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Substituent Effects in the Binding of Alkali Metal lons to Pyridines Studied by Threshold
Collision-Induced Dissociation and ab Initio Theory: The Aminopyridines
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Threshold collision-induced dissociation oftft-aminopyridine) with xenon is studied using guided ion beam
mass spectrometry. Minclude the following alkali metal ions: [tj Nat, and K'. All three structural isomers
are examinedx = ortho, meta, and para. In all cases, the primary product corresponds to endothermic loss
of the intactx-aminopyridine molecule, with minor production of MXéormed by ligand exchange. The
cross section thresholds are interpreted to yield zero and 298 K bond dissociation energies—for M
aminopyridine after accounting for the effects of multiple ion-molecule collisions, internal energy of the
reactant ions, and dissociation lifetimes. Ab initio calculations at the MP2(full)/6-31G* level of theory are

used to determine the structures of these complexes and provide molecular constants necessary for the
thermodynamic analysis of the experimental data. Theoretical bond dissociation energies are determined from

single point calculations at the MP2(full)/6-3tG(2d,2p) level using the MP2(full)/6-31G* optimized
geometries. Excellent agreement between theory and experiment is found for'tardN&" systems, whereas
the theoretical bond dissociation energies to $ystems are systematically low but still within experimental

error. The measured bond energies are compared among the systems examined here, and to the analogous
methyl-substituted systems examined in a previous study, to determine the influence of the position and the

nature of the substituent on the binding and factors that control the strength of such binding.

Introduction In the present study, we use guided ion beam mass spec-
trometry to collisionally excite complexes of vbound to the

In recent work, we have developed methods to allow the stryctural isomers (ortho, meta, and para)xafminopyridine
application of quantitative threshold collision-induced dissocia- (x-NHPyr), where M = Li*, Na*, and K*. The structures of

tion methods to obtain accurate thermodynamic information on he x-NH,Pyr isomers are shown in Figure 1 along with their
increasingly large systenis!” One of the driving forces behind  cajculated dipole moments (determined here) and estimated
these developments is our interest in applying such techniquesyo|arizapilities!® The kinetic energy-dependent cross sections
to large systems such as those of biological relevance. Infor the collision-induced dissociation (CID) processes are
addition, we seek to perform accurate thermochemical measuregnalyzed using methods developed previodskhe analysis
ments that provide absolute anchors for metal cation affinity expjicitly includes the effects of the internal and translational
scales over an ever-broadening range of energies and moleculagnergy distributions of the reactants, multiple collisions, and
systems. the lifetime for dissociation. We derive W-x-NH,Pyr bond
Among the systems examined in these earlier studies are adissociation energies (BDEs) for all of the complexes and
number of nitrogen-based heterocycles and several of the nucleiccompare these results to ab initio calculations performed here.
acid bases with alkali, alkaline earth and transition-metal Comparison is also made to the analogous methyl-substituted
ions5~12 These systems were chosen as models of nocovalentpyridines to examine influence of these substituents on the
interactions with nucleic acids and a wide variety of nitrogen- binding and factors that control the strength of such binding.
based heterocycles of biological importance. We began these
investigations with ligands possessing only a single functional . )
group. This fundamental approach has allowed us to examineExperimental Section
systematically the influence of the electronic structure of the
metal ion and the polarizability, dipole moment, and tautomeric ~ General ProceduresCross sections for CID of Mx-NHy-
form of the ligand, as well as the effects that chelation and steric Pyr), wherex = ortho, meta, and para, and*M= Li*, Nat,
interactions have upon the strength of binding in these systems.and K", are measured using a guided ion beam mass spectrom-
Because the nucleic acid bases, modified bases, and otheeter that has been described in detail previolsijhe M*(x-
biologically relevant systems possess amino, hydroxy, and NH,Pyr) complexes are generated as described below. The ions
methyl substituents, we have recently initiated studies to extendare extracted from the source, accelerated, and focused into a
this work by examining substituted pyridine systeth3hese magnetic sector momentum analyzer for mass analysis. Mass-
theoretical and experimental studies examine the intrinsic effectsselected ions are decelerated to a desired kinetic energy and
of varying the chemical identity of both the metal ion {Li focused into an octopole ion guide, which traps the ions in the

Nat, and K") and the substituent (GHiINH,, and OH), as well radial directiont* The octopole passes through a static gas cell
as the position of the substituent relative to the pyridyl nitrogen containing xenon, used as the collision gas, for reasons described
atom-binding site (ortho, meta, and para). elsewherd>17 Low gas pressures in the cell (typically 0:05
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sufficient to carry out these experiments, increased ion signals

NH,

H, A were obtained by flowing helium over the sample. The flow
" N @ G conditions used in this ion source provide in excess df 10
2

collisions between an ion and the buffer gas, which should

2081:% 3”1162% 3P:g% thermalize the ions both vibrationally and rotationally. In our
10.63 A? 1063 A3 10.63 A® analysis of the data, we assume that the ions produced in this

Figure 1. Structure of the-aminopyridine molecules. Properly scaled ~ SOUTCe are in their ground electronic states and that. the internal

dipole moments in Debye are shown for each as an arrow. Values for €nergy of the M(x-NH,Pyr) complexes is well described by a

the dipole moment are determined from theoretical calculations Maxwell—Boltzmann distribution of ro-vibrational states at 300

performed here. The estimated polarizability is also sh&wn. K. Previous work from thi& 12 and the Armentrout laboratories
has shown that these assumptions are generally alfd??

0.20 mTorr) are used to ensure that multiple ion-molecule  Thermochemical Analysis. The threshold regions of the
collisions are improbable. Product and unreacted beam ions drift;a action cross sections are modeled using eq 1,

to the end of the octopole where they are focused into a

uadrupole mass filter for mass analysis and subsequentl n
getecte% with a secondary electron sc?/ntillation detectgr andy o(B) = OOZ G(E+E-E)/E )
standard pulse counting techniques. '

lon intensities are converted to absolute cross sections as . . . .
described previousli# Absolute uncertainties in cross section Whe'fe do IS an energy independent scahng factris the
magnitudes are estimated to #€20%, which are largely the relative t_ranslauonal energy of the r(_aactaﬂﬂs the threshold
result of errors in the pressure measurement and the length offor reaction of.the ground electronic and ro-V|b.rat|c')naI state,
the interaction region. Relative uncertainties are approximately andn is an adjustable parameter. The summation is over the

+5%. Because the radio frequency used for the octopole does;c;;'tgrtieg'r?gﬁleftatgf‘egfcrgh;aigaazgtﬂ:gnSC’JWS; rt(iaolii c;? t:::)ese
not trap light masses with high efficiency, the cross sections 9y a pop

for Li+ products were more scattered and showed more states g, = ;): The populations of excited ro-vibrational levels
variations in magnitude than is typical for heavier ions. are not negligible even at 298 K as a result of the many low-

Therefore, absolute magnitudes of the cross sections forgfgﬁjfgfxbr;?%izpsr?aizgt é\r]strrtla?lz%tsgsb. ;mr:eilsg\;iur?nicéwny
production of Li* are probably accurate th50%. ’ vy ’

lon kinetic energies in the laboratory franky, are converted to be equalent. L )
to energies in the center of mass frarfiey, using the formula To ot_)taln model structures, vibrational frequenc_|e_s_, and
Ecm = Ep m(m + M), whereM andm are the masses of the energetics for the neutral and metalatetiH,Pyr, ab initio
ionic and neutral reactants, respectively. All energies reported calculations were performed using Gau55|ar?”9&eorrletry
below are in the CM frame unless otherwise noted. The absolute@Ptimizations were performed at the MP2(full)/6-31G* level.
zero and distribution of the ion kinetic energies are determined ViPrational analyses of the geometry-optimized structures were
using the octopole ion guide as a retarding potential analyzer Performed to determine the vibrational frequencies of the
as previously describéd The distribution of ion kinetic energies ~ éactant ions and product molecules. When used to model the
is nearly Gaussian with a fwhm typically between 0.2 and 0.4 data or to calculate thermal energy corrections, the MP2(full)/

. . . * i i i

eV (lab) for these experiments. The uncertainty in the absolute 6-31G* vibrational frequencies are scaled by a factor of
energy scale is 0.05 eV (lab). 0.9646%° The scaled vibrational frequencies thus obtained for

Even when the pressure of the reactant neutral is low, it hast"€ nine systems studied are available as supplementary
previously been demonstrated that the effects of multiple information and are listed in Table S1, whereas Table S2 lists

collisions can significantly influence the shape of CID cross the rotational constants.

sections® Because the presence and magnitude of these pressure The Beyer-Swinehart algorithr# is used to evaluate the
effects is difficult to predict, we have performed pressure- density of the ro-vibrational states and the relative populations,
dependent studies of all cross sections examined here. In thegi, are calculated by an appropriate Maxweloltzmann
present systems, we observe small cross sections at low energiegistribution at the 298 K temperature appropriate for the
that have an obvious dependence upon pressure. We attributéeactants. The average vibrational energy at 298 K of the metal
this to multiple energizing collisions that lead to an enhanced ion-bound x-NHzPyr is also given in Table S1. We have
probability of dissociation below threshold as a result of the €stimated the sensitivity of our analysis to the deviations from
longer residence time of these slower moving ions. Data free the true frequencies by scaling the calculated frequencies to
from pressure effects are obtained by extrapolating to zero encompass the range of average scaling factors needed to bring
reactant pressure, as described previotslfhus, results calculated frequencies into agreement with experimentally

reported below are due to single bimolecular encounters. determined frequencies found by Pople ef’allhus, the
lon Source. The M(x-NH2Pyr) complexes are formed in a  originally calculated vibrational frequencies were increased and
1-m long flow tubé! operating at a pressure of 6:1.1 Torr decreased by 10%. The corresponding change in the average

with a helium flow rate of 40067000 sccm. Metal ions are  Vibrational energy is taken to be an estimate of one standard
generated in a continuous dc discharge by argon ion sputteringdeviation of the uncertainty in vibrational energy (Table S1)
of a cathode, made from tantalum or iron, with a cavity andisincluded in the uncertainties, also reported as one standard
containing the alkali metal. Typical operating conditions of the deviation, listed with thés, values.

discharge for alkali metal ion production are2.5 kV and 26- We also consider the possibility that collisionally activated
30 mA in a flow of roughly 10% argon in helium. The k- complex ions do not dissociate on the time scale of our
NH,Pyr) complexes are formed by associative reactions of the experiment (about 1@ s, but obviously energy dependent) by
alkali metal ion with the neutra¢- NH,Pyr, which is introduced including statistical theories for unimolecular dissociation,
into the flow 20-50 cm downstream from the dc discharge. specifically Rice-RamspergerKasset-Marcus (RRKM) theory,
Although the vapor pressure of all of theNH,Pyr ligands was into eq 1 as described in detail elsewh&féThis requires sets
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of ro-vibrational frequencies appropriate for the energized Energy (eV, Lab)

molecules and the tran:.;ltlon.states (TSs) leading to dissociation. 0.0 20 4.0 6.0 80 100 120
The former sets are given in Tables S1 and S2, whereas we D L R e e B

assume that the TSs are loose and product-like because the FNa’(p- amlnopyrldme) +Xe —

interaction between the metal ion and th&lH,Pyr ligand is 101
largely electrostatic. In this case, the TS vibrations used are the _
frequencies corresponding to the products, which are also found%
in Table S1. The transitional frequencies, those that become g 10°
rotations of the completely dissociated products, are treated as 3G o

rotors, a treatment that corresponds to a phase space limit (PSL)m 101 K

and is described in detail elsewhér&or the M (x-NH2Pyr) 4 3 °

complexes, the two transitional mode rotors have rotational G i *

constants equal to those of the neutedH,Pyr product with 102 g’

axes perpendicular to the reaction coordinate. These are listed Foo oS

in Table S2. The external rotations of the energized molecule 103 AT

and TS are also included in the modeling of the CID data. The 0.0 10 20 30 40 50 60 70

external rotational constants of the TS are determined by
assuming that the TS occurs at the centrifugal barrier for Energy (eV, CM)

interaction of M- with the neutrak-NH,Pyr ligand, calculated Figure 2. Cross sections for the collision-induced dissociation of the
variationally as outlined elsewhet&@he 2-D external rotations Sﬁgggﬁm?gpg’éﬂgfg fcr?]’;‘ggr(améh (é& ;ii:‘) gfﬂfﬁogtmffxgc
are treated gdlabathally bl.Jt with centrifugal effeqts included, (upperx-axis). Data for the Naproduct channel are shown for a Xe
consistent with the discussion of Waage and Rabino¥#tdh. pressure of~0.2 mTorr @) and extrapolated to zer®j. The cross
the present work, the adiabatic 2-D rotational energy is treated section for the ligand exchange process to formXd is also shown
using a statistical distribution with explicit summation over the (a).

possible values of the rotational quantum number, as described

in detail elsewheré. Results

The model represented by eq 1 is expected to be appropriate Cross Sections for Collision-Induced DissociationExperi-
for translationally driven reactioAsand has been found to  mental cross sections were obtained for the interaction of Xe
reproduce reaction cross sections well in a number of previouswith nine M*(x-NH,Pyr) complexes, where M= Li+, Na,
studies of both atomdiatom and polyatomic reactiofdg3! and K and x = ortho, meta, and para. Figure 2 shows
including CID processek? 121921223234 The model is convo-  representative data for the N@-NH,Pyr) complex. A complete
luted with the kinetic energy distributions of both reactants, and set of figures for all nine M(x-aminopyridine) complexes are
a nonlinear least-squares analysis of the data is performed toavailable in the Supporting Information as Figure S1. As
give optimized values for the parameterg Eo, andn. The discussed above, the dependence of the cross sections on
error associated with the measuremenEgfs estimated from  pressure observed in thefNproduct data at the lowest energies,
the range of threshold values determined for different zero- Figure 2, are a consequence of multiple collisions. A true single
pressure extrapolated data sets, variations associated withcollision cross section for CID is obtained when the data are
uncertainties in the vibrational frequencies, and the error in the extrapolated to zero pressure of the Xe reactant as shown in
absolute energy scale, 0.05 eV (lab). For analyses that includeFigure 2. The other M(X-NH,Pyr) complexes show similar
the RRKM lifetime effect, the uncertainties in the reportegd relative behavior. The most favorable process for all complexes
values also include the effects of increasing and decreasing theis the loss of the intact-NH,Pyr molecule in the CID reactions
time assumed available for dissociation (or equivalently, the 2.
distance traveled between the collision and detection) by a factor
of 2. M (x-NH,Pyr)+ Xe =M™ + x-NH,Pyr+ Xe  (2)

Equation 1 explicitly includes the internal energy of the ion,
Ei. All energy available is treated statistically, which should be The magnitudes of the cross sections increase in size from M
a reasonable assumption because the internal (rotational and= Li* to Na" to K*. This is largely because the thresholds
vibrational) energy of the reactants is redistributed throughout decrease in this same order. The only other product that is
the ion upon impact with the collision gas. The threshold for observed in the interaction of the complexes with Xe is the result
dissociation is by definition the minimum energy required of a ligand exchange process to form MX&he cross sections
leading to dissociation and thus corresponds to formation of for the MXe" products are approximately—B orders of
products with no internal excitation. The assumption that magnitude smaller than those of the primary dissociation
products formed at threshold have an internal temperature of Oproduct, M-, and the thresholds are slightly lower (by the ¥
K has been tested for several systém&>162124t has also been  Xe binding energy), which is difficult to discern on the
shown that treating all energy of the ion (vibrational, rotational, logarithmic scale. As little systematic information can be gleaned
and translational) as capable of coupling into the dissociation from these products, they will not be discussed further. However,
coordinate leads to reasonable thermochemistry. The thresholdt is conceivable that this ligand exchange process might cause
energies for dissociation reactions determined by analysis with a competitive shift in the observed thresholds. Within the quoted
eq 1 are convertedtO K bond energies by assuming thz&t experimental errors, we do not believe such competition is likely
represents the energy difference between reactants and product® affect our threshold measurements in any of these systems
at 0 K35 This assumption requires that there are no activation for several reasons that have been detailed elsevihere.
barriers in excess of the endothermicity of dissociation. Thisis = Threshold Analysis.The model of eq 1 was used to analyze
generally true for ior-molecule reactior¥8 and should be valid the thresholds for eq 2 in nine \Mx-NH,Pyr) systems. The
for the simple heterolytic bond fission reactions examined #ere. results of these analyses are provided in Table 1 for all nine
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TABLE 1: Fitting Parameters of Eq 1, Threshold Dissociation Energies at 0 K, and Entropies of Activation at 1000 K of ML2

ML olP nP E¢° (eV) Eo(PSL) (eV) kinetic shift (eV)  AS'(PSL) (J mot* K—Y)
Li*(o-aminopyridine) 3.4(0.2) 1.5(0.1) 2.91(0.33) 2.46 (0.22) 0.45 42 (2)
Na*(o-aminopyridine) 20.5(3.7) 1.1(0.1) 1.63(0.07) 1.52 (0.06) 0.11 30 (2)
K*(o-aminopyridine) 45.0 (4.4) 1.1(0.1) 1.08 (0.04) 1.07 (0.04) 0.01 33(2)
Li*(m-aminopyridine) 3.2(0.4) 1.6 (0.1) 2.45(0.13) 2.09 (0.10) 0.36 27 (2)
Na*(m-aminopyridine) 19.5 (0.6) 1.1(0.1) 1.49 (0.05) 1.41 (0.04) 0.08 23(2)
K*(m-aminopyridine) 36.5 (0.5) 1.1(0.1) 1.06 (0.04) 1.05 (0.03) 0.01 16 (2)
Li*(p-aminopyridine) 5.0 (1.6) 1.3(0.2) 2.86 (0.33) 2.25(0.21) 0.61 10 (2)
Na'(p-aminopyridine) 17.8 (0.6) 1.1(0.1) 1.65 (0.05) 1.52 (0.05) 0.13 19 (2)
K*(p-aminopyridine) 36.3 (0.8) 1.0(0.1) 1.16 (0.04) 1.13(0.03) 0.03 14 (2)

aUncertainties are listed in parenthest8verage values for loose PSL transition statsio RRKM analysis.

Energy (eV, Lab)

0.0 2.0 4.0 6.0 8.0 10.0 120
15.0 ;

LS L AL AL R
tNa*(p-aminopyridine) + Xe
120
— L
s -
c 90 o
k] -
8
0 6.0+ ortho meta para
(23
3 i ] Figure 4. Optimized MP2(full)/6-31G* geometries of Né&-ami-
s} 3.0 i nopyridine), wherex = ortho, meta, and para. All atoms lie in the plane
1 - of the molecule except for the amino hydrogen atoms in the ortho
E isomer complex.
0.0
P PRI VAT T [ S YN VAT Y (O ST VOO ST W [N Y WO T S AT S ST W 0 W S Y 1
0.0 10 20 30 4.0 50 6.0 7.0 K show modest variation, as expected on the basis of the
Energy (eV, CM) similarity of these systems, and range between 10 and 42 J K

Figure 3. Zero-pressure-extrapolated cross section for collision-induced Mol across these systems. These entropies of activation can
dissociation of the Nzp-aminopyridine) complex with Xe in the  be favorably compared to a wide variety of noncovalently bound
threshold region as a function of kinetic energy in the center-of-mass complexes previously measured in our laborafofg,and to
frame (lowerx-axis) and the laboratory frame (uppeexis). A solid the AS'1000Vvalues in the range of 2946 J K- mol~1 collected

line shows the best fit to the data using eq 1 convoluted over the neutral Lifshitz for several simpl nd cleav i iations of
and ion kinetic energy distributions. A dashed line shows the model .by shitz for several simple bond cleavage dissociations o

38
cross sections in the absence of experimental kinetic energy broadenindons' . .
for reactants with an internal energy corresponding to 0 K. Theoretical Results.Theoretical structures for neutsaNH,-

Pyr ligands and for the complexes of these ligands with H
complexes, and a representative analysis is shown in Figure 3Li*, Na, and K" were calculated as described above. Table
for the Na"(p-NH,Pyr) complex. A comparable set of figures S3 gives details of the final geometries for each of these species.
for all nine M*(x-aminopyridine) complexes are available in Results for the most stable conformation of each (XaNH,-
the Supporting Information as Figure S2. In all cases, the Pyr) complex are shown in Figure®3The neutral molecules
experimental cross sections for eq 2 are accurately reproducedare very nearly planar with a slight distortion of the amino group
using a loose PSL TS modéPrevious work has shown that  out of the plane. Not surprisingly, the calculations find that the
this model provides the most accurate assessment of the kinetianetal ions and proton prefer to be bound to the pyridyl nitrogen
shifts for CID processes for electrostatic tomolecule atom in the plane of the&-NH,Pyr molecule rather than to the
complexes:911.32.33Good reproduction of the data is obtained z-cloud of the aromatic ring. An exception to this is observed
over energy ranges exceeding 2.0 eV and cross sectionin the K*(o-NH,Pyr) complex as discussed below. In general,
magnitudes of at least a factor of 100. Table 1 also includes the distortion of thex-NH,Pyr molecule that occurs upon
values ofEy obtained without including the RRKM lifetime  complexation to a metal ion or proton is minor. The change in
analysis. Comparison of these values with EaéPSL) values geometry is largest for the protonated systems and decreases
shows that the kinetic shifts observed for these systems varywith increasing size of the cation. Bond lengths and angles
from 0.02+ 0.01 eV for the K systems, to 0.1% 0.03 eV change in the most extreme cases by less than 0.06 A and 7.0
for Na*, and 0.474 0.13 eV for Li". The total number of respectively. An interesting result is observed in the ortho-
vibrations, 36, and heavy atoms, 8, remains the same in all ninesubstituted complexes in that the metal ion is displaced toward
M*(x-NH,Pyr) complexes, and hence the number of low- the substituent, see Figure 4, and gains additional stabilization
frequency vibrations remains the same. This implies that the by interaction with the amino group. The displacement is metal
observed kinetic shift should directly correlate with the density ion dependent witfil C4—N—M™ angles of 151.3 155.5, and
of states of the complex at threshold, which depends on the 143.6 for the ortho-substituted complexes to"LNa", and K",
measured BDE. This is exactly what is found, as shown in Table respectively. In contrast, the meta- and para-substituted com-
1. plexes to all of the metals havéC4—N—M bond angles that

The entropy of activationAS', is a measure of the looseness are within 5.0 and 1.2 of linear, respectively. In the neutral
of the TS and a reflection of the complexity of the system. Itis x-NH,Pyr molecules, the Nigroup is nearly planar and almost
largely determined by the molecular parameters used to modelsp>-hybridized to allow delocalization of the lone pair electrons
the energized molecule and the TS but also depends on thewith the aromaticr-electrons of the pyridine ring. Upon metal
threshold energy. Listed in Table AS' (PSL) values at 1000  ion complexation, chelation with the amino group requires that
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TABLE 2: Enthalpies and Free Energies of Metal lon Binding to Aminopyridines at 298 K in kJ/mol2

SyStem AHob AHOC AHzgg — AHQC AHzgg AHzggc TA&ggc Angg Anggc
H*(o-aminopyridine) 924.3 4.3 (1.7) 928.6 24.0 (3.1) 904.6
Li*(o-aminopyridine) 237.8 (21.1) 214.9 3.3(1.7) 241.1 (21.2) 218.2 29.3 (4.3) 211.8 (21.6) 188.9
Na'(o-aminopyridine) 146.5 (5.9) 144.7 1.5(1.3) 148.0 (6.0) 146.2 27.2(4.2) 120.8 (7.4) 119.0
K*(o-aminopyridine) 103.5 (3.6) 103.9 1.1(1.2) 104.6 (3.8) 105.0 28.4 (4.4) 76.2 (5.8) 76.6
H*(m-aminopyridine) 938.1 4.6 (1.5) 942.7 23.6 (3.2) 919.1
Li*(m-aminopyridine) 201.7 (10.0)  194.9 1.7 (1.6) 203.4 (10.2) 196.6 27.8(4.0)  175.6 (10.9) 168.8
Na‘(m-aminopyridine) 136.1 (3.8) 136.7 0.6 (1.3) 136.7 (4.0) 137.3 27.5(4.4) 109.2 (6.0) 109.8
K*(m-aminopyridine) 101.2(3.3) 101.9 0.1(1.0) 101.3 (3.4) 102.0 25.9 (4.8) 75.4 (5.9) 76.1
H*(p-aminopyridine) 958.5 5.7 (1.9) 964.2 25.9 (2.4) 938.3
Li*(p-aminopyridine) 216.9(20.2)  208.4 0.5(1.7) 217.4 (20.3) 208.9 245(4.6)  192.9(20.8) 184.4
Na'(p-aminopyridine) 146.6 (4.6) 146.5 0.2(1.3) 146.8 (4.8) 146.7 27.1(4.5) 119.7 (6.6) 119.6
K*(p-aminopyridine) 108.9 (3.2) 109.8 0.1(1.0) 108.8 (3.4) 109.7 26.0 (4.8) 82.8(5.9) 83.7

aUncertainties are listed in parenthest¥alues taken from Table F.Ab initio values from calculations at the MP2(full)/6-3tG(2d,2p)//
MP2(full)/6-31G* level of theory with frequencies scaled by 0.9646.

less stable by 62.8, 60.4, and 60.1 kJ/mol, for the ortho-
substituted complexes and 30.1, 40.0, and 47.2 kJ/mol, for the
para-substituted complexes, respectively, than the analogous
amino complexes (excluding ZPE and BSSE corrections). Thus,
BDEs for M*(o-iminopyridine) are 6.3, 7.9, and 8.6 kJ/mol and
M™(p-iminopyridine) are 42.5, 34.1, and 27.6 kJ/mol, respec-
tively, stronger than those of the ground-staté(MNH,Pyr)
complexes. This assumes that tautomerization does not occur
upon CID, an assumption consistent with the results of our
previous studieIf tautomerization could occur upon formation

of the complexes (i.e., the barrier to tautomerization is lower
than the BDE to the amino tautomer), then the reverse process,
tautomerization upon CID, would also occur. This would lead

it rotate out of the plane of the molecule and rehybridize to to much weaker bond dissociation energies, 152.1, 84.3, and
sp. This rehybridization is indicated by the-HN—H bond 43.8 kJ/mol for the LT, Na*, and K complexes, respectively.
angle, which changes from 112 i neutralo-NH,Pyr to 105~ Conversion from 0 to 298 K. To allow comparison to
106 in the metal Comp]exeS, and by the-agHz bond |ength, Commonly used experimental COﬂditiOﬂS, we convert the 0 K
which increases by almost 0.06 A upon metal complexation bond energies determined here (experimentally and theoretically)
(Table S3). The K(o-NH.Pyr) complex differs from all other ~ t0 298 K bond enthalpies and free energies. The enthalpy and
complexes in that the K does not lie in the plane of the entropy conversions are calculated using standard formulas
molecule. The geometry is not that of a typical cationemplex (assuming harmonic oscillator and rigid rotor models) and the
in which the metal ion would be expected to lie rough|y over vibrational and rotational constants determined for the MP2-
the center of the aromatie-system either. The preferred (full)/6-31G* optimized geometries, which are given in Tables
electrostatic binding interaction still involves a chelation inter- S1 and S2. Table 2 lists 0 and 298 K enthalpy, free energy,
action with the lone pairs of electrons on the pyridyl and amino and enthalpic and entropic corrections for all systems experi-
N atoms. However, the rotation of the amino group out of the mentally determined (from Table 1). Uncertainties in the
plane is less extensive to allow optimal interaction of the lone enthalpic and entropic corrections are determined by 10%
pair of electrons of the amino N atom with the" Kon’ see variation in the molecular constants. For the metal SyStemS
Figure 5. There is too much steric hindrance to allow the K Where the metatligand frequencies are very low and may not
ion to fit in the plane and interact strongly with the lone pair of be adequately described by theory, the listed uncertainties also
electrons on the pyridyl and amino N atoms. However even in include changing the three metdigand frequencies by a factor
this distorted geometry, the binding is stronger than that to the ©f 2. The latter provides a conservative estimate of the
7-cloud of the pyridine ring. computational errors in these low-frequency modes and is the
In the gas phase, we also need to consider the possibility of dominant source of the uncertainties listed.
alternate tautomers to the structures shown in Figure 1, as suc
tautomers exist for botb-NH,Pyr andp-NH,Pyr and may be
accessible in our gas-phase studies. However, in previous work Comparison of Theory and Experiment. The metal cation
on the interactions of alkali metal ions with azofesye affinities of the three structural isomers ®INH,Pyr at 0 K
demonstrated fairly conclusively that tautomerization Nof measured here by guided ion beam mass spectrometry are
heterocycles in the gas phase or upon metal ion complexationsummarized in Table 3. Also listed here are thK proton and
did not occur. This was attributed to excessively high potential metal binding energies calculated at the MP2(full)/6-8GE
energy barriers between the possible compléXeRather, (2d,2p)/IMP2(full)/6-31G* level including full MP2 correlation,
complexation to the most stable gas-phase tautomer of the freezero point energy corrections, and basis set superposition error
ligand was observed exclusively. For tloe and p-NH2Pyr correctionst~43 Experimental and theoretical results for the
molecules, these are the tautomers identified in Figure 1. Ourunsubstituted pyridine molecule taken from previous studies are
calculations indicate that the amino tautomers are more stablealso provided in Table 3 for compariséf*4¢ The agreement
than the imino tautomers by 67.8 and 78.1 kJ/moldeland between theory and experiment is illustrated in Figure 6. It can
p-NH2Pyr, respectively. In addition, the calculations find that be seen that the agreement is very good over the nearly 140
the Li*, Na", and K" complexes to the imino tautomers are kJ/mol variation in binding affinities measure here. For the nine

Figure 5. Optimized MP2(full)/6-31G* geometry of Ko-aminopy-
ridine).

rbiscussion
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TABLE 3: Measured and Calculated Enthalpies of Proton and Alkali Metal lon Binding to Aminopyridines at 0 K in kJ/mol

experiment X=NH theory X=NH, (MP2) experiment XMe?
complex TCID literature D¢ Dy Do gssé TCID

H*(o-Xpyridine) 942.9 (16.0) 966.4 934.0 924.3
Li*(o-Xpyridine) 237.8(21.1) 231.3 222.8 214.9 194.3 (6.5)
Na*(o-Xpyridine) 146.5 (5.9) 158.4 153.4 144.7 128.2 (4.5)
K*(o-Xpyridine) 103.5 (3.6) 112.8 108.6 103.9 97.8 (3.3)
H*(m-Xpyridine) 949.8 (16.0) 981.2 947.6 938.1
Li*(m-Xpyridine) 201.7 (10.0) 205.5 200.7 194.9 196.6 (14.7)
Na*(m-Xpyridine) 136.1 (3.8) 145.8 143.1 136.7 133.3 (4.2)
K*(m-Xpyridine) 101.2 (3.3) 107.5 105.7 101.9 99.8 (3.3)
H*(p-Xpyridine) 974.0 (16.0) 1003.3 968.0 958.5
Li*(p-Xpyridine) 216.9 (20.2) 217.8 214.2 208.4 196.2 (13.4)
Na*(p-Xpyridine) 146.6 (4.6) 155.2 153.0 146.5 133.7 (3.8)
K*(p-Xpyridine) 108.9 (3.2) 115.1 113.5 109.8 98.8 (3.9)
H*(pyridine) 924.0 (16.0) 954.9 918.4 908.9
Li*(pyridine) 181.0 (14.5) 181.2 (9.5) 190.7 185.7 179.®
Na'(pyridine) 126.7 (2.9) 133.6 130.® 122.9
K*(pyridine) 90.3 (3.9 97.2 94.@ 91.1

2 See Rodgers: ° Present results, threshold collision-induced dissociati@alculated at the MP2(full)/6-331G(2d,2p) level of theory using
MP2(full)/6-31G* optimized geometrie€.Including zero point energy corrections with frequencies scaled by 0.98460 includes basis set
superposition error correctionsSee Hunter and Lia¥.Adjusted to 0 K.9 See Amunugama and Rodgérs$.See earlier work$! 46 Adjusted to 0
K.

P MLARAALAARALA AR AL ARRLARANS 7 discrepancy between theoretical and experimental values for the
- ® Pyr 3 protonated systenf$,Table 3, which are clearly covalent. The
2 o5 | © o-NHopyr ] MAD for the three protonated systems is 15:33.5 kJ/mol.
2 & m-NHapyr L, L However, it is also possible that this additional covalency means
w 200 | ¥ NPT ] that the TSs for dissociation of the Licomplexes are not
a 175 ] adequately described by the PSL model. If the transition states
+§' ] were tighter in the LT cases, then the kinetic shifts would be
= 150 Na* 3 larger and the thresholds measured smaller, in better agreement
= ] with theory. For the Na and K+ complexes, the kinetic shifts
S125F . are much smaller and the metdiigand bonds more electrostatic,
< K E . .
00 ] such that the treatment herg is most assuredly appropriate and

would not change greatly with different assumptions about the

TS.

As discussed above, the imino tautomers are not expected to
play a role in these systems based upon their relative stability
(in k3/mol) of M*—(x-aminopyridine), where M= Li*, Na, and K, compared to the amino tautomers. The theoretical BDEs used
andx = ortho (), meta @), and parat). All values are 80 K and in the'comparlson between. theory and experiment in Table 3
taken from Table 3. Experimental results include values for the and Figure 6 are for the amino tautomers. The good agreement
unsubstituted pyridine systems, taken from a previous &t{@ly The between theory and experiment supports the assumption that
diagonal line indicates the values for which calculated and measuredthe imino tautomers do not play a role in these systems. The
bond dissociation energies are equal. large difference in BDEs for the para-substituted complexes to

the amino and imino tautomers absolutely rule out the possibility
amino-substituted systems, the mean absolute deviation (MAD)that the imino tautomers play a role in the para-substituted
between experiment and theory is 5t68.2 kJ/mol. This is systems. However, the small difference in the BDEs for the
slightly smaller than the average experimental error of-8.4  ortho-substituted complexes to these two tautomers makes it
7.3 kJ/mol. However, more careful inspection of the data makes difficult to establish definitively which tautomer is present in
it clear that Li" is the principal contributor to the deviations. the ortho-substituted complexes by comparison to the experi-
For the three Li systems, the MAD is 15.4- 7.2 kJ/mol, mental values. In addition, the barrier to tautomerization in the
whereas the Naand K" systems have a MAD of 0.8 0.6 ortho-substituted complexes is expected to be significantly lower
kJd/mol. The poorer agreement for the'lsystems most likely ~ than for the para—substitutgd systems as a result of the proximity
results from the experimental difficulty in measuring cross of the H atom to the two binding sites. However, the complexes
sections for LT as a result of the difficulty associated with ~are formed by association of the gas-phase neutral with the metal
efficient detection of this light mass as discussed in the ion in the flow tube, such that either tautomerization does not
Experimental Section. An alternative explanation was proposed 0ccur upon association/CID or, if it does, then the measured
in an earlier study where it was also observed that theory BDEs do not agree with theory as discussed above. Therefore,
systematically underestimates the bond energies for the Li the imino tautomer cannot play a role in the ortho systems.

100 125 150 175 200 225 250
Experimental M*—L BDE (kJ/mol)
Figure 6. Theoretical versus experimental bond dissociation energies

complexes, which may be a result of the higher degree of
covalency in the metalligand bond (see discussion below).
The additional covalency of the metdlgand bonds in the Li
systems compared to those for Nand K" suggests that this
level of theory may be inadequate for a complete description

Trends in the Binding of Metal lons to x-Aminopyridines.
In all of thex-NH,Pyr systems, the binding strength varies with
the metal ion such that tibinds ~53% more strongly than
Na, which in turn binds~37% more strongly than K Because
these complexes are largely electrostatic in nature, this trend is

of the former systems. Some evidence for this is the large easily understood on the basis of the size, or equivalently, the
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charge density of the metal ion. Smaller metal ions lead to H\N/H H\ﬁ/H
stronger ion-dipole and ion-induced dipole interactions in these

systems because the metiand bond distances are smaller. -— —

In this simplistic point of view, the strength of the interaction H, Q\QHZ NV

of the metal ions with th&aminopyridines appears to be driven
principally by the ion-induced dipole interaction, which does
not change appreciably for these structurally similar ligands. M*(o-aminopyridine) M*(p-aminopyridine)

Theoretical calculations indicate that the charge retained on
the metal ions is fairly similar from one structural isomer to !N @ll cases, the meta systems are less strongly bound than
another: Li has a charge of0.7€, which is lower than that _the corresponding ortho- and para-substltute_d systems, confu_rm-
for Na* (~0.928), which is lower than that for K (~0.985). ing that resonance effects do play an important role in

These results confirm the electrostatic nature of the bonding,de'[ermining the strength in the binding of these systems.

but also demonstrate that there is some covalency in the metal Howe_ver, the strength of the b_lndlng n the_ ortho- and jpara-
ligand interaction, particularly in the tisystems. In these substituted systems changes with the metal ion, suggesting that

complexes, the shorter bond distance and greater charge densit dditional effects are operative. Both theory and experiment find

allow the metal ion to more effectively withdraw electron density fhﬁt thehrela'gve bln?mg aff'i't'e?har? mf't+al |0nt dfpe?hdegt and
from the neutral ligand, thus reducing the charge retained on oflow the order meta< para< ortho for LI", meta< ortho~

the metal ion and increasing the covalency of the mdighnd para fc_)r Nd, and meta< ortho < para f_or K* Table 3. The
interaction. metal ion dependence of the relative binding to the ortho- and

Th . ff hat th . bstituent h th para-substituted systems is a balance between three competing
bi d'e prlmaLy € ectf[ a;[j be amino su Sﬂ|1 uen ats UPOP tﬁ effects, all associated with the interaction of the metal ion with
Inding can be examined by comparing tese Systems 10 ey 4ming group in the ortho-substituted systems. In all three

gnsupsntutgd pg rlglneggol(jegule. The poli’i(r)lz’?;gllty of py.r|d|ne ortho-substituted complexes, the amino group rotates out of the
Is estimated to be 9.517and increases to 10. pon amino plane, and the metal ion orients itself such that it is actually

sgbgtjtution@ .The polar.i'zability s not expec.ted o Vary iied toward the amino substituent by 28.24.5, and 36.7
significantly with the position of the amino substituent, and the for the Lit, Na~ and K" systems, respectively (Figure 4). The

additivity method we used to e;timate these pol.'ariz.abilitigs' is ability of the metal ion to chelate effectively with the amino
not sensitive to such structural differences. The binding affinity group is the driving force for this tilt and suggests there is a

of all nine complexes is observed to increase upon amino gighificant chelation (attractive interaction) with the adjacent

substitution relative to that observed for the corresponding 4ming group rather than a steric effect (repulsive interaction).
pyridine complexes; see Table 3 and Figure 6. This SUggestSThs Na tilts 4.2 less toward the amino group than*Li

that the polarizability of the ligand is a key factor in determining  pacause of the longer M-N bond distances. The angle in the

the strength of binding. K+ complex is somewhat deceiving in that the kon lies out
Smaller variations in the strength of the binding are observed of the plane of the molecule, Figure 5. Rotation of the amino
as the position of the substituent is varied. These variations cangroup out of the plane (i) decreases stabilization associated with
be attributed to several possible effects: the dipole moment of 7-resonance delocalization, (i) decreases repulsion between the
the molecule, inductive effects, resonance effects, chelation metal ion and nearest H atom when the amino group is planar,
interaction, and steric effects. As seen in Figure 1, the dipole and (jii) enhances binding as a result of chelation. The
moment of these systems follows the order ortho (2.05D)  combination of these effects leads to chelation for all three metal
meta (3.12 D)< para (3.69 D). The calculated dipole moment jons, as indicated by theory, which finds that the most stable
of pyridine is 2.22 D, implying that if the dipole moment plays  conformations of the N(o-NH,Pyr) complexes have the amino
a more important role than the polarizability in determining the group rotated out of the plane.
binding strength, that the ortho-substituted complexes should  The first effect,nz-resonance delocalization, should in prin-
have lower binding affinities than pyridine. This is not the case, ciple have little dependence upon the metal ion. This effect is
Table 3, suggesting that the polarizability is more important estimated as the difference in energies of the fré¢H,Pyr in
than the dipole moment of the ligand in determining the strength its most stable conformation and that of freéNH,Pyr in the
of binding as mentioned above. The dipole moment may still distorted geometries of the \o-NH.Pyr) complexes. These
play a role, albeit less significant, and suggests that the binding calculations indicate that the distortion cost is about the same
affinities should follow the order orthe meta< para. Indeed, for Li* and Na, (46.3 and 43.6 kJ/mol, respectively), but only
this is the order observed in the protonated complexes, wherecosts 24.9 kJ/mol for the K The lower cost in the K system
the longer-range electrostatic interactions are not expected toresults from the lesser degree of rotation of the amino group in
play as strong a role as for the metalated systems. However,the K*(o-NH,Pyr) complex. We estimate the second effect,
this trend is not observed for the metalated systems, indicatingH-atom repulsion, by calculating the binding energies of the
that other effects unique to the metal ions are operative. Becausehree metal ions at the pyridyl N atom site @NH,Pyr with
of the electron-withdrawing properties of the amino substituent, its geometry fixed to that of the free-NH,Pyr, i.e., roughly
inductive effects suggest that the binding affinities should follow planar. These complexes are less stable than the fully optimized
the order para< meta < ortho, again the order observed for complexes by 53.4, 35.7, and 16.6 kJ/mol for" LNa', and
the protonated complexes. However, this order is not observedK™, respectively. We take these values to be a rough estimate
for the metalated complexes, Table 3, suggesting that inductive of the H-atom repulsive energy. Combining the results of these
effects are not significant. In the ortho- and para-substituted calculations with the measured BDEsatoandp-NH,Pyr (Table
complexes, contributions from resonance structures that localize3), we arrive at estimates for the chelation effect, which is
electron density on the pyridyl nitrogen atom (as shown below) strongest for Lt, 121 kJ/mol, and decreases for the larger metal
should result in enhanced binding compared to the analogousions, ~79 kJ/mol for N& and ~36 kJ/mol for K. Thus, Lit
meta complexes and suggest that the binding affinities should binds o-NH,Pyr more strongly tharp-NH,Pyr because the
follow the order meta< ortho~ para. chelation energy is larger than the sum of tir@esonance
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As expected, the effect is metal ion dependent and results in an

Q

£ noor increase in binding affinity of 5, 3, and 1 kJ/mol for the"Li

= 600 ] Nat, and K- systems, respectively. However, the influence of
8 500 5 the dipole moment is small compared to the increase in binding
& a00b ] affinity observed in the ortho- and para-substituted systems
s 1200 [ ] where resonance effects and chelation interactions lead to
*; 200k ] stronger binding. In the para-substituted systems, the increase
N in dipole moment is larger than that for the meta systqriéi,-

g 100r , N Pyr (3.69 D) vgp-MePyr (2.89 D). Assuming an approximately

& 00T T ] linear correlation between the binding affinity and the increase
' -100 1 - in the dipole moment (NKH vs Me), the dipole moment

z PN Y SRS RS S NS P SRR I uudl B . . . . . T

K 1000 1200 1400 160.0 1800 2000 contribution to the enhancement in the binding affinities of
s M*~x-MePyr BDE (kJ/mol) p-NH2Pyr compared tg@-MePyr would be 8, 4, and 2 kJ/mol

for the Lit, Naf, and K" systems, respectively. The observed

Figure 7. Measured difference in the bond dissociation energies of enhancement in the BDEs fo-NH,Pyr compared to those

M*—(x-aminopyridine) relative to M—(x-methylpyridine) versus the

bond dissociation energies of M (x-methylpyridine), where M = measured fop-MePyr is much larger than the contribution
Li+, Na*, and K, andx = ortho (), meta (), and para ¢). All predicted from the enhanced dipole momenp&iH,Pyr. This
values are 80 K and taken from Table 3 and a previous stétiyhe suggests that the contribution to the binding affinity resulting
horizontal line indicates the values for which no difference in the from resonance effects i560% of the enhancement. The
binding is observed. resonance effects contribution is estimated to be 13, 8, and 8

o ) kJ/mol for the Lif, Na*, and K" systems, respectively. In the
delocalization energy lost and the H-atom repulsion energy. For ortho-substituted systems, the increase in dipole moment is much
Na', the H-atom repulsion energy increases and the chelationgmalier than that for the meta-substituted systeoANH,Pyr
energy decreases such that these contributions balance. AIthougerlo5 D) vso-MePyr (1.97 D), and likely balances the decrease
the resonance delocalization energy decreases for the in polarizability. This suggests that the difference in binding
H-atom repulsion energy becomes great enough that the complexyffinities for the ortho systems results from resonance effects
is not able to exist in a geometry that is ideally suited t0 ang the much stronger chelation interaction possible in the
maximizing the chelation interaction, and the metal ion sits out 0-NHPyr systems. The alternate possibility of repulsive steric
of the plane. As a result of taking on a less favorable geometry, interactions in theo-MePyr systems was previously shown to
the sum of these two effects (resonance delocalization energype ynimportant and in fact that the methyl substituent exhibits
loss and H-atom repulsion) is larger than the chelation energy, 5 sjight chelation interactiol. As the influence of dipole
resulting in weaker binding to- than top-NH;Pyr. moment on the binding was not taken into consideration in the

Both theory and experiment find that the meta systems bind estimation of the chelation effect above, the influence of the
more weakly than the para-substituted systems, in agreemenghelation effect was probably underestimated. Thus a better
with the expected order based upon the dipole moments of thesesstimation of the chelation effect in toeNH,Pyr systems would
molecules and resonance effects. But, it has already beenpe obtained by correcting for the differences in dipole moment
established in the ortho-substituted systems that the chelationof the o- and p-NH,Pyr systems (as the resonance effects
interaction has a greater influence on the binding than inductive cancel). The relative enhancement in dipole moment compared
effects of the substituent. This suggests that the influence of to the meta isomers should result in an enhancement in binding
the dipole moment and inductive effects on the binding to these of the p-NH,Pyr compared to the analogoadNH,Pyr systems
systems is quite small. Overall, the observed trends in the of 7 4 and 2 kJ/mol for the i, Na“, and K" systems,
binding of alkali metal ions to these systems are therefore respectively. Thus, the chelation effect enhances binding in the

dominated by the charge density of the metal ion, and o-NH,Pyr systems by 128, 83, and 38 for the'Na", and
secondarily by the polarizability of the ligand. As these effects K+ systems, respectively.

are the same for all three structural isomers, the modest
variations in binding affinity observed result from chelation Conclusions
interactions with some contributions from resonance effects. The
dipole moment of the ligand and inductive effects appear to  The kinetic energy dependences of the collision-induced
have only a small influence on the binding in these systems. dissociation of M (x-NH,Pyr), where M = Li*, Na*, and K,
Comparison with the x-Methylpyridines. Figure 7 compares  andx = ortho, meta, and para with Xe are examined in a guided
the present experimental results to those obtained in an earlieion beam mass spectrometer. The dominant dissociation process
study from our laboratory in which the binding of the same in all cases is loss of the intagtNH,Pyr ligand. Thresholds
alkali metal ions to thex-methylpyridines X-MePyr) was for these processes are determined after consideration of the
examined. The most obvious conclusion that can be drawn from effects of reactant internal energy, multiple collisions with Xe,
this figure is thex-NH,Pyr systems are more strongly bound and lifetime effects (using methodology described in detail
than the correspondingMePyr systems. This seems counter- elsewhere§.Insight into the structures and binding of the metal
intuitive based upon the polarizabilities of these systems (10.63ions to thex-NH,Pyr molecules is provided by ab initio theory
A3 for x-NH,Pyr vs 11.35 & for x-MePyr) and allows further  calculations of these complexes performed at the MP2(full)/6-
examination of the influence that the dipole moment and 311+G(2d,2p)//MP2(full)/6-31G* level of theory. Excellent
resonance effects have upon the binding in these systemsagreement between the experimentally determinedaxa K+
Because resonance effects do not enhance binding in the metaffinities and ab initio calculations is obtained. Although within
systems, the increased binding affinities measured fo(n experimental error, the agreement for the Isiystems is not
NH,Pyr) compared to M(m-MePyr) suggest that the larger quite as good. Several plausible explanations for this discrepancy
dipole moment om-NH,Pyr (3.12 D) vam-MePyr (2.62 D) is are proposed. The high fidelity of our experimental and
more than sufficient to overcome the decrease in polarizability. theoretical results suggests that these ligands can act as reliable
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anchors for the alkali metal cation affinity scales. These systems (17) Hales, D. A.; Armentrout, P. Bl. Cluster Sci199Q 1, 127.

i i i_ (18) Ervin, K. M.; Armentrout, P. BJ. Chem. Phys1985 83, 166.
br(l)adeﬂ the I;:angﬁ of IIhgandS %\./allg'blf as a_bscl)luttz theerChemll (19) Dalleska, N. F.; Honma, K.; Sunderlin, L. S.; Armentrout, PJB.
cal anchors. Further, the combined theoretical and experimentalym™ chem. Sod994 116, 3519.

results suggest that the strength of the noncovalent interaction (20) Schultz, R. H.; Armentrout, P. B. Chem. Phys1992 96, 1046.
of alkali metal ions with thex-aminopyridines is dominated by (21) Schuliz, R. H.; Crellin, K. C.; Armentrout, P. B. Am. Chem.

. . . - S0c.1992 113 8590.
the charge density of the metal ion. The polarizability of the (22) Khan, F. A.; Clemmer, D. C.; Schultz, R. H.. Armentrout, PJB.

ligand is.als.o an important factor in determining the strength phys ‘chem1993 97, 7978.
of the binding. As these effects are the same for all three (23) Fisher, E. R; Kickel, B. L.; Armentrout, P. B. Phys. Chenl993
structural isomers, the pronounced variations in binding affinity 97 10204.

observed result from chelation interactions with some contribu- ,, & £nseh, M- . Tiucks, 6. W Schiegel, H. B,\',;lfnct;fﬁ]:'gr’yefgﬁ‘ﬂ??’

tions from resonance effects. The dipole moment of the ligand Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
and inductive effects also appear to influence the binding in D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

these systems but to a lesser degree. The differences in the trenc%ghtcef‘srlr(‘imj'_ Eé;t e“rﬂsigﬂucec'ﬁiyz&mﬁ"'y’ -Cé;inASa-TA%roCl(ij mcglf{?-r?\haﬁék

in the BDEs observed for theNH,Pyr systems compared to  p_k.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
the x-CHsPyr systems can be understood in terms of the Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

; H i i i I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
differences In. pol_arlzablllty, dipole moment of thes.e SyStem.s Peng, C. Y.; Nanayakkara, A.; Gonzalez, C. Challacombe, M.; Gill, P. M.
and the contributions from resonance effects possible only in \y - Jonnson. B.: Chen, W. Wong, M. W.; Andres, J. L.; Gonzales, C.:
the x-NH2Pyr systems. Head-Gordon, M.; Replogle, E. S.; Pople, J. Baussian 98rev. A.7,
Gaussian, Inc.: Pittsburgh, PA, 1998.

(25) Foresman, J. B.; Frisch, ZAxploring Chemistry with Electronic
Structure Methods2nd ed.; Gaussian: Pittsburgh, 1996.

(26) Beyer, T. S.; Swinehart, D. Eomm. Assoc. Comput. Machines
1973 16, 379. Stein, S. E.; Rabinovitch, B. 3. Chem. Phys1973 58,
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