–18].

In contrast to the above approach, differentiation of
ionized isomeric analytes by using neutral reagents has
received less attention, in spite of the fact that methods that
involve nearly simultaneous evaporation and ionization of
the analyte, such as matrix-assisted laser desorption ioniza-
tion and electrospray ionization, have become common. An
example of this approach involves the use of reactions of
neutral TMB with deprotonated phosphorylated carbohy-
drates, followed by CAD, to determine the position of the
phosphate group in the carbohydrates [19, 20]. This work
has been further expanded for the quantification of isomeric
mixtures of phosphorylated hexose and N-acetylhexosamine
monosaccharides [21]. Further, hydroiodic acid has been
reported to attach to neutral basic sites in polypeptide ions in
the gas phase. These reactions can be used to determine the
number of neutral basic sites, including lysine, arginine,
histidine and N-termini [22–24]. Neutral reagents have been
developed for the identification of epoxy, N-oxide, amido,
hydroxy, ether, ester, and keto functionalities in protonated
mono- and polyfunctional analytes, thus facilitating isomer
differentiation [4–15, 25–34]. For example, (N,N-diethyla-
mino)dimethylborane can be used to identify the protonated
amido functionality [28].

In the work presented here, the utility of TMB was tested
in the differentiation of protonated aromatic regioisomers in
a Fourier transform ion cyclotron resonance (FTICR) mass
spectrometer. TMB was chosen as the neutral reagent for
this study since it has been found to be a useful reagent in
earlier studies on ion–molecule reactions of protonated
analytes. Four sets of isomeric model compounds related to
lignin were examined.

Experimental
The experiments were performed in two different dual-cell
FTICR instruments, an Extrel Model FTMS 2001 and a
Finnigan model FTMS 2001, each equipped with an
Odyssey data station. These instruments contain a dual cell
consisting of two identical 2-in. cubic cells separated by a
conductance limit plate. The conductance limit plate has a
2-mm hole in the center for the transfer of ions from one side

into the other. The conductance limit plate and the two end
trapping plates were maintained at +2.0 V in both the
instruments unless otherwise stated. In the Extrel FTMS
2001 mass spectrometer, the dual cell is aligned collinearly
with the field of a 3 T superconducting magnet operated at
~2.7 T, and it is differentially pumped by two Balzers
turbomolecular pumps (330 L/s), each backed by an Alcatel
2012 mechanical pump. In the Finnigan FTMS 2001 mass
spectrometer, the dual cell is aligned collinearly with the
field of a 3 T superconducting magnet, and it is differentially
pumped by two Edwards Diffstak 160 diffusion pumps
(700 L/s), each backed by an Alcatel 2012 mechanical
pump. A nominal baseline pressure of less than 1×10–9

Torr was measured for both instruments by Bayard-
Alpert ionization gauges located on each side of the dual
cells. Liquid samples were introduced into the instru-
ments either by using a batch inlet system equipped with
Andonian leak valves or via a Varian leak valve. In the
Extrel FTMS 2001 mass spectrometer, a manual solids
probe was used to introduce solid samples into the
instrument, whereas in the Finnigan FTMS 2001 mass
spectrometer, an automatic solids probe was used to
introduce solid samples.

All chemicals were purchased from the Sigma-Aldrich
Company and used without further purification. The analytes
were protonated by self-chemical ionization (self-CI). This
was achieved by allowing the fragment ions and the
molecular ion generated upon electron ionization (EI) of
the neutral analyte react with the neutral analyte for a certain
period of time (1–8 s). Typical ionization parameters were
0.03–2.0 s electron beam time, 25–70 eV electron energy,
and 8.0 μA filament current. Nominal base pressure of the
neutral reagents varied between 4.0×10–8 and 6.0×10–8

Torr, as measured by the ion gauges. All the ions in the other
side of the dual cell were removed prior to ion transfer by
changing the remote trapping plate voltage from +2.0 V to –
2.0 V for 12 ms. The protonated analyte was transferred into
the other cell by grounding the conductance limit plate
(95–125 μs). The transferred ions were cooled for about one
second by allowing IR emission [35] and by collisions with
argon present at about 10–5 Torr. The protonated analyte was
isolated by using a stored-waveform inverse Fourier trans-
form [36, 37] (SWIFT) excitation pulse to eject all unwanted
ions, and allowed to react with TMB (reaction times were
from 0.05 to about 500 s).

Some of the reaction products were further probed by
SWIFT isolation followed by off-resonance irradiated
collision-activated dissociation (SORI-CAD) [38]. SORI-
CAD experiments utilized off-resonance excitation of the
isolated ion at a frequency ±1000 Hz off the cyclotron
frequency of the ion. This experiment was carried out for
about 1 s in the presence of an inert gas (~10–5 Torr of argon).

During the ion–molecule reactions, the neutral reagent
(TMB) was present at a constant pressure and its concen-
tration was in excess of that of the reactant ions. Hence,
these reactions follow pseudo-first order kinetics, which
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allows for the derivation of the second-order reaction
rate constants (kexp) from semilogarithmic plots of the
relative abundances of the reactant ions versus reaction
time and the concentration of the neutral reagent [16–
18]. This concentration was determined from the
measured pressure change when the neutral reagent
was introduced into the instrument. The uncertainty in
the pressure readings of the ion gauge used in this study
was corrected by measuring the rate of the highly
exothermic electron-transfer reaction between argon
radical cation and the neutral reagent (TMB). It can be
assumed that this reaction proceeds at the collision rate
(kcollision), which can be calculated [39–42]. Any
reaction occurring at collision rate has 100% efficiency.
Hence, this measurement yielded a correction factor for
the pressure readings. The accuracy of the measured rate
constants is estimated to be about 50%, with the
precision estimated to be better than 10%.

The theoretical collision rate constants (kcoll) were
obtained by using a parameterized trajectory theory
[39–42]. The efficiency of each reaction (the fraction of
collisions that leads to reaction) is given by kexp/kcoll.

After reactions, all ions were excited for detection by
using chirp excitation at a bandwidth of 2.7 MHz, amplitude
of 124 Vp-p and a sweep rate of 3200 Hz μs–1. Background
spectra were recorded by removing the ion of interest by
SWIFT ejection prior to reaction or SORI-CAD. All the
spectra were background corrected by subtracting the back-
ground spectra from the reaction spectra. All spectra were
recorded as 128 k data points and by using one zero-fill prior
to Fourier transform.

All theoretical energies reported in this work were
calculated with Gaussian 03, Revision C.02, suite of
programs [43]. Geometry optimizations and vibrational
frequency calculations were performed using density func-
tional theory at the B3LYP/6-31G(d) level. The PAs of the
analytes were calculated by using protonated methanol or
benzene (depending on the protonation site in the analyte;
methanol was used for protonation on an oxygen atom and
benzene for a carbon atom) as the Brønsted acid in an
isodesmic reaction scheme. In order to validate the chosen
level of theory, benzene was used as the reference to
calculate the PA of phenol (carbon 4 in the ring was
identified as the most basic site) to be 194.4 kcal/mol,

which is in an excellent agreement with the known
experimental value (195.3 kcal/mol). The same was found
to be true for anisole, whose calculated PA (at the most
basic site, carbon 4 in the aromatic ring) is 198.7 kcal/
mol, while the known experimental value is 200.7 kcal/
mol. All stationary points were confirmed to have the
correct number of imaginary frequencies by vibrational
analysis. All theoretical energies are presented at 0 K and
include zero-point vibrational energy corrections.

Results and Discussion
Reactions of Protonated Regioisomers with TMB

Reactions of TMB with several protonated regioisomeric
lignin model compounds, i.e., methoxyphenols, hydroxy-
phenols, acetophenones, and hydroxybenzoic acids, were
studied in a FTICR mass spectrometer. Almost all of the
protonated analytes studied react with TMB by addition/
methanol elimination (referred to as derivatization of a
functionality), or addition/elimination of two methanol
molecules (referred to as double derivatization). The
mechanism of these reactions is likely the same as that
proposed earlier for the reactions of protonated oxygen-
containing analytes with boron reagents [15]. Hence, the
first step involves proton transfer from the protonated
analyte to the basic methoxy group of TMB. This is
followed by addition of the now-neutral analyte to the boron
atom in protonated TMB, and elimination of a methanol
molecule (Scheme 1). The derivatized analytes can be easily
identified based on the unique boron isotope ratio (25% of
10B relative to 11B). ortho-Isomers of all of the analytes
studied showed different reactivity from their meta- and
para-isomers. For methoxyphenols and hydroxyphenols, all
the regioisomers display different reactivity and can be
distinguished. These analytes will be discussed first.

Differentiation of Regioisomers of Protonated
Methoxyphenols and Hydroxyphenols

Methoxyphenols

Regioisomeric methoxyphenols produce similar electron
ionization mass spectra. Previously, they were differentiated

Scheme 1.
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by gas-phase reactions with iron(I) ion in an FTICR mass
spectrometer [45]. However, this method requires special-
ized equipment that is not commercially available. In this
study, protonated ortho-methoxyphenol was found to react
with one molecule of TMB via addition and elimination of
two methanol molecules, which leads to the derivatization of
both functional groups in this analyte. However, the para-
isomer consumes two molecules of TMB for complete
derivatization (elimination of a total of two methanol
molecules). The meta-isomer is unreactive toward TMB
(Table 1, Fig. 1). Hence, TMB can be used to distinguish
these three regioisomers.

In order to account for the differences in reactivity
observed for the three protonated methoxyphenol isomers,
molecular orbital calculations were performed to estimate
the proton affinities (PA) of each basic site in the three
isomers at the B3LYP/6-31 G(d) level of theory (Fig. 2;
Table 2). These calculations predict that these aromatic
analytes are protonated at the ring, not a heteroatom. For all
isomers, protonation at any of the carbons was found to be
more favorable than protonation at the methoxy group (with
one exception: protonation at the 3-position in the ring of
meta-methoxyphenol is less favorable than protonation at the
methoxy group), which is more favorable than protonation
of the hydroxyl functionality.

The PA of the meta-isomer is about 13 kcal/mol higher
(208 kcal/mol) than that of TMB (195 kcal/mol [15]).
Hence, the lack of reactivity of this protonated regioisomer
toward TMB may be attributed to the large PA difference

between the two, which hinders the initial step of the
reaction sequence, proton transfer. Previous studies on
reactions of protonated amines and some protonated amides
with diethylmethoxyborane [15, 26–29, 34] suggested that
when the PA of the analyte is greater than that of DEMB, the
proton abstraction/nucleophilic addition becomes concerted
and takes place via a single transition state. Further, the
higher the PA of the analyte compared to that of the boron
reagent, the greater the energy of this transition state.

Though the PAs of the ortho- and para-methoxyphenols
[PA of ortho-: 200 kcal/mol; PA of para-: 197 kcal/mol;
calculated at the B3LYP/6-31 G(d) level of theory] are still
higher by 5 and 2 kcal/mol, respectively, than that of TMB
(195 kcal/mol), reactions were observed for these protonated
regioisomers. The energy gained upon formation of the
collision complex of the protonated analyte and TMB allows
these complexes to overcome the transition state of the
reaction. Complexation energies typically lie between 5 and
20 kcal/mol.

Schemes 2 and 3 depict the proposed mechanisms for the
derivatization of both the functional groups in protonated
ortho- and para-methoxyphenols. The reaction sequence
proposed for the ortho-isomer involves abstraction of a
proton from the ring of the ring-protonated isomer by TMB,
followed by nucleophilic addition of the analyte to the boron
center and elimination of a methanol molecule (Scheme 2).
The proximity of the two functional groups in this isomer
allows the second derivatization step to occur intramolecu-
larly. However, this is not the case for the para-isomer. The

Table 1. Derivatization Productsa (m/z Values and Formation Reactions) Formed in Reactions Between Protonated Regioisomers and TMB (PA=195 kcal/mol)

Analyte (m/z of (M+H)+) PA (kcal/mol) Product ions (m/z)a SORI-CAD of singly derivatized analyte

ortho-Methoxyphenol (125) 200b Adduct – CH3OH (197) N/Ac

Adduct – 2CH3OH (165)
meta-Methoxyphenol (125) 208b No reaction N/Ac

para-Methoxyphenol (125) 197b Adduct – CH3OH (197) N/Sd

Adduct+TMB – 2CH3OH (269)
ortho-Hydroxyphenol (catechol) (111) 197e Adduct – CH3OH (183) N/Sd

Adduct+TMB – 2CH3OH (255)
Adduct (215)

meta-Hydroxyphenol (resorcinol) (111) 205e Adduct – CH3OH (183) N/Sd

para-Hydroxyphenol (hydroquinone) (111) 193e Adduct – CH3OH (183) N/Sd

Adduct+TMB – 2CH3OH (255)
ortho-Hydroxyacetophenone (137) 214b No reaction N/Ac

meta-Hydroxyacetophenone (137) 207b Adduct – CH3OH (209) Adduct – 2CH3OH (177)
para-Hydroxyacetophenone (137) 211b Adduct – CH3OH (209) Adduct – 2CH3OH (177)
ortho-Hydroxybenzoic acid (139) Not available Adduct – CH3OH (211) N/Sd

Adduct+TMB – 2CH3OH (283)
Adduct+TMB – 3CH3OH (251)

meta-Hydroxybenzoic acid (139) Not available Adduct – CH3OH (211) Adduct – 2CH3OH (179)
Adduct – CH3OH – HOB(OCH3)2 (121)

para-Hydroxybenzoic acid (139) Not available Adduct – CH3OH (211) Adduct – 2CH3OH (179)
Adduct – CH3OH – HOB(OCH3)2 (121)

a Only derivatization products containing the most abundant 11B isotope are listed (all products observed also contain a 10B isotope present in an abundance of
25% relative to the most stable isotope)
b Calculated at the B3LYP/6-31G(d) level of theory
c N/A not applicable
d N/S not studied
e Reference [44]
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distance between its functionalities prevents an intramolec-
ular derivatization. Instead, the second derivatization
involves a second TMB molecule. The first derivatization
likely takes place at the hydroxyl group (Scheme 3) since
this leads to generation of an acidic hydrogen that can be
abstracted by the second TMB molecule, followed by the
second derivatization reaction. This mechanism is similar to
one proposed for the consecutive reactions of protonated
diols with TMB [15].

Hydroxyphenols

Differentiation of hydroxyphenol regioisomers has proven
challenging [46]. Hence, they provide a good test case for
the methodology discussed here. Each of the three proto-
nated hydroxyphenol regioisomers (protonated on the
benzene ring [44]; the ipso position was found to be
substantially less basic than the two most basic sites in each
molecule) react differently with TMB (Table 1). The ortho-
and para-isomers undergo complete derivatization via

reactions with two molecules of TMB, just like the para-
methoxyphenol. As mentioned above, the mechanism likely
involves proton abstraction by TMB followed by nucleo-
philic addition of the neutral analyte at the boron center with
a concomitant methanol loss. The derivatization of the first
hydroxyl group generates an acidic hydrogen, which gets
abstracted by a second TMB molecule, resulting in the
derivatization of the second hydroxyl group (just like for
para-methoxyphenol). Similar reactivity has been observed
[15] for protonated diols toward TMB and protonated
polyols toward diethylmethoxyborane [27]. The protonated
ortho-hydroxyphenol does not undergo a second derivatiza-
tion reaction with the first added TMB molecule. One
possible explanation may be the formation of an intra-
molecular hydrogen bond that stabilizes the first deriva-
tization product (Scheme 4). Instead of an intramolecular
proton transfer and second methanol elimination, a
proton is abstracted by a second molecule of TMB
(Scheme 4), leading to double derivatization. In addition
to the double derivatization, the ortho-isomer forms a
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Figure 1. Mass spectra measured after reactions of TMB (MW 104) with protonated ortho-, meta-, and para-methoxyphenols
for 18, 500, and 20 s. Different behavior is observed for each one of the isomers, thus aiding in their differentiation. The ion of
m/z 177 in the bottom spectrum appears to contain two boron atoms, and hence is likely to be either the (MH+ + 2B(OMe)3 –
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stable adduct with TMB, possibly as shown in Scheme 4.
This finding suggests that the stabilizing hydrogen bond
extends the lifetime of the adduct enough to allow
stabilization by emission of IR light. Formation of a
stable adduct was not observed for the para-isomer (or
any other analyte studied); hence, this allows the differ-
entiation of the ortho- and para-isomers.

In contrast to the ortho- and para-isomers, protonated
meta-isomer forms only the first derivatization product. The
lack of formation of the second derivatization product may
arise from the high PA of this analyte. The meta-isomer is
the most basic of the isomeric hydroxyphenols (PA 205 kcal/
mol [44]; Table 1). Since the PA of the meta-isomer is about
10 kcal/mol greater than that of TMB, the first derivatization
reaction is very slow (efficiency=~0.045%) compared, for

example, to the reaction of the protonated para-isomer
(efficiency ~33%). Hence, the formation of the doubly
derivatized analyte is likely to be too slow to be observed,
especially since the PA of the conjugate base of the singly
derivatized analyte is likely to be even greater than that of
the underivatized analyte.

Differentiation of the ortho-Isomers
from the meta- and para-Isomers of Protonated
Hydroxyacetophenones and Hydroxybenzoic Acids

Hydroxyacetophenones

Based on literature, ion–molecule reactions of the methoxy-
methyl cation with the three regioisomeric hydroxyaceto-
phenones allow the distinction of the ortho-isomer from the
other two [47]. It was of interest to examine whether a better
distinction can be achieved by the method discussed here.
Protonated meta- and para-hydroxyacetophenones react
with TMB to form a singly derivatized analyte while the
ortho-isomer is unreactive (Table 1). PA calculations at the
B3LYP/6-31G(d) level of theory yielded a PA of 214 kcal/
mol for the ortho-isomer (meta-: PA 207 kcal/mol; para-:
PA 211 kcal/mol; protonation occurs at the carbonyl
functionality). This value is about 19 kcal/mol greater than
that of TMB (PA 195 kcal/mol), which explains the lack of
reactivity of this isomer. The observation of reactivity for the
para- and meta-isomers, with PA of 211 and 207 kcal/mol,
respectively, but not for the meta-methoxyphenol discussed
above (PA 208 kcal/mol), is not clear at this time. It is
possible that the solvation energy provided by TMB to these
protonated hydroxyacetophenones is greater than for the
protonated meta-methoxyphenol, thus allowing for more
endothermic reactions to take place.

The meta- and para-hydroxyacetophenone isomers
undergo a single derivatization reaction with TMB. The
lack of a second derivatization indicates either that the
observed derivatization takes place at the carbonyl oxygen,
which does not lead to an acidic hydrogen needed for second
derivatization, or that the PA of the conjugate base of the
derivatized analyte is too high for proton transfer to a second
TMB molecule to occur. However, the singly derivatized
meta- and para-isomers lose a second molecule of methanol
upon collisional activation (SORI-CAD), thus undergoing
derivatization of the second functional group. The energy
deposited into the singly derivatized analyte during SORI-
CAD appears to be sufficient to break the B–O bond,
leading to the formation of a neutral meta- or para-
hydroxyacetophenone and a dimethoxyborenium ion. The
nucleophilic hydroxyl oxygen then may attack the electro-
philic boron in the dimethoxyborenium ion while these two
species are still in the collision complex, thus generating an
acidic hydrogen. This is followed by the migration of the
proton to one of the methoxy groups attached to the boron
center, leading to elimination of the second methanol
molecule (Scheme 5). Support for this mechanism was

Optimized structure for protonated ortho-methoxyphenol:

Optimized structure for protonated meta-methoxyphenol:

Optimized structure for protonated para-methoxyphenol:

(a)

(b)

(c)

Figure 2. Optimized (B3LYP/6-31G(d)) structures of the
most stable regioisomers and conformers of (a) ortho-
methoxyphenol, (b) meta-methoxyphenol and (c) para-
methoxyphenol
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obtained by allowing protonated acetophenone react with
TMB, isolating the derivatized product, and subjecting it to
CAD. Loss of acetophenone to yield the dimethoxybore-
nium ion (m/z 73) and formation of the benzyl cation
(m/z 91) dominate. No methanol loss was observed. Hence,
the hydroxyl group in hydroxyacetophenone must be
involved in methanol elimination.

Hydroxybenzoic Acids

The EI mass spectra of the meta- and para-hydroxybenzoic
acid regioisomers are identical, and that of the ortho-isomer
is similar [48]. However, these regioisomers have been
distinguished by charge stripping of (M – H)– ions [49].
Since these experiments are not commonly accessible, other

Table 2. Calculated PAs of ortho-, meta-, and para-Methoxyphenols (B3LYP/6-31G(d) Level of Theory)

Proton at Proton Affinities (kcal/mol) 
OH 186.5 
OCH3 191.1 
Ring C (a) 195.9 
Ring C (b) 196.8 
Ring C (c) 199.9 
Ring C (d) 193.3 

meta-Methoxyphenol:

Proton at Proton Affinities (kcal/mol) 
OH 181.5 
OCH3 188.4 
Ring C (a) 206.0 
Ring C (b) 207.8 
Ring C (c) 182.3 
Ring C (d) 208.1 

para-Methoxyphenol:

Proton at Proton Affinities (kcal/mol) 
OH 183.4 
OCH3 190.2 
Ring C (a) 196.7 
Ring C (b) 195.7 
Ring C (c) 193.4 
Ring C (d) 196.2 

ortho-Methoxyphenol:
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Scheme 3.
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methods are of interest. The ortho-hydroxybenzoic acid
undergoes one derivatization with the first TMB molecule,
and (surprisingly) two additional ones with a second TMB
molecule. This reactivity may be explained in the same way
as that of ortho-hydroxybenzoic acid (Scheme 4). Steric
hindrance in the doubly derivatized analyte likely drives the
last intramolecular methanol elimination. Similar intramo-
lecular methanol loss was observed in an earlier study for
reactions of protonated diols with TMB [15].

The reactions of the meta- and para-isomers yield only
singly derivatized products, just as observed for the meta-
and para-isomers of protonated hydroxyacetophenones.
However, the PAs of the hydroxybenzoic acids are likely
to be much smaller than those of the hydroxyacetophenones.
Since only a single derivatization was observed for the meta-
and para-isomers, the functional group that was derivatized
is likely the carboxylic acid group that can form a stabilizing
hydrogen bond with the borane moiety (Scheme 6), just like
the protonated ortho-hydroxyphenol (Scheme 4), which
prevents further derivatization due to the lack of acidic
protons. Upon SORI-CAD, the singly derivatized meta- and
para-isomers lose a second methanol molecule, thus under-
going derivatization of the second functionality, just like the
meta- and para-hydroxyacetophenones. However, they also
lose O=B(OCH3)2, possibly as shown in Scheme 6. This
fragmentation may allow the identification of meta- and
para-benzoic acid moieties in unknown compounds, since
the ortho-benzoic acid, methoxyphenols, hydroxyphenols,
and hydroxyacetophenones do not show this loss.

In summary, for protonated hydroxyacetophenones and
hydroxybenzoic acids, the ortho-isomer shows different
reactivity from its meta- and para-counterparts upon ion–

molecule reactions with TMB. However, the meta- and
para-isomers of both analytes display the same reactivity.

Conclusions
A mass spectrometric method was tested for the differ-
entiation of protonated aromatic regioisomers by using ion–
molecule reactions with trimethylborate (TMB) in a Fourier-
transform ion cyclotron resonance (FTICR) mass spectro-
meter. Several lignin model compounds were examined. The
proton affinity (PA) differences between the analytes and
TMB were found to play a key role in the observed
reactivity. Molecular orbital calculations performed at the
B3LYP/6-31G(d) level of theory on methoxyphenols indi-
cate that these aromatic compounds are protonated at the
benzene ring rather than the functional groups. The same
finding has been published earlier for the three isomeric
hydroxyphenols [47]. However, the hydroxyacetophenones
protonate on the carbonyl functionality.

The ortho-, meta-, and para-isomers of methoxyphenols
and hydroxyphenols react differently with TMB, which
facilitates their differentiation. The meta-methoxyphenol has
a greater PA than any of its isomers and any of the
hydroxyphenol isomers. This PA is much greater than that
of TMB. Hence, no reaction was observed between proto-
nated meta-methoxyphenol and TMB. The PA of the meta-
hydroxyphenol is also high, and only a very slow single
derivatization (efficiency ~0.045%) was observed with
TMB. However, all the ortho- and para-isomers undergo
double derivatization with TMB, which reveals the presence
of two functionalities. The ortho- and para-isomers of
methoxyphenols can be differentiated based on the number

Scheme 4.
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of molecules of TMB consumed for the derivatization of
both the functional groups. This is not true for the ortho- and
para-isomers of hydroxyphenols that consume one TMB
molecule for derivatization of each hydroxyl group. How-
ever, apart from the addition/elimination products, proto-
nated ortho-hydroxyphenol also formed a stable adduct upon
reaction with TMB. Thus, the three isomers of methox-
yphenols and hydroxyphenols can be differentiated by
reactions with TMB. Derivatization of both the functional
groups in the ortho- and para-isomers indicates that in the
methoxyphenols, the first derivatization is taking place at the
hydroxyl group. This generates an acidic hydrogen, which
enables the successive derivatization.

The ortho-isomer of hydroxyacetophenone and hydroxy-
benzoic acid can be differentiated from their meta- and para-
counterparts but the latter isomers cannot be differentiated.
The high PA of the ortho-hydroxyacetophenone hinders the
initial proton transfer step. Hence, no reaction was observed
between protonated ortho-hydroxyacetophenone and TMB.
The ortho-hydroxybenzoic acid underwent complete deriva-
tization with two molecules of TMB, along with a mislead-
ing formation of another product via intramolecular
methanol loss from the doubly derivatized analyte. The
meta- and para-isomers of hydroxyacetophenones and
hydroxybenzoic acids formed only a singly derivatized
product. However, subjecting the singly derivatized analytes
to SORI-CAD resulted in the derivatization of the second
functionality via a second methanol loss. The above
reactivities suggest that the derivatization of the first func-
tional group may not generate an acidic hydrogen for the
successive derivatization to take place without collisional
activation. This is proposed to take place via formation of
stabilizing hydrogen bonding interactions that hinder attack at
the acidic hydrogen of the singly derivatized hydroxybenzoic
acids, and via protonation of the carbonyl oxygen for the
hydroxyacetophenones.

The methoxyphenols, hydroxyphenols, hydroxyacetophe-
nones, and hydroxybenzoic acids showed different reactivity
toward TMB or different dissociation products upon CAD.
These differences should facilitate the identification of these
combinations of functional groups in unknown analytes. For
example, a loss of O=B(OCH3)2 upon CAD of the singly
derivatized analyte occurs only for the meta- and para-
hydroxybenzoic acids, which may allow the identification of
a benzoic acid moiety in unknown analytes (as long as it is
not in the ortho-position). Further, almost all of the isomers
undergo elimination of two methanol molecules from the
TMB adducts of the analytes either during ion–molecule
reactions or during following CAD, thus revealing the
presence of two functionalities. This approach may allow
counting of functionalities in unknown oxygen-containing
analytes.

The mass spectrometric methods discussed here allowed
the differentiation of most of the regioisomers studied.
Hence, this approach appears promising for situations where
fast identification of regioisomers in complex mixtures is

desired. Studies on additional aromatic regioisomers related
to lignin degradation products are in progress.
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