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Abstract

In this review, we discuss gas phase experimentation centered on the

measurement of acidity and proton affinity of substrates that are useful for

understanding catalytic mechanisms. The review is divided into two parts. The

first covers examples of organocatalysis, while the second focuses on biological

catalysis. The utility of gas phase acidity and basicity values for lending insight

into mechanisms of catalysis is highlighted.
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1 | INTRODUCTION

Gas‐phase techniques are important tools in the study of
organic and bio‐organic reactions, allowing for the study
of reactivity in the absence of solvent. Because mass
spectrometry (MS) is performed in the gas‐phase, one can
utilize MS to examine inherent reactivity, in the absence
of solvent. Using MS to study organic ion/molecule
reactions has a long history, beginning with seminal
early studies by Beauchamp, Bowers, Brauman, and
DePuy, among others (Comita & Brauman, 1985;
DePuy, 2002; Feng & Gronert, 2000; Gronert, 2001). As
the field has progressed, advancements in instrumenta-
tion have allowed for the study of more complicated
systems, such as those involving organic and biological
catalysis.

Studying any process in the gas‐phase, using MS,
requires ionic species for detection. One set of thermo-
chemical values that can be accurately measured and
quantified by MS is acidity and proton affinity (PA).
Furthermore, it has been shown that trends in acidity
and PA can lend significant insight into related reaction
mechanisms and processes. In this review, we discuss
gas‐phase experimentation centered on the measurement
of acidity and PA of substrates that are useful for
organocatalytic and enzymatic chemistry.

2 | ORGANOCATALYSTS

While organometallic catalysis may appear to dominate
the field of catalytic chemistry, organocatalysts have been
going through a revolution in recent years (List, 2007). In
comparison to transition metal catalysts, organic cata-
lysts have several clear benefits: tendency to be less
moisture sensitive, affordability, availability, and lower
toxicity (Dondoni & Massi, 2008; MacMillan, 2008).
Because organocatalysts are less commonly ionic or
easily ionizable, they are more of a challenge to study via
MS than transition metal‐containing species. However,
several studies in recent years show the power that the
gas‐phase can wield in revealing mechanistic insights.

2.1 | N‐Heterocyclic carbenes (NHCs)

NHCs (Figure 1) are used extensively as ligands in
organometallic reactions, and as standalone organocata-
lysts. As organocatalysts, they predominantly act as
nucleophiles in Umpolung reactions involving carbonyl
species. Perhaps most famously, NHCs catalyze the benzoin
condensation and the related Stetter reaction (Figure 2)
(Breslow, 1958; Stetter & Kuhlmann, 1974). In the case of
the benzoin condensation, the NHC nucleophilically
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catalyzes the coupling of two benzaldehyde species, to form
an α‐hydroxyketone. In the related Stetter reaction, NHCs
nucleophilically catalyze the coupling of an aldehyde to an
α,β‐unsaturated carbonyl. Both reactions have significant
synthetic implications, and stereoselective versions of each
have been developed (Enders & Balensiefer, 2004;
Hopkinson et al., 2014; Moore & Rovis, 2009).

Several studies in recent years have tackled the
characterization of the thermochemical properties of
NHCs in the gas‐phase. The first measurement of an
NHC PA was accomplished by Cooks and coworkers.
Using the kinetic method, the Cooks group measured the
PA of 1‐ethyl‐3‐methylimidazol‐2‐ylidene (Figure 3) (H.
Chen et al., 2005). In the Cooks kinetic method, a dimer
is formed in solution between reference acids or bases
and the molecule of interest. This dimer is then subjected
to collision‐induced dissociation (CID) at different
energies, and the ratio of the signals of the protonated
monomers is measured. The PA of the molecule of
interest can be determined from the ratio (Figure 4). In
this study, the PA of 1‐ethyl‐3‐methylimidazol‐2‐ylidene
was determined to be 251.3 ± 4 kcal mol−1. While this
initial study did not focus on the NHC as a catalyst, it was
the first gas‐phase measurement of the PA of an NHC,
and revealed the high gas‐phase basicity of this NHC.

Lee et al. expanded on the Cooks work by using a
bracketing method to redetermine the PA of 1‐ethyl‐3‐
methylimidazol‐2‐ylidene, and to assess 1,3‐
dimethylimidazol‐2‐ylidene (Figure 3) (Liu et al., 2011a).
Inconsistencies between the experimentally determined
PA of 1‐ethyl‐3‐methylimidazol‐2‐ylidene and the com-
puted PA (using B3LYP/6‐31+G(d) and MP2/6‐311+G
(2d,p)//B3LYP/6‐31+G(d)) led to suspicions that the
Cooks kinetic measurement might be a bit low. To test
this hypothesis, a quadrupole ion trap was modified to
allow for the introduction of neutral reference com-
pounds, so that the NHC PA could be bracketed. In this
method, PAs are determined by assessing the occurrence
or absence of proton transfer with various reference bases
(Figure 5). Using bracketing, the Lee group determined
that 1‐ethyl‐3‐methylimidazol‐2‐ylidene has a PA between
254.0 and 260.6 kcalmol−1. 1,3‐Dimethylimidazol‐2‐
ylidene was found to have a PA between 257.4 and
260.6 kcalmol−1. These values are consistent with the
calculated PAs. In general, measurement of NHC PAs is
challenging; the relatively high basicity means that there
is a dearth of available reference compounds. Overall,
these studies by the Cooks and Lee groups were the first to
show that NHCs are strong bases in the gas‐phase.

Rovis, Lee, and coworkers recently used the same
modified quadrupole ion trap to study correlations
between a series of triazolylidene NHC catalysts and the
stereoselectivity of an intramolecular Stetter reaction (Niu
et al., 2017). The proposed mechanism of the Stetter
reaction is shown in Figure 6. In this mechanism, the

FIGURE 1 Common N‐heterocyclic carbene scaffolds

FIGURE 2 Benzoin condensation and
Stetter reaction

FIGURE 3 1‐Ethyl‐3‐methylimidazol‐2‐ylidene (left) and 1,3‐
dimethylimidazol‐2‐ylidene (right)
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NHC catalyst nucleophilically attacks the carbonyl carbon
of an aldehyde to form an alkoxide. A 1,2‐proton transfer
then occurs, yielding the “Breslow intermediate,” which is
relatively more thermodynamically stable than the alkox-
ide. This Breslow intermediate then adds nucleophilically
to an α,β−unsaturated carbonyl. The Stetter reaction can
yield 1,4‐dicarbonyl compounds as shown in Figure 6, as
well 4‐ketocarboxylic acids, and the corresponding nitriles.
Rovis and Lee first focused on a Stetter reaction between
cinnamaldehyde and a series of nitroalkenes (Figure 7). In
this reaction, a protonated triazolium precatalyst is added
(Figure 7); when deprotonated, this precatalyst becomes
the NHC catalyst. Rovis and Lee examined the gas‐phase
acidity of the precatalyst experimentally and computation-
ally to probe the electronic effect of various aryl
substituents on the gas‐phase acidity, to ascertain whether
any insights into catalyst ability could be gained.

Correlation was found between the gas‐phase acidity of
the NHC precatalyst and the syn to anti ratio of the products.
This is an example of where gas‐phase properties inform a
solution‐phase reaction. The authors note that the gas‐phase
acidities have a wider range than the solution‐phase values,
which make trends and correlations easier to ascertain. The
more acidic the protonated NHC precatalyst, the more likely
the syn product. Using DFT calculations, the authors also
proposed and supported a hypothesis that the more acidic
precatalysts favor the Z geometry of the Breslow intermedi-
ate, which ultimately leads to the syn product. Conversely,
less acidic precatalysts favor the E Breslow intermediate
geometry, leading to the anti product. These studies
constituted a rare example of providing a rationale for
stereoselectivity in NHC‐catalyzed reactions.

In the same work, Rovis and Lee also examined an
intramolecular Stetter reaction catalyzed by chiral NHC

catalysts (reaction and protonated precatalyst shown in
Figure 8). For this reaction, decreasing the gas‐phase
acidity of the chiral NHC precatalyst increased the desired
ee of the reaction. Using the gas‐phase results, the authors
designed a precatalyst that they predicted would greatly
improve the ee. This mesityl‐substituted precatalyst indeed
increased the ee of the solution‐phase reaction from 73% to
90%. This was the first time that gas‐phase properties of
NHCs were used to design a catalyst which when used in
a solution‐phase Stetter reaction, improved the enantios-
electivity of the solution‐phase NHC‐catalyzed reaction.

Another example involving gas‐phase acidity and stabi-
lized carbenes is the work of Bielawski and Lee (M. Chen
et al., 2013). NHCs are more thermodynamically stable than
traditional carbenes but are also more nucleophilic. The
Bielawski group was interested in designing thermo-
dynamically stable carbenes that might still display reactivity
more commonly exhibited by reactive carbenes, such as
insertion reactions. To achieve this, the Bielawski group
developed a series of NHCs called “diamidocarbenes”
(DACs, Figure 9) (Moerdyk & Bielawski, 2012, 2014;
Moerdyk et al., 2016). DACs have been found to be more
electrophilic than their NHC counterparts, due to the
carbonyl groups, which pull electron density from the
nitrogens. DACs are quite thermodynamically stable but also
display reactivity more characteristic of classical carbenes,
participating in C—H insertions, CO fixation, and activation
of NH3. Because DACs are more electrophilic than NHCs,
they also might be more basic. To probe this hypothesis,
Bielawski and Lee and coworkers measured and calculated
the gas‐phase PA of a series of DACs and NHCs (Figure 9)
(M. Chen et al., 2013).

Because of the reactivity and high water sensitivity of
DACs, protonated [DAC‐H+] was formed in the gas‐phase
through electrospray ionization of the hydrated DAC
(Figure 9), in a modified quadrupole ion trap. The PA of a
series of DACs was bracketed and compared to a series of
NHC counterparts (Figure 9). Excepting the perfluoro
substituted DAC, which was studied by the authors to
examine steric effects, the PAs of the DACs were more basic
than expected, and not too far from the NHC PAs
(256–261 kcal/mol for the DACs, and 260–266 kcal/mol for
the NHCs). The authors considered this unexpected, since
the NHCs and DACs display very different reactivity. DFT
calculations (B3LYP/6‐31+G(d)) were used to calculate the

FIGURE 4 Cooks kinetic method equation. xBi∙H+ is the intensity of the signal of the protonated base of interest, xA∙H+ is the intensity
of the signal of the protonated reference. R is the gas constant. Teff is the average internal energy of the ion complexes that dissociate within
the time window of the experiment.

FIGURE 5 Bracketing of the acidity of a protonated imidazole.
B is a reference base with known PA. The protonated
imidazolylidene is allowed to react with a series of reference bases B
whose PAs are known. The presence or absence of proton transfer is
used to bracket the imidazolylidene PA. PA, proton affinity.
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molecular orbitals of the DACs and NHCs. The HOMO‐
LUMO gap is much smaller for the DACs than the NHCs,
which might explain why the DACs display more electro-
philic characteristics. Additionally, Bielawski and Lee found
that the DACs with N‐aryl groups that have di‐ortho alkyl
substituents render the proton on the carbene site highly
sterically hindered (Figure 9). This steric hindrance,
combined with the bulkiness of the bases strong enough to
deprotonate the protonated DAC, resulted in measured PA
values that were higher than the calculated values.
Additional DACs with less bulky ortho groups (perfluoro,
tolyl, and o‐anisidyl) were subsequently successfully mea-
sured (Figure 9).

FIGURE 6 Catalytic cycle of the Stetter
reaction

FIGURE 7 Stetter reaction with achiral catalyst studied by Rovis and Lee et al.

FIGURE 8 Intramolecular Stetter reaction with chiral catalyst
studied by Rovis and Lee et al.
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2.2 | Alcohols and silanols

Silanols and silanediols have been recognized as potential
catalysts in recent years (Chandrasekhar et al., 2004; Min
et al., 2012; Pérez‐Pérez et al., 2019). They have the ability
to act as both a proton donor and proton acceptor. Silanols
have been used as catalysts in polymerization reactions,
Diels–Alder reactions, CO2 fixation, and enantioselective
aldol reactions (Chandrasekhar et al., 2004;Min et al., 2012;
Pérez‐Pérez et al., 2019; Tran et al., 2011). By comparison,
large alcohols such as 1,1′‐bi‐2‐naphthol (BINOL) and
related compounds have uses in organocatalysis as well
but are more often used as ligands in organometallic
catalytic processes (Brunel, 2005; Huang et al., 2003).

Early work by Damrauer and coworkers (1991)
established the influence of substituent effects on simple
silanol systems. Using a flowing afterglow‐selected ion flow
tube (FA‐SIFT), they found that silanols are more acidic
than their alcohol counterparts. For example, SiH3OH has a
ΔG°acid of 352 kcalmol‐1 while CH3OH has a ΔG°acid of
374 kcalmol‐1. In addition to comparing relative acidities,

they also found that alkyl groups in silanol systems lower
gas‐phase acidity, in contrast to their alcohol counterparts,
where additional alkyl groups are known to increase
acidity. This contrast was explained by alcohol acidity being
largely influenced by polarizability over induction. For
silanols, which have longer Si–O bonds, induction prevails.
Since alkyl groups decrease acidity inductively, silanols
with increased alkyl substitution are less acidic.

In 2011, Franz, Lee, and coworkers studied a series of
silanols and silanediols, as well as their carbon counter-
parts, in an effort to uncover the inherent properties of
silanols versus alcohols, in the context of the former as
catalysts and hosts for molecular recognition (Figure 10)
(Liu et al., 2011b). Silanediols are of particular interest
because their carbon counterparts are not thermo-
dynamically stable in solution—they dehydrate to form
the more thermodynamically stable carbonyl species.
Additionally, silanediols may act as double‐point
hydrogen‐bonding catalysts, which may lead to multiple
points of activation of reactants in catalytic cycles. Thus,
the silanediols have potential as thermodynamically stable

FIGURE 9 NHCs and DACS studied by Bielawski and Lee (M. Chen et al., 2013). Calculated PAs are in red and bracketed PAs are in
blue. All energies are in kcal mol−1 At the bottom, the experimental scheme used. Calculations were performed using B3LYP/6‐31 + G(d).
DACS, diamidocarbenes; NHCs, N‐Heterocyclic carbenes; PA, proton affinity. [Color figure can be viewed at wileyonlinelibrary.com]
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hosts and catalysts. Franz, Lee, and coworkers found that
while monosilanols are more acidic that their carbon
counterpart alcohols (in agreement with the earlier
Damrauer work), the studied silanediols are found to have
acidities quite close to that of their theoretical carbon
counterparts (as determined by DFT methods), and in some
cases, the carbon diols are more acidic that the silanediols.
These trends are proposed to be due to two factors—
polarizability and internal hydrogen bonding. Highly
polarizable groups, such as tert‐butyl and phenyl groups,
enhance the acidity more in the carbon analogues than in
the silicon analogues. In addition, deprotonation of the
diols results in an anionic oxide group that can hydrogen
bond with the nearby “OH” moiety. This hydrogen bond is
significantly longer for the deprotonated silanediols than
the analogous carbon diols; therefore, the hydrogen bond
stabilizes the deprotonated carbon diol more, greatly
increasing the acidity of the neutral conjugated acid.

The diols were also examined in the context of hydrogen
bonding and catalysis. Calculations showed that most of the
silanediol structures have intramolecular H‐O distances

greater than 3.0Å, which supports these species serving as
double‐ (not single‐) point hydrogen bonding activators, like
BINOL. Comparing the determined gas‐phase acidities with
yields of a catalytic Diels–Alder reaction of methacrolein and
Rawal's diene in toluene, the authors found that the more
acidic the silanol within its class (monosilanol, silanediol,
and disiloxanediol), the better the catalyst (Kozmin &
Rawal, 1997). The carbon analogues of each of the silanol
catalysts showed less catalytic activity as well.

2.3 | Pyridine N‐oxides

Organocatalysts derived from pyridine N‐oxide moieties
have been used as successful Lewis base catalysts for the
addition reaction of allyltrichlorosilane and aldehydes
(Figure 11) (Wrzeszcz & Siedlecka, 2020).

These catalysts work through the activation of the
carbon‐silane bond by oxygen; this activation is facile due to
the polarized nitrogen–oxygen bond of the N‐oxide, as well
as oxygen's affinity for silicon, allowing the oxygen of the

FIGURE 10 Silanols, silanediols, and dual hydrogen bonding catalysts studied by Lee and Franz et al. Calculated PAs are in red and
bracketed PAs are in blue. All energies are in kcal mol−1. PA, proton affinity. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 Reaction catalyzed by N‐oxide
catalysts
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N‐oxide to act as a Lewis base (Malkov, Stončius, et al., 2013).
This transformation is a subset of Lewis base‐catalyzed
Sakurai–Hosomi–Denmark type reactions (Lade et al., 2017).

A series of chiral N‐oxide catalysts based on C2‐
symmetric bipyridine scaffolds have been developed by
the Kotora and Kočovský labs, and have been shown to be
effective at catalyzing enantioselective allylation of aro-
matic aldehydes with allyltrichlorosilanes (Figure 12)
(Malkov, Barłóg, et al., 2011; Malkov, Bell, et al., 2005;
Malkov, Bell, et al., 2003; Malkov, Dufková, et al., 2003;
Malkov, Ramírez‐López, et al., 2008; Malkov, Stončius,
2013). In 2014, the Roithova lab studied the PAs of these
N‐oxide catalysts (Váňa et al., 2014). Using a Thermo‐
Finnigan TSQ Classic mass spectrometer, the authors
determined the PAs of the catalysts using a combination
of experimental (extended Cooks kinetic method), and
computational (DFT calculations for the determination of
theoretical PA and pKa values) methods. In the gas‐phase,
all of the bases were found to have PAs in the range of
248–255 kcalmol−1, placing them well within what would
be considered to be “superbase” range in the gas‐phase
(Kaljurand et al., 2007; Leito et al., 2015; Puleo et al., 2021).
It was found computationally that when these catalysts
are protonated, there is a large geometrical change in the
dihedral angles between the tethered pyridine rings, due
to the dual proton acceptor groups both participating in
the binding of the acidic proton (those being the N‐oxide
groups, or one N‐oxide group and one methoxy group)
(Figure 13). The authors also found large deviations from

linearity in the Cooks extended method workup, particu-
larly at very low collision energies, indicating significant
entropy effects.

The authors found no correlation between the change
in the dihedral angle of the pyridines and the PA of each
catalyst. Additionally, it was found that the most highly
aromatic species had the lowest PAs, while replacement
of one of the phenyl groups with cyclohexane increased
the PA. This is indicative that electronic effects play a
much larger role in the PA of the catalysts than
geometric effects. Another feature is that the catalysts
are not very basic in ethanol, with pKas around 0.8. In
the gas‐phase, however, the catalysts are quite formida-
ble bases, with proton affinities all greater than 248 kcal
mol−1. Thus, relatively speaking, the catalysts are much
more basic in the gas‐phase. Finally, the authors propose
that due to high basicity, these compounds could

FIGURE 12 N‐oxide bases studied by the Roithova group. All calculations were run using B3LYP‐D3/def2‐TZVP. Calculated PAs in red,
experimental PA values in blue. pKa values calculated using COSMO‐RS solvation energies. PA, proton affinity. [Color figure can be viewed
at wileyonlinelibrary.com]

FIGURE 13 Example of dual proton donor–acceptor
participation in N‐oxide catalysts
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potentially be useful as matrices for matrix‐assisted
ionization/laser desorption (MAILD) MS metabolomics
studies (Miura et al., 2012; Ren et al., 2018).

2.4 | Guanidines and
2‐iminoimidazolines

Over the past few decades, guanidines, guanidinium
ions, and related compounds have been studied as
“superbases,” which act as organocatalysts in many
reactions. They have been particularly effective for
asymmetric catalysis, owing in part to their ability to
act as both Brønsted acid–base catalysts and Lewis bases,
as well as their ability to act as hydrogen‐bond donors
and acceptors (Kee & Tan, 2016; Selig, 2013).

In an effort to understand the role that intra-
molecular hydrogen bonds play in the basicity of
guanidines, Schröder, Schwartz, and coworkers deter-
mined the gas‐phase PAs of a series of guanidines, many
of which contain heteroalkyl side chains (Figure 14)
(Glasovac et al., 2008). The Cooks kinetic method was
used for the PA measurements, and calculations using
MP2 and B3LYP were also conducted. Particular
emphasis was placed on guanidines containing 3‐(N,N‐
dimethylamino)propyl‐ or 3‐methoxypropyl substituents,
as these should be strong hydrogen‐bond acceptors. They
chose N,N′,N″‐tripropylguanidine as a reference com-
pound, due to its having the same through‐bond
inductive effects as in a guanidine core, but without the
ability to form intramolecular hydrogen bonds in either

neutral or protonated forms (Figure 14). The ability of
the heteroalkyl guanidines to form intramolecular
hydrogen bonds was found to correlate with increased
PA. Generally, the calculated and experimental PAs were
in agreement, but it was important to consider entropic
effects, which can be an issue with the Cooks kinetic
method (Bouchoux et al., 2004; Cooks & Wong, 1998).
The authors also noted that obtaining an accurate PA of
the most basic guanidines was hindered by the lack of
suitably basic reference bases.

In 2012, Polyakova, Kunetskiy, and Schröder investi-
gated the PAs of 2‐iminoimidazolines containing bulky
N‐alkyl‐substituents (Figure 15) (Polyakova et al., 2012).
The bulky N‐alkyl substituents are expected to increase
PA through donation, as well as make the compounds
more lipophilic. The high lipophilicity allows for solva-
tion in nonpolar organic solvents, which further
increases the applicability of guanidines as organocata-
lysts in nonpolar phases. These imidazole‐2‐ylidenes also
can be thought of as carbene analogs of iminopho-
sphoranes, which are well‐known superbases. The
species are additionally of interest as potential ligands
for metal complexes used in catalytic reactions.

The Cooks kinetic method was utilized to measure
PAs, and density functional calculations were also
conducted. Reference bases 1,8‐diazabicyclo[5.4.0]
undec‐7‐ene (DBU), 1,5,7‐triazabicyclo[4.4.0]dec‐5‐ene
(TBD), and 7‐methyl‐1,5,7‐triazabicyclo[4.4.0]dec‐5‐ene
(MTBD) were used. All of the 2‐iminoimidazoles were
found to be more basic than the most basic reference,
MTBD (PA= 254.0 kcal mol−1). The authors then used

FIGURE 14 PAs of substituted guanidines determined by the Schwarz lab. Calculations performed at the DFT theory level B3LYP/6‐
311+G(2df,p)//B3LYP/6‐31G(d). Calculated values are in red, with experimental values in blue. PA, proton affinity. [Color figure can be
viewed at wileyonlinelibrary.com]
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mixed proton‐bound dimers containing two iminoimida-
zole units to further determine relative PAs. The PAs
were found to be in the range of 256–260 kcal mol−1, with
the cyclohexyl substituted iminoimidazoline being the
most basic. The authors also note that the substrate with
tert‐butyl substituents may have an erroneously mea-
sured PA, due to steric hindrance issues. Calculations
support this hypothesis. Generally, the experimental and
calculated PAs are well correlated. Furthermore, proto-
nation did not appear to incur any significant conforma-
tional changes. The authors were also able to measure
the PA of the iminophosphorane (Me2N3)P=NH, using
the newly measured 2‐iminoimidazolines as references.
The phosphorane was found to be slightly more basic
than all the other studied iminoimidazolines, with the
exception of the cyclohexyl‐substituted species. The
measured PA is also in agreement with a prior theoretical
publication, providing a nice benchmark for the experi-
mental method.

3 | BIO ‐ORGANIC CATALYSIS

Enzymes are often therapeutic targets, as key biological
pathways can be influenced by modifying or inhibiting
the reactions that the enzymes catalyze. Although the
gas‐phase may seem like an unlikely medium for
examining biological reactions, many enzymes actually
have a fairly hydrophobic active site, such that the gas‐
phase can provide a reasonable model (Bennett
et al., 2006; Kiruba et al., 2016; Kurinovich &
Lee, 2000, 2002; Kurinovich et al., 2002; Michelson,
Chen, et al., 2012; Michelson, Rozenberg, et al., 2012;
Simonson & Brooks, 1996; Zhachkina & Lee, 2009).

In the next portion of this review, we focus on gas‐
phase mass spectrometric work that has been conducted
to reveal insights into biological catalysis.

3.1 | Glycosylases

Glycosylases are enzymes that catalyze the cleavage of
the N‐glycosidic bond in DNA to release damaged
nucleobases (Figure 16). Gas‐phase methods have been
used to examine various substrates for these enzymes; we
focus on a few examples.

3.2 | Uracil DNA glycosylase

The integrity of DNA is essential for normal cell function.
DNA is, however, subject to constant assault, by both
endogenous and exogenous agents (Berti &
McCann, 2006; Stivers & Jiang, 2003). Such damage is
deleterious to the genome, and is associated with
carcinogenesis and cell death.

Uracil is a naturally occurring RNA base but can arise
in DNA through either misincorporation or cytosine
deamination. Uracil DNA glycosylase (UDG) excises
uracil from DNA (Figure 17).

FIGURE 15 2‐Iminoimidazolines and
iminophosphorane studied by Schröder et al.
Calculations performed using B3LYP/6‐311+G
(d,p). Calculated values are in red with
experimental values in blue. [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 16 Glycosidic bond cleaved by DNA glycosylases
[Color figure can be viewed at wileyonlinelibrary.com]
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To lend insight into the UDG mechanism, Kurinovich
and Lee examined uracil in the gas‐phase (Kurinovich &
Lee, 2000, 2002; Kurinovich et al., 2002). At the time of their
study, the proposed mechanism involved nucleophilic
attack by activated water on the C1′. In this scenario,
deprotonated uracil is the leaving group (Figure 17).
Kurinovich and Lee asked the question, how good of a
leaving group is uracil deprotonated at N1 (hereafter
referred to as the “N1– anion”)? Since leaving group ability
is often related to acidity (the conjugate bases of more acidic
groups are better leaving groups), then for uracil N1– to be a
good leaving group, uracil must be quite acidic at the N1‐H
position. Lee and Kurinovich were further intrigued by the
gas‐phase acidity at the N1‐H, (Kurinovich & Lee, 2000)
because in solution, both the N1‐H and N3‐H protons have
the same pKa (Kimura et al., 1997; Nakanishi et al., 1961).
Thus, this study was motivated by the UDGmechanism, but
also by a desire to uncover the intrinsic, gas‐phase properties
of the biological substrate uracil.

The authors found that the N1‐H of uracil in vacuo
is very acidic—comparable to hydrochloric acid
(ΔHacid = 333 ± 4 kcal/mol). Furthermore, the N3‐H
proton is roughly 14 kcal/mol less acidic than the N1‐
H, despite the two protons having similar acidity in
water (Kurinovich & Lee, 2000). These results showed
how a nonpolar environment can change relative
acidities. Because enzyme active sites are often quite
nonpolar, such gas‐phase studies could have biologi-
cal relevance (Bennett et al., 2006; Kiruba et al., 2016;
Kurinovich & Lee, 2000, 2002; Kurinovich et al., 2002;
Michelson, Chen, et al., 2012; Michelson, Rozenberg,
et al., 2012; Simonson & Brooks, 1996; Zhachkina &
Lee, 2009). Furthermore, in a biological sense, the
results indicate that in hydrophobic, nonaqueous
environments, the deprotonated uracil anion is a
relatively good “leaving group.” Therefore, Kurinovich and
Lee postulated that uracil DNA glycosylase might provide a

hydrophobic environment that would enhance the relative
leaving group ability of uracil over that of other undamaged
bases. Later enzyme studies confirmed that the deproto-
nated uracil anion (as opposed to a pre‐protonated neutral
species) was in fact the product of uracil DNA glycosylase
cleavage, as proposed from gas‐phase studies (Berti &
McCann, 2006; Dinner et al., 2001; Dong et al., 2000; Drohat
& Stivers, 2000a, 2000b; Jiang et al., 2002; Werner &
Stivers, 2000).

Because of the importance of leaving group ability in
the UDGase mechanism, Zhachkina and Lee explored
this topic further in 2009 (Zhachkina & Lee, 2009).
Hydrochloric acid and uracil N1‐H have similar acidities,
but do they have similar leaving group abilities? While
acidity of a compound and the leaving group ability of its
conjugate base are often related, the former is still a
thermochemical feature, while the latter is kinetic. To
lend insight into this question, Zhachkina and Lee
studied the leaving group abilities of chloride versus 3‐
methyluracil, through reaction with a series of nucleo-
philes Nu–, using gas‐phase experimentation and com-
putation (Figure 18, Reactions 1 and 2) (Zhachkina &
Lee, 2009). It was found that despite their comparable
gas‐phase acidities, the leaving group abilities are
different, with chloride being a slightly better leaving
group than N1‐deprotonated 3‐methyluracil. The authors
also compared the leaving group ability of N1‐
deprotonated 3‐methyluracil and N1‐deprotonated 3‐
methylthymine (Figure 18, Reactions 2 and 3). They
discovered that the deprotonated methyluracil is a
slightly better leaving group than deprotonated 3‐
methylthymine, lending support to the hypothesis that
UDGase cleaves uracil more readily than thymine from
DNA because of differential reactivity. That is, the
difference in reactivity uncovered by Zhachkina and
Lee may be a factor in how UDG selectively cleaves
uracil, and not thymine from DNA.

FIGURE 17 Uracil‐DNA glycosylase reaction [Color figure can be viewed at wileyonlinelibrary.com]
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3.3 | Alkyladenine DNA glycosylase and
3‐methyladenine DNA glycosylase II

Alkylation is a major source of DNA damage. To
counteract the toxic and mutagenic effects of environ-
mental and endogenous alkylating agents, distinct DNA
alkylation repair mechanisms have evolved (Berti &
McCann, 2006; Sedgwick, 2004; Stivers & Jiang, 2003).
The excision of certain damaged purine bases is catalyzed
by alkyladenine DNA glycosylase (AAG) in humans, and
3‐methyladenine DNA glycosylase II (AlkA) in Escher-
ichia coli. Both of these enzymes are “broadly specific,”
cleaving a wide range of damaged bases while leaving
adenine and guanine untouched. As with uracil DNA
glycosylase, the mechanism cleaves the N9‐C1′ ribose
bond, such that the leaving group is the conjugate base of
the purine (Figure 19). Several mass spectrometric
studies by Lee and coworkers have focused on lending

insight into this enzyme mechanism (Liu, Xu, et al., 2008;
Michelson, Chen, et al., 2012; Sharma & Lee, 2002;
Zhachkina et al., 2009).

Early work established that 3‐methyladenine, which
is a lesion that both AlkA and AAG excise, is unusually
acidic in the gas‐phase, much more so than the
naturally occurring nucleobases adenine and guanine
(Figure 20, Table 1) (Sharma & Lee, 2002). This was
followed by mass spectrometric studies showing that
hypoxanthine and 1,N6‐ethenoadenine, also lesions
removed by AlkA and AAG, are more acidic than
adenine and guanine (Table 1) (Liu, Xu, et al., 2008;
Sun & Lee, 2007). More significantly, the difference in
acidity between the damaged and normal nucleobases is
enhanced in the gas‐phase. These three studies estab-
lished that enzymes such as AlkA and AAG, which
cleave a wide range of damaged bases, may be utilizing
a nonpolar active site to differentiate the lesions. The

FIGURE 18 Leaving group ability studies by Zhachkina and Lee

FIGURE 19 Bond scission by AlkA. AlkA, 3‐methyladenine DNA glycosylase II.
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FIGURE 20 AlkA and AAG substrates. AlkA, 3‐methyladenine DNA glycosylase II.

TABLE 1 Calculated and
experimental data for AlkA and AAG
substrates (Liu, Xu, et al., 2008;
Michelson, Chen, et al., 2012; Sharma &
Lee, 2002; Zhachkina et al., 2009).

Substrate Calculated valuea Experimental valueb

ΔHacid
c 7‐Methyladenine 342.2 344 (344)

7‐Methylguanine 335.6 337 (337)

3‐Methyladenine 346.8 347

3‐Methylguanine 328.6 N/A

Purine 329.8 333 (332)

6‐Chloropurine 322.8 <328

Xanthine 324.7 323–328 (327)

1,N6‐ethenoadenine 330.7 332

Hypoxanthine 331.3 332

Adenine 334.8 333 (335)

Guanine 334.4 (335)

PAc 7‐Methyladenine 234.7 234 (234)

7‐Methylguanine 231.4 231 (232)

3‐Methyladenine 234.5 233

3‐Methylguanine 231.8 N/A

Purine 219.2 220 (221)

6‐Chloropurine 212.5 214

Xanthine 205.2 211 (212)

1,N6‐ethenoadenine 232.6 232 (233)

Hypoxanthine 218.8 217.5–220.2 (222)

Adenine 223.7 224 (225)

Guanine 227.4 (227)

aCalculated at 298 K, using B3LYP/6‐31+G(d).
bNonparenthetical experimental value is from bracketing measurement; Cooks kinetic method value is in
parentheses. Error is ±2–4 kcal/mol.
cAll values are reported as enthalpies, in kcal/mol.
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damaged bases are more acidic, and therefore their
conjugate base anions would be better leaving groups,
and the enzymes may provide a hydrophobic site to take
advantage of the enhanced acidity for the damaged
bases. A follow‐up gas‐phase study of 9‐mer DNA
duplexes containing hypoxanthine was inconclusive on
whether the gas‐phase changed duplex stability in such
a way as to help hypoxanthine excision, as the stability
was very sequence‐dependent (Sun & Lee, 2010). A
more comprehensive gas‐phase study on a wide range of
AlkA substrates (7‐methyladenine, 7‐methylguanine, 3‐
methyladenine, 3‐methylguanine, purine, 6‐
chloropurine and xanthine, data in Table 1) found a
clear correlation between gas‐phase acidity and AlkA
excision rates, lending further support to a mechanism
in which the enzyme provides a nonpolar, nonspecific
active site (Michelson, Chen, et al., 2012). Nucleobase
cleavage is thus dependent on the intrinsic N‐glycosidic
bond stability; the hydrophobic environment works to
enhance the differences between damaged and normal
nucleobase reactivity.

3.4 | MutY

Another enzyme for which gas‐phase studies have lent
insight is the adenine glycosylase MutY. Oxidative
damage of DNA is extremely prevalent, and one of the
most common lesions results from the oxidation of
guanine, to form 8‐oxo‐7,8‐dihydroguanine (OG). During
DNA replication, the polymerase will insert an adenine
(A) opposite OG, as the OG:A pair is preferred. MutY is
an Escherichia coli enzyme that cleaves adenine when
adenine is mispaired to OG. The enzyme is remarkably
specific, not touching adenine in A:T base pairs.

Lee and David and coworkers explored a series of
synthetic adenine analogs, which were modified in
specific ways, to target the role that various moieties on
the adenine might play in MutY recognition and

excision (Figure 21) (Michelson, Rozenberg, et al., 2012).
7‐Deazaadenine (Z), 3‐deazaadenine (Z3), and 1‐
deazaadenine (Z1) are missing the nitrogen at the N7,
N3, and N1 positions, respectively (as compared to
adenine). The next three substrates in Figure 21 are all
nonpolar isosteres of adenine (B, Q, M). Gas‐phase mass
spectrometric studies were used to measure the PA and
acidity of these adenine analogs, both to characterize
them and to benchmark calculations (Table 2). Once a
computational level was found that matched the
experimentally derived values, the authors used that

FIGURE 21 Synthetic adenine analogs for
MutY study

TABLE 2 Calculated and experimental data for MutY
substrates (Michelson, Rozenberg, et al., 2012)

Substrate
Calculated
valuea

Experimental
valueb

ΔHacid
c Z 343.5 347

Z3 335.3 337

Z1 340.6 (341)

Q 338.4 341

M 347.9 (349)

B 339.4 343

adenine 334.8 333 (335)

PAc Z 228.4 228

Z3 233.2 233

Z1 230.0 (232)

Q 223.0 225.5‐228.0

M 215.7 N/A

B 228.2 228

adenine 223.7 224 (225)

aCalculated at 298 K, using B3LYP/6‐31+G(d).
bNon‐parenthetical experimental value is from bracketing measurement;
Cooks kinetic method value is in parentheses. Error is ±3–4 kcal/mol.
cAll values are reported as enthalpies, in kcal/mol.
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method to explore the MutY mechanism further.
Comparison of predicted excision rates for different
mechanisms as predicted by calculations, with actual
MutY excision data, point to a mechanism where
adenine is protonated at N7, and a hydrogen bond is
formed at N3, to enhance cleavage. Lee and David also
explored the nonenzymatic acid‐catalyzed depurination
of oligonucleotides containing the adenine analogs.
Using their gas‐phase methods, they established that
depurination in the absence of enzyme most likely takes
place via protonation of the most basic site of the
adenine analog, followed by glycosidic bond breakage.
Last, based on the mass spectrometric and computa-
tional results, the authors made a prediction that the
adenine analog 1,3‐deazaadenine (Figure 21, Z13)
would be cleaved more slowly than B, but faster than
Z and M, by MutY. In acidic solution, the prediction is
that Z13 would undergo depurination more quickly
than adenine.

3.5 | Orotidine 5′‐monophosphate
decarboxylase

The decarboxylation of orotidine 5′‐monophosphate to
form uridine 5′‐monophosphate is a key step in the de
novo biosynthesis of pyrimidine nucleobases. The
reaction is catalyzed by orotidine 5′‐monophosphate
decarboxylase (ODCase), which is one of the most
proficient enzymes known (Figure 22) (Radzicka &
Wolfenden, 1995). The reaction is of interest because
decarboxylation initially results in a vinylic anion, which

should not be particularly stable, although it does have a
favorable carbene resonance structure (Figure 22).
Kurinovich and Lee examined uracil and a series of
uracil derivatives in the gas‐phase and established that
the C6‐H position in uracil and derivatives is actually
quite acidic in the gas‐phase, comparable to acetaldehyde
(Table 3) (Kurinovich & Lee, 2000, 2002). Subsequent
studies of adenine and derivatives by Sharma and Lee
showed a pattern of enhanced vinylic C–H acidities when
adjacent to an N‐R group (Table 4, C8‐H and C2‐H
acidities in the 370 kcal/mol range) (Sharma & Lee, 2004).
These studies support the possibility that ODCase may
also provide a somewhat hydrophobic environment,
where decarboxylation produces a surprisingly stable
anion.

3.6 | Formamidopyrimidine
glycosylase (Fpg)

Fpg, also called MutM, catalyzes the removal of OG from
OG:C base pairs in Escherichia coli. Like other glycosy-
lases, it also cleaves a wide range of nucleobases in
addition OG, including 8‐oxoadenine (OA), 8‐oxoinosine
(OI), and 8‐oxonebularine (ON), formamidopyrimidine‐
guanine (FapyG), 5‐hydroxyuracil (OHU), and 5,6‐
dihydrothymine (DHT) (Figure 23). Mass spectrometric
experiments were used to measure the acidity and PA of
some of these substrates (Table 5), which provided new
data and also benchmarked the attendant computational
method (Kiruba et al., 2016). Calculations were used to
explore the Fpg mechanism; as this review focuses on

FIGURE 22 Reaction catalyzed by ODCase and substrates studied
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gas‐phase experiments, not calculations, we will just
briefly note that the computations establish that
KIEs could be used to differentiate between a endocyclic
and exocyclic mechanism for Fpg. The key is that the

gas‐phase experiments provided data that could be used
to benchmark the calculations, so that the method and
level could be trusted for the mechanistic KIE
computations.

3.7 | Thymine DNA glycosylase

TDG excises thymine, as well as a “broad” range of bases
from DNA mispairs (Figure 24). Its substrates include
halogenated uracils, other pyrimidines, and even purines
such as hypoxanthine. The acidity of the N1−H bond can
reflect the ease of theN‐glycosidic bond scission, just as with
the other glycosylases: the more acidic the nucleobase, the
better a leaving group its conjugate base should be (Bennett
et al., 2006; Maiti et al., 2013). Krajewski and Lee worked on
examining the thermochemical properties of 5‐halouracils

TABLE 3 Summary of experimental and calculated gas‐phase acidities of the different sites of uracil and alkylated‐uracils, in kcal/mol
(Kurinovich & Lee, 2000, 2002)

Structurea N1 N3 C5 C6

Uracil 333 ± 4 (329.0) 347 ± 4 (342.6) NM (376.1) NM (361.5)

1‐Methyluracil NA 348 ± 3 (343.8) NM (377.3) 363 ± 3 (362.9)

3‐Methyluracil 333 ± 2 (331.3) NA NM (378.4) 363 ± 3 (363.5)

6‐Methyluracil 331 ± 3 (330.5) 352 ± 5 (344.1) NM (377.8) NA

5,6‐Dimethyluracil 333 ± 2 (331.7) 349 ± 3 (344.6) NA NA

1,3‐Dimethyluracil NA NA 384 ± 3 (378.7) 369 ± 2 (365.6)

Abbreviations: NA, “not applicable” (site is alkylated so there is no proton to remove for acidity measurement); NM, not measured.
aNonparenthetical values are experimental data; values in parentheses are calculated at 298 K, using B3LYP/6‐31+G*. All values are enthalpies, in kcal/mol.

TABLE 4 Summary of experimental and calculated gas‐phase acidities of various sites of adenine and alkylated adenines, in kcal/mol
(Sharma & Lee, 2002, 2004)

Structurea N9 N10 C8 C2

Adenine 333 ± 2 (334.8) 352 ± 4 (353.5) NM (373.1) NM (399.0)

9‐Ethyladenine NA 352 ± 4 (354.4) 374 ± 2 (373.8) NM (399.5)

3‐Methyladenine NA 347 ± 4 (346.8) NM (399.9) 370 ± 3 (368.8)

1‐Methyladenine 331 ± 2 (334.3) NA NM (375.6) NM (374.6)

N,N‐dimethyladenine 333 ± 2 (335.5) NA NM (373.4) NM (399.6)

Abbreviations: NA, “not applicable” (site is alkylated so there is no proton to remove for acidity measurement); NM, not measured.
aNonparenthetical values are experimental data; values in parentheses are calculated at 298 K, using B3LYP/6‐31+G*. All values are enthalpies.

FIGURE 23 Fpg substrates. Fpg, formamidopyrimidine glycosylase.

TABLE 5 Calculated and experimental data for Fpg substrates
(Kiruba et al., 2016)

substrate
Calculated
valuea

Experimental
valueb

ΔHacid
c 5‐Hydroxyuracil (OHU) 330.4 333

Dihydrothymine (DHT) 347.1 349

PAc 5‐Hydroxyuracil (OHU) 197.8 204

Dihydrothymine (DHT) 200.7 205

aCalculated at 298 K, using B3LYP/6‐31+G(d).
bError is ±3–4 kcal/mol.
cAll values are reported as enthalpies, in kcal/mol.
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(Figure 24) computationally and experimentally (Table 6)
(Krajewski & Lee, 2021). Comparison with experimental
data confirmed that B3LYP/def2‐TZVP is an accurate
method to model the intrinsic properties of the halogenated
substrates. After benchmarking these calculations with
experimental data, the authors used calculations to establish
the importance of stabilization of the O4 site by proton
transfer or hydrogen bonding, in the enzyme mechanism.

4 | CONCLUSIONS

In this review, we have covered recent highlights of
the use of gas‐phase experiments, and more specifi-
cally, acidity and PA studies, to lend insight into
catalytic mechanisms in organic and bio‐organic
chemistry. The gas‐phase provides a unique environ-
ment that can both reveal intrinsic reactivity and
mimic a hydrophobic environment in Nature. We are
confident that future studies will continue to provide

singular data that can be used to better understand
catalysis.
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