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Abstract

Peptide radical cations that contain an aromatic amino acid residue cleave to give [z, — H]™ ions
with [b, — H— 17]" and [c, — 17]" ions, the dominant products in the dissociation of [z, — H]™,
also present in lower abundance in the CID spectra. Isotopic labeling in the aromatic ring of
[Y: GG]" establishes that in the formation of [b, — H — 17]" ions a hydrogen from the 8-position
of the Y residue is lost, indicating that nucleophilic substitution on the aromatic ring has occurred.
A preliminary DFT investigation of nine plausible structures for the [c; — 17] ion derived from
[Y.GG]" shows that two structures resulting from attack on the aromatic ring by oxygen and
nitrogen atoms from the peptide backbone have significantly better energies than other isomers.
A detailed study of [Y,GG] using two density functionals, B3LYP and M06-2X, with a
6-31++G(d,p) basis set gives a higher barrier for attack on the aromatic ring of the [z, — H]™ ion
by nitrogen than by the carbonyl oxygen. However, subsequent rearrangements involving proton
transfers are much higher in energy for the oxygen-substituted isomer leading to the conclusion
that the [c; — 17]" ions are the products of nucleophilic attack by nitrogen, protonated
2,7-dihydroxyquinoline ions. The [b, — H — 17] ions are formed by loss of glycine from the

same intermediates involved in the formation of the [c¢; — 17]" ions.

Keywords: collision-induced dissociation, peptide radical cations, fragmentation mechanism,

density functional theory, backbone-aromatic ring bond.
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Introduction

Gas-phase fragmentation of peptides is a key technology for peptide sequencing and, ultimately,
protein identification with the use of biological mass spectrometry.'” The gas-phase
fragmentations of even-electron peptides of the type [M + nH]"" have been studied extensively
and interpreted with the aid of the ‘mobile proton model’.*'® Low-energy collision-induced
dissociation (CID) initiates charge-directed cleavages at different amide bonds along the peptide
backbone, forming b- or y- ions, typically through a series of proton transfers and subsequent
intramolecular nucleophilic attack. Hydrogen-deficient peptide radical cations undergo many of
the same type of charge-driven cleavages but there are also diverse radical-induced dissociation
pathways that differ substantially from those of their protonated counterparts and those of
hydrogen-rich peptide radical cations, thereby providing much additional information for protein

11-19

and peptide sequencing. Recent investigations have indicated that cationic peptide radicals

undergo both backbone and side-chain cleavages.'™ *** Among the backbone cleavages,

33-35

N—Ca,%” N-terminal amide,30'32 and C,—C bond cleavages, which produce

[c, + 2H] /[z,— H] " ions, [y,.1]" ions, and [a,]"/[z, + H]" ions, respectively, have been observed;
known side-chain reactions include Co,—Cp and C—C, bond cleavages.’*>**>~*® The nomenclature
used for describing product ions is the recently proposed all-explicit’ system.>’

40-42

Peptide and protein radicals are common features of cellular metabolism. The presence of

free radicals can lead to protein damage that results in various diseases, ranging from
atherosclerosis and myocardial infarction to cancer and aging.“'47 On the positive side, free
radicals are responsible for protein activity and degradation, cytolysis and cell functioning.*”**
* Fragmentations of phenylalanine-, tyrosine- and tryptophan-containing peptide radical cations
have attracted significant attention since these aromatic amino acids have interesting properties
and are found in numerous proteins. One of their functions is in the transport of electrons or

electron holes over long distances in proteins by virtue of their easily oxidized side chains.**"!

3
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Free radical attack may also cause protein fragmentation and protein conformational changes,
both of which can alter the protein function significantly.*®*’

Knowledge about how specific residues can induce unusual modes of fragmentation can assist in
identification of peptides. Formation of [z, — H]™ ions by cleavage of the N-C, bond of an
aromatic acid residue is a common pathway in the dissociation of peptide radical cations and the
existence of these ions helps in determining the location of the aromatic amino acid.””*’ Here we
report that dissociation of the [z, — H]™ ions results in the formation of residue-specific product
ions at m/z 146 and 187 for phenylalanine-, 162 and 203 for tyrosine-, and 185 and 226 for
tryptophan- containing peptides. The ion with the lower mass-to-charge within each category is a
[c1 — 17]" ion and the one with the higher mass-to-charge is a [b, — H — 17]" ion. The observation
of these product ions, along with the m/z value of the [z, — H] " ion, reveals the presence and the
position of phenylalanine, tyrosine, tryptophan residues in a peptide chain. Here detailed
mechanisms are examined using the tripeptide radical cation [Y, GG]" as a model to rationalize
how these diagnostic fragment ions are formed. Loss of an aromatic hydrogen shows that the [b,
—H - 17]"" ions are the products of a novel interaction between the backbone of the peptide and

the aromatic side chain. Density functional theory establishes that both product ions are the

results of attack by the amide nitrogen on the aromatic ring.

Experimental section

Materials and Reagents

Fmoc-protected amino acids and Wang resin were purchased from Advanced ChemTech
(Louisville, KY, USA). All of the studied peptides were synthesized according to procedures
described in the literature.’* All solvents were of HPLC grade; menthol, water, and acetic acid
were purchased from Duksan Pure Chemicals (Ansan-City, Gyungkido, Korea), Tedia (Fairfield,
OH, USA), and VWR International (Poole, England), respectively. Copper(ll)-containing ternary



Physical Chemistry Chemical Physics

complexes were prepared by mixing copper(Il) perchlorate hexahydrate with the crown ether
either 1,4,7,10-tetraoxacyclododecane (12-crown-4) or 1,4,7,10,13,16-hexaoxacyclooctadecane

(18-crown-6) in a water/methanol solution (1:1).

Mass Spectrometry

Experiments were carried out on a triple quadrupole linear-ion trap (LIT) (QTRAP®, AB SCIEX,
Concord, ON, Canada) equipped with an electrospray ionization (ESI) source and nitrogen as the
curtain and collision gas. In a typical infusion experiment, a syringe pump (Cole Parmer, Vernon
Hills, IL, USA) was used to deliver samples at a flow rate of 180 pL h™'. The peptide stock
solutions for experiments with singly protonated peptides typically comprised 0.1 mM peptide in
H,0/MeOH (50:50, v/v) containing 0.1% AcOH. When generating peptide radicals using metal
complexes, 600 pM Cu'(12-crown-4)(NO3), or Cu'(18-crown-6)(NO3), was added to the peptide
stock solutions, without AcOH, such that peptide radical ions (M™") would be generated through
one-electron transfer from the neutral peptide to the metal center in the metal-ligand—peptide
ternary complex. The specific a-carbon-centered radicals were formed through multistage CID of
[CuH(ligand)(M)]°2+, in which peptide canonical radical cations M™" were generated in the first
stage of CID of metal-ligand-peptide complexes and then underwent a subsequent stage of CID

to generate the a-carbon-centered radical through side-chain loss.

Computational Methods

Structures of the n-radical [Y, GG]" and its dissociation products were initially obtained through
Monte Carlo conformational searches with a semi-empirical method (PM3) using the Spartan
software.” This was followed by geometry optimizations in the framework of density functional
theory (DFT) using the unrestricted (U) hybrid functional formulated with a mixture of
Hartree—Fock exchange energy and Becke’s three-parameter 1988 gradient-corrected exchange

energy, as well as Lee—Yang—Parr (LYP) correlation energy (UB3LYP).”* > All DFT calculations
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were performed initially with the 6-31G(d) basis set and subsequently with the 6-31++G(d,p)
basis set’® *’, i.e. at the UB3LYP/6-31++G(d,p) levels. All of the stationary points were
characterized by vibrational analysis to ensure that their curvatures were correct on the
corresponding potential energy surfaces (PESs); the intrinsic reaction coordinate (IRC) method®
was used to identify the local minima associated with each transition structure. Relative
enthalpies at 0 K (AH,°) were calculated from the electronic energies and zero-point energies
(ZPVE) obtained within the harmonic approximation. Subsequently, all the structures at critical
points were re-optimized using the M06-2X functional and, as there are significant differences,
both sets of data are reported.sg’ % All DFT calculations were performed using the Gaussian 09

software package.”'

Results and Discussion

The discovery of residue-specific product ions

The CID spectrum of the canonical radical cation tyrosylglycylglycylglycine [Y,GGG] in
which the charge and spin are delocalized in the m-system of the tyrosine side chain is shown in
Figure la. The dominant fragmentation pathway is loss of the tyrosine side chain as
p-quinomethide (-106 Da) by radical-induced C,—Cg bond cleavage; a second channel, ammonia
loss (-17 Da) by cleaving the N-terminal N—C, bond to give the [z4 — H]" ion, is moderately
abundant. Products in lower abundance are the [b, — H]™ ion (at m/z 220), the product of
charge-induced dissociation of the second amide bond, the [b, — H— 17]"" ion (at m/z 203), and a
more unusual product ion, the [c; — 17]" ion at m/z 162. The CID spectrum of an
alanine-containing analogous peptide [YGGA]™" (i.e., replacing the C-terminal glycine residue
by an alanine residue, Figure Sla in supplementary materials), establishes that all these minor
product ions contain remnants of the N-terminal tyrosine residue. The [b; — H — 17]" and [c; —
17]" ions are the major dissociation products of the [z4 — H]™ ion, as shown in Figure 1b and

Figure S1b; similar results are also observed in the CID spectrum of the tripeptide
6
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tyrosylglycylglycine [Y, GG]" (Figure S2). These observations provide experimental evidence
that formation of these two residue-specific product ions are probably formed via the
intermediacy of the [z, — H]™ product ion. Surprisingly, the CID spectrum of the [¢; — 17] ion
reveals the elimination of a water molecule (Figure Ic) and, at first glance, it is not readily
apparent what structural features facilitate this loss. These observations, when coupled with the
fact that isotopic labeling established that one of the aromatic hydrogen is lost in forming the [b,
— H - 17]" ion vide infra, indicates that structural rearrangement involving attack on the
aromatic ring by a nucleophile from the backbone occurs.

The N-C, bonds of other aromatic amino acid residues in peptide radical cations are also
susceptible to heterolytic cleavage yielding [z, — H] " ions. This is illustrated in Figure 2a and 2¢c
for [W,GG]" and [FGG,’]" (radical at the a-carbon of the C-terminal residue). Many additional
examples are available in the Supplemental Materials. In these spectra, the [c; — 17]" and [b, — H
— 17]"" ions are ubiquitous, although sometimes in low abundance. CID spectra of the [z; — H]™
fragment ions generated from [W, GG]" and [FGG,']" (Figures 2b and 2d) produce the fragment
ions [c; — 17]" at m/z 185 and 146, and [by — H — 17]" at m/z 226 and 187, respectively. As
observed for [Y,GGG]", the [c; — 17]" ions of [W,GG]" and [F, GG]" both dissociated by loss
of water (Figures S3a and Figures S4c). By contrast, the [b, — H — 17]" ion appears to be quite
fragile and easily loses a hydrogen atom, as observed in the [Y,GGG] (Figure 1d) and
[W, GG]" systems (Figure S5b).

Experimental and theoretical investigations of the structures of the [¢; — 17]" and [b, — H —
17]"" ions

Labeling experiments. In order to investigate the structures and details of the mechanisms by
which the [c¢; — 17]" and [b, — H — 17]"" ions are formed, isotopic-labeling experiments were
carried out. The [c; — 17]" ion derived from [Y, GG]", molecular formula CoNO,Hg', contains
only one nitrogen and this could originate either at the N-terminus or the first amide bond. The

spectrum in Figure 3a establishes that it is the nitrogen of the amide bond that is retained and
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also provides support for the premise that the [c; — 17]" ion is formed via the [z; — H]" ion. The
>N is also retained in the [b, — H — 17]" ion and the CID spectrum of the labeled [z3 — H]™ ion,
shown in Figure 3b, has only the [c; — 17]" and [b, —H — 17]" ions as abundant product ions.
Fragmentation of d4-[Y,GG]" (Figure 3c), where the four aromatic hydrogens atoms of the
phenol ring have been replaced by deuterium atoms, resulted in a spectrum where all the product
ions have mass-to-charge values higher by 4 relative to the unlabeled peptide, with one notable
exception: the [by — H — 17]"" ion observed at m/z 203 in the spectrum of [Y,GG]" is shifted to
m/z 206 in the spectrum of d4-[ Y, GG]" showing that one of the aromatic deuteriums was lost in
the formation of this ion. Confirmation of the involvement of the aromatic ring is further
indicated by the spectrum of the [c¢; — 17]" ion of d4-[Y.GG]" (Figure 3g), where the loss of
water is HDO and not H,O. In order to further probe the exact bonding site in the aromatic ring,
the CID spectra of d2-[Y,GG]', where the aromatic hydrogens at the 3- and 5-positions have
been replaced by deuteriums, and its fragment ion [z; — H]™ were examined (Figures 3e and 3f).
All the fragment ions were found to have mass-to-charge ratios higher by 2, indicating that the
deuteriums from positions 3 and 5 were not lost in the formation of either the [b, — H — 17]™ or
[c1 — 17] ion. Fragmentation of the [c; — 17]" ion derived from d2-[Y, GG]" resulted in the loss
of H,O (18 Da), (Figure 3h) demonstrating that any interaction between the backbone and the
aromatic ring had not involved the two deuterium atoms on the g-carbons of the ring.

Theoretical investigations. We used the prototypical radical cationic tyrosylglycylglycine to
examine the potential energy surface for isomers of the [c; — 17] and [b, — H — 17]"" ion. Nine
structures were optimized for the [c; — 17]" and the two in which a heteroatom from the
backbone is covalently bound to the aromatic ring were found to have much lower energies than
all the other isomers (Figure S6).

Two pathways involving nucleophilic attack on the aromatic ring of the [z3 — H]™ ion by either
the amide oxygen (O-attacking) or the amide nitrogen (N-attacking) have been examined in
detail for the [Y,GG]" system. The key steps are summarized in Scheme 1 (a more detailed

version showing step-by-step details is provided in Scheme S1). All energies discussed are
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enthalpies in kcal mol'at 0 K. Free energies at 298 K are also provided in the schemes in
parentheses. All energies are relative to the lowest-energy canonical structure for [Y, GG]" in
which both the radical and charge are located in the n-system of the tyrosine residue. The upper
numbers, given in bold type, are from MO06-2X/6-31++G(d,p) calculations and the lower
numbers are from B3LYP calculations with the same basis set. Both sets of calculations show the
formation of the [z; — H]™ ion (structure 1a, Scheme 1) to be endothermic but there are
significant differences in the calculated energies.

Nucleophilic attack by either a nitrogen or a carbonyl oxygen on the aromatic ring of the [z; —
H]™" ion of [Y.GG]" requires that the structure adopting the higher energy cis conformation
about the C,=Cp bond of the tyrosine residue (structure 1b). In our initial calculations using the
B3LYP functional, we found that the nucleophilic attack by the carbonyl oxygen (giving
structure 7) has a low energy barrier (8.9 kcal mol™ relative to 1b), and considerably lower than
that for the attack by the amide nitrogen (giving structure 2, with a barrier of 21.9 kcal mol™).
However, subsequent rearrangement of 7 involving proton transfers have higher barriers than
those for the formation and rearrangements of 2, strongly suggesting that dissociation via 2 is the
more probable pathway.

Rearrangement of ion 2 into 3 via a series of proton shifts has an overall barrier of only 7.6 kcal
mol” as determined by B3LYP level and subsequent cleavage of the N-C, bond of the central
residue to give the [c; — 17]" ion (structure 5a) and the N-acetyl-glycine radical has a barrier that
is 10.1 kcal mol” lower than that for conversion of 2 into 3. In this mechanism, the aromatic
hydrogen that was displaced by the initial nucleophilic attack is relocated to the nitrogen of the
product, protonated 2,7-dihydroxyquinoline.

The [b, — H — 17]" ion (structure 6a) may also be formed from structure 2 by 1,4 proton
migration of the aromatic hydrogen to the amide nitrogen followed by loss of glycine. This
mechanism accounts for the formation of [b, — D — 17]™ ion, but the barrier to this dissociation is
23.9 kcal mol™ and, on the overall profile is 9.3 kcal mol™ higher than the barrier for conversion

of 1b into 2. By contrast, on the pathway to the formation of the [c; — 17]" ion conversion of 1b
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into 2 has the highest barrier. Consequently, the B3LYP calculations lead to the conclusion that at
low collision energies the [c; — 17]" ion should be the dominant product. This is not consistent
with the experimental observation that both [c; — 17]" and [b, — H— 17]"" ions are always in high
abundance.

All the structures in Scheme 1 were re-optimized using the M06-2X functional and the picture is
somewhat modified. The barrier to conversion of the frans isomer 1a into the cis isomer 1b is
almost unchanged (22.0 kcal mol™ compared with 22.8 kcal mol” from the B3LYP calculation)
but the transition state for this step was higher in energy than all the subsequent barriers leading
to both [c; — 17]" and [b, — H — 17]"" ions via the mechanism involving nucleophilic attack by the
amide nitrogen on the aromatic ring. Consequently, when sufficient energy is provided to form
1b, in the absence of any collisional stabilization, both product ions should be observed. Ring
closure by using the carbonyl oxygen as the nucleophile is again disfavored as the barriers to the
proton transfer steps after the initial formation of 7 are higher than that for conversion of 1a into
1b.

The structure proposed for the [c; — 17]" ion (5a) is protonated 2,7-dihydroxyquinoline.
Recalling the CID experiment on the [c; — 17]" ion showed it to lose a water molecule (Figure
1c); support for the proposed structure was provided by the fact that an authentic sample of

protonated 2,7-dihydroxyquinoline similarly lost water (Figure S7).
Applications in long peptide sequence with different radical sites

In addition to studying tripeptide radical cations possessing an aromatic amino acid residue at the
N-terminus, we extended the investigation to systematically elucidate the structural features
influencing the rearrangement process. Formation of residue-specific fragment ions [¢; — 17]" at
m/z 162, 185 and [b, — H — 17]"" at m/z 203, 226 is evidently prevalent from many tyrosine- and
tryptophan-containing peptide radical cations (Figure S8 and S9). In addition to ions with the
charge and spin delocalized over a m-system, the specific fragment ions [c; — 17]" and [b, — H —
171" are also be observed in the CID of [YGG,]", [YG,G]" and[Y. GG] ions where the radical

10



Physical Chemistry Chemical Physics Page 14 of 64

is located at different positions.62

We also investigated a variety of peptide cationic analogues from tripeptides to larger
oligopeptides containing a tyrosine or a tryptophan residue at different positions along the
peptide backbone of ions [GXG,]™ (m=0-3, n=2—5, X=Y or W). Table 1 displays the relative
abundances of [z, — H]™, [c; — 17]" and [b, — H — 17]"" ions observed in the fragmentations of
peptide radical cations containing one tyrosine or one tryptophan residue (denoted M™). All the
tyrosine- and tryptophan-containing peptide radical cations produced fragment ions [z, — H]*",
most of which are in relatively high abundance. The product [z, — H]™ ions were isolated and the
last two columns in Table 1 give the relative abundances of [c; — 17]" and [b, — H — 17]"" ions
produced in the fragmentations of these ions. Clearly the [c; — 17]" and [b, — H — 17]"" ions are
dominant products in the dissociations of the [z, — H]™ ions. Additionally, we varied the middle
residue of [Y,XG]" to include several aliphatic amino acid residues (i.e., X = A, V, L, P) to
examine the effect of the residue adjacent to the aromatic residue. The CID spectra of YAG, YVG,
YLG and YPG all showed abundant [z; — H]™ ions and the MS/MS on these [z; — H]™ ions
produced abundant [b, — H — 17]" ions and some [c; — 17] ions (Figure S9). In general, the
observation of a [z, — H]™ ion indicates the presence and the position of an aromatic residue in a
peptide chain, and the residue-specific product ion [c¢; — 17] identifies the aromatic residue. The

[b, — H — 17]" ions provide information on what residue is adjacent to the aromatic residue.
Conclusions

Novel residue-specific fragment ions [c; — 17]" at m/z 162 and 185, and [by — H — 17]" at m/z
203, and 226 are present in the low-energy CID of a series of tyrosine- and
tryptophan-containing peptide radical cations, respectively. Using [Y, GG]" as a model system,
the mechanisms for the formations of these ions has been investigated by isotopic labeling
experiments and DFT calculations. The results reveal an unprecedented rearrangement involving
nucleophilic attack by a backbone amide nitrogen atom on the 6-carbon of the tyrosine residue; it
is followed by several proton transfer steps culminating in the cleavage of either the N—C, or the

11
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second amide bond to produce the [c; — 17]" and [b, — H — 17]"" ions respectively. Elimination
of either an ammonia molecule or an amide from the N-terminus to produce [z, — H]™ ions is an
essential step that precedes formation of these residue-specific ions. This study provides a
fundamental understanding of a novel cyclization reaction between peptide backbone nitrogen
and aromatic side chains. The observation of [c; — 17] and [b, — H — 17]" ions along with the
m/z value of the [z, — H] " ion can provide peptide sequencing information by identification of an
aromatic residue and establishing what amino acid is attached to C-terminal side of the

aromatic residue.
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Caption for scheme:

Scheme 1: Schematic diagram showing the formations of [¢; — 17]" and [b, — H — 17]"" ions from
[YGG]™ via nucleophilic attack by backbone nitrogen or oxygen. Upper numbers are the relative
enthalpies (AH®)) and free energies (AG®9s, in parenthesis) calculated at M06-2X/6-31++G(d,p)
level while the lower numbers are those calculated at the B3LYP/6-31++G(d,p) level. All
energies are in kcal mol™.

Captions for figures:

Figure 1. CID spectra of (a) [Y, GGG]"; and the MS/MS spectra of the product ions at (b) m/z
335 corresponding to [z4 — H]™, (¢) m/z 162 corresponding to [c; — 17]", and (d) m/z 203
corresponding to [b, — H— 17]"" ions.

Figure 2. CID spectra of (a) [W, GG]" and (b) [z3 — H]"" ions derived from [W; GG]"; and CID
spectra of (¢) [FGG,]" and (d) [z; — H]™ ions derived from [FGG,]".

Figure 3. CID spectra of labeled [Y, GG]™ and [z; — H]™ radical cations: (a) and (b) the first
amide nitrogen is labeled by PN isotope, (c) and (d) the aromatic hydrogens in tyrosine are
replaced by deuteriums, and (e) and (f) the aromatic hydrogens at 3- and 5-positions of tyrosine
are replaced by deuteriums; and CID spectra of [c; — 17]" ion from (g) d4-[Y.GG]" and (h)
d2-[Y.GG]".
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Table 1. Relative abundances (%) of [c; — 17]", [b, — H — 17]"" and [z, — H]*" ions generated
from tyrosine- and tryptophan-containing peptide radical cations, M*"; [c; — 17] and [b, — H —

Physical Chemistry Chemical Physics

17]"" ions derived from [z, — H]"" ions.

From M"" From [z, — H]""

Peptide [c,—171" [b,—H-17]" [z,—H]" [ci—17T° [b,—H-17]""
YGG 10 38 30 90 100
YGGG 18 9 50 100 98
YGGGG 8 8 38 65 68
YGGGGG 8 3 14 42 12
GYGG 18 18 100 100 100
GYGGG 90 100 60 75 100
GYGGGG 58 60 100 70 50
GGYGG 8 12 18 100 80
GGYGGG 75 70 20 23 30
GGGYGG 2 2 5 40 50
WGG 5 10 100 30 100
WGGG 30 82 100 30 100
WGGGG 5 6 100 60 100
WGGGGG 4 3 100 45 55
GWGG i 48 100 40 100
GWGGG 23 100 15 20 100
GWGGGG 30 40 90 70 80
GGWGG 30 100 100 40 100
GGWGGG 25 100 65 30 100
GGGWGG 4 3 60 30 75

17
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Scheme S1 Detailed mehcanism showing the formations of [¢; — 17]" and [b, — H— 17]"" ions from [YGG]™ via nucleophilic attack by
backbone nitrogen or oxygen. Upper numbers are the relative enthalpies (AH®) and free energies (AG®,9g, in parenthesis) calculated at

M062X/6-31++G(d,p) level while the lower numbers are those calculated at the B3LYP/6-31++G(d,p) level. All energies are in kcal
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Figure S1. CID spectra of (a) [Y, GGA]" and (b) [zs — H]" generated from [Y, GGA]".
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Figure S2 CID spectra of (a) [Y. GG]" and (b) [z3 — H]" generated from [Y, GG]".
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Figure S3 CID spectra of (a) [c; — 17]" and (b) [b, — H — 17]"" generated from [W, GG]".
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Figure S4 CID spectra of (a) [Fx GG]", (b) [zz— H] " and (c) [c; — 17]" generated from [F, GG]".
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Figure S5. CID spectra of (a) [FspGG,], (b) [ci — 17]" generated from [FspGG,]', (c)
[FGn15G, 1" and (d) [c; — 17]" generated from [FGy5G, ]
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Figure S6 Nine optimized structures proposed for [ci-17]". The relative enthalpies (AH%) and

. . . . -1
free energies (AG®y9s, in parenthesis) are shown in kcal mol ™.
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Figure S7 CID spectra of (a) protonated 2,7-dihydroxyquinoline and (b) quinolin-2(1H)-one.
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Figure S8 CID spectra mentioned in Table 1.
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Figure S9 CID spectra of [Y, AG]", [Yx VG]',[YxLG]",[ Y« PG]" and their [z:-H]™".
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Cartesian coordinate of selected structures optimized at the M06-2X/6-31++G(d,p) level
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C -1.741191 0
C -4.057723 0
c -4.243084 -0
C -1.909096 -1
H 1.030835 -0
H -4.896382 1
H -5.220348 -1
H -1.107867 -1
N -0.476287 0
¢ 0.405661 0.
c 1.386810 -0
(0] 1.855299 -1
H 1.216063 3.
H 1.005920 0.
H -0.149589 -0
N 1.805537 -0
C 3.079787 -0
C 4.163345 -0
o 3.920394 0.
o 5.340927 -0
H 1.886406 0.
H 3.270862 -0
H 6.016936 -0
H 3.015040 -1
H -1.058591 3
o -3.250822 -3
H -4.150245 -3
Structure_5a.xyz
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C 1.152115 1.188648 0.000000
H -1.324007 2.010420 0.000000
H 1.388120 -2.711915 0.000000
H 3.444640 -1.348779 0.000000
H 1.116919 2.272860 0.000000
N -1.251478 0.995242 0.000000
H -4.296645 0.568916 0.000000
H -3.319441 -1.641440 0.000000
o 3.467626 1.324696 0.000000
H 4.288558 0.814901 0.000000

Structure_ 5b.xyz

20
c -2.410885 1.012991 0.000000
C -2.347707 -0.400706 0.000000
C -1.233606 1.709219 0.000000
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H -1.249805 2.795821 0.000000
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c 1.274376 1.680103 0.000000
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c 1.154342 -1.139062 0.000000
H -3.280369 -2.205536 0.000000
H 1.313505 2.764996 0.000000
H 3.400689 1.443284 0.000000
H 1.116178 -2.221787 0.000000
H -3.378291 1.498743 0.000000
N -3.401238 -1.200730 0.000000
H -4.338002 -0.823811 0.000000
o -1.192067 -1.039133 0.000000
o 3.474344 -1.232724 0.000000
H 4.287428 -0.710436 0.000000
Structure_é6a.xyz
24

C 2.707158 1.127464 -0.110077
C 2.413808 -0.243756 -0.056636
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C 1.687072 2.059445
C 0.337687 1.657427
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H 3.736840 1.438122
o -3.441996 -0.114908
H -3.386464 -1.084037
Structure_6b.xyz
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Structure_7.xyz

34

w

w

w

o

-

-2.

-

o

o

-

-

-

N

N}

w

w

&

&

&

o

o

.625023

.281959

.148760

.105530

.718349

.129326

.520507

.238691

.784402

.959792

.131076

.717719

.748060

.578373

.873512

.010278

.452820

.318667

.856521

.661720

.457785

669838

.297385

.345103

.832206

.234905

.010552

.122288

.651893

.809773

.648471

.490525

.029398

.896647

.296275

.216537

.456327

-3.

o

-

o

-

o

o

-

o

o

-

o

™

-

N

o

o

o

o

-

o

[

o

o

o

o

N

.855814

.169398

.944503

.576050

.582445

.404517

.804664

.163946

.401450

.227144

.245357

.958906

.105389

.743247

.108381

.652506

.662312

.501204

.076225

.448242

.885897

.320707

368067

.284009

.177686

.136903

.522444

.435036

. 713193

.923188

.178069

.176361

.243153

.992783

.938886

.754058

.109159

|
o

-0.194721

o

.622088

-1.148531

0.035507

.137154

=

.039293

o

.003460

|
o

.080341

o

.126078

o

.174628

o

.062363

o

.013608

|
o

.308674

-0.063581

o

.636993

|
o

.399891

-0.427191

o

.389184

1.729291

-0.749242

-0.773359

o

.677445

o

.089188

o

.071968

-0.042900

o

.070435

|
o

.774494

o

.997184

-0.052740

o

.158942

o

.037917

o

.060325

o

.146779

o

.057029

o

.655638

-1.097271

0.075335

Physical Chemistry Chemical Physics

S25



Structure_8.xyz
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TS_1b-2.xyz

34
C -3.837071 -1.410837 -0.304575
C -2.549194 -2.051243 0.038749
o -2.398911 -3.168646 0.449057
C -3.986843 -0.068440 -0.361094
C -2.922739 0.848859 0.007724
H -4.924745 0.350094 -0.718734
C -0.582335 2.344565 0.509102
C -1.901653 0.367794 0.942410
C -2.739133 2.077732 -0.620380
C -1.578450 2.808985 -0.406718
C -0.765438 1.177303 1.215510
H -2.254699 -0.261651 1.759999
H -3.481464 2.439614 -1.324994
H -1.419605 3.743194 -0.937670
H -0.060074 0.909465 1.994547
N -1.400475 -1.170901 -0.119488
C -0.085994 -1.691975 0.242538
C 0.924392 -0.809594 -0.497074
o 0.543792 -0.117543 -1.438057
H -1.321088 -0.720662 -1.045519
H 0.044891 -1.666493 1.328768
H -0.003584 -2.735145 -0.083672
N 2.187097 -0.858167 -0.065286
C 3.231108 -0.096800 -0.719226
C 4.523125 -0.348112 0.026866
o 4.605396 -1.068590 0.991255
o 5.536089 0.321565 -0.514870
H 2.476251 -1.438286 0.717171
H 3.002219 0.974083 -0.705384
H 6.346628 0.130158 -0.014949
H 3.346232 -0.394701 -1.766790
H -4.650604 -2.092897 -0.525674
o 0.524678 3.054786 0.748229
H 0.526291 3.904712 0.288430

TS_1b-7.xyz

34
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C 2.713995
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