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Experimental and Theoretical Studies of Sodium Cation Complexes of the Deamidation and
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The deamidation and dehydration products of (i3, where L= asparagine (Asn), glutamine (GIn), aspartic
acid (Asp), and glutamic acid (Glu), are examined in detail utilizing collision-induced dissociation (CID)
with Xe in a guided ion beam tandem mass spectrometer (GIBMS). Results establish that(th)ebdlaplexes
decompose upon formation in our dc discharge/flow tube ion source to form a bis-ligand complex,
Na'(L—HX)(HX), composed of a sodium cation, the-{HX) decomposition product, and HX, where HX

NH; for the amides and ¥D for the acids. Analysis of the energy-dependent CID cross sections for the
Na*(L—HX)(HX) complexes provides unambiguous identification of the-HX) fragmentation products as
3-amino succinic anhydride (a-SA) for Asx and oxo-proline (O-Pro) for GIx. Furthermore, these experiments
establish te 0 K sodium cation affinities for these five-membered ring decomposition products and@he H
and NH; binding affinities of the N&(a-SA) and N&(O-Pro) complexes after accounting for unimolecular
decay rates, the internal energy of reactant ions, and multipleriariecule collisions. Quantum chemical
calculations are determined for a number of geometric conformations of all reaction species as well as a
number of candidate species for{HX) at the B3LYP/6-31%#G(d,p) level with single-point energies
calculated at MP2(full), B3LYP, and B3P86 levels using a 6-BG12d,2p) basis set. This coordinated
examination of both the experimental work and quantum chemical calculations allows for a complete
characterization of the products of deamidation and dehydration of Asx and Glx, as well as the details of
Na*, H,O, and NH binding to the decomposition species.

Introduction The products of Asx and GIx deamidation and dehydration
he d idati f . 4 dl . | have been investigated previously for a number of different

T e deamidation of asparagine (_Asn) and glutamine G n_) systems both in the solution phase and in the gas phase. Capasso
residues from the terminal carboxamide functional group in their et al%10 propose that the biological decomposition of Asx

ransiational modifcation that oooLrs n proteins. This reaction '€SIdUES proceeds through a five-membered succinic ring
P ; intermediate, and consistent gas-phase mechanisms for Asx

e rocessof Bologce 267 ek 2 decompostion v s been proposene anlogue of i

reactions of aspartic acid (Asp) and glutamic acid (Glu) at the prodyqt frohmdt%e mosrl:mFerlcthASél amino ac%s L?] 3-arglnc;

terminal carboxylic acid functional group in their side chains succinic annydride (@-SA). or the G1X amino acids, the products

are also significant biologically, and these reactions likely of deamidation and dehydration are less established, although
’ rseveral different schemes for how GIx amino acids los® H

proceed via comparable mechanisms. Therefore, a molecula &a sianif . . -
characterization of the products of Asx and Glx deamidation 2nd NF have been proposéd Significant biologically is the

and dehydration correlated to these biological processes shouldroduct oxo-proline (O-Pro), which has been identified as the
prove insightful. Furthermore, a detailed understanding of the N-términal amino acid of a large number of naturally occurring
molecular interactions of these products with small biologically prot(_a|ns%3 Furthermore, collision-induced dissociation (CID)
relevant entities (N& NHs, and HO) may afford quantitative ~ Studies of the intact NgL) complexes, where k= Asn, Asp,
insight into these degradation reactions. Gln, and Qlu, ut|||2|ng an electrospray |on|zaF|on (ESI) source
Studying the Asn, GIn, Asp, and Glu ligands concurrently Produce minor reaction channels corresponding40 Hr NHs
allows for the structural parallels among these four amino acids 0SS from Na(Asx) and N&(Glx) upon collisional excitatior
to be used in uncovering mechanistic details of the deamidationNO diréct measurements of NaNHs, or H,O binding to the
and dehydration processes. The amides, Asn and Gin, differproducts_of Asx and_GIx deamidation and dehydration have been
from the acids, Asp and Glu, by the difference of a carboxamide @ccomplished previously.
and carboxylic acid functional group in their side chains, In the work presented here, we explicitly identify the
respectively. Furthermore, the Asx and Glx amino acids differ deamidation and dehydration products of thet{#ex) and
by having one-carbon and two-carbon linkages preceding this Nat(Glx) complexes by experimentally examining Na—
group, respectively. Thus, informative trends related to these HX)(HX) complexes, where HX= NH3 for the amides and
structural parallels can be drawn, combined with characteriza- H,O for the acids. Investigation of all possible candidate
tions of similar systems currently available in the literature.  fragments relevant to these studies is provided at length below
and shows that (EHX) is 3-amino succinic anhydride (a-SA)
*To whom correspondence should be addressed. for Asx and oxo-proline (O-Pro) for GIx. Thus, we are able to
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provide the first experimental values for the N&inding neutral reactants, respectively. All energies herein are reported
affinities of a-SA and O-Pro and the,8 and NH binding in the CM frame unless otherwise noted.
affinities of Na“(a-SA) and Na(O-Pro). Absolute bond dis- Thermochemical Analysis. Threshold regions of the CID

sociation energies (BDEs) are measured using threshold CIDreaction cross sections are modeled using eq 1

(TCID) in a guided ion beam tandem mass spectrometer. .

Theoretical calculations at the B3LYP/6-3&tG(d,p) level are (E) — _ ! = *

carried out to provide structures, vibrational(frgéuencies, and 9(E) = (N, E) z g onrEw 5 (E k(BN x

rotational constants needed for analysis of the TCID data. {1 - e EME - )" d(E) (1)
Experimental BDEs are compared to theoretical calculations

performed for a number of possible geometries at the B3LYP/ whereoy; is an energy-independent scaling factor for channel
6-311+G(2d,2p), B3P86/6-3HG(2d,2p), and MP2(full)/6-  j, nis an adjustable parameter that describes the efficiency of
311+G(2d,2p) levels using geometries and zero-point energy collisional energy transféf, E is the relative kinetic energy of
corrections calculated at the B3LYP/6-31G(d,p) level of the reactantso; is the threshold for dissociation of the ground
theory along with corrections for basis set superposition errors electronic and rovibrational state of the reactant ib0 & for

(BSSE). channelj, 7 is the experimental time for dissociatior§ x
104 s in the extended dual octopole configuration as measured
Experimental and Computational Section by time-of-flight studies}® ¢ is the energy transferred from

translation during the collision, ang* is the internal energy

General Experimental ProceduresCross sections for CID  of the energized molecule (EM) after the collision, thatds,
of the metat-ligand complexes are measured using a guided = ¢ + E;. The summation is over the rovibrational states of the
ion beam tandem mass spectrometer that has been described ifeactant ionsi, whereE; is the excitation energy of each state
detail previously>® The present studies are conducted using andg is the fractional population of those statgsy(=1). The
a direct current discharge flow tube (DC/FT) soutteinder Beyer—Swinehart algorithi#?-3lis used to evaluate the number
conditions similar to those described previou$tBriefly, the and density of the rovibrational states, and the relative popula-
DC/FT source generates sodium cationsai 1 mlong flow tions g; are calculated for a MaxweHBoltzmann distribution
tube via a continuous dc discharge by argon ion sputtering of gt 300 K.
a cathode made from a tantalum rod with a small cutout The term k(E*) is the unimolecular rate constant for
containing sodium metal. Typical operating conditions of the dissociation of the energized molecule to charjndlhe rate
discharge are 1:42.0 kV and 8-20 mA. The sodium cations  constant(E*) andki(E*) are defined by RiceRamsperger

produced are carried by a flow of buffer gas-e10% Ar in Kasset-Marcus (RRKM) theory as in eq233

He throudn a 1 mlong flow tube at a rate of 506700 standard

cm®/min each, usually at a pressure of 909 Torr. Neutral ko(E*) = Z kj(E*) — z dij‘r(E* _ EOJ)/hp(E*) )
] ]

ligands (here, the four amino acids) are introduced approxi-
mately 50 cm downstream from the discharge via a probe
containing the amino acid that is heated to temperatures in thewhered; is the reaction degeneracy of chan'nell;r (E* — Eo))
range of 166-210 °C. Complexes are formed by three-body is the sum of rovibrational states of the transition state (TS) for
association reactions of the sodium cation with the neutral channelj at an energye* — Epj, and p(E*) is the density of
ligands. The ions undergo multiple collisions X0°) with the states of the energized molecule (EM) at the available energy,
room-temperature flow gases. Thus, the DC/FT source is E*. These rate constants allow both kinetic shifts and competi-
assumed to produce ions having their internal energies well tion between multiple parallel channels to be modéfe8\When
described by a MaxwelBoltzmann distribution of rovibrational no significant competition among product channels is observed,
states at 300 K, as characterized in previous experimeHis?24 the termk(E*)/ki(E*) = 1 and all fitting parameters then
Metal-ligand complexes are then extracted from the source correspond to the single channel being modeled.
and mass selected using a magnetic momentum analyzer. The Several effects that obscure the interpretation of the data must
mass-selected ions are decelerated to a well-defined kineticbhe accounted for during data analysis in order to produce
energy and are focused into a rf octopole ion guide that traps accurate thermodynamic information. The first effect involves
the ions radially?>26 The ion guide minimizes losses of the energy broadening resulting from the thermal motion of the
reactant and any product ions resulting from scattering. The neutral collision gas and the kinetic energy distribution of the
octopole passes through a static gas cell containing xenon, whichreactant ion. This is accounted for by explicitly convoluting the
is used as the collision gas for reasons described else#h@re. model over both kinetic energy distributions, as described
After collision, the reactant and product ions drift to the end of elsewhere in detaif The second effect considers that eq 1 only
the octopole where they are extracted and focused into amodels cross sections that represent products formed as the result
quadrupole mass filter for mass analysis. The ions are detectedf a single-collision event. To ensure rigorous single-collision
with a high-voltage dynode, scintillation ion detector, and the conditions, data are collected at three pressures of Xe, generally
signal is processed using standard pulse counting techniquesabout 0.16, 0.08, and 0.04 mTorr, and the resulting cross sections
lon intensities, measured as a function of collision energy, are are evaluated for pressure effects and extrapolated to zero
converted to absolute cross sections, as described previSusly. pressure when necessédfyThe third effect arises from the
The uncertainty in relative cross sections is ab&880, and lifetime for dissociation. As the size of reactant molecules
that for the absolute cross sections is ab&20%. The ion increases, so do the number of vibrational modes of the reactant
kinetic energy distribution is measured to be Gaussian and hasion and thus the time for energy randomization into the reaction
a typical fwhm of ~0.3 eV (lab) for the DC/FT source. coordinate after collision. Thus, some energized molecules may

Uncertainties in the absolute energy scale are ab@ud5 eV not dissociate during the time scale of the experiniéithis
(lab). lon kinetic energies in the laboratory frame are converted leads to a delayed onset for the CID threshold, a kinetic shift,
to energies in the center-of-mass (CM) frame usltgy = which becomes more noticeable as the size of the molecule

Eiaom/(m + M), whereM andm are the masses of the ionic and increases. These kinetic shifts are estimated by the incorporation
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of RRKM theory as shown in eq 1 and as described in detail the 6-31%#G(2d,2p) basis set and the B3LYP/6-31G(d,p)
elsewheré* To evaluate the rate constant in eq 1, sets of geometries. Zero-point vibrational energy (ZPE) corrections
rovibrational frequencies for the EM and all TSs are required. were determined using the scaled vibrational frequencies. Basis
Because the metaligand interactions in our NgL —HX)(HX) set superposition errors (BSSE) were estimated using the full
complexes are mainly electrostatic, the most appropriate modelcounterpoise (cp) methdd:4é Feller and co-workef&48 and

for the TS for dissociation of the intact ligand is a l00se Ohannesian and co-worké¥§°have previously commented that
association of the ion and neutral ligand fragments. The the full counterpoise approximation to BSSE for MP2 calcula-
appropriateness of this assumption for multidentate ligands hasijigns can provide worse agreement with experiment than MP2
been verified previously for crown ethéfs®and more recently \51yes without BSSE corrections. Because of this possibility
for the tripeptide, GlyGIyGly Therefore, these TSs are treated for BSSE to overcorrect the MP2 calculations, both values are

as product-like, such that the TS frequencies are those of thereported here. Alternatively, observations by thisL#h and

dissociation products. The molecular parameters needed f(_)r theother§2 find that BSSE corrections for DFT calculations on
RRKM calculation are taken from the quantum chemical

calculations detailed in the next section. The transitional alkali metal cation systems are generally small. All of the

frequencies in the TSs are treated as rotors, a treatment thatgleOIUte blndl_ng energies obtalneql using DFT calculations
corresponds to a phase space limit (PSL), as described in detaifeported here include BSSE corrections.
elsewheré*3>The 2D external rotations are treated adiabatically
but with centrifugal effects included.In the present work, the  Results
adiabatic 2D rotational energy is treated using a statistical
distribution with an explicit summation over all of the possible Cross Sections for Collision-Induced DissociationExperi-
values of the rotational quantum numBée> mental cross sections were obtained for the interaction of Xe
The model cross sections of eq 1 are convoluted with the with complexes formed by association of Naith L = Asn,
kinetic energy distribution of the reactants and compared to the GIn, Asp, and Glu. To introduce these ligands into the gas phase,
data. A nonlinear least-squares analysis is used to provideit was necessary to heat them to experimental temperatures in
optimized values fovoj, n, andEy;. The uncertainty associated the range of the solid-phase melting temperatures of these amino
with Epj is estimated from the range of threshold values acids, T, = 185-270 °C. During these experiments, temper-
determined from different data sets with variations in the atures required in the flow tube to generate intense ion beams
parameten, variations in vibrational frequencies{0% inmost  varied over 40°C in the course of several hours, which led to
frequencies and a factor of 2 for the metdfand modes),  variations in the relative magnitudes of the cross sections
changes ir by factors of 2, and the uncertainty of the absolute optained. Therefore, the reaction channels for all data sets were
energy scale, 0.05 eV (lab). normalized in intensity to a representative magnitude prior to
In deriving the final optimized BDEs at 0 K, two assumptions data analysis in order to provide accurate thermochemical
are made. First, we assume that there is no activation barrier injnformation.
excess of the reaction endothermicity for the loss of ligands,
which is generally true for ionmolecule reactions and for the
heterolytic noncovalent bond dissociations considered Here.
Second, the measured thresh&ldvalues for dissociation are

Figure 1 shows representative data sets for all four(Ng
systems. Data shown are a mean of results for xenon pressures
of ~0.04, 0.08, and 0.16 mTorr as no pressure dependence for

from ground-state reactant to ground-state ion and neutral ligandN€S€ Systems was observed. In these experiments, an HX loss
products. Given the relatively long experimental time framg ( channel is the dominant product for each™lg complex,
x 104 s), dissociating products should be able to rearrange to Where HX = NHs for the amides and 40 for the acids.
their low-energy conformations after collisional excitation. ~ Formation of Na(HX) is a major product, and the declines in
Computational Details. All of the neutral ligands and the Na'(L—HX) channel Cross sectl_ons make it e"'de'.“ that
metalated complexes investigated here may have numeroud€Se channels compete with formation of ktdX). Formation
geometric conformations with relative energies close to the Of N&" is observed as a minor channel except for the Asp
lowest-energy complex. To find the global minimum energy system. The appearance of these cross sections differs dramati-
and all low-energy geometries, a large number of possible cally from those obtained for NéL) complexes where the
conformations were screened as folloW# simulated anneal- ~ amino acid remains intaét. We rationalize these drastic
ing methodology using the AMBER suite of programs and the Variations in results by hypothesizing that the amino acids
AMBER force field*! was used to generate starting structures undergo thermal decomposition according to reaction 3 in the
for higher-level optimizations. All unique structures generated flow tube source, aided by the complexation energy to the
via simulated annealing were further optimized using NWCHRem  sodium cation
at the HF/3-21G level. All unique structures from the HF/3-
21G calculations within about 30 kJ/mol of the lowest-energy Na’ + L + heat— Na' (L —HX)(HX) 3)
structure (up te~10 structures for each NéL) complex) were
further optimized using Gaussian‘@zt the B3LYP/6-31G(d) ) L
level with “loose” optimization (maximum step size of 0.01 au 1hiS generates a bis-ligand structure,{a-HX)(HX), com-
and a rms force of 0.0017 au) to facilitate more rapid POSed of a sodium cation, the{HX) decomposition product
convergence. All unique structures were then optimized at the where the nomenclature indicates that HX has been lost from
B3LYP/6-311G(d,p) level. Rotational constants were obtained L. and HX such that the bis-ligand complexes have masses
from the optimized structures, and vibrational frequencies were €quivalent to those of the Né.) complexes. Such bis-ligand
also calculated at this level. When used in internal energy structures would decompose by reactiorss4which explains
determinations or for RRKM calculations, the vibrational why reaction 5 is observed here (but not for intact3
frequencies were scaled by 0.89Single-point energies were  complexes), why both reactions 4 and 5 have low thresholds
calculated at the MP2(full), B3LYP, and B3P86 levels using (much lower than that for NgL)), why these processes compete
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Figure 1. Cross sections for collision-induced dissociation of (i created in the flow tube source by association of Math Asp, Asn, Glu,
and GIn (parts ad, respectively) with Xe as a function of kinetic energy in the center-of-mass frame (keavés) and the laboratory frame (upper
x-axis). Solid lines show the best fit to the data using the competitive model of eq 1 convoluted over the neutral and ion kinetic and internal energy

distributions. Dashed lines show the model cross sections in the absence of experimental kinetic energy broadening for reactions with an internal
energy of 0 K.

with one another, and why Naproduction is generally  the observed atomic sodium cation channel in the DC/FT
inefficient (much less than that for N@L) complexes)* experiments is an indicator of the amount of the"{{la complex
remaining in the ion beam. CID experiments of the intact
Na"(L-HX)(HX) + Xe — Na'(L-HX) + HX + Xe (4) Na*(L) complexe$* demonstrate that NéAsp) decomposes
n less readily than the other three complexes, which is consistent
— Na'(HX) + (L-HX) + Xe with the observation that the magnitude of the sodium cation
channel in the DC/FT data is considerably larger for the Asp
—Na'" + (L-HX) + HX + Xe system compared to that for the others. Quantitative comparison
(6) of the magnitudes of the Nachannels in the EStand DC/FT
1 I 0,
Evidence for such a decomposiFion process is the observationg?‘:ﬁgr?oennstsfs:Jngggsitnt?ﬁ;kéag?:).rcggll?r ; s mvsrzgrigg :ﬁ e4(i)nf)a ot
of Na"(L—HX) complexes emanating from the source, although - . :
. . . . amino acid complexes comprise less thar-18% of the DC/
the intensities of these species are substantially lower than thosei:_l_ ions for Asn. Glu. and GIn
of the purported N&L—HX)(HX) species and too small for ’ ’ ) ) ) ]
independent TCID studies. The low intensity of these species We also considered whether the dominant species formed in
is consistent with the hypothesis that the decomposition reactionsthe DC/FT source might be high-energy conformers of the intact
are largely driven by sodium cation association with the amino Na"(L) complexes. This would explain why the threshold for
acid, rather than being a result of decomposition of the amino reaction 4 moves to lower energy. However, a high-energy
acid followed by assembly of the bis-ligand complexes. Of conformer should also allow formation of Nahifted to lower
course, some of the ions produced in the DC/FT source may energy by the same amount as the decomposition products,
correspond to intact NgL) complexes, but the behavior whereas the Nathresholds observed here are either the same
observed in Figure 1 is dominated by the higher-energy or only slightly lower than those from the ESI data. Furthermore,
Na*(L—HX)(HX) species. It is possible that the magnitude of the decomposition reactions 4 and 5 from such conformers are
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likely to occur by passing over a tight, rate-limiting transition
state, which would result in all products having the same
threshold energy, which is clearly not the behavior observed
here, Figure 1. If these tight TSs were lower in energy than the
asymptotic energies of the products (which would also mean
that they are no longer rate-limiting), then the behavior observed
for an excited conformer should parallel that observed in the
ESI experiment$? but with less energy needed to induce the
observed reactions, which is not the case. If one imagines that
the purported excited conformations behaved differently than
the isoenergetic ground-state conformers of (il formed by
collisional excitation, that is, that these conformers explore
different regions of phase space, then it becomes difficult to
imagine why the excited-state conformers would be formed
preferentially in the DC/FT source, which routinely forms metal
cation complexes in their ground states. In contrast, the bis-
ligand complexes, being distinct isomers of the'fla com-

plexes, do explore different regions of phase space because they

need to pass back over a high-energy tight TS to re-form the
intact amino acid complex. Importantly, once this rearrangement
occurs in the DC/FT source, there are sufficient collisions with
the flow gases to stabilize and thermalize the bis-ligand isomer,
which the data analysis below demonstrates.

Decomposition Pathways for Na(L). Complexes of ions
formed in the DC/FT source are clearly no longer intact
Na(L) complexes but have undergone processes related to
decomposition of the amino acids by loss of HX. Likely
candidates for these decompositions can be identified by
referring to the literature. Analogous decompositions of Asx
residues have been observed to occur by loss of their terminal
functionality on the side chain @@ and NH) under physi-
ological condition%!®and also for protonated Asx derivatives
in the gas phas¥,where it was proposed that a five-membered
succinic ring structure is formed. Additionally, gas-phase

cleavages at aspartic acid residues of sodiated peptides are

observed to occur via a salt-bridge mechanism to form an
analogous cyclization cleavage prodbtiMost interestingly,
the loss of ammonia from asparaginyl residues under physi-
ological conditions forms a five-membered ring succinimide via
this type of cyclization, a process that has been linked to the
process of biological agint? In the isolated Asn system, the
analogue of these cyclizations forms the 3-amino succinic
anhydride (a-SA) molecule shown in Figure 2.

For the longer-chain amino acids, there have been several
schemes elucidated for how GIx amino acids los®tdr NHs
in different environments. It is known that formation of a five-
membered ring lactam molecule, oxo-proline (O-Pro), Figure
2, occurs readily in agueous solutions of glutamic #cahd
glutaminé®via HX loss. In the gas phase, protonated Glx amino
acids undergoing CID lead to a mixture of products associated
with HX loss, including oxo-proline, a protonated six membered
ring imide from GIx, an analogous six-membered ring lactam
from GIn, as well as ketene-like products for both GIx amino
acids!? Each of these fragment structures (F2-Glx, F1-Glx, F4-
GIn, and F3-GlIx, respectively, where the nomenclature indicates
a particular fragment originating from an amino acid) is shown
in Figure 2, as well as their analogues for the shorter-chain Asx
amino acids.

To identify the structure of the decomposition complexes
observed in our experiments, as formed in reactions 3, the
prospective (E-HX) molecules shown in Figure 2 were
investigated computationally. Quantum chemical calculations
for each decomposition reaction were completed as detailed in
the computational section above, and the results are provided
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Figure 2. Possible structures for fragments resulting from HX loss
from the Asx and GIx amino acids.

TABLE 1: Theoretical Energies (kJ/mol) for Na*(L)
Decompositior?

reactions B3LYP B3P86 MP2(full)

Na*(Asp) — Nat(F1-Asx)(H.0) 39 45 43
— Na*(F2-Asx)(H:0) 50 55 63

— Na*(F3-Asx)(H:0) 100 121 108

Nat(Glu) — Na*(F1-GIx)(H0) 49 54 50
—Na*(F2-GIx)(H,0)  —25 —25 —28

— Na*(F3-GIx)(H:0) 85 104 90

Na*(Asn) — Na*(F1-Asx)(NHs) 54 61 64
— Nat(F2-Asx)(NHs) 64 70 83

— Nat(F3-Asx)(NHs) 115 137 129

— Na*(F4-Asn)(HO) 6 9 8

Na*(Gln) — Nat(F1-GIx)(NH) 64 70 70
— Na*(F2-GIx)(NH3)  —19 -17 -8

— Nat(F3-GIx)(NHa) 102 122 112
— Nat(F4-GlIn)(H,0) 0 1 -4

aCalculations performed at the stated level of theory using a
6-311+G(2d,2p) basis set with geometries calculated at the B3LYP/
6-311+G(d,p) level. Energies for the NéL) reactants are taken from
Heaton et al* Reactions in bold are the likely decomposition pathways;
see text. ltalicized reactions correspond to water loss from the
carboxamide amino acids, Asn and Gin.

in Table 1. The specified energies refer to the overall energetics
for each reaction and neglect the possibility that the decomposi-
tions are limited instead by higher-energy tight TSs. For the
Asx amino acids, formation of a-SA (F1-Asx) is the lowest-
energy pathway for bD loss from Asp and NElloss from Asn

by 9—20 kJ/mol, but it is an endothermic reaction. As noted
above, in the DC/FT ion source, these decomposition reactions
can be driven by the thermal energy of the heated ligand and
the considerable energy released upon complexation with the
sodium cation¥ 200 kJ/mol)t* H,O loss from Asn by formation

of F4-Asn appears lower in energy than a-SA formations0
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TABLE 2: Fitting Parameters of Equation 1, Threshold Dissociation Energies at 0 K, and Entropies of Activation at 1000 K
for CID of Na *(L —HX)(HX) with Xe 2

Eo (PSL) ASF1000
reactant ionic product 0o n (eVv) (J/K/mol)
Na*(Asp—H,0)(H,0)° Na'(a-SA) 10.8 (4.7) 0.6 (0.1) 0.75 (0.06) =7 (5)
Na*(H-0) 11.2 (4.9) 1.12 (0.04) 31 (5)
Na*(Asn—NHz)(NHz)P Na'(a-SA) 31.8(5.4) 0.9(0.1) 0.76 (0.04) —4 (5)
Na'(NHs) 154 (6.0) 1.03 (0.05) 25 (5)
Na"(Glu—H20)(H0)° Na"(O-Pro) 33.1(4.7) 0.7 (0.2) 0.79 (0.05) 20 (5)
Na'(H.0) 29600 (770) 1.54 (0.06) 44 (5)
Na"(GIn—NHz)(NH3)° Na"(O-Pro) 40.4 (4.9) 0.7 (0.2) 0.91 (0.04) -8 (5)
Na'(NHs) 3610 (55) 1.45 (0.04) 8 (5)

aUncertainties in parenthesésAnalyzed using molecular parameters appropriate for a-SA (F1-Agx)alyzed using molecular parameters
appropriate for O-Pro (F2-GIx).

kJ/mol by this analysis; however, this product is not observed derived from GIx is probably related to the explanation for the
experimentally in the collision-induced dissociation of larger relative scaling factors for these systems compared to
Na*(Asn),* such that its formation likely involves a high-energy those for the smaller Asx systems and those studied previously.
TS. For both GIx amino acids, O-Pro (F2-GIx) formation is the Ultimately, whatever their origins, it is not possible to accurately
lowest-energy pathway for HX loss by over 74 kJ/mol at all reproduce the experimental results without independent scaling
levels of theory and is the only exothermic pathwayOHoss factors. Furthermore, as discussed in the following, the ther-
from GIn by formation of F4-GlIn is close in energy to O-Pro mochemistry obtained is quite reasonable, leading us to conclude
formation but still less favorable by-419 kJ/mol. Overall, the that our threshold interpretations are reasonable.
results of Table 1 and our experimental findings suggest that The relative thresholds for reactions 4 and 5 can be combined
the (L—HX) decomposition products correspond to a-SA (F1- to determine the sodium cation binding affinities for the
Asx) for Asp and Asn and O-Pro (F2-GlIx) for Glu and GIn. (L—HX) fragments. This simply recognizes that the sum of the
The likelihood of these particular pathways is also bolstered bond energies for removing both ligands from the"{la-HX)-
because they parallel those proposed for analogous decompositHX) complexes does not depend on the order in which the
tions in the literature, as reviewed above. ligands are removed, that is

Threshold Analysis of DC/FT Source DataEquation 1 was
used to analyze the competitive thresholds for reactions 4 andD[(L —HX)Na"—HX] + D[Na"—(L—HX)] =
5 for all four Na"(L—HX)(HX) systems. Figure 1 shows the D[(HX)Na*—(L—HX)] + D(Na*—HX) 7)
experimental cross sections modeled assumingHK) = a-SA
for the Asx amino acids and (tHX) = O-Pro for the GlIx which can be rearranged to
amino acids. The cross sections in Figure 1 are reproduced by
eq 1 over a large range of energies4(eV) and magnitudes D[Na"—(L—HX)] = D[(HX)Na"—(L—HX)] —
(about 2 orders of magnitude). The results of these analyses D[(L—HX)Na+—HX] + D(Na+—HX) (8)
are provided in Table 2. Comparable reproduction of the data
is obtained using molecular parameters of the alternate Here, D[(L—HX)Na*—HX] and D[(HX)Na*—(L-HX)] are
(L—HX) fragments: F2-Asx, F3-Asx, F1-Glx, and F3-GIx. taken as equivalent to the thresholds for reactions 4 and 5,
These fitting results are provided in Table S1 of the Supporting respectively, and the absolute NaL bond dissociation en-
Information. The threshold energies are not particularly sensitive thalpies for Na(H,0O) and N&(NH3), 91.2+ 6.3 and 106.2t
to the fragment assumed in the analysis, with thresholds usually5.7 kJ/mol, are taken from Amicangelo and Armentréut.is
differing by less than 0.05 eV and in no case by more than also useful to note that the relative thresholds for reactions 4
0.15 eV. Thus, similar thermochemistry is obtained for all and 5, that isP[(HX)Na*—(L—HX)] — D[(L —HX)Na*—HX],
possible fragments, as discussed in more detail below. are more precisely determined than either absolute threshold

For data modeling, independesy; values for each channel  because a number of uncertainties cancel. The uncertainties in
are used in order to reproduce the experimental data when usinghese relative thresholds are-8 kJ/mol in the Asx cases and
the competitive analysis, as previously utilized for a number of 5—7 kJ/mol in the GlIx cases. The sodium cation affinities of
studies of competitive dissociatiofs>65’The use of indepen-  (Asx—HX) obtained from the N&Asp—H,0)(H,0) and
dent scaling factors compensates for neglected factors, such adla™(Asn—NH3)(NH3) systems assuming the fragment is a-SA
reaction degeneracies, symmetry numbers of the reactant andF1-Asx) are in good agreement with one another, 22 and
product molecules, dipole moments of neutral products, and 133 + 7 kJ/mol, respectively, Table 3. For (GHdX), the
inaccurate estimations of metdigand frequencies, although  sodium cation affinities obtained from the N&lu—H,0)(H,0)
all of these factors are included in the modeling to the best of and Na(GIn—NH3)(NH3) systems assuming an O-Pro (F3-GIx)
our ability to estimate them. In the present study, independent fragment also agree well, 16 9 and 158+ 8 kJ/mol,
scaling factors were used to fit the N& —HX)(HX) systems respectively, Table 3. The BDEs derived for a-SA and O-Pro
because the data could not be accurately reproduced withoutare a weighted average of both values obtained for each ligand,
them. Table 2 shows that the scaling factors ascertained for thel30 + 5 and 161+ 6 kJ/mol, respectively, where the
minor Na"(HX) product channel were found to exceed those uncertainties are two standard deviations of the mean. Compa-
for the major Na(L—HX) channel by 5 for the Asx rable information for analysis of all systems assuming each
complexes and 1661000 for the GIx complexes. The former possible fragment is collected in Table S2. In the Asx systems,
relative values are consistent with previous work, whereas theif the data are analyzed assuming that the fragments are F2-
magnitudes of the latter values are notably larger than thoseAsx or F3-Asx, the weighted average BDEs obtained are nearly
required in previous studi€&>65"The tighter binding and larger  the same as that for a-SA, 13# 8 and 1294 6 kJ/mol,
number of molecular degrees of freedom in the complexes respectively. For the GIx systems, analyses assuming the F1-
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TABLE 3: Experimental and Theoretical Reaction Energies T T T T
(kd/mol) for Decomposition of Na*(L —HX)(HX) Complexes
Formed in the DC/FT Source and for Na'(L —HX) 180 | ]
Complexes 3 F3
MP2 >E,
reactant product  TCID B3LYPP B3P8& (full)® < I i
Na(Asp—H,0)(H:0) Na(a-SA) 72 (6) 77 74 78 S F3 -Fro
Nat(H,O) 108 (4) 119 115 119 2
Na*(a-SA) Nat 127 (9) 138 133 134 = F2
Na"(Asn—NHz)(NHs) Nat(a-SA) 73 (4) 87 85 88 o oo} .
Na(NHs) 99 (5) 114 110 115 ©
Na*(a-SA) Na 133(7) 138 133 134 4 F1 F1
Na*(Glu—H20)(H:0) Nai(O-Pro) 76 (5) 68 67 78 o a-SA
Nat(H,0) 149(6) 139 136 145 120 } i
Na'(O-Pro) Na 167 (9) 167 162 160 Asx Glx
Na"(GIn—NH3)(NHs) Na*(O-Pro) 88 (4) 88 86 88 . . . .
Naf(NH3z) 140 (4) 144 140 141 120 140 160 180
Na*(O-Pro) Na 158 (8) 167 162 160
Dy(Na*-L) Experiment (kJ/mol)
aThreshold values taken from Table 2 and*{la-HX) bond . . . .
energies derived using eq 8. Uncertainties in parenthéSésgle-point Figure 3. Experimental versus theoretical bond energies (kJ/mol) of
energies calculated at the level of theory shown using a 6-&(2d,2p) sodium cations for the fragments resulting from HX loss from the Asx

basis set and structures and ZPEs determined at the B3LYP/6-and Glx amino acids. Theoretical values include those calculated at

311+G(d,p) level of theory. Counterpoise corrections are not included. the B3LYP (triangles), B3P86 (squares), and MP2(full,cp) (circles)
levels of theory. Good agreement between experiment and theory is

indicated by the solid points for a-SA (F1-Asx) and O-Pro (F2-GIx).

Glx and F3-GlIx fragments yield weighted average BDEs of 168 All values are from Table S2.
+ 8 and 163+ 8 kJ/mol, slightly higher than the O-Pro value.
These values can now be used for a final identification of the
fragments by comparison with theoretical values for the various
fragments, as detailed below. :

Theoretical Results for Na'(L—HX) and Na*(L—HX)- ama.
(HX) Complexes. Theoretical bond energies for loss of HX
and (L—HX) from the Na (L —HX)(HX) complexes and those a-SA-g O-Pro-cis-OH
for Na(L—HX) are compared to the experimental thresholds
andDg[Nat(L—HX)] values derived using eq 8 in Tables 3 and
S2. As noted above, the experimental threshold energies are
not overly sensitive to which particular fragment is used in the
analysis, such that these comparisons can be used to assess 2149
which fragment is formed. Among the various possibilities, the a-SA-c O-Pro-trans-OH
best agreement between experiment and theory is found for F1-gig,re 4, Low-energy structures of neutral a-SA and neutral O-Pro
Asx (a-SA) in both the Asp and Asn systems and for F2-GIX calculated at the B3LYP/6-331G(d,p) level of theory. Hydrogen bond
(O-Pro) in both the Glu and GIn systems. Summarizing these lengths are shown in A.
comparisons, when the a-SA fragment is used in analyzing the
Asx systems, the difference between the six resulting experi-
mental values and theory at three different levels, Table 3, has

2519'

TABLE 4: Ground- and Excited-State Energies (kJ/mol) for
Neutral a-SA and O-Pra?

a mean absolute deviation (MAD) of 8 kJ/mol, whereas the species B3LYP B3P86 MP2(full)

alternate fragments, F2-Asx and F3-Asx, yield MADs of 36 a-SA-g 0.0 0.0 0.0

and 22 kJ/mol, respectively, Table S2. Likewise, when molecular ~ a-SA-Cc 0.6 0.2 0.1
O-Pro—cis-OH 0.0 0.0 0.0

parameters for O-Pro are used to analyze the GIx systems, the
MAD is 4 kJ/mol, compared to 21 and 11 kJ/mol for F1-GlIx
and F3-Glx, respectively. Significantly, the good agreement 2 Calculations performed at the stated level of theory using a
between experiment and theory (within experimental error) for 6-311+G(2d,2p) basis set with geometries and zero-point energies
the a-SA and O-Pro analyses also supports the identification of caculated at the B3LYP/6-333G(d,p) level.
the species formed in the DC/FT source as having the energetics for decomposition shown in Table 1. Overall, these
Na(L—HX)(HX) structures. results establish that the DC/FT source produces the
Figure 3 shows this comparison more pictorially by plotting Na'*(a-SA)(HX) and Na(O-Pro)(HX) complexes.
the experimental and theoretical sodium cation affinities for each  Our molecular dynamic simulations generate only two low-
possible (L.-HX) species, where perfect agreement is indicated energy structures for both a-SA and O-Pro, as shown in Figure
by the diagonal line. It is clear that F2-Asx and F3-Asx have 4 and Table 4. This is not surprising as the ring structure of
much greater calculated N#&inding affinities than the reactant  each molecule greatly restricts its conformational flexibility. For
observed in the flow tube, whereas the binding affinity a-SA, the two structures contain their ring in a low-energy
calculated for F1-Asx (a-SA) correlates with experiment very puckered conformation and differ only by rotation of the
well. Further, the assignment of a-SA as the fragment is substituent amino group (labeled g for gauche and c for cis
consistent with the low-energy decomposition processes outlinedaccording to thé JHNCC dihedral angle), providing an energy
in Table 1. For the GIx systems, F3-Glx is calculated to bind difference of<1 kJ/mol, Table 4. Both low-energy structures
sodium cations more tightly and F1-GIx more weakly than the are able to form a hydrogen bond between the amino hydrogen
experimentally observed fragment, whereas F2-Glx (O-Pro) and a carbonyl oxygen of the ring. The two low-energy
binding correlates very well. Again, this agrees with the structures of O-Pro are similar in their ring conformation but

O-Pro-trans-OH 13.3 11.9 11.1
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is essentially isoenergetic with the monodentate [CO] conforma-
tion, lying 2.4 kJ/mol lower to 4.5 kJ/mol higher in energy. A
similar structure, [CO,CQ@jans-OH, differs from [CO,COgis-

OH only in the orientation of the terminalOH in the carboxylic
group of the amino acid backbone. Where the cis conformer
allows for H-bonding with the carbonyl oxygen, this interaction
is not possible in the trans conformer, resulting in it beirikf—

23 kJ/mol higher in energy. We also located a bidentate
association of the sodium cation bridged between the oxygen
Na*(a-SA) [N,CO] Na*(a-SA) [CO] Na*(a-SA) [CO,0] atoms of the substituent carboxylic acid functionality, [COOH],
Figure 5. Low-energy structures of sodiated a-SA calculated at the but this lies 43-47 kJ./m(.)I above the GS conformation.
B3LYP/6-311-G(d,p) level of theory. Hydrogen bond lengths are  FOr the GS of the bis-ligand complexes, Na-SA)(HX) and
shown in A. Na*(O-Pro)(HX), the calculated GS structures are analogous
to the GS of Na(a-SA) and Na(O-Pro), with the addition of

a H,O or NH; molecule on the opposite side of the sodium
cation.

The alternative fragments considered above have GSs that
involve similar binding schemes, as shown in Figure S1 and
Table S3 in the Supporting Information. F2-Asx binds the
sodium cation most favorably along the dipole of the carbonyl
substituent of its ring like its O-Pro [CO] analogue, whereas
F1-GlIx binds the sodium cation most favorably in a bidentate
association with the amino group nitrogen and adjacent carbonyl
oxygen of the ring like its a-SA [N,CO] analogue. The F3-Asx/

. GlIx fragments each bind the sodium cation in a tridentate
2.909 association with the amino nitrogen and both carbonyl oxygens.
) 2063 In these cases, the [N,CO,CQ] binding schemes most closely
resemble those for the ground states of the sodiated intact amino
acids! Last, the F4-Asn/GIn fragments both bind the sodium
cation bidentate with the amino group nitrogen and adjacent

Na+(O-Pi CO,COjt OH Na*(O-Pro) [COOH .
- Z(L ml :m:s- . dF . dO(;[P ]| lated at th carbonyl oxygen of the ring, analogous to the a-SA and F1-
igure 6. Low-energy structures for sodiated O-Pro calculated at the o ; :
BSLYP/G-?AlHG(d,p) level of theory. Hydrogen bond lengths are GIx [N,CO]J binding orientations.
shown in A.

2546/

2349

Na*(O-Pro) [CO] Na*(O-Pro) [CO,CO]cis-OH

In assessing the trends in the calculated sodium cation binding
affinities of these various fragments, Figure 3, it is clear that
differ by rotation of their substituent carboxylic acid group, the F3 fragments have the highest bond energies because of
providing a more significant energy difference of-113 kJ/ their tridentate configuration, with the longer-chain F3-Glx
mol. In the cisOH ground state, the carboxylic acid group having a higher bond energy because it is less sterically
extends away from the ring and hydrogen bonds to itself, Figure constrained than the shorter-chain F3-Asx. Interestingly, the
4. In the higher-energyrans-OH structure, the carboxylic acid  calculated bond energies for F1-Asx (a-SA) and F1-GlIx are
group orients in a less sterically favored conformation, loses similar, consistent with a very similar [N,CO] binding config-
its internal hydrogen bond, but is stabilized by forming a uration. In contrast, F2-Asx has a weaker binding affinity than
hydrogen bond to the nitrogen of the ring. F2-GIx (O-Pro), which can be traced to the severe steric

Introducing a N& metal complicates things considerably such restrictions associated with the four-membered ring of F2-Asx.
that a number of low-energy structures are generated for eachThis prevents the bidentate [CO,CO] configuration that is low-
system. The [N,CO] GS of Nga-SA), where the brackets lying for O-Pro, Figure 6, and reduces the strength of the
indicate the N& binding sites, binds sodium in a bidentate NH---OC hydrogen bond that stabilizes the [CO] conformation
association with the substituent amino group and nearestof Nat(O-Pro) (2.55 vs 2.97 A in NgF2-Asx)).
carbonyl oxygen, Figure 5. The [CO] and [CO,Q] structures )
each bind the sodium cation through associations with the Discussion
oxygen atoms of the molecule, which fail to stabilize the sodium  Conversion from 0 to 298 K and Excited Conformers.
cation’s positive charge as effectively, as indicated by higher Conversion fron 0 K bond energies to 298 K bond enthalpies
energies of 1216 kJ/mol, Table 5. The [CO] GS of and free energies is accomplished using the rigid rotor/harmonic
Na'*(O-Pro) binds the sodium cation in a monodentate config- oscillator approximation with rotational constants and vibrational
uration along the dipole of its ring carbonyl oxygen, Figure 6, frequencies calculated at the B3LYP/6-31G(d,p) level. These
with the conformation of O-Pro being nearly identical to the AHzg3 and AGygg values along with the conversion factors and
GS of the neutral molecule. Binding of metal cations along the 0 K enthalpies measured here are reported in Table 6. The
dipoles of carbonyl groups strongly stabilizes these interactions uncertainties listed are determined by scaling most of the
for monodentate coordinatidfand maintenance of the ground-  vibrational frequencies by:10% along with twofold variations
state O-Pro configuration clearly stabilizes the complex. The in the metat-ligand frequencies. We also calculated k@95
Na*(O-Pro) structure next highest in energy, [CO,C&0H, values for the second lowest-energy structure of all systems
solvates the sodium cation in a bidentate association with bothconsidered here. In general, the relatitg,q95 excitation
carbonyl oxygens. Although stabilization of the sodium cation energies are comparable to the analogous differences ikHpe
interaction is clearly enhanced by the coordinated solvation of values, Table 5.
two heteroatoms, the conformational strain required to achieve The theoretical BDEs discussed below are all calculated for
these interactions by O-Pro is extreme enough that this structurethe most stable geometric conformation of each reactant species.
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TABLE 5: Bond Distances (A), Bond Angles ), and Relative Energies (kJ/mol) for Low-Energy Structures of Sodiated a-SA

and O-Pro?
species r(Na"—O)° r(Na"—N) r(Na"—0) O(O°Nax) B3LYP B3P86 MP2(full)
Na*(a-SA) [N,CO] 2.247 2.532 731 0.0 0.0 0.0
[CO] 2.161 12.5 13.0 16.4
[CO,0] 2.312 2.51% 54.4 13.0 13.1 15.7
Na*(O-Pro) [CO] 2.097 0.0 0.0 2.4
[CO,COkis-OH® 2.281 3.308 2.349 94.0 4.5 3.1 0.0
[CO,COlransOHe 2.298 3.372 2.311 91.6 23.1 21.2 18.0
[COOH] 2.264 2.607 53.1 47.0 44.6 43.4

a Calculations performed at the stated level of theory using a 6-8(2d,2p) basis set with geometries and zero-point energies calculated at the
B3LYP/6-31H-G(d,p) level.> Carbonyl oxygen¢ Amino nitrogen.d Ring oxygen.® Terminal hydrogen of carboxylic aciiCarbonyl oxygen of
the carboxylic acid9 Hydroxyl oxygen of the carboxylic acid.

TABLE 6: Enthalpies and Free Energies of Binding at 0 and 298 K (kJ/mol}

complex AHob AHzgg - AH(]C AHzgs TA&ggc Angg
Na‘—(a-SA) 130 (5) 2.3(0.3) 132 (5) 34.1(4.8) 98 (7)
Na*—(O-Pro) 161 (6) 1.3(0.2) 162 (6) 30.0 (3.5) 132 (7)
Na'(a-SA)-(H.0) 72 (6) 0.1(0.1) 72 (6) 27.8 (3.3) 44 (7)
Na*(O-Pro)-(H:0) 76 (5) 2.2(0.3) 78 (5) 32.7 (4.6) 45 (7)
Na'(a-SA)-(NHs) 73 (4) 0.03 (0.01) 73 (4) 26.3 (4.6) 47 (6)
Na*(O-Pro)-(NHs) 88 (4) 0.17 (0.03) 88 (4) 26.2 (4.6) 62 (6)

2 Uncertainties in parenthesésAverage experimental values from Tablee8alculated using standard formulas and molecular constants calculated
at the B3LYP/6-31%G(d,p) level.

TABLE 7: Experimental and Theoretical Bond Energies & 0 K (kJ/mol)

complex experiment B3LYPPC B3P8&° MP2(full)® MP2(full,cpypc
Na*—(a-SA) 130 (5) 135 129 134 126
Na*—(O-Pro) 161 (6) 165 158 160 153
Na*(a-SA)-(H:0) 72 (6) 73 71 78 71
Na*(O-Pro)-(H.0) 76 (5) 65 64 78 71
Na*(a-SA)-(NHs) 73 (4) 84 83 88 81
Na*(O-Pro)-(NH3) 88 (4) 86 84 88 82
MAD? 6 (4) 5 (5) 5 (6) 5 (3)

aPresent experimental values from Table 3. Uncertainties in parentfie3alsulations performed at the stated level of theory using a
6-311+G(2d,2p) basis set with geometries calculated at the B3LYP/6-&Ld,p) level.c Counterpoise correctedMean absolute deviation from
present experimental values.

For some of the systems, it is possible that the complexes formedexperiment is extremely good. Theoretical calculations span the
experimentally in the source region at thermal energies may range of our experimentally determined values in all cases except
consist of multiple low-energy conformers. Although no obvious for the Na (a-SA)-(NH3) system, where theory is-8l5 + 4
evidence for multiple conformers is found experimentally, the kJ/mol higher, just outside of our experimental uncertainty. All
sensitivity of TCID experiments to low-energy species is not levels of theory provide comparable descriptions of our experi-
particularly acute. Using theé\G,gs values to calculate an  mentally determined values, with mean absolute deviations
equilibrium population of conformers shows that the calculated (MAD) from experiment of 5-6 kJ/mol. All of these variations
GS structures for most N&L—HX)(HX) systems should be  are comparable to the average experimental uncertaintysof
dominant in the room-temperature ion sources. Excited con- kJ/mol.
formers are calculated to comprise -437% of the total Qualitative Trends. The observed (EHX) molecules are
Nat(a-SA)(H:0) population, 2-8% of the total Na(a-SA)- both five-membered heterocyclic ring structures distinguished
(NH3) population, +22% of the total N&(O-Pro)(HO) primarily by the placement of their COO— group. The a-SA
population, and 0.22% of the total Na(O-Pro)(NH;) popula- contains this group within its ring structure, whereas O-Pro has
tion (depending on the level of theory). To investigate the effect its carboxylic acid functionality as a substituent on its ring. The
of having a different conformer populating the Na—HX)- strength of sodium cation binding to the five-membered ring
(HX) reactant ions, we reanalyzed the data using the moleculardecomposition products is weaker than sodium cation binding
parameters of the second lowest-energy structure for theseto the intact amino acid complexes from which they are derived,
systems. The threshold energies change by less than 1 kJ/molhere each involves a tridentate binding association with the
in all cases, an effect that is included in the uncertainties listed sodium catiort* This is primarily a consequence of the
in the tables. Thus, even if there are multiple conformers presentconformational constraints that the ring structures play in their
in the reactant ion beams, this does not affect the thermochem-ability to bind the sodium cation, which results in bidentate and
istry derived within the stated experimental uncertainties. monodentate (or bidentate) binding to a-SA and O-Pro, respec-
Comparison of Experimental and Theoretical ValuesThe tively. Between the two cyclic structures, the monodentate
sodium cation affinities for a-SA and O-Pro and thgCHand Na’(O-Pro) complex binds sodium more strongly than the
NH; affinities of Na(a-SA) and N&(O-Pro) as measured using  bidentate N&(a-SA) complex. The strong stabilization that
TCID with the guided ion beam mass spectrometer and occurs in monodentate binding along the dipole of a carbonyl
calculated here are provided in Table 7. In all cases, the oxygen has been observed previously for similar systéms,
calculated binding energies refer to the ground-state conforma-where the benefit of bidentate binding must be sufficient to
tions of each system. The agreement between theory andovercome the decrease in stability that occurs as the metal ion
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