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Selective Covalent Chemistry via Gas-Phase Ion/ion
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Amines and Guanidine Groups

Jiexun Bu, Christine M. Fisher, Joshua D. Gilbert, Boone M. Prentice, Scott A. McLuckey
Department of Chemistry, Purdue University, West Lafayette, IN 47907-2084, USA

Abstract. Selective covalent bond forming reactions (referred to as covalent reac-
tions) can occur in gas-phase ion/ion reactions and take place via the formation of a
long-lived chemical complex. The gas-phase ion/ion reactivity between sulfo-N-
hydroxysuccinimide (sulfo-NHS) ester reagent anions and peptide cations containing
a primary amine or guanidine group has been examined via DFT calculations and
complex dissociation rate measurements. The results reveal insights regarding the
roles of the barriers of competing processes within the complex. When the covalent
reaction is exothermic, two prototypical cases, determined by the nature of the energy
surface, are apparent. The product partitioning between covalent reaction and simple
proton transfer upon dissociation of the long-lived complex is sensitive to activation

conditions when the transition state barrier for covalent reaction is relatively high (case 1) but is insensitive to
activation conditionswhen the transition state barrier is relatively low (case 2). Covalent reaction efficiencies are very
high in case 2 scenarios, such as when the reactive site is a guanidine and the anion attachment site is a
guanidinium ion. Covalent reaction efficiencies are variable, and generally low, in case 1 scenarios, such as when
an amine is the reactive site and an ammonium ion is the site of anion attachment. A relatively long slow-heating step
prior to the complex dissociation step, however, can dramatically increase covalent reaction yield in case 1 scenarios.
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Introduction

The structural information derived from a molecule of in-
terest via tandem mass spectrometry is often highly de-

pendent upon the type of gaseous ion (e.g., protonated mole-
cule, radical cation, metal-cationized species, etc.) that is gen-
erated from the molecule [1]. Gas-phase polyatomic ion/ion
reactions have been shown to be particularly useful for
converting ions from one type to another in the gas phase.
For example, they have been used to alter charge states, usually
via proton transfer [2–7], invert ion polarities [8], dissociate

polypeptide ions via electron transfer [9–12], exchange metal
ions for protons [13], remove metal ions [14], etc. These
transformations involve the transfer of one or more charged
species, such as protons, electrons, and/or metal ions. Ion/ion
reactions that lead to selective covalent chemistry, a form of
gas-phase chemical derivatization, have also recently been
reported. Examples include Schiff base chemistry between
aldehydes and primary amines [15], click chemistry for cou-
pling azides and alkynes [16], alkyl ion transfer chemistry for
alkylation of anionic sites [17], etc. A reaction that is particu-
larly useful for derivatizing ions derived from peptides and
proteins involves N-hydroxysuccinimide (NHS) ester reagent
ions because NHS esters can react with several nucleophiles
often present in polypeptides. These include, for example,
unprotonated primary amines [18], unprotonated guanidine
groups [19], and carboxylates [20]. NHS ester-based reagents
are routinely used to modify proteins in solution for various

Electronic supplementary material The online version of this article (doi:10.
1007/s13361-016-1359-3) contains supplementary material, which is available
to authorized users.

Correspondence to: Scott A. McLuckey; e-mail: mcluckey@purdue.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/s13361-016-1359-3&domain=pdf
http://orcid.org/0000-0002-1648-5570
http://dx.doi.org/10.1007/s13361-016-1359-3
http://dx.doi.org/10.1007/s13361-016-1359-3


applications and have been shown to be capable for immobili-
zation of peptides on surfaces [21]. One such application, for
example, involves protein cross-linking followed by mass
spectrometry [22]. The fact that similar reactions can occur in
the gas phase opens up novel possibilities for the structural
characterization of gas-phase ions, such as the cross-linking of
gaseous protein ions [23].

Single proton or electron transfer can occur at the crossing
points on the interaction surface between the entrance channel
(cation and anion pair) and the exit channels (proton transfer or
electron transfer products). Due to the long-range 1/r attractive
potential associated with the entrance channel, small charged
particle transfers can occur without the formation of a long-
lived chemical complex [24]. However ion/ion reactions that
result in selective covalent bond formation must proceed
through an intimate chemical complex to allow for bond break-
ing and formation processes. Small charged particle transfer
can also occur via a long-lived chemical complex and this
constitutes a major side-reaction pathway. This study was
motivated by the intent to gain insights into factors that affect
the relative partitioning of ion/ion reactions between covalent
chemistry channels and proton transfer, the most common
small particle transfer process, upon breakup of the gas-phase
chemical complex. We have performed calculations and exper-
iments using relatively small model systems to gain insights
into the relevant potential energy surfaces associated with NHS
ester-based reagents in reactions with primary amines and
guanidines. The overall approach presented here can be gener-
alized to other specific covalent ion/ion chemistries.

Materials and Methods
N-hydroxysulfosuccinimide (sulfo-NHS), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), and benzoic acid
were purchased from Thermo Scientific (Rockford, IL, USA).
The peptides KGAGGKGAGGKL, RGAGGKGAGGKL, and
RGAGGRGAGGRL were custom synthesized by NeoBioLab
(Cambridge, MA, USA). Methanol was purchased from
Macron Chemicals (part of Avantor, Center Valley, PA,
USA). Water was purified at 15 MΩ using a Barnstead
nanopure infinity ultrapure water system from Thermo Fisher
Scientific (Waltham, MA, USA).

Mass Spectrometry

Experiments were performed on a dual source home-built 3D
ion trap mass spectrometer [25] developed for the study of ion/
ion reactions as well as a Sciex QTRAP 4000, a hybrid triple
quadrupole/linear ion trap mass spectrometer [26] modified for
ion/ion reactions in a manner highly analogous to the modifi-
cations described for a Sciex QTRAP 2000 instrument [27].
The 3D ion trap was also modified to enable dipolar direct
current (DDC) ion activation [28]. DDC is a broad-band colli-
sional activation technique that relies on the displacement of
ions from the center of the ion trap to induce rf-heating [29]. In

reactions performed on the 3D ion trap, the cations were
injected into the trap axially and isolated via resonance ejection
and boundary instability [25]. The reagent anion population
was then injected via the opposite nano-electrospray (nESI)
source. The ions were stored in the 3D ion trap simultaneously
for 50–200 ms to allow for ion/ion complex formation. The
complex was then isolated from the unreacted precursor ions
and reaction byproducts. All DDC experiments done in 3D ion
trap are carried out in 1 mTorr helium buffer gas. In the
modified QTRAP 4000 platform, anions and cations were
sequentially injected into the instrument via alternately pulsed
nESI emitters and isolated in transit through Q1 before being
transferred into the q2 reaction cell [30], which has been
modified to allow for mutual storage of both ion polarities. In
the q2 reaction cell [27], the ions were allowed to react for 50–
200 ms. Reaction products were then transferred to Q3, where
they were further probed via MSn and mass analyzed using
mass-selective axial ejection (MSAE) [31].

Rate Measurements

The dissociation rates of ion/ion reaction complexes were
determined from product ion spectra acquired as a function of
time at various DDC amplitudes. The dissociation of the pre-
cursor ion follows pseudo-first-order reaction kinetics, as indi-
cated in Equation 1 [32]:

M½ �t ¼ e−kdisst ð1Þ
where [M]t is the molar fraction of the ion at time t, and kdiss is
the dissociation rate of the ion. The molar fraction is calculated
by dividing the abundance of the precursor peak by the sum of
the abundances of the precursor and all product ions. After
taking a series of the spectra at a fixed DDC amplitude as a
function of activation time, a fitting of ln([M]t) vs t yields a
dissociation rate. A series of experiments at various DDC
values provides dissociation rate data as a function of activation
energy. Similarly, if there are two competing exit pathways, as
is the case in this study, the appearance rate (i.e., fragmentation
rate of individual pathway) of each product can be calculated
with the quations [32]:

PT product½ � t ¼
kPT
kdiss

1−e−kdiss t
� � ð2Þ

and

Cov: product½ � t ¼
kcov
kdiss

1−e−kdiss t
� � ð3Þ

where [PT product]t and [Cov. product]t are the molar fractions
of the product ions from the competing proton transfer and
covalent reactions, and kPT and kcov are the respective appear-
ance rates. Since proton transfer and covalent reaction are the
only two observed channels for the reaction discussed below,
kdiss = kPT + kcov.

All DDC kinetics experiments were conducted using the
same rf amplitude applied to the ring-electrode. For a pure
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quadrupole field, the effective temperature to which an ion is
raised under DDC conditions is dependent upon the DDC
voltage/rf-amplitude ratio [29]. When significant contributions
from higher order multi-pole fields are present, as is the case
with the 3D ion trap used in this study, the qz-value is also a
factor [33]. The relevance for this work is that the effective
temperatures of the ions under study increase slightly with the
mass-to-charge ratio (m/z) of the precursor ion.

DFT Calculations

DFT calculations were used to characterize reaction pathways.
Optimizations and zero-point corrected energies (ZPE) were
calculated using the Gaussian 09 package [34] at the unrestrict-
ed B3LYP/6-311G++(d,p) level of theory. Since the model
molecules are small, all structures are directly optimized in
Gaussian 09. Transition states were searched using the QST3
option and confirmed with intrinsic reaction coordinate (IRC)
calculations [35]. All stationary points have been subjected to
frequency calculations and identified as local minima (zero
imaginary frequencies) or transition states (one imaginary
frequency).

Results and Discussion
Figure 1 provides a generalized energy diagram that depicts an
ion/ion entrance channel for a dication and an anion, shown
entering from the back of the diagram, for formation of a long-
lived chemical complex, and dissociation channels from the
complex with the reaction coordinate for proton transfer

proceeding to the left and that for the covalent reaction pro-
ceeding to the right. This type of diagram is used here to
describe gas-phase NHS chemistry. The entrance channel is
governed by the electrostatic attraction between the reactant
dication and the sulfo-NHS reagent anion. When the two
opposite polarity ions approach one another, they can either
transfer a charged particle at a crossing point on the energy
hypersurface, (hopping mechanism) [36] or form an electro-
static complex. (Electron transfer is not favored with a sulfo-
nate reagent, and thus is not discussed here.) A possible cross-
ing point for ground state reactants and products for proton
transfer is indicated by the X-marks on the diagram. Since
reactions that lead to the formation of new covalent bonds
(and possibly cleavage of other bonds) require more time than
either proton or electron transfer, they are assumed to proceed
via the complex formation pathway. All covalent ion/ion reac-
tions studied to date are consistent with the formation of a long-
lived complex. For this reason, we focus on the energy diagram
of the long-lived complex. There are two major pathways
observed in sulfo-NHS reactions for the break-up of the initial-
ly formed electrostatic complex. The pathway shown on the left
of the diagram is proton transfer from a charge carrying site on
the reactant dication to the sulfonate group on the reagent anion
resulting in a neutral sulfo-NHS reagent and an unmodified +1
charge state reactant. Based on calculation data, proton transfer
from the protonated amine to the sulfonate proceeds without a
reverse critical energy (i.e., a very loose transition state). The
other pathway, shown to the right, leads to covalent bond
formation. The reactant complex may go over one or more
transition state (TS) barriers to form the product complex in

Figure 1. A generic energy diagram of a typical ion/ion reaction between a reactant dication and a reagent anion. The reactant and
reagent are shownwith red and green circles whereas themodified reactant and the reacted reagent are shownwith yellow and blue
circles. Rotating arrows show the molecule and ion are in a complex whereas the solid plus symbol shows the two species are
separate. The purple x shows a crossing point where proton hopping mechanism can occur prior to long-lived complex formation
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which the sulfo-NHS residue is still electrostatically bonded to
the modified reactant. A rate-determining barrier is depicted in
the diagram. If the sulfonate group is attached to the leaving
group, as is the case when the sulfonate group is attached to the
NHS group in the reagent, the product complex will reside in a
relatively deep well due to the strong electrostatic interaction
between the sulfonic acid and the protonated site on the cation.
This product complex must then go through a proton transfer
process to lose the neutral sulfo-NHS resulting in the charge-
reduced modified product ion.

The barrier heights in the generalized case of Figure 1 are
not defined. However, in order to generate a significant popu-
lation of covalently modified product ions, the critical energy
of the TS for covalent reaction and the proton transfer barrier
following covalent reaction must be lower than the barrier
height of the proton transfer pathway. Otherwise, upon activa-
tion, the reactant complexes will all proceed through the proton
transfer pathway to the left. We also note that the TS for
covalent reaction is likely to be much tighter than that for
proton transfer, which places a further kinetic constraint on
the observation of covalent chemistry. With these restrictions
in mind, there are two generic cases that can lead to observation
of covalent product. Figure 2a depicts case 1 where the TS
barrier is relatively high and it is the rate-limiting barrier in the
covalent bond formation pathway. Figure 2b depicts case 2
where the TS barrier is relatively low compared with the proton
transfer barrier, and the proton transfer after modification reac-
tion is the rate-limiting barrier for the generation of the cova-
lently modified ion free from the leaving group.

Sulfo-NHS esters have been shown to be reactive with
primary amines18 and guanidine groups19 in gaseous polypep-
tide ions (see Scheme 1). We have performed calculations of
small model systems to provide realistic estimates of the key

barrier heights in the energy diagrams and performed kinetics
experiments with several polypeptide cations with these func-
tional groups to provide insights into the energy diagrams that
apply to these prototypical reactions. Calculations were per-
formed on small molecule model systems because of the cal-
culation time scales with the cube of the number of electrons
[37] and because we wanted to avoid complicating effects due
to interactions with other groups in the molecule that could
impact the generality of the conclusions.

Barrier Estimates of Amine Reactive Site
with Ammonium Anchor Site

The key barriers for determining if a system is better represent-
ed by case 1 or case 2 are those associated with the barriers to
proton transfer (Ⓑ→Ⓐ in the diagram of Figure 3) versus
covalent reaction (Ⓑ→Ⓒ in Figure 3). For the ion/ion reac-
tions involving NHS esters with polypeptides, both the cations
and anions are bifunctional in nature in that both contain ionic
sites that allow for the formation of a strong electrostatic
interaction, which determines the barrier to proton transfer,
and neutral reactive sites, which determine the barrier to cova-
lent reaction. The electrostatic interaction gives the complex a
sufficient lifetime for the neutral reactive sites to find one
another and react and provides an upper limit to how much
the complex can be heated before it dissociates. However, the
ionic sites are not engaged in the covalent chemistry them-
selves and merely serve as spectators. In determining if a
system is better represented by case 1 or case 2, it is important
to consider both the reactive site (amine, in this case) and the
attachment site (an ammonium cation, in this case). Hence, we
have used different small model systems to simulate the rele-
vant interactions separately. Figure 3 shows a relevant energy
diagram for the system of amine reactivity with ammonium
attachment. The barriers Ⓑ→Ⓐ and Ⓓ→Ⓔ represent the
break-up of the electrostatic interaction between the sulfonate
group and a protonated amine to yield a sulfonic acid and a
neutral amine (i.e., proton transfer). The Ⓑ→Ⓐ barrier
was modeled via the break-up by proton transfer of the
complex of ethyl sulfonate and doubly protonated tris(3-
aminopropyl)methane (Scheme 2a R = –NH2). This
models the presence of two protonated amines and one
neutral primary amine. The Ⓓ→Ⓔ barrier is assumed to be
very similar to the Ⓑ→Ⓐ barrier in that it also involves the
break-up of a sulfonate/protonated amine complex. With the
electrostatic complex assigned zero energy, the proton transfer
barrier was calculated to be 28 kcal/mol in zero-point corrected
energy (All energies below are reported in zero-point corrected
energy). The barrier Ⓑ→Ⓒ represents the energy to achieve
the TS for the nucleophilic displacement of NHS by a primary
amine and was modeled with methylamine and NHS-acetate
(Scheme 2), see Supplementary Material for the coordinates of
all of the calculated structures). With the Van der Waals com-
plex of the reactants assigned zero energy, the barrier was
calculated to be 21 kcal/mol. The subsequent IRC calculation
around the transition state showed that only one TS barrier is

Figure 2. Two generic cases of energy diagrams that lead to at
least some covalent product. (a) Case 1. (b) Case 2
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present. Compared with the original van der Waals complex of
the reactants, the product complex is 7 kcal/mol lower in
energy, which indicates that at equilibrium, the NHS chemistry
product is thermodynamically favored. Assuming the electro-
static interaction and the covalent interaction to be indepen-
dent, it is possible to estimate the energy diagram as in
Figure 3. In the case of amine reactivity/ammonium attach-
ment, the calculations suggest that the barrier for covalent
reaction is lower than that for break-up of the electrostatic
interaction between a protonated amine and a sulfonate.

Rate Data for Amine Reactive Site with Ammonium
Anchor Site

The doubly protonated peptide KGAGGKGAGGKL (referred
to as K.K.KL) was used as a model system for amine/
ammonium (i.e., amine reactive group and ammonium charge
site) experiments and was reacted with singly deprotonated
benzoyl sulfo-NHS ester (referred to as BSN, see Figure 4b).
Figure 4 summarizes the data generated for this system.
Figure 4a provides the post-ion/ion reaction spectrum, which
shows residual doubly protonated peptide reactant, singly pro-
tonated peptide, likely generated via proton transfer at a cross-
ing point, and an ion/ion complex. The complex was then
isolated and subjected to DDC rate measurement experiments.
Figure 4b shows a single DDC CID product ion spectrum of

the complex, which shows a covalently modified peptide prod-
uct and the singly protonated peptide from proton transfer.
Figure 4c provides a summary of the kinetic data from which
kdiss values were obtained. Figure 4d summarizes the kdiss, kPT,
and kcov values derived from the K.K.KL/BSN experiments. As
a control, the derivatization of K.K.KL with a benzoyl group in
solution was conducted using BSN. The doubly protonated
version of the resulting product (referred to as Bz-K.K.KL)
was subjected to ion/ion reaction with sulfo-NHS. The
resulting ion/ion complex, which is analogous to the complex
between the modified peptide and deprotonated sulfo-NHS
generated in the gas-phase (Ⓓ in Figure 3) was also subjected
to DDC kinetics experiments (see Figure 4d).

The open black square and open triangle traces in Figure 4d
show the proton transfer reaction rates and the overall covalent
bond formation reaction rates, respectively, between the pep-
tide K.K.KL and BSN. The kinetic data in Figure 4d are
consistent with the DFT calculations in that both the proton
transfer product and the covalent modification products are
observed upon activation of the ion/ion complex. At the lowest
DDC amplitude, the covalent product and proton transfer prod-
uct are generated in comparable abundances while the proton
transfer channel becomes more competitive as the DDC am-
plitude increases. This is consistent with a tighter TS for the
reaction leading to the covalent product. The fact that proton
transfer dominates at high DDC values for this system suggests
that most of the complex ions subjected to DDC are of formⒷ

(i.e. the complex consists of the electrostatically bound and
unreacted reagent ions) in Figure 3. The proton transfer rate
(looser transition state) increases faster with energy than the
covalent reaction rate (tighter transition state). If most of the
ion/ion complexes were of the formⒹ in Figure 3, the relative
partitioning of the proton transfer and covalent products would
be relatively insensitive to DDC amplitude (see below). In this
case, the DDC is apparently required to drive the covalent
chemistry within the complex.

The red circle trace in Figure 4d shows the dissociation rate
of the complex generated from the solution modified peptide
and deprotonated sulfo-NHS. This trace shows that loss of
sulfo-NHS from the complex with a covalently modified pep-
tide is much faster than the rate of the covalent reaction at all
DDC amplitudes. This further supports the conclusion that
most of the complexes initially generated by the ion/ion

Scheme 1. Reaction scheme for the reaction between a sulfo-NHS ester reagent and (a) an amine and (b) a guanidine. The excess
protons on the amine and guanidine are not shown for clarity. One of these protons is transferred to the sulfonate group upon break-
up of the complex

Figure 3. The PES calculated for model systems for the reac-
tion between an amine and NHS. The barrier heights are plotted
to scale. The proton transfer reaction was modeled with ethyl
sulfonate and doubly protonated tris(3-aminopropyl)methane,
whereas the nucleophilic attack reaction was modeled with
methylamine and NHS-acetate
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Scheme2. Themodelmolecules used in calculations. The proton transfer barrier ismodeled by (a)whereas the covalent reaction is
modeled by (b) and (c) for amine and guanidine, respectively

Figure 4. (a) Post ion/ion reaction spectrum showing residual doubly protonated KGAGGKGAGGKGAGGL (K.K.KL, m/z = 501),
singly protonated K.K.KL (formed mostly or all by proton transfer at a crossing point, m/z = 1001), and the long-lived electrostatic
complex (m/z = 1299). (b) The product ion spectrum obtained by DDC (48 V applied for 190 ms) of the complex. The proton transfer
product appears at m/z = 1001 and the covalent reaction product appears at m/z = 1104. (c) The kinetic data for determining the
dissociation rate of the reactant complex. The natural log of the molar fraction of the complex is plotted versus the activation time.
TIC = total ion current. The different markers are different applied DDC voltages. The filled triangle represents the data of (b). (d) The
complex dissociation rate, kdiss, proton transfer (PT) product appearance rate, kPT, and covalent (Cov.) modification product
appearance rate of reaction between K.K.KL and BSN, kcov, versus DDC voltage (black trace); kdiss of the complex between Bz-
K.K.KL and sulfo-NHS versus DDC voltage (red trace). The pink and cyan plot shows the partitioning between the covalent
modification pathway rate and the proton transfer pathway, respectively. The error bars in the rate versus DDC voltage plot of (d)
represent 1 SD of fitting error and the error bars of the insert in (d) are 1 SD of the rate determination
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reaction are of the form Ⓑ and that reaching point Ⓒ is rate
determining for the gas-phase covalent reaction process. It is
also noteworthy that no reverse reaction product ([K.K.KL +
H]+) via Ⓓ→Ⓐ was observed in the DDC spectra of the
product complex Bz-K.K.KL\Sulfo-NHS. This is also fully
consistent with a tight TS associated with reaching point Ⓒ.
Collectively, the kinetic data for this amine/ammonium system
suggest that it falls into the case 1 category (Figure 2a). (It is
apparent that the Ⓓ→Ⓔ process for the synthesized product
complex (Bz-K.K.KLwith sulfo-NHS) is somewhat faster than
the Ⓑ→Ⓐ process from the electrostatic complex of K.K.KL
with BSN, although the shape of the rate dependencies onDDC
amplitude are very similar. This suggests that there may be
slightly weaker interaction between deprotonated sulfo-NHS
with doubly protonated Bz-K.K.KL than between BSN and
doubly protonated K.K.KL.)

Barrier Estimates of Guanidine Reactive Site
with Guanidinium Anchor Site

The neutral guanidine functional group is also reactive with
NHS reagents (Scheme 1b). DFT calculations analogous to
those conducted for the amine/ammonium system de-
scribed above were performed to estimate key barriers
associated with guanidine/guanidinium reactivity. The
proton transfer barrier was modeled with ethyl sulfonate and
tris(guanidinopropyl)methane. The barrier height is 61 kcal/
mol, which is significantly higher than the proton transfer
barrier between the triamine and ethylsulfonate. This is attrib-
uted to the the greater proton affinity of guanidine compared
with a primary amine. The TS barrier height was calculated to
be 11 kcal/mol whenmodeled with methylguanidine and NHS-
acetate, which is significantly lower than that of the amine/
NHS reaction. One major transition state barrier and a barrier-
free proton transfer process were observed (see Supplementary
Material for geometry information). The product complex en-
ergy is 18 kcal/mol exothermic compared with the reactant
complex. Here we again assume the exit channel of the product
complex has a similar barrier height as the proton transfer
barrier from the reactant complex due to the fact that these
two processes are proton transfer from a protonated guanidine
to a deprotonated sulfonate group. The results are summarized
in Figure 5. In the case of guanidine/guanidinium reactivity, the
TS barrier in the covalent reaction process (Ⓒ) is lower than in
the amine case and the absolute barrier heights of the proton
transfer pathway from both the reactant complex (Ⓑ→Ⓐ) and
the product complex (Ⓓ→Ⓔ) are higher than in the amine/
ammonium case. These differences suggest that the guanidine/
guanidinium system would be much closer to case 2 than the
amine/ammonium system.

Rate Data for Guanidine Reactive Site
with Guanidinium Anchor Site

For a model similar to that used for the amine/ammonium
reactivity experiments, a peptide with the sequence
RGAGGRGAGGRL (referred to as R.R.RL) was used as a

guanidine/guanidinium model system to react with a benzoyl
sulfo-NHS ester reagent (BSN). It has been noted that the
reactivity of the N-terminus is inhibited when a basic residue
is present at the N-terminus, presumably because of charge
stabilization at the N-terminus due to the presence of two basic
sites [12]. The majority of the reaction between BSN and
R.R.RL is attributed to modification of a guanidine group.
Doubly protonated R.R.RL was reacted with BSN and subject-
ed to the same experiments summarized in Figure 4 for
K.K.KL. Figure 6a shows the DDC rate data derived from
the R.R.RL\BSN complex (compare with the analogous data
for K.K.KL in Figure 4d). There are several notable differences
between the R.R.RL and K.K.KL experiments. Perhaps the
most apparent difference is that the majority of the product
ions derived from activation of the complex is in the form of the
covalent modification product instead of the proton transfer
product. A second observation is that the proportion of covalent
product is insensitive to DDC amplitude. A third observation is
that the kdiss values for the R.R.RL/BSN complexes are con-
sistently lower at equivalent DDC values than those for the
analogous K.K.KL/BSN complexes, despite the fact that the
R.R.RL/BSN complexes are elevated to slightly higher effec-
tive temperatures [33]. The latter observation is consistent with
the expectation, based on the calculations, that the (Ⓑ→Ⓐ)
and (Ⓓ→Ⓔ) barriers are higher for proton transfer from
guanidinum to sulfonate than for proton transter from ammo-
nium to sulfonate. Collectively, all of these data point to case 2
as better describing the guanidine/guanidinium system than
case 1. In this case, it is not clear that the DDC activation is
necessary to drive the covalent modification.

Rate Data for Amine Reactivity with Guanidinium
Charge Site

The preceding results and discussion suggest that the amine/
ammonium system is best described as a case 1 scenario and

Figure 5. The PES calculated with model systems for the
guanidine-NHS reaction. The barrier heights are plotted to
scale. The proton transfer barrier was modeled with ethyl sulfo-
nate and tris(guanidinopropyl)methane, whereas the nucleo-
philic attack reaction was modeled with methylguanidine and
NHS-acetate
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that the guanidine/guanidinium system behaves more like a
case 2 system. It is of interest to examine the behavior of
amine/guanidinium and guanidine/ammonium systems. The
latter scenario is experimentally difficult to realize, how-
ever, due to the fact that an excess proton will preferen-
tially generate a guanidinium when both an amine and
guanidine are present, because of the much higher proton
affinity of guanidine. However, it is straightforward to
generate the amine/guanidinium scenario with a peptide
like RGAGGKGAGGRL (R.K.RL). In the doubly pro-
tonated peptide, the protons are most likely to be

associated with the arginine residues leaving the lysine
as a reactive side-chain. In this case, the DFT calculations for
the (Ⓑ→Ⓐ) and (Ⓓ→Ⓔ) barriers in the guanidine/
guanidinium case apply, whereas the DFT calculations for the
covalent TS in the amine/ammonium case apply. This leads to
an energy surface that is intermediate between the previous two
cases (i.e., higher proton transfer barriers than in the amine/
ammonium case and higher covalent TS barrier than in the
guanidine/guanidinium case). Figure 6b summarizes the DDC
activation kinetics for the R.K.RL/BSN complex. The kdiss
values for the R.K.RL/BSN complex are similar to those of
the R.R.RL/BSN complex and lower than those for the
K.K.KL/BSN complex at equivalent DDC voltages, which is
consistent with a guanidinium/sulfonate interaction determin-
ing the barrier to proton transfer in the R.K.RL/BSN system. At
low DDC voltages, the covalent product dominates, whereas at
high DDC voltages, proton transfer dominates. The behavior
of the amine/guanidium sytem (i.e., R.K.RL/BSN) is inter-
mediate to those observed for the amine/ammonium and
guanidine/guanidinium sytems. The sensitivity of product
partitioning to DDC amplitude suggests that the activation
step is likely to be important in driving the covalent reac-
tion. It is clear from these results that it is desirable to use
low DDC amplitudes to maximize the covalent reaction in
this scenario.

Covalent Modification Yield Enhancement
in Case 1

In both the amine/ammonium and amine/guanidinium cases,
the covalent product yield decreased with increasing DDC
amplitude. In the amine/ammonium case (Figure 4), in partic-
ular, the proton transfer product was noted to be dominant even
at the lowest DDC amplitudes. This behavior suggests that an
equilibrium partitioning of the complexes is not achieved prior
to sampling by collisional activation and that at high DDC
voltages, dissociation by the proton transfer pathway is faster
than rearrangement within the complex (i.e. covalent reaction).
If there is an equilibrium partitioning between the initially
formed electrostatic complex and the rearranged electrostatic
complex generated by the covalent reaction and the latter
complex is thermodynamically favored, CID should sample a
population in which covalent reaction dominates. If the barrier
to covalent reaction is lower than that for proton transfer, it
might be possible to find conditions in which the rearrange-
ment rate (i.e., covalent reaction) is faster than dissociation.
That is, it may be possible to activate the ions sufficiently to
reach the barrier for covalent reaction but not enough for
appreciable dissociation via proton transfer. By subjecting the
ions to the low heating step for a sufficient length of time, it
might be possible to achieve a partitioning closer to equilibrium
for subsequent sampling by CID or some other activation
approach. We refer to the application of a low amplitude
activation step prior to a more energetic activation step as
Bstewing^. The hypothesis that a stewing step might improve
covalent reaction yields in case 1 scenarios was tested with the

Figure 6. (a) The complex dissociation rate and product ap-
pearance rates of reaction between R.R.RL and BSN was plot-
ted versus the DDC voltage applied (black traces). The pink and
cyan plot shows the partitioning between the covalent modifi-
cation pathway and the proton transfer pathway. The error bars
in themain plot represent 1 SDof fitting error and the error bar of
the insertion is calculated based on the SD of the rates. (b) The
complex dissociation rate and product appearance rates of the
reaction between R.K.RL and BSN was plotted versus the DDC
voltage applied (black traces). The pink and cyan plot shows the
partitioning between the covalent modification pathway rate
and the proton transfer pathway. The error bars in the main plot
represent 1 SD of fitting error and the error bar of the insert is
calculated based on the SD of the rates
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K.K.KL/NHS system, and the experiment and results are sum-
marized in Figure 7.

Figure 7b shows a CID spectrum of the isolated com-
plex between K.K.KL and BSN after a 60 s storage period
without any supplementary ion activation. The CID ampli-
tude was chosen so as to deplete the majority of the
precursor ions within 20 ms. This corresponds to a kdiss
in excess of 100 s–1, which leads to minimal formation of
the covalent reaction product. However, after applying low
amplitude resonant excitation at an amplitude too low for
significant fragmentation for 60 s prior to the CID segment
(i.e., a Bstewing^ period), a dramatic increase in the pro-
portion of covalent product is noted, as shown in
Figure 7c. In this example, after the stew step another
isolation was applied to remove any minor fragments in
the trap. This Bstewing^ experiment demonstrates that most
of the initially formed complex ions can be partitioned to
the covalent reaction product, and the control experiment
of Figure 7b (i.e., 60 s without resonance excitation)
showed that the initially formed complex ions do not
rearrange to the covalent reaction product at room temper-
ature over extended periods of time.

Conclusions
This work demonstrates that the energy surfaces associated
with ion/ion reactions that proceed through a long-lived
chemical complex can be probed via measurement of the
dissociation kinetics of the complex. The experimental
results related here are consistent with calculated energy
barriers based on simple models for dissociation via proton
transfer of strong electrostatic interactions and for the
transition states associated with nucleophilic substitution
reactions leading to the loss of a sulfo-NHS group. The
relative heights of the barriers for these competing process-
es play a major role in the extent to which exothermic
covalent reactions are observed. When the TS barrier for
covalent reaction is low relative to dissociation of the
complex via proton transfer, high covalent reaction effi-
ciencies are observed under all CID conditions used to
dissociate the complex (case 2). This scenario appears to
apply when guanidine is the reactive site and guanidinium
is the site for electrostatic binding. When the TS barrier is
relatively high, passage over the barrier within the complex
can be rate-determining (case 1). Under these circum-
stances, much of the complex ion population can remain
trapped as an electrostatic complex with no covalent reac-
tion. The use of high activation amplitudes to dissociate
the complex favors the faster proton transfer process
resulting in the observation of very little covalent reaction.
The use of low activation amplitudes allows the covalent
reaction, which proceeds via a relatively tight TS, to com-
pete with dissociation of the complex via proton transfer
resulting in the observation of more of the covalent reac-
tion product. This scenario applies to the case when an
amine is the reactive site and an ammonium ion is the site
of anion attachment. The case in which an amine is the
reactive site and a guanidinium is the anion attachment site
showed intermediate behavior. It is demonstrated that for
case 1 scenarios, a long moderate heating step for the
complex prior to dissociation of the complex can lead to
a dramatic increase in the yield of the covalent reaction.
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