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The regioselective deprotonation of pyridine in the gas phase has been investigated by using chemical
reactivity studies. The mixture of regioisomers, trapped as carboxylates, formed in an equilibrium mixture
is determined to result from #B0% deprotonation in the-gosition, and 26-30% deprotonation at the
3-position. The ion formed by deprotonation in the 2-position is not measurably deprotonated at equilibrium
because the ion is destabilized by lone-pair repulsion. From the composition of the mixture, the gas-
phase aciditiesAH°,iq) at the 4-, 3-, and-positions are determined to be 38992.0, 391.2-391.5,
and>391.5 kcal/mol, respectively. The relative acidities of the 4- and 3-positions are explained by using
Hammett-Taft parameters, derived by using the measured gas-phase acidities of pyridine carboxylic
acids. The values afr andog are—0.18 and 0.74, respectively, showing the infused nitrogen in pyridine

to have a strongr electron-withdrawing effect, but with little-inductive effect.
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Introduction has been found that nitrogen has little effect on those aspects
generally associated with aromaticity, as the stabilization
Nitrogen-containing rings are commonly found as components energy®2Land magnetic properti®f pyridine are very similar
in natural products, and therefore significant effort has been tg those of benzene. However, the presence of nitrogen does
expended in determining the effect that nitrogen infusion has haye a significant effect on the reactivity. In addition to having
on the properties of benzene-like system¥.For example, it 3 patural effect on the basicity, the nitrogen in the ring is
generally viewed as having an electronic effect similar to that
(1) Bean, G. P.; Katritzky, A. RJ. Chem. Soc. B968 864—866. of a nitro group, serving to deactivate the ring toward electro-
(2) Bellingham, P.; Johnson, C. D.; Katritzky, A. B. Chem. Soc. B phjlic addition’-16.1’Unfortunately, the interpretation of pyridine

19?% g?fgfhni HJ. Chem. Soc. B966 937. reactivity is often complicated because the reacting species is

(4) Brignell, P. J.; Jones, P. E.; Katritzky, A. B.Chem. Soc. B97Q not necessarily the free base, but may instead be a complex
117-21.

(5) Brown, H. C.; Okamoto, YJ. Am. Chem. Sod958 80, 4979 (13) Johnson, C. D.; Katritzky, A. R.; Ridgewell, B. J.; Viney, Nl
4987. Chem. Soc. B967 1204-1210.

(6) Broxton, T. J.; Butt, G. L.; Deady, L. W.; Toh, S. H.; Topsom, R. (14) Katritzky, A. R.; Fan, WHeterocyclesl992 34, 2179-2229.
D.; Fischer, A.; Morgan, M. WCan. J. Chem1973 51, 1620-1623. (15) Johnson, C. D.; Katritzky, A. R.; Shakir, N.; Viney, M. Chem.

(7) Campbell, A. D.; Chen, E.; Chooi, S. Y.; Deady, L. W.; Shanks, R. Soc. B1967, 1213-19.
A. J. Chem. Soc. B97Q 1068-70. (16) Katritzky, A. R.; Palmer, C. R.; Tidwell, T. T.; Topsom, R. D.

(8) Campbell, A. D.; Chooi, S. Y.; Deady, L. W.; Shanks, RAAst. J. Am. Chem. Sod 969 91, 636-41.

Chem.197Q 23, 203-204. (17) McDaniel, D. H.; Brown, H. CJ. Org. Chem1958 23, 420-427.
(9) Clementi, S.; Johnson, C. D.; Katritzky, A. R.Chem. SogPerkins (18) Stewart, R.; Harris, M. GJ. Org. Chem1978 43, 3123-3126.
Trans. 111974 1294-1298. (19) Van Doren, J. M.; Kerr, D.; Miller, T. M.; Viggiano, A. Al. Chem.

(10) Deady, L. W.; Shanks, R. Aust. J. Chem1972 25, 2363-2367. Phys.2005 123 114303-11430.6.
(11) Deady, L. W.; Shanks, R. AAust. J. Chem1972 25, 431-432. (20) Stanger, AJ. Org. Chem200§ 71, 883—-893.
(12) Deady, L. W.; Shanks, R. Aust. J. Cheml972 25, 2363-2367. (21) Bachrach, S. MJ. Organomet. Chen2002 643—644, 39—46.
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with Lewis acid present in solution thereby changing the carried down the flow tube by the flowing helium were allowed to
electronic properties of the nitrogen cerféThis aspect affects ~ undergo reaction with neutral vapors introduced by micrometering
not only the rates of reaction in electrophilic addition reactions, valves along the length of the reactor. lons in the instrument are
but also the regioselectivity of acibase reactions wherein ~ €xtracted through a nosecone into a differentially pumped region
positive charge on the nitrogen complexed to a cation can CONtaining a triple-quadrupole analyzer. Collision-induced dissocia-
stabilize the negative charge formed upon deprotona&ah. tion (CID) experiments were carried out by selecting the ion with
: . L . . the desired mass-to-charge ratio using the first quadrupole, and then

Therefore, physical studies of intrinsic pyridine properties and jpiacting them into the second quadrupole (radio frequency only),
its reactions need to be carried out under conditions in which it \here they undergo collision with an argon gas. The collision
exists as the free base, which can be achieved by usingenergy is controlled by the quadrupole pole offset voltage, which
appropriately substituted syste®, or by carrying out the  can be scanned for energy-resolved CID measurements. The reactant
studies in the gas phade. and product ions are analyzed with the third quadrupole and are

The effect of nitrogen complexation is evident in the observed detected with an electron multiplier operated in pulse counting
gas-phase reactivity. While studying the gas-phase hydrogen/mode. N
deuterium exchange of deprotonated pyridirexide, we noted ~ Materials. Gas purities were as follows: He (99.995% (6%
a distinct difference between its chemistry and that of simple " H€). methaneb (99'5;/‘?' and nitrous ?X'de (99%)'dA” other g
deprotonated pyridine. When allowed to react withOD ;e'zsagjgrt)s”géere obtained from commercial sources and were use
deprotonated pyridine-oxide efficiently exchanged all protons '
with deuterium, whereas deprotonated pyridine was found to Results and Discussion
undergo only two very slow H/D exchang®sThis result
indicates that all of the positions in pyridimeoxide can be Here we describe the results of our study of the regioselec-
accessed in gas-phase acid/base reactions, whereas not all divity of deprotonation of the pyridine. In the first sections, we
the positions on pyridine itself are accessible in the reaction describe the determination of the selectivity of the deprotonation
with OH~. The limited H/D exchange reactivity of deprotonated reaction by using hydrogen/deuterium exchange reactions and
pyridine is consistent with predictions based on AM1 calcula- the collision-induced dissociation branching ratios of pyridine
tions by Meot-ner and Kafaf that predict the 4osition to be carboxylates. The next sections describe an investigation of the
slightly more acidic than the-Bosition, with deprotonation at  electronic properties of the nitrogen in a pyridine ring. The
the 2position significantly higher in energy. The instability of ~ results indicate that the nitrogen in the ring acts as a strongly
the anion formed by deprotonation at the 2-position is readily 7-electron-withdrawing group but with little inductive effect,
explained as being due to electron-pair repulsion between theconsistent with the observed and computed regiospecific proper-
2-position and the nitroge#$, but the origins of the 3- and  ties of the pyridine ring.
4-isomeric differences have not been examined experimentally. H/D Exchange.DePuy and co-workers have reported labeling

In this work we report a detailed investigation of the studies indicating that the 2-position in pyridine is inaccessible
regioselectivity of the gas-phase deprotonation of pyridine. We upon deprotonation with hydroxide, and that deprotonated
determined the equilibrium composition of the mixture formed pyridine undergoes 2 H/D exchanges with@¥*® We have
upon deprotonation of pyridine, and from the extent of 3- and reproduced their H/D exchange results, but also find that the
4- deprotonation we have measured the gas-phase acidityH/D exchange is very inefficient for deprotonated pyridine
difference between the 3- and 4-positions. To understand theformed by proton transfer with hydroxide. Even under very high
origins of the observed selectivity, we have used experimental flows of D,O, the amount of €H,D,N~ formed is less than
and computational methods to investigate the electronic effectsthat for GH4N~. Under comparable flows of water, deprotonated

of the infused nitrogen in the aromatic ring. Our results show
the nitrogen in the ring to be a stromgelectron-withdrawing
group, similar to the effect of a nitro grotput, unlike a nitro
group, essentially non-inductive.

Experimental Section

All experiments were carried out at room temperature in a
flowing afterglow triple-quadrupole apparatus described else-
where?®:3°Hydroxide ion was prepared ingHL m long flow reactor
by electron ionization of a 2:1 mixture of methane and nitrous oxide
in helium buffer P(He) = 400 mTorr,P(CH,) = 4 mTorr). lons

(22) Newkome, G. R.; Hager, D. Q. Org. Chem1982 47, 599-601.

(23) Meyers, A.; Pansegrau, BP. Chem. Soc.Chem. Communl985
690-691.

(24) Queguiner, G.; Marsais, Rdv. Heterocycl. Chenl991, 52, 187—
304.

(25) Noyce, D. S.; Virgilio, J. A.; Bartman, Bl.. Org. Chem1973 38,
2657-2660.

(26) DePuy, C. H.; Kass, S. R.; Bean, G.P.Org. Chem1988 53,
4427-4433.

(27) Meot-ner, M.; Kafafi, S. AJ. Am. Chem. S0d.988 110, 6297
6303.

(28) Taft, R. W.; Anvia, F.; Taagepera, M.; Catalan, J.; Elguerd., J.
Am. Chem. Sod 986 108 32373239.

(29) Graul, S. T.; Squires, R. RMass Spectrom. Re1988 7, 253—
258.
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pyridinen-oxide, GHsNO™, is completely converted tosD4,NO~,
and deprotonated chlorobenzengH@CI~, is completely con-
verted to GD4CI~. Given the similarity between the gas-phase
acidities of pyridine and chlorobenze#e! the difference in
the H/D exchange can be attributed to the difference in the
regioselectivity of the deprotonation. Whereas chlorobenzene
is deprotonated almost exclusively in the ortho posifibfthe
H/D exchange behavior we observed for deprotonated pyridine
agrees with previous data indicating that thpdaitions are not
accessible upon deprotonation by hydroxide. As shown in Figure
1, if the ion were deprotonated in the 2-positidm it would
be expected to undergo one, three, or four H/D exchange
reactions. However, because thgdsition is inaccessible®
only two H/D exchanges are observed.

Theoretical calculations performed by using the B3LYP and
MP2 computational methods with Gaussiad®gyree with our

(30) Marinelli, P. J.; Paulino, J. A.; Sunderlin, L. S.; Wenthold, P. G.;
Poutsma, J. C.; Squires, R. Rt. J. Mass Spectrom. lon Processe394
130, 89-105.

(31) Wenthold, P. G.; Squires, R. R. Am. Chem. Socl994 116,
11890-11897.

(32) Hyla-Kryspin, I.; Grimme, S.; Buker, H. H.; Nibbering, N. M. M;
Cottet, F.; Schlosser, MChem. Eur. J2005 11, 1251-1256.

(33) Frisch, M. J.; et alGaussian 03 Revision B.04; Gaussian, Inc.:
Pittsburgh, PA, 2003.
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TABLE 2. Measured Branching Ratios for CID of Proton Dimers

= | 3- and 4- between Pyridine Carboxylates andm-Fluorobenzoic Acid
~ positions inaccessible
b N R= I(m/z122)A(m/z139)
D,0 1 H/D exchange pyridine carboxylate isomer 20eV 30eV
b b 2-isomer (picolinic acid) 0.067 0.031
. 3-isomer (nicotinic acid) 131 1.77
= I i’ = | fﬁgzgsffﬁle 4-isomer (isonicotinic acid) 417 5.16
~ _ ~ _ mixture? 3.58 4.16
N D N
D,0 a Authentic structures obtained by deprotonation of the corresponding
Z-dehydro 3 H/D exchanges carboxylic acid.”? Obtained by carboxylation of ions formed by deproto-
D nation.
la
D = D all positions
accessible . L
| mol, much higher than the gas-phase acidity of water (390.3
D \N - kcal/mol)3* Thus, the 2-position is predicted to be inaccessible
4 H/D exchanges to deprotonation by hydroxide, consistent with the conclusions
D from the H/D exchange experiments. Predicted relative acidities
2 _position calculated at the AM1 and HF/4-31G*//HF/3-21G* levels of
-~ I inaccessible theory?”-3%also included in Table 1, are in good agreement with
D0 D N D the B3LYP and MP2 calculations. Extended dkal Theory
- 3 H/D exchanges (EHT) reported by Hoffman and co-workétgredicts too high
of an energy for the 2-anion.
3- vs 4-Selectivity.The 3-position vs 4-position selectivity
2-positions of deprotonation was investigated by using pyridine carboxylate
3- dehydr o inaccessible anions. The reaction of carbanions and,@@form carboxylates
in the gas phase occurs at or near the collision¥ztéerefore,
2 H/D exchanges upon reaction with C@ the GH4N~ ion mixture formed by

deprotonation of pyridine is completely converted to carboxylate
- D = D ions, GH4NCO,~. Reaction of the pyridine carboxylate with
= | 4 2-positions referencan-fluorobenzoic acid forms a proton-bound dimer that
_ I inaccessible . -
undergoes CID to either regenerate the pyridine carboxylate or

S -
N form them-fluorobenzoate ion (eq 1). The measured ratiRyg,(
4-dehydr0 2 H/D exchanges
0y _0°
1c ©
IS
FIGURE 1. H/D exchange results expected for deprotonated pyridine ‘ COy X M FCeH4COH
given the position accessibility. N/
>
TABLE 1. Calculated Relative Enthalpies of Pyridinide Aniong N
2-dehydro 3-dehydro 4-dehydro 122
geometry la 1b 1c O /o
B3LYP/aug-cc-pvDZ | 9.7 2.1 0.0
B3LYP/aug-cc-pVTZ | 9.8 2.1 0.0
MP2/aug-cc-pVDZ | 10.1 0.7 0.0
MP2/aug-cc-pVTZ | 10.2 0.6 0.0
MP4/aug-cc-pVDZ | 9.5 1.5 0.0
MP2/aug-cc-pVDZ Il 10.0 0.6 0.0 m/z=262 139-
MP2/aug-cc-pVTZ I 102 06 0.0 1)
MP4/aug-cc-pVDZ 1l 9.4 1.5 0.0
E";/T; a1 HE/3.21G 150-80 03-(21 %% = |(CsH4NCO,")/I(CeHsC O, )] for the mixture of carboxylates,
AM1; ) 58 0.9 0.0 measured at two collision energies (20 and 30 eV, laboratory
exptl ' 13-16 0.0 frame of reference), were compared with those for authentic

. ) ) . 2-, 3-, and 4-pyridine carboxylate ions, formed by deprotonation
a2 Relative energies converted to 298 K enthalpies by using unscaled f picolini icotini di icotini id tivelv. Th
frequencies calculated at the B3LYP/aug-cc-pVDZ level of theory. or picolinic, n'CO,m'C' 6,‘” Isonico 'r"c, aclds, respec '\_/e y e,
b Geometry I: B3LYP/aug-cc-pVDZ. Geometry Il: MP2/aug-cc-pvDZ. ~average branching ratios are shown in Table 2. Qualitatively, it
¢ Reference 367 Reference 35¢Reference 27.Determined from the is observed that the branching ratio for the mixture is most
composition of the equilibrium mixture. similar to that for the authentic 4-isomer, indicating that the
mixture predominantly consists of the 4-dehydro-isomer, with

experimental results (Table 1). The lowest energy anion is
predicted to be the 4-isomer, with a calculated enthalpy that is
0.6—2.1 kcal/mol lower than that for the 3-isomer. The acidity
at the 2-position is calculated to be ca. 10 kcal/mol higher than (35) Kikuchi, O.; Hondo, Y.; Yokoyama, Y.; Morihashi, K.; Nakayama,
that of the 4-position. Assuming that the experimentally M. Chem. Soc. Jpri991, 64, 3448-3450.

measured gas-phase acidity of pyridine (382.9.0 kcal/mol, gl(gg)g'g‘dam W.; Grimison, A.; Hoffmann, Rl Am. Chem. S0d.969

vide infra) applies to deprotonation at the 4-position, the gas- (37) Bierbaum, V. M. DePuy, C. H.; Shapiro, R. Bl.Am. Chem. Soc.
phase acidity at the 2-position is predicted to be ca. 400 kcal/ 1977, 99, 5800-5802.

(34) Smith, J. R.; Kim, J. B.; Lineberger, W. €hys. Re. A 1997, 55,
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minor contributions from the 2- or 3-dehydro-isomers. Assuming at the 4-, 3-, and 2-positions of pyridine are calculated at the
that the 2-dehydro-isomer is not accessed in the deprotonation B3LYP/aug-cc-pVDZ level of theory to be 26.0, 27.5, and 27.9
the composition of the mixture can be calculated by using eq cal/(mol K), respectively. The difference between the deproto-
2, whereR;, and R, are the branching ratios for the authentic nation entropies is close to the valueR2 that is expected
carboxylate ions, angy, andx, are their mole fractions in the  given the loss in rotational symmetry upon deprotonation at the

mixture Km + X, = 1). 2- and 3-positions that does not occur upon deprotonation at
the 4-position (or, conversely, the twofold degeneracy for
Riix = %Ry + XuRny 2) deprotonation at the 2- and 3-positions that is not present for

) . the 4-position), whereas the absolute values are slightly lower

From the measured results in Table 2, we obigir- 0.71 at  han those (3932 call(mol K)) estimated from the temperature-
20 eV andx, = 0.79 at 30 eV. Therefore, we conclude that the gependent studies of Meot-ner and Kaf&fiCombination of
mixture consists of about 761_30% 4-dehydro-isomer, whereas the AS’aciq values with theAG®ciaresults described above gives
the 3-dehydro-isomer constitutes-280%3° _ 298 K values ofAH°i4-position)= 389.94 2.0 kcal/mol,

To ensure that the system was an equilibrium mixture, and AH°® sid(3-position)= 391.2-391.5 kcal/mol (1.3-1.6 kcal/mol
not merely a kine;ic mixture, of 3-dehydro- and 4-dehydropy- higher than that for the 4-position), aaH°acid(2-position) >
ridine, the GH4N ™ ions were allowed to react with water before 391 5 kcal/mol. By comparison, the relative acidities in solution
reaction with CQ. Water (3O) is known to undergo reversible appear to be a function of the experimental conditihné2 but

proton exchange with deprotonated pyridir@nd will therefore in general, the 2-positions are kinetically favored, and the
produce an equilibrium mixture reflecting the thermal conditions 4-position is thermodynamically favoré@4!

of the flow reactor. The observed branching ratios were the same o inaccessibility of the 2-position in the deprotonation of

as those measured without water added, confirming that the SYSpyridine is not surprising because the anion that would be

tem was at equilibrium. Moreover, the branching ratios do not ¢5meqd would suffer from extensive electron-pair repulsion. For
change when _adqlmg_ the carbon d_l_ox!de fl_thher up;tream in theexample, the enthalpy of formation of pyridaZifé(2a), which

flow reactor, indicating that equilibrium is established very paq agjacent nitrogen atoms, is ca. 20 kcal/mol greater than those
quickly, presumably with excess pyridine as the .aC|d catalygt. for either pyrimidin”4445(2b) or pyraziné’4445(2c), where
Therefore, we are able to estimate thermochemical propertiesine pitrogen atoms are separated. In deprotonated pyridine, the
using the relationshipG® = —RTInKeq with T=300 K. From  gnqrqy difference between the 2- and 4-isomers is calculated
our measured isomer fractions, we estimate the free energyy, pe 10 kcal/mol. However, comparison to the diazines does

difference between the 3- and the 4-positions to be-0.2 not account for the energy difference between the 3- and
keal/mol. Calculations at the B3LYP/aug-cc-pVDZ level of 4 anions; as the enthalpies of formatior2bfand2c are within
theory predict that the entropy difference for deprotonation g 3 | cal/mol445

between the two positions is 1.5 cal/(mol K), so th&t°;_4, =
AG°3-4+ TAS3-4, = 1.3—1.6 kcal/mol, in excellent agreement

N
with the computed difference of 0-&.1 kcal/mol (Table 1). ~ ~~ N -
The experimental results in this work can be combined ~ I J |
. . . . : - N X S
with those from previous studies to obtain the regiospecific N~ N N
thermochemical properties for pyridine deprotonation in the gas
phase. The gas-phase acidity of pyridine has been measured by 2a 2b 2c¢

Meot-ner and Kafafi, who used temperature-dependent equi-

librium studies of the proton-transfer reactions of pyridine with Hammett—Taft Parameters for an Infused Nitrogen in
hydroxide and methoxid€. From the measured equilibrium  an Aromatic Ring. To elucidate the origins of the trend in the
constants, the quantitHaciq for pyridine was determined to  positional acidities in the pyridine ring, we have carried out an
be 1.1 kcal/mol higher than that for water, and 9.5 kcal/mol investigation of the electronic effects of a nitrogen in an aromatic
higher than that for methanol, with correspondidgSacid system. We have used the approach outlined by Taft and
values of 9.8 and 1.6 cal/(mol K), respectively. However, the Topsont® to obtain theeffectve Hammett parametersg and
present results indicate that the products formed upon depro-gg, for a nitrogen infused in an aromatic ring, whereandog
tonation of pyridine constitute a mixture of isomers. By using are the inductive and resonance parameters for a substituent,
our measured energy difference for the 3- and 4-isomers torespectively. By using a linear free energy analysis, Taft and
account for the composition of the mixture and using Meot-ner
and Kafafi's experimental result for pyridin@/ we obtain (39) Bartmess, J. T.; Robert T.; Mclver, J.@as Phase lon Chemistry
AG®4cig = 382.1 kcal/mol for the 4-position of pyridine (see é?t 91%1 Bowers, M. T., Ed.; Academic Press: New York, 1979; Vol. 2, pp
th‘? Supportlng Info.r.mat.lon)' From the equilibrium mleure, the (40) Verbeek, J. A.; Brandsma, 1. Org. Chem1984 49, 3857-3859.
acidity at the 3-position is found to be 6-2.2 kcal/mol higher, (41) Verbeek, J. A.; George, A. V. E.; DeJong, R. L. P.; Brandsma, L.
giving AG°acg = 383.0-383.3 kcal/mol. Last, our results J. Chem. SogChem. Communl984 257—258.

indicate that the isomer resulting from deprotonation in the 91(%)0?!5";‘6‘"502’ J. A; Grahe, G.; Smith, C. 0. Am. Chem. S0d.969
2-position is not formed in detectable amounts, indicating that ™~ 43y Tjepbes, Jacta Chem. Scand.962 16, 916-921.

the 2-position is at least less acidic than the 3-position, with  (44) Cox, J. D.; Pilcher, G. INIST Chemistry WebBopKIST Standard
AG®4ciq > 383 kcal/mol. The absolute uncertainties in these Reference Database Number;@9nstrom, P. J., Mallard, W. G., Eds,;

; ; : National Institute of Standards and Technology: Gaithersburg, MD, 2006;
values are likelyt2.0 kcal/mol. The entropies for deprotonation Vol. 20899 (htp-//webbook.nist.gov).

(45) Pedley, J. B.; Naylor, R. D.; Kirby, S. P. INIST Chemistry
(38) The reported composition values assume a mixture of 3- and WebBookNIST Standard Reference Database Numbet&&trom, P. J.,
4-isomers only. The fraction of 4-isomer would be higher if there is any Mallard, W. G., Eds.; National Institute of Standards and Technology:

2-anion component. In the limit where the minor isomer fraction is purely Gaithersburg, MD, 2006; Vol. 20899 (http://webbook.nist.gov).
the 2-isomer, the fraction of 4-isomer is-885%. (46) Taft, R. W.; Topsom, R. [Prog. Phys. Org. Chen1987 16, 1-83.

1648 J. Org. Chem.Vol. 72, No. 5, 2007
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Topsom have shown that the acidities of meta- and para- TABLE 3. Gas-Phase Acidities of Pyridine Carboxylic Acid3

substituted benzoic acids follow the relationship shown in eqgs acid AHO i ASacif AG® i
3a. "’Tr?d 3D, WheréAG. acid IS the dlﬁeren.ce in the ga_s-ph_ase picolinic acid (2isomer) 343.9+1.8
acidities of the substituted and unsubstituted benzoic “cid. nicotinic acid (3isomer) 334.4+ 2.0 25.7 326.2% 2.0
3264+ 2.7
—0AG°,(meta)= 115095 + 14. 70 — 0.1  (3a) isonicotinic acid (disomer)  332.6+ 1.7 24.3 325.3 1.7
benzoic acid 333.%x2.0
-0AG®,{para)= 14.60; + 15.00 — 0.2 (3b) aValues in kcal/molP Obtained by using the kinetic method; see the

Supporting Information¢ Calculated by using frequencies for the neutral
o _ o — _ acid and conjugate base anion obtained at the B3LYP#6&31level of
AGyedmeta)— AG®,fpara)= 3.1o; + 0.30¢ — 0.1 (3c) theory.9 300 K value obtained by usingG = AH — TAS ¢Reference
59. f Reference 60.

Whereas the acidity of the 3-carboxylic acid (nicotinic acid)

has been measured previously by using the braCketi“,g ‘?‘pproaCH'ABLE 4. Substituent Parameters for Common Substituent%
(AG®,ig = 326.44 2.7 kcal/mol)?® the gas-phase acidity of

the 4-carboxylic acid (isonicotinic acid) has not been determined. substituent oF IR

Both have been measured in this work. Because the pyridine “infused nitrogen” —0.18 0.76
carboxylates readily form proton-bound dimers with reference gggN g'gi’ 8'53
acids, the acidities of the 2-, 3-, and 4-pyridinecarboxylic acids NO, 0.65 0.18
were determined by using the kinetic metH8&°In this mass CN 0.60 0.10
spectrometric measurement, the acidity difference between a Ch 0.44 0.07
substrate, AH, and a reference, BH, is related to the branching ngg 8'22 :8'(1)?
ratios for CID of proton-bound dimerk[= 1(B7)/I(A7)] by F 0.44 —0.25
eq 4, whereTe is the effective temperature of the dissocia- HO 0.30 —-0.38
tion,5152 AAS is the difference in activation entropies for the CaHsO 0.25 —0.45
formation of B~ and A~ from the proton-bound dimé#; 56 and (,flﬁid'cap 8'?1 :g'g;

the E subscript indicates the terms that are dependent on the

collision energy of the dissociation. a All values except those for radical site and infused nitrogen were taken

from Taft and Topsom (ref 46%.Reference 62

_ AH,idBiH) — AH {AH) — Teq eAAS 4 to an artificially high correlation for the second regression.
o RTe e ) Armentrout® has shown that the artificial correlation can be
removed by plotting IR versusAH®4.idBiH) — AHacidavg),

In the simple kinetic methotf, the entropy difference is ~ whereAHaci{avg) is the average of the gas-phase acidities of
assumed to be negligible, such that the acidity can be determinedhe references. When using this approach, the slope of the second
from a plot of IR measured at a single energy veraus®,iq regression iAH ¢ AH) — AHgcifavg).
for a series of reference acidsHB In this work, we utilize the Branching ratios and regression plots required for determi-
extended kinetic metho®;8 which explicitly includes the nation of the gas-phase acidities of picolinic, nicotinic, and
entropy component to the branching ratio. According to eq 4, isonicotinic acids are provided as Supporting Information. The
a plot of IR versusAH®,.i(BiH) at a given energy has a slope measured acidities are listed in Table 3. Isonicotinic acid (the
me = — 1/RTerre and an intercepye = AHacid AH)/ RTerr e + 4-isomer) is the most acidic of the three isomers, and the
AASR. If the dissociation is carried out at a series of energies, picolinic acid @-isomer) is the least acidic. By using the acidities
a second regression plot gf versus—me can be constructed,  of the 3- and 4-isomers along with eq 3, theandor values
which has a slopeAH’,i(AH) and the intercept INASR. for the nitrogen in the ring are determined to 6.18 and
Because the slope and intercept obtained in the first regressior0.76, respectively. These values are interpreted to mean that
are not independent, using the approach described above leadthe nitrogen in the aromatic ring is a weakly inductively donating
group, but that it is an exceedingly stroneelectron-withdraw-

(47) Technically,or and or are defined for substituents connected to  ing group. As shown in Table %,the infused nitrogen has by
the carbon in the meta and para positions of benzoic acids. Hence, the value§ar the largesir value of any substituent, including strongly

of or andor measured in this work are the effective Hammett parameters, - : _
and correspond to what the Hammett parameters would be for a substituentn'V\"thdraWIng groups CHOdg = +0.16) or even COCNofg

that has the same effects on benzoic acid acidities as do the nitrogens in= 0.28). Although the values ofr and or are somewhat
the 3- and 4-pyridine carboxylic acids. surprising, especially the weakly donating inductive effect, they

19é‘;8)1§£eg'5‘fg8K'? Knochenmuss, R.; Zenobi, IRt. J. Mass Spectrom. gre consistent with qualitative assessments of the experimental

—InRc

(49) Wong, P.: Ma, S.; Cooks, R. @nal. Chem1996 68, 4254-4256. data. In particular, the fact that the 4-position in pyridine is

(50) Armentrout, P. BJ. Am. Soc. Mass. Spectro200Q 11, 371— more acidic than the 3-position and that isonicotinic acid is more
379. acidic than nicotinic acid clearly indicates that the nitrogen is

51) Drahos, L.; Vekey, KJ. Mass. Spectroml999 34, 79-84. - . . .

gszg Ervin, K. M. Int. J)./ Mass Spectr(?mZOOQ 195/196 271284, a strongz-withdrawing group because-withdrawing groups

(53) Ervin, K. M.; Armentrout, P. BJ. Mass. Spectron2004 39, 1004 in the 4-position are better able to stabilize negative charge in
101s. the anion. As eq 3 shows, the difference in the acidity at the 3-

(54) Ervin, K. M.J. Am. Soc. Mass. Spectrog002 13, 435-452.
(55) Hahn, I.; Wesdemiotis, @nt. J. Mass Spectron2003 465-479.
(56) Cheng, X.; Wu, C; Fenselau, £.Am. Chem. So&993 115 4844~

and 4-positions is mostly a reflection of the valueogf

4848. (59) Breuker, K.; Knochenmuss, R.; Zenobi, IRt. J. Mass Spectrom.
(57) Cooks, R. G.; Patrick, J. S.; Kotiaho, T.; McLuckey, Mass 1999 25-38.

Spectrom. Re 1994 13, 287-339. (60) Fujio, M.; Mclver, R. T., Jr.; Taft, R. WJ. Am. Chem. S0d.981,
(58) Nold, M. J.; Cerda, B. A.; Wesdemiotis, G. Am. Soc. Mass 103 417.

Spectrom1999 10, 1-8. (61) Hansch, C.; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165-195.
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A positive value ofor, which is characteristic ot-electron- SCHEME 1
withdrawing groups (Table 4), would indicate that the value of = =
AG°4ciq for 3-pyridine carboxylic acid is higher than that for Q «—> @ «—>
4-pyridine carboxylic acid, such that the 4-isomer is more acidic. '\& -
An illustrative comparison can be made with- and p- N
nitrobenzoic acids, which have gas-phase aciditd3°;q of ) ) o
322.0 and 321.1 kcal/mol, respectively. Despite the fact that —0-07 and +0.55, respectively, which are similar to the
the nitro-substituent is a goad electron-withdrawing group ~ €Xperimentally determined values.
(or = 0.18), the difference between the acidity of the 3- and ~ The z-withdrawing effects of the nitrogen in pyridine are
4-position is only 0.9 kcal/mol, compared to the difference of consistent with the results of previous studies. Katritzky and
1.4 kcal/mol between the pyridine carboxylic acids. According Others have reported measurements ofthedo™ parameters
to eq 3c, a larger difference between the acidities of the meta- for aza-substitution in the ortho, meta, and para positiéhs.
and para-substituted carboxylic acids would indicate a larger The measured values ofrange from 0.75 to 1.0 for the nitrogen
value ofor. Hence, the nitrogens in 3- and 4-pyridine carboxylic in the ortho position, 0.65 to 0.74 for nitrogen in the meta
acids affect the gas-phase acidities of the aryl carboxylic acid Position, and 0.8 to 1.1 for nitrogen in the para posifin.

as would a benzoic acid substituent that is a strongglectron-  Although the measured values@j, oy, ando, vary depending
withdrawing substituent than NOHowever, the absolute gas-  ©n the reaction investigated, they generally indicate that the
phase acidity values of the pyridine acids (3384 kcal/mol) infused nitrogen is a good electron-withdrawing gréap#11.121>

are much higher than those of the nitro-substituted benzoic acidsMoreover, the fact thaby, is significantly larger thanom
(321322 kcal/mol), which indicates a smaller inductive effect. highlights the nitrogen as a-electron-withdrawing group.
Indeed, theor estimated by using eq 3c, when used in eqs 3a However, the present results reveal that the electron-withdrawing
and 3b, essentially accounts for all of the increase in the aciditieseffect is almost solely through a resonance effect, unlike what
of the pyridine carboxylic acids compared to benzoic acid, and is found for a nitro group, or other common electron-withdraw-
little inductive effect needs to be invoked. Ultimately, the effect iNg groups, which have large inductive components in addition

of the infused nitrogen is the inverse of that of as@ffoup. to the resonance effects.
Trifluoromethyl is an example of a substituent that is strongly
inductively withdrawing, but weaklyz-withdrawing. Con- Conclusion

versely, the infused nitrogen is strongiywithdrawing, but

weakly inductive. o . : L
The accuracies of the measuregarameters for the nitrogen pyridine account for the difference in the acidities of the 3- and
are dependent on the accuracy of the acidity measurements3-Positions, as a simple resonance picture (Scheme 1) illustrates

Considering the uncertainties in the measured acidities and thel® @dvantage of forming the ion in the 4-position. Although

uncertainty in the acidity of benzoic acid, the uncertainties in (e ion formed by deprotonation at the 2-position also likely
theo values are calculated to be approximately.30. Although benefits from resonance stabilization, the electron-pair repulsion
these uncertainties are large, they do not affect the conclusiond"@kes it inaccessible under equilibrium conditions. The reso-

regarding the electronic effects of the nitrogen. Even in the limit n@nce stabilization of the 4-ion accounts for the observation
where the actuals value is 0.3 higher andg is 0.3 lower than that pyridine is ca. 10 kcal/mol more acidic than benzene, and

that determined in this work, the nitrogen would still be an &S0 €xplains why the ion formed by deprotonation at the

exceedingly strongr acceptor but weakly inductive (Table 4). 2-position is c_)nly_ 10 kcaI/qu _Iess s;ab_le than the ions_, formed
However, given the relatively large uncertainties, it is not Y deprotonation in the 4-position whikais 20 kcal/mol higher

possible to rule out the possibility that the value is positive " €nergy thareb and2c. Thus, resonance stabilizes ida,
but small. Preliminary measurements of thealues utilizing ~ PUt not as much as it is destabilized by lone-pair repulsion.

The n-electron-withdrawing capabilities of the nitrogen in

the acidities of hydroxypyridiné% are consistent with the The lack of a strong inductive effect from the nitrogen is
conclusions obtained in this work that the apparent inductive SUrprising, but the fact that it is consistent with what is obtained
effect is small. when using computed acidities suggests it is not just experi-

Theoretical calculations are in agreement with the assessmenfnental error. However, it is important to recognize that the
of the electronic properties of the nitrogen in pyridine. At the interpretation of the electronic properties in this case is carried
B3LYP/aug-cc-pVDZ level of theor§ the free energy changes ~ ©ut within the construct of the HammedTaft model and
of the isodesmic reaction in eq 5 are calculated to be 5.2 andtherefore is subject to the inherent assumptions of that empirical
6.8 kcal/mol for nicotinic and isonicotinic acids, respectively. @Pproach. For example, the characterization of the infused

These acidity differences correspondde and og values of nitrogen aso electron donating indicates that it is electron
donating with respect to the other substituents, and does not

CO.H require that it actually donates electron density. This is reflected
N in the o charges (Scheme 2), calculated by using the Natural
Population Analysis (NPAY approach. In an absolute sense,

CcO3y (62) Wenthold, P. G.; Squires, R. Rt. J. Mass Spectrom. lon Processes
1998 175 215-224.
Cco;~ (63) Schafman, B. S.; Wenthold, P. G. Unpublished results.
(64) Frisch, M. J.; et alGaussian 98 Revision A.09; Gaussian, Inc.:
N Pittsburgh, PA, 1998.
| () (65) 0" values are approximately 0.2 higher than thealue for similiar
+ processes.

X (66) Reed, A. E.; Weinstock, F.; Weihhold,Jl.Chem Phys1985 83,
CO,H 735.
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SCHEME 2 that the nitrogen acts less donating than the methyl growup (
+1 +3 = 0.00, Table 4), it would be expected to have an effective
@HO +11 Hammett-Taft parameter that is negative.
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the nitrogen acts like a-electron-withdrawing group, and Supporting Information Available: A description of the

creates a very large-charge density at the 2-position. However, determination of the gas-phase acidity of pyridine taking into
the effect drops off rapidly, with very little charge calculated account the formation of a mixture of isomers, the branching ratios,
at the 4-position. For comparison, the calculatecharges for representative plots, and second regression plots for the determi-
toluene are also included in Scheme 2. Whereas the charge apation of the acidity of pyridine carboxylic acids by using the kinetic
the 2-position is larger in pyridine, toluene is calculated to have Method, andZ-matrices, energies, and frequencies for all species
larger o charge at the 3- and 4-positions! Thus, although the calculated. This material is available free of charge via the Internet
infused nitrogen in pyridine ig-electron donating, it idess at http://pubs.acs.org.

donating to the 3- and 4-positions than is a methyl group. Given JO062117X
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