1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Am Soc Mass Spectrom. Author manuscript; available in PMC 2016 May 01.

-, HHS Public Access
«

Published in final edited form as:
J Am Soc Mass Spectrom. 2015 May ; 26(5): 818-825. d0i:10.1007/s13361-015-1077-2.

lon/lon Reactions with “Onium” Reagents: An Approach for the
Gas-phase Transfer of Organic Cations to Multiply-Charged
Anions

Joshua D. Gilbert, Boone M. Prentice, and Scott A. McLuckey
Department of Chemistry, Purdue University, West Lafayette, IN 4907-2084, USA

Abstract

The use of ion/ion reactions to effect gas-phase alkylation is demonstrated. Commonly used fixed-
charge “onium” cations are well-suited for ion/ion reactions with multiply deprotonated analytes
because of their tendency to form long-lived electrostatic complexes. Activation of these
complexes results in an SN2 reaction that yields an alkylated anion with the loss of a neutral
remnant of the reagent. This alkylation process forms the basis of a general method for alkylation
of deprotonated analytes generated via electrospray, and is demonstrated on a variety of anionic
sites. SN2 reactions of this nature are demonstrated empirically and characterized using density
functional theory (DFT). This method for modification in the gas phase is extended to the transfer
of larger and more complex R groups that can be used in later gas-phase synthesis steps. For
example, N-cyclohexyl-N’-(2-morpholinoethyl)carbodiimide (CMC) is used to transfer a
carbodiimide functionality to a peptide anion containing a carboxylic acid. Subsequent activation
yields a selective reaction between the transferred carbodiimide group and a carboxylic acid,
suggesting the carbodiimide functionality is retained through the transfer process. Many different
R groups are transferable using this method, allowing for new possibilities for charge
manipulation and derivatization in the gas phase.
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Introduction

G as-phase alkylation through intracluster Sy2 reactions has been observed for over a
decade. These observations were made by using electrospray ionization (ESI) with high salt
concentrations, which allows for the formation of an anion/cation salt complex bound
together by electrostatic interactions. In many cases, a tetraalkylammonium reagent makes
up the cation component of the complex and, upon collisional activation, transfers an alkyl
cation to its counterion through an Sy2 reaction. This transfer results in both the alkylation
of the anionic reagent and formation of a neutral amine as the remainder of the reagent [1].
Collisional activation of the cluster ion can also result in an elimination pathway (E2),
wherein a proton, rather than a charged alkyl group, is transferred from the cation to the
anion counterpart. The competition between these two pathways has been subjected to in-
depth scrutiny by Gronert [2]. Gas-phase alkylation in this manner has been observed with a
variety of analytes, such as oligonucleotides [3], peptides [4, 5], lipids [6-9], and
polyoxometalates [10-12], showing that the process can occur with a variety of analyte
systems.

The use of relatively high concentrations of salts in sample solutions needed to generate the
cluster ions in solution, however, can lead to experimental complications. Even millimolar
concentrations of salts can be deleterious to ESI efficiency, leading to signal suppression
[13, 14] and peak broadening [15]. In some cases, high salt concentration leads to frequent
clogging of electrospray emitters (especially in the case of nano-ESI). Mass spectra obtained
under such conditions are also often complicated by the appearance of prominent signals
attributable to cluster ions unrelated to the analyte. Altering the bulk sample for ESI does
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not allow for fine control of which anions and cations are paired together in a cluster. In
addition, the degree of analyte adduction (the number of cations attached to an anion) in a
cluster is a difficult parameter to tune with ESI solution conditions. These issues related to
altering bulk solution conditions can be avoided via the use of pulsed dual nESI [16] to carry
out ion/ion reactions in the gas phase. Pulsed dual nESI provides facile control of the ratio of
cations to anions to maximize the desired complex abundance in the gas phase. Adding the
ability to isolate the desired reactants after pulsed dual nESI also removes much of the
background chemical noise associated with bulk solution with high salt concentrations,
simplifying ion/ion reaction spectra.

lon/ion reactions can occur either via charged particle transfer at a crossing on the energy
hypersurface or via a long-lived complex. The former pathway is most likely for small
particles, such as an electron or a proton, and need not involve the formation of a long-lived
complex. Small charged particle transfer, however, can also proceed via a complex. The
reactions of multiply charged proteins of opposite polarity provide a case in which both
proton transfer at a crossing point and complex formation are observed [17]. Reactions other
than simple proton or electron transfer, on the other hand, generally require the formation of
a long-lived complex intermediate. For example, sulfo-N-hydroxysuccinimide (sulfo-NHS)-
containing reagents have been shown to form a complex with analytes containing primary
amines or guanidino groups in the positive mode [18-20]. Activation of these complexes
yields a signature loss of sulfo-NHS, indicating that a primary amine or guanidine within the
analyte initiated a nucleophilic attack on the carbonyl carbon of the NHS reagent, ultimately
resulting in stable amide bond formation [18]. This NHS reactivity in the gas phase allows
for the modification of primary amine- or guanidine-containing peptides, as well as protein
cross-linking in the gas phase [21]. Amide bond formation in the gas phase has also been
reported using carbodiimide reagents to react with carboxylic acid-containing analytes in the
negative mode [22].

The complexes involved in alkylation of an anion with tetraalkylammonium cations are
inherently well-suited for investigation via ion/ion chemistry. In order to form a complex
and subsequently effect a covalent modification in the gas phase, the participating cation and
anion must satisfy two criteria. First, both ions must have “sticky” charge-bearing moieties
that are likely to lead to strong electrostatic interactions in the ion/ion complex without low
energy proton transfer channels. This condition maximinzes the possibility for the
generation of a long-lived complex, first, allowing time for covalent chemistry to occur.
Examples of “sticky” charge-bearing moieties include “onium” cations and sulf(on)ate and
phosph(on)ate anions. Second, the reactants must contain reactive groups that will interact
with each other to undergo the desired chemistry in a solvent-free environment.
Tetraalkylammonium cations contain a fixed charge that is less prone to proton transfer
reactions, while they also possess the alkyl chain necessary for gas-phase alkylation
reactions. Similarly, anionic sites, including carboxylates, phosphates, and sulfonates in
particular, are capable of forming a complex through ion/ion reactions. Once the complex is
formed and activated, these anionic sites participate in the alkylation reaction by receiving a
charged alkyl group.
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Gas-phase alkyl ion transfer has been used within the context of lipid analysis by adducting
a zwitterionic lipid to a singly charged anion such as formate, acetate, or chloride in the
solution phase and subjecting the complexes generated in solution to collision-induced
dissociation (CID) [23, 24]. This process leads to alkyl ion transfer to the counterion (i.e.,
formate, acetate, or chloride) leading to an analyte lipid anion that generates useful structural
information upon subsequent activation. In a recent publication, Stutzman et al.
demonstrated alkyl transfer from phosphatidyl choline cations with simultaneous proton
transfer to doubly deprotonated dicarboxylic acid reagents to generate a charge inverted
species. Collisional activation of the resultant lipid anion yielded more informative
fragmentation compared with the singly charged cationic phosphatidyl choline species [25].
Gronert has utilized adducts between tetraalkylammonium cations and dianions generated in
solution to study the competition between elimination (proton transfer) and substitution
(alkylation) pathways in the gas phase [2], as well as demonstrate a degree of
stereoselectivity in the alkylation process [4]. Herein, we demonstrate alkylation of anions in
the gas phase via ion/ion reactions and compare this process to previously reported
alkylation methods. DFT calculations are also performed to characterize the energy surface
of both the elimination and substitution pathways in multiple reactions. Additionally, we
demonstrate gas-phase alkylation as a means to functionalize anions. While previous studies
have focused on the transfer of simple alkyl chains to anionic sites, we investigate using this
gas-phase Sy2 reaction to add new functional groups to analytes of interest through ion/ion
reactions. Tandem MS studies are used to show that the reactive functionalities are
maintained following transfer from an ammonium reagent to an anion.

Experimental

Materials

Tetramethylammonium acetate, tetraethylammonium chloride, trimethylsulfonium iodide,
tetramethylphosphonium bromide, benzyltriethylammonium chloride, (2 -
aminoethyl)trimethylammonium chloride hydrochloride, N-cyclohexyl-N'-(2-
morpholinoethyl)carbodiimide metho-p-toluenesulfonate (CMC), 2,6-naphthalenedisulfonic
acid (NDSA), adenosine 5'-triphosphate (ATP), and ethylenedi-aminetetraacetic acid
(EDTA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The model peptides
DGAI LDGAILD and DGAIL were synthesized by NeoBioSci (Cambridge, MA, USA).
Methanol was purchased from Mallinckrodt (Phillipsburg, NJ, USA). Ammonium,
phosphonium, and sulfonium reagents, peptides, EDTA, ATP, NDSA, and CMC were
prepared as 0.1 mg/mL solutions in water and methanol in a 1:1 ratio.

Mass Spectrometry

All experiments were performed using a QTRAP 4000 hybrid triple quadrupole/linear ion
trap (AB SCIEX, Concord, ON, Canada) that has been previously modified for ion/ion
reactions using alternately pulsed dual nESI. Typical experiments for this work consisted of
injection of anions (doubly deprotonated), followed by injection of cations (“onium”
reagent) into the g2 reaction cell modified to allow for mutual storage of both ion polarities
[26]. Reactants of both polarities that are injected into this reaction cell undergo rf/DC
isolation as they pass through the preceding quadrupole cell, Q1. Once in Q2, the selected
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ions are allowed to react for a defined period of time (on the order of hundreds of
milliseconds to a second). Reaction products are then transferred to Q3, where subsequent
MS" experiments are performed, followed by the use of mass-selective axial ejection for
mass analysis [27].

Density Functional Theory Calculations

DFT calculations were used to map out the reaction pathways of the various reagents
complexed with carboxylate. All structure optimizations and energies were calculated using
the Gaussian 09 package at the M06/6-311G++(2d,p) [28]. Transition states were searched
for using QST2 and QST3 options and confirmed with intrinsic coordinate reaction (IRC)
calculations.

Results and Discussion

Alkylation Via lon/lon Reactions

Long-lived complexes must retain an absolute charge greater than zero for subsequent
activation and mass analysis following the initial ion/ion reaction. When using a fixed
charge tetraalkylammonium monocation as the alkylating reagent, the analyte must be at
least doubly deprotonated to preserve charge upon formation of a stable electrostatic
complex. Ethylenediaminetetraacetic acid (EDTA) is a simple analyte that can be used to
demonstrate gas-phase alkylation. EDTA contains four carboxylic acid functionalities,
allowing for facile generation of the doubly deprotonated ion using nESI, as demonstrated in
Figure 1a. In the case of alkylation of doubly deprotonated EDTA by fixed-charge
tetraethylammonium cations, carboxylate sites serve both as anchors to form an electrostatic
interaction and as the reactive sites for alkylation. Mutual storage of isolated [EDTA -
2H]2~ and tetraethylammonium leads to the postion/ion reaction spectrum of Figure 1b.
Proton transfer to yield the [EDTA - H] is clearly apparent and, in principle, can arise from
proton transfer at a crossing point on the ion/ion energy surface, ion/molecule proton
transfer from adventitious neutral species in the vacuum system, and via a long-lived
complex. Formation of a stable long-lived complex is also observed along with a product
consistent with ethyl cation transfer and a nominal [EDTA - H -H,0]~ ion. Isolation and
activation of the complex via CID generates the product ion spectrum of Figure 1c. This
spectrum shows the product consistent with ethyl cation transfer and concomitant loss of
triethylamine, deprotonated EDTA from proton transfer, and the peak at m/z 273 (indicated
by <) consistent with [EDTA — H — H,O]". This result shows that ethyl cation transfer and
proton transfer are competitive channels in CID of the complex. Although water loss is a
common occurrence in negative mode CID of some carboxylate-containing ions [29-31],
the alkyl esterified EDTA anions generated either in solution or via ion/ion reactions all
show dominant alcohol loss upon CID (data not shown). For example, ion trap collisional
activation of the ethyl transfer product in Figure 1) shows exclusive loss of ethanol to yield
the nominal [EDTA - H — H,O]~ product. We therefore expect that the [EDTA - H -
H,0]™ product ion population can arise from sequential fragmentation in both the ethyl
cation and proton transfer channels.
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Performance of Alternate ‘Onium’ Reagents

Although quaternary ammonium-containing reagents have been shown to be effective
alkylating reagents in the gas phase, sulfonium and phosphonium reagents were also
investigated as alkylation reagents. Trimethylsulfonium has previously been shown to be a
superior methylating reagent relative to tetramethylammonium in the sense that the
transition state barrier and reaction enthalpy of methyl transfer from trimethylsulfonium are
both lower than the respective values for methylation using tetramethylammonium [5].
Figure 2 displays the CID spectra of complexes consisting of doubly deprotonated EDTA
with tetramethylammonium (Figure 2a), tetramethylphosphonium (Figure 2b), and
trimethylsulfonium (Figure 2c). Activation of the complex between [EDTA - 2H]?~ and
tetramethylammonium exclusively yields methyl transfer, along with some consecutive
methanol loss (Figure 2a). In contrast with the tetraethylammonium cation experiment
summarized in Figure 1, the proton transfer channel is not present with
tetramethylammonium. Conversely, activation of the analogous complex with
tetramethylphosphonium displays only proton transfer (Figure 2b). It should be noted that
phosphonium-centered reagents with longer alkyl chains also yield only proton transfer.
Trimethylsulfonium, however, is capable of transferring either a proton or a methyl group,
as observed in Figure 2c.

In order to shed light on why these three reagents display different reactivities and to
investigate the difference in reactivity between tetramethylammonium and
tetraethylammonium, DFT calculations were performed using the Gaussian 09 package [32]
to map the reaction pathway of both alkylation and proton transfer channels. In the latter
case, comparing tetramethylammonium and tetraethylammonium, it is shown above that
while tetramethylammonium solely follows the methyl transfer pathway (Figure 2a),
tetraethylammonium can follow either pathway (Figure 1c). The energies of the transition
states and products, determined at the M06/6-311++G(2d,p) level of theory and shown in
Figure 3, are consistent with proton transfer and ethyl transfer being competitive processes.
In these calculations, acetate is used as the model anion to which a proton or alkyl group is
transferred. Figure 3 shows that the transition state energy for proton transfer (0.97 eV, blue)
is close to but somewhat greater than that of ethyl transfer (0.91 eV, red). Both reactions are
observed in Figure 2c with alkyl transfer being the more dominant process. Similar
calculations were carried out for the three methyl “‘onium’ reagents (see below).

Table 1 lists the zero-point energies of products and transition states for the methyl cation
transfer pathways and the zero-point energies of products for the proton transfer pathways
relative to the complex for the three methyl “onium” reagents (ammonium, phosphonium,
and sulfonium). Transition states could not be found for the proton transfer pathways for
these three reagents. Nevertheless, some insights can be drawn from the calculated values.
As seen in Figure 2a, activation of the complex of doubly deprotonated EDTA with
tetramethylammonium apparently results exclusively in methyl cation transfer. With the
absence of any evidence for [EDTA - H]~, the [EDTA — H - H,0] " ion is likely to arise
from methyl loss from the alkyl cation transfer product. The calculations indicate that the
transition state barrier for methyl transfer to acetate is 0.94 eV relative to the beginning
complex, whereas the proton transfer products are at 1.79 eV relative to the complex. The
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products from methyl cation transfer, on the other hand, are calculated to be -0.49 eV
relative to the complex. The highly endothermic nature of the proton transfer process alone
can account for the lack of proton transfer from tetramethylammonium. The
tetramethylphosphonium zero-point energy values show a far lower disparity in the product
energies for proton transfer (1.20 eV) and methyl cation transfer (0.38 eV) than the
tetramethylammonium case. However, perhaps more significant is the substantially higher
transition state energy for methyl cation transfer (1.87 eV) from the
tetramethylphosphonium cation compared with the tetramethylammonium case. The high
barrier calculated for this process likely underlies the absence of alkyl ion transfer from
tetraalkylphosphonium cations. The only case in the experiments of Figure 2, in which both
methyl cation transfer and proton transfer occur, is with trimethylsulfonium as the cationic
reactant (Figure 2c). The alkyl cation transfer process is similarly favorable
thermodynamically (=0.91 eV) much like the tetramethylammonium cation (-0.49 eV), and
the barrier for methyl cation transfer is lower at 0.75 eV from trimethylsulfonium. The fact
that proton transfer is observed at all is likely related to the fact that the proton transfer
channel is not as strongly disfavored (0.96 eV) as it is for the tetramethylammonium cation
(1.79 eV).

Alkylation of Alternative Anionic Sites

Tetraalkylammonium reagents have also been found to alkylate a variety of anionic sites
beyond carboxylates [3, 6-12]. Ethylation of sulfonate and phosphate anions is shown in
Figure 4. Doubly deprotonated 2,6-naphthalenedisulfonic acid (NDSA) is used as a model
sulfonate anion for alkylation in Figure 4a. As is the case for carboxylates, ethylation and
proton transfer are both prevalent pathways upon CID of the reaction complex between
tetraethylammonium and doubly deprotonated NDSA. The common neutral loss of SO3 [33]
after proton transfer is also observed as a secondary fragment in lower abundance.
Ethylation was demonstrated on other sulfonate-containing small organic molecules as well,
yielding results similar to what was observed in experiments with NDSA.

Figure 4b displays the ethylation of a phosphate anionic site within adenosine 5’-
triphosphate (ATP). CID of the complex between doubly deprotonated ATP and
tetraethylammonium largely yields ethylated ATP along with common H3POy4 neutral
losses. The proton transfer pathway is present, yet the singly deprotonated ATP abundance
is minimal compared with that of ethylated ATP. The ion/ion method presented here appears
to have the same diversity characterized by previous work [3-12] in the sense that many
anionic sites can be alkylated with fixed-charged “onium” reagents regardless of whether the
complex is generated in solution or via ion/ion reactions in the gas phase.

Alkylation Via lon/lon Reactions for Functionalizing Peptides

Most gas-phase alkylation studies have used solution-generated clusters to effect alkylation
with small alkyl chains from tetraalkylammonium reagents. However, this method can also
be used to modify anionic sites with either larger alkyl chains or alkyl groups with varying
functional groups as shown in Figure 5a and b. For all sections of Figure 5, the doubly
deprotonated model peptide, DGAIL, undergoes an ion/ion reaction with a quaternary
ammonium reagent, forming complexes that are then isolated and subjected to CID. In
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Figure 5a, [DGAIL —2H]?~ forms a complex with (2 -aminoethyl)trimethylammonium.
When this complex is activated, both the alkylation and proton transfer pathways are
observed. The most abundant product from the alkylation pathway is methylation of
DGAIL, which is expected given that there are three methyl groups and only one 2-
aminoethyl group. It is highly likely that the proton transfer from this CID experiment
originates from the 2-aminoethyl group, as ammonium compounds with methyl groups have
been shown to effect methylation exclusively (Figure 2a). Nonetheless, there remains a
significant degree of 2-aminoethyl transfer, amounting to approximately one-third of the
abundance of the methylation peak. In this case, it does not appear that one group (methyl
versus 2-aminoethyl) is favored over the other for alkylation. The possibility of transferring
a more bulky functional group is demonstrated in Figure 5b. Benzyltriethylammonium was
reacted with doubly deprotonated DGAIL to form a stable reaction complex that, upon CID,
proceeds through both alkylation and proton transfer pathways. In this case, however, the
benzyl transfer pathway is by far the most abundant peak in the spectrum, despite being
outnumbered 3:1 by ethyl groups, implying that it is much more favorable to transfer a
benzyl group than an ethyl group. This observation agrees with an experiment performed by
Gronert et al. [2] in which benzyl transfer within complex generated in the solution phase
was the most favorable pathway, followed by proton transfer and ethyl transfer. Figure 5c¢
demonstrates a case in which functional groups cannot be transferred with this alkylation
process. CID of the reaction complex between doubly deprotonated DGAIL and (3-
carboxypropyl)trimethylammonium results in only proton transfer. Even with three methyl
groups on the ammonium reagent (bearing in mind that methyl groups do not display the
capacity for proton transfer), there is no alkylation observed. This is likely due to the
presence of the acidic proton located at the end of the carboxypropyl functionality. It should
also be noted that during the ion/ion reaction, very little complex was observed. It would
appear that transferring functional groups containing an acidic proton is a limitation of the
process of alkylation through ion/ion reactions in the gas-phase.

To demonstrate the retention of functional integrity of R groups transferred to anionic
analytes, a reagent with the capacity to alkylate anions and react selectively with other
moieties was used. N-cyclohexyl-N’-(2-morpholinoethyl)carbodiimide (CMC, Figure 6) is a
reagent that has been previously studied in the gas phase. Briefly, CMC has a fixed positive
charge on a quaternary ammonium with a carbodiimide functionality (see structure in Figure
6). In an ion/ion reaction, CMC forms an electrostatic complex with multiply charged
anions. Upon CID of this complex, CMC selectively reacts with a carboxylic acid to form a
stable amide bond, displaying a signature loss of an isocyanate derivative (125 Da neutral
loss) in this covalent modification [22]. The carbodiimide functionality is located along a
chain that stems from the quaternary ammonium moiety, making it a transferrable group
using the methods described above. Doubly deprotonated DGAILDGAILD was used to
demonstrate the transfer and utilization of a functional group using gas-phase alkylation. In
this experiment, doubly deprotonated DGAILDGAILD reacts with CMC to form a long-
lived complex. Upon isolation and CID of the complex, one pathway, as seen previously, is
loss of 125 Da, which indicates amide bond formation via carbodiimide reactivity. Another
pathway, however, is the transfer of the entire carbodiimide functionality from the
quaternary ammonium to the peptide, adding 151 Da to DGAILDGAILD. This ion is
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isolated and subjected to further activation, resulting in the spectrum shown in Figure 6.
Although the spectrum is dominated by various water losses that are characteristic of
aspartic acid residues, the 125 Da loss (along with a water loss from the 125 Da loss) is
present, indicating amide bond formation, and suggesting that the carbodiimide functionality
has been preserved after the carbodiimide group is transferred to the peptide.

Conclusions

This work demonstrates the gas-phase alkylation of various anionic sites via ion/ion
reactions with “onium” reagents. Tetraalkylammonium reagents are inherently well-suited
as reactants in ion/ion reactions as they are “sticky” enough to form long-lived electrostatic
complexes while also containing the desired reactive moieties. Sulfonium centers are also
presented as a viable alkylation reagent, whereas phosphonium centers do not display any
alkylation reactivity, apparently because of a high transition state barrier compared with the
proton transfer pathway. Alkylation through ion/ion reactions can be used as a tool for
functionalizing analytes in the gas-phase. As demonstrated in this and previous works,
alkylation with “onium” reagents may be a general technique for O-alkylation. Although
transfer using ion/ion reactions has been demonstrated with simple R groups, this technique
also has the capability to transfer more reactive functionalities, such as carbodiimides. In the
case of carbodiimide reagents, the selective reactivity towards carboxylic acids is preserved
during the substitution reaction. However, functional groups containing an acidic proton,
such as the 3-carboxypropyl group, seem to favor the proton transfer pathway more so than
the alkylation pathway. The work presented here adds another tool for covalent modification
in the gas phase. This method can be used to introduce new functional groups to a reagent as
a gas-phase synthesis process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A step-by-step demonstration of the alkylation of EDTA in the gas phase: (a) isolation of

doubly deprotonated EDTA, (b) product ion spectrum following the ion/ion reaction of the
anionic analyte with tetraethylammonium, and (c) collisional activation of the isolated
electrostatic complex (the precursor ion is indicated with the lightning bolt image). Nominal
water loss from the proton transfer peak as well as ethanol loss from the ethylated product,
both m/z 273, are represented with an open diamond symbol (&)
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Fragmentation spectra of [EDTA - 2H]?~ complexed with (a) tetramethylammonium, (b)
tetramethylphosphonium, and (c) trimethylsulfonium. The precursor ion being subjected to
CID is indicated with the lightning bolt image. Nominal water loss from the proton transfer
peak as well as methanol loss from the methylated product, both nVz 273, are represented

with an open diamond symbo

(<)
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Figure 3.

A reaction coordinate displaying transition states and products of both the proton transfer
(blue) and ethyl transfer (red) pathways from collisionally activating a complex between
[EDTA - 2H]?~ and tetraethylammonium. Coordinates for structures in the calculations are
available as Supplemental Information
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CID of the reaction complex between tetraethylammonium and (@) doubly deprotonated

(NDSA) or (b) doubly deprotonated ATP. The precursor ion being subjected to CID is

indicated with the lightning bolt image

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Gilbert et al.

100 (a) Me [DGAIL-2H + (CH3)5C,HsNH,N*]-
xfer
[DGAIL-H]-
C,H,NH, |
xfer SNT
50 1 . i
0 '
/ NH,
400 500 600 200
100 ) (b) C7H7
bt xfer
&
2 [DGAIL-HJ- [DGAIL-2H +
_§ 50 (C2H5)3C7H7N+]'
(V]
.r% Et /\,\G\
nT:) T xfer °
5 | D
400 500 600 700
1007 (c) DGAILH |~
(@]
50 T o OH ?
[DGAIL-2H + (CH,);C;H;COOHN"]
0 . , A |
400 500 600 700

Figureb.

Demonstration of “alkylation’ via ion/ion reactions to functionalize the model peptide,

m/z
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DGALIL using (a) (2-aminoethyl)trimethylammonium, (b) benzyltriethylammonium, and (c)

(3-carboxypropyl)trimethylammonium. The precursor ion being subjected to CID is

indicated with the lightning bolt image. Nominal water losses are represented with a degree
symbol (°) whereas ammonia loss is designated with an asterisk (*). Alcohol losses are again
displayed with the open diamond symbol (). Nominal water loss from the proton transfer
peak, as well as respective alcohol losses from the alkylated product, both appearing at m/z

273, are represented with an open diamond symbol (&)
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CID of the alkylation product from reacting doubly deprotonated DGAILDGAILD with
CMC. The precursor ion being subjected to CID is indicated with the lightning bolt image.

The nominal water loss from the charge-reduced peak and the alcohol loss from the

alkylated product are represented with an open diamond symbol (). Sequence fragments
containing the amide bound modification from the selective reactivity of CMC are indicated

by the double-dagger symbol (%)
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Table 1

The Calculated Zero-Point Energies of the Products and Transition States for Methyl Cation Transfer in the
Dissociation of Acetate Complexes with Tetramethylammonium, Tetramethylphosphonium, and
Trimethylsulfonium as well as the Zero-Point Energies of the Products from Proton Transfer from
Dissociation of the Corresponding Complexes. All Calculations Were Performed Using M06/6-311++G(2d,p).
Coordinates for Structures in the Calculations are Available as Supplemental Information

Reagent Proton transfer ~ Methyl transfer

Products (eV) TS(eV) Products (eV)
(CHg),N* 179 0.94 -0.49
(CHg)sP* 120 1.87 0.38
(CH3),S*  0.96 0.75 -0.91
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