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Abstract: Zwitterions are critically important in many biological transformations and are used in numerous
chemical processes. The consequences of electrostatic effects on reactivity and physical properties, however,
are largely unknown. In this work, we report the results of negative ion photoelectron spectra of nine isomeric
pyridinium dicarboxylate zwitterions and three nonzwitterionic methoxycarbonylpyridine carboxylate isomers
(TO,CPyrCO,CHj3). Information about the intramolecular electrostatic interactions was directly obtained
from the photoelectron spectra. The adiabatic and vertical detachment energies were measured and
understood in terms of intramolecular Coulombic forces. Calculations at the B3LYP and CCSD(T) level
were performed and compared to the experimental electron binding energies. Structures, relative stabilities,
and the electron detachment sites also were obtained from the calculations.

however, is largely lackingf~13 Given that the dielectric
constant and physical environment of an enzyme’s active site
often are closer in nature to those in the gas phase than in bulk
solution, fundamental insights of biological significance can be
obtained from gas-phase investigations of dipolar #dns.
Peptides, proteins, and enzymes are commonly assumed to

Introduction

Zwitterions are compounds with oppositely charged centers
and are often referred to as dipolar ions, salt-bridge-containing
molecules, and inner salts. This diverse nomenclature is a
reflection of the extraordinary importance of these species in

biological transformations, organic synthesis, the preparation form salt bridges in the gas phae!® The presence of these

of novel materials, and as chromatographic supgoftsn L . .
. . . . o . zwitterionic interactions, undoubtedly, impacts the mass spec-
aqueous solutions, all 20 essential amino acids exist in their . . . . . o
T 4 _ . . troscopic analysis of biological samples, but their ramifications
zwitterionic form (e.g.,"NH3CH,CO,™, glycine) over a wide ' .
) are largely unknown. Recently, we reported the first preparation
pH range ¢2—10). The resulting forces generated by the o T
- . - and characterization of a gas-phase zwitterionic iD(3(5))
charged centers play a critical role in determining the structure and its nonzwitterionic counterpaBC-5E-Py) (Figure 1)20
and function of proteins and enzyme8.A detailed understand- P y 9 '

ing of the chemical consequences of electrostatic effects, (19
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Figure 1. Anionic species studied in this work and their abbreviations.

and the first spectroscopic characterization of such species via

negative ion photoelectron spectroscépylo gain a better
understanding of dipolar anions, and as a prelude to investigating
biological decarboxylation reactions, we report herein on nine
zwitterionic dicarboxylates(x,y)) and three “neutral” reference
ions RC-6E-Pyr 3C-5E-Pyr and4C-2E-Pyj, all of which are
shown in Figure 1.

Experimental Section

Methods and Materials. Picolinic, nicotinic, and isonicotinic acids
(o-, m-, andp-pyridinecarboxylic acids), 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, and
3,5-pyridinedicarboxylic acids, and 2,6-dimethoxycarbonylpyridine were
purchased from Sigma-Aldrich or Lancaster Synthesis and used as
received. Solvents were dried by standard methods, and all other
reagents were used as receiviétland'*C NMR spectra were recorded
on Varian VAC-200, VAC-300, or VI-500 spectrometers and are
reported in ppmd). Combustion analyses were carried out by M-H-W
Laboratories (Phoenix, AZ).

General Procedure for the Preparation of Dimethoxycarbon-
ylpyridines.?? The desired dimethoxycarbonylpyridines were prepared
according to standard literature proced#fééIn particular, the selected
pyridinedicarboxylic acid £0.02 mol) was dissolved in a solution
containing 20 mL of methanol and6 mL of concentrated sulfuric
acid, and was heated at reflux for-248 h under an argon atmosphere.

dures?®?? a solution containing the appropriate dimethoxycarbonyl-
pyridine (0.04 mol) and dimethyl sulfate (0.24 mol) in 10 mL of dry
benzene was heated under an argon atmosphere at reflux 2t 16.

The solvent and the excess alkylating reagent were removed under high
vacuum (1 x 1077 Torr) to afford oils, except in the case of the 2,3-
bis-ester which crystallized, and these crude materials were taken on
without further purification.

General Procedure for the Preparation of Dicarboxy-1-meth-
ylpyridinium Chlorides. The selected dimethoxycarbonyl-1-meth-
ylpyridinium methyl sulfate £4 mmol) was added to 4 mL of a 10 M
HCI solution and heated at reflux for 4 h. Concentration of the reaction
mixture under aspirator pressure afforded a solid product which was
recrystallized from hot water.

2,3-Dicarboxy-1-methylpyridinium Chloride. 2> This compound
was obtained in a nonoptimized overall yield of 8% starting from 2,3-
dimethoxycarbonylpyridine (mp 25@54 °C (dec)).*H NMR (300
MHz, DMSO-dg): 0 4.30 (s, 3H), 8.21 (br § = 7.5 Hz, 1H), 8.94 (d,
J=8.1Hz, 1H), 9.17 (dJ = 6.3 Hz, 1H).1*C NMR (75 MHz, DMSO-
de): 0 47.0, 127.4, 128.3, 145.4, 147.1, 149.6, 162.5, 163.7.

2,4-Dicarboxy-1-methylpyridinium Chloride. ?>25This compound
was obtained in a nonoptimized overall yield of 18% starting from
2,4-dimethoxycarbonylpyridine (mp 26210°C (dec)).*H NMR (300
MHz, DMSO-de): 6 4.49 (s, 3H), 8.43 (dJ = 5.7 Hz, 1H), 8.49 (s,
1H), 9.15 (d,J = 6.0 Hz, 1H).*C NMR (75 MHz, DMSO¢k): o
48.3,127.3,127.4,140.1, 146.3, 149.2, 161.5, 163.%(i4.0) 50.1,
130.6, 147.1, 147.2, 151.0, 161.8, 164.75, 164.82).

2,5-Dicarboxy-1-methylpyridinium Chloride. 22225This compound
was obtained in a nonoptimized overall yield of 45% starting from
2,5-dimethoxycarbonylpyridine (mp 16870°C (dec)).*H NMR (300
MHz, D,0): 6 4.27 (s, 3H), 7.98 (d] = 8.1 Hz, 1H), 8.82 (dJ = 8.1
Hz, 1H), 9.12 (s, 1H) [li£?24.31 (s, 3H), 8.02 (dJ = 8.0 Hz, 1H),
8.86 (dd,J = 8.0 and 2.0 Hz, 1H), 9.16 (d = 2.0 Hz, 1H)].**C
NMR (75 MHz, NaOD/DO, pH = 4): ¢ 46.8, 125.8, 131.7, 146.1,
147.0, 153.9, 165.0, 165.4.

3,4-Dicarboxy-1-methylpyridinium Chloride. 222 This compound
was obtained in a nonoptimized overall yield of 13% starting from
3,4-dimethoxycarbonylpyridine (mp 22225°C (dec)).'H NMR (300
MHz, D;0): 6 4.27 (s, 3H), 7.86 (d) = 6.3 Hz, 1H), 8.77 (dJ = 6.3
Hz, 1H), 9.13 (s, 1H) [li£24.21 (s, 3H), 7.90 (br dJ = 7.0 Hz, 1H),

8.75 (br d,J = 7.0 Hz, 1H), 9.11 (br s, 1H)[**C NMR (75 MHz,
NaOD/D;O, pH=3): 6 48.1, 125.3, 128.3, 147.4, 147.8, 153.4, 164.7,
170.4.

2,6-Dimethoxycarbonyl-1-methylpyridinium Trifluoromethane-
sulfonate?® 2,6-Dimethoxycarbonylpyridine (1.95 g, 10 mmol) was
dissolved in 10 mL of methylene chloride (freshly distilled from GaH
and methylated at 40C by adding 30 mL of a 1.0 M methylene
chloride solution of methyl trifluoromethanesulfonate in three equal
portions ove a 2 week period. The reaction mixture was then cooled
to room temperature, diluted with 150 mL of diethyl ether, and placed
in a refrigerator for 24 h. Small needlelike crystals of 2,6-dimethoxy-
carbonyl-1-methylpyridinium trifluoromethanesulfonate precipitated out

Upon being cooled to room temperature, the reaction mixture was of solution and were recrystallized from ethyl acetate to afford 1.72 g

neutralized with a saturated sodium carbonate solution and concentratedl53%) of the desired product (mp 739 °C (dec), lit?*297-99 °C).
to dryness at aspirator pressure. The solid residue was dissolved in H NMR (200 MHz, DMSO€): ¢ 4.05 (s, 6H), 4.58 (s, 3H), 8.64 (d,

water and chloroform, and the organic layer was washed with water
until the aqueous layer had a pH of 7. It was then dried with MgSO
and the solvent was removed with a rotary evaporator.

General Procedure for the Preparation of Dimethoxycarbonyl-
1-methylpyridinium Methyl Sulfates.?* Following literature proce-

(20) Broadus, K. M.; Kass, S. R. Am. Chem. So200Q 122, 9014-9018.

(21) Wang, X. B.; Broadus, K. M.; Wang, L. S.; Kass, S.JRAm. Chem. Soc.
200Q 122, 8305-8306.

(22) (@) Lynn, D. G.; Lewis, D. H.; Tramontano, W. A.; Evans, L. S.
Phytochemistryl984 23, 1225-1228. (b) Kristiansen, M.; Eriksen, J.;
Jorgensen, K. AJ. Chem. Soc¢Perkin Trans. 1199Q 101-103.

(23) Hull, K. G.; Visnick, M.; Sheffrom, A.Tetrahedron1997 53, 12405~
12414.

J=8.1Hz, 2H), 8.91 (tJ = 8.1 Hz, 1H).*3C NMR (50 MHz, DMSO-

dg): 0 46.5, 55.3, 131.6, 146.3, 148.6, 160.4.
2,6-Dicarboxy-1-methylpyridinium Chloride. 25 2,6-Dimethoxy-

carbonyl-1-methylpyridinium trifluoromethanesulfonate was hydrolyzed

(24) See ref 20 for an alternate procedure and the method used to prepare
1-methylpyridinium-3,5-dicarboxylic acid hydrogen chloride (mp 252
254 °C) and 3-carboxy-5-methoxycarbonyl-pyridine.

(25) (a) Lejeune, R.; Thunus, L.; Lapiere, C.J.Pharm. Belg198Q 35, 5—-11.
(b) Singh, A. N.; Radlowski, C. A.; Reed, J. W.; Krishnamurthy, V. V.;
Gould, S. E.Inorg. Chem.1981, 20, 211-215. (c) Kirbal, A.Monatsh.
Chem 1901, 22, 361-374. (d) Meyer, HMonatsh. Chem1903 24, 202.

(26) (a) Katritzky, A. R.; Soti, FJ. Chem. SocPerkin Trans. 11974 1427—
1432. (b) Bockman, T. M.; Kochi, J. KI. Phys. Org. Cheml997, 10,
542-562.
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by reacting it with 5 mL of 0.5 M HCI at reflux for 2 h. After the solution, and then 90% of the liquid volume was removed at reduced
reaction mixture was cooled, it was concentrated with a rotary pressure using a rotary evaporator. Crystalline product was obtained
evaporator and diluted with 10 mL of diethyl ether. Upon refrigeration, from the residual methanelwater solution and was dried in a vacuum
2,6-dicarboxy-1-methylpyridinium chloride slowly crystallized from  pistol (mechanical pump pressures) at 200over BOs to afford 2.15
solution, and 0.32 g (12%) was collected by filtration (mp 385 g (73%) of 3-carboxy-1-carboxymethylpyridinium hydroxide, inner salt
°C).H NMR (300 MHz, DMSO¢g): 6 4.41 (s, 3H), 8.33 (d) = 8.0 (mp 180-185°C (dec), lit?2 190°C (dec)). Free acidH NMR (300
Hz, 2H), 8.68 (t,J = 8.0 Hz, 1H).*3C NMR (75 MHz, DMSO¢): MHz, D;O): 0 5.42 (s, 2H), 8.20 (dd) = 6.3 and 8.1 Hz, 1H), 8.95
45.2,128.7, 147.5, 149.6, 162.1. (d,J= 6.3 Hz, 1H), 9.02 (dJ = 8.1 Hz, 1H), 9.31 (s, 1H)}:3C NMR
4-Carboxy-2-methoxycarbonylpyridine 2327 Partial hydrolysis of (75 MHz, D,O): 6 63.0, 128.2, 133.7, 146.3, 147.0, 147.9, 165.9, 170.1.
2,4-dimethoxycarbonylpyridine (0.5 g, 2.6 mmol) with 1 equiv of Na salt,'H NMR (300 MHz, D,O): d 5.27 (s, 2H), 8.10 (dd] = 6.3
potassium hydroxide (0.14 g) in 25 mL of methanol was carried out at and 8.1 Hz, 1H), 8.80 (d] = 6.3 Hz, 1H), 8.88 (dJ = 8.1 Hz, 1H),
0 °C over 2 h. The solvent was removed with a rotary evaporator, and 9.10 (s, 1H) [lit?*® 5.18 (s, 2H), 8.02 (ddJ = 5.8 and 8.1 Hz, 1H),
the resulting solid was washed with ethyl acetate and collected by 8.72 (d,J = 5.8 Hz, 1H), 8.80 (dJ = 8.1 Hz, 1H), 9.00 (br s, 1H)].
vacuum filtration. The resultant salt was dissolved in water, acidified *3C NMR (75 MHz, D;O): ¢ 63.7, 127.8, 137.1, 145.5, 146.3, 146.5,
with concentrated HCI, and extracted three times with 4 mL portions 168.1, 171.0 [li£°64.2, 128.3, 137.6, 146.0, 146.8, 147.0, 168.5, 171.5].
of chloroform. Removal of the solvent after drying with Mg50 4-Carboxy-1-carboxymethylpyridinium Hydroxide, Inner Salt.
afforded 0.13 g (27%) of the half ester-half acid (mp 2246 °C To a stirred suspension of 2.0 g (16.3 mmol)peyridinecarboxylic
(dec)).*H NMR (500 MHz, DMSO¢): 9 3.91 (s, 3H, NOE with 8.37 acid and 2.0 g (21.2 mmol) of chloroacetic acid in 30 mL of methanol
(strong) and 8.90 (weak)), 8.03 (dd,= 1.5 and 4.9 Hz, 1H, NOE  was added 2.82 g (33.5 mmol) of sodium bicarbonate, and the resulting
with 8.90 (strong)), 8.37 (ddl = 0.6 and 1.5 Hz, 1H, NOE with 3.91  mixture was refluxed for 48 h. After being heated for&h, all of the
(strong) and 8.90 (weak)), 8.90 (dd,= 0.6 and 4.9 Hz, 1H, NOE  solid material was dissolved, and thereafter a white precipitate formed.

with 3.91 (weak), 8.03 (strong), and 8.37 (weakj NMR (75 MHz, This material was filtered, washed with methanol, and then dissolved
DMSO<e): 0 53.2, 124.1, 126.8, 140.1, 149.0, 151.6, 165.2, 165.9. in 20 mL of hot water. Nex2 N HCI (20 mL) was added to the aqueous
2-Carboxy-6-methoxycarbonylpyridine 2327 Partial hydrolysis of solution, and then 90% of the liquid volume was removed at reduced

2,6-dimethoxycarbonylpyridine (0.5 g, 2.6 mmol) was carried out as pressure using a rotary evaporator. Crystalline product was obtained
described for the 2,4-isomer to afford 0.21 g (51%) of the half ester- from the residual methanekwater solution and was dried in a vacuum

half acid (mp 14+144°C [lit. 148—150°C]%). H NMR (500 MHz, pistol (mechanical pump pressures) at 2@0over BOs to afford 1.97

DMSO-dg): 6 4.06 (s, 3H), 8.15 (tJ = 7.8 Hz, 1H), 8.38 (ddJ = g (67%) of 4-carboxy-1-carboxymethylpyridinium hydroxide, inner salt

1.2, 7.8 Hz, 1H), 8.44 (dd] = 1.1, 7.7 Hz, 1H) [lit. (CDCJ) 6 4.04 (mp 270°C (dec), lit?8 262 °C (dec)). To obtain the sodium salt of

(s, 3H), 8.14 (tJ = 7.8 Hz, 1H), 8.37 (dJ = 6.8 Hz, 1H), 8.42 (d) this compound, the inner salt was dissolved in aqueous sodium

= 7.8 Hz, 1H)].*C NMR (75 MHz, DMSOdg): ¢ 53.2,128.2, 128.4, bicarbonate, and methanol was added to precipitate out the product.

139.6, 148.1, 149.3, 165.3, 166.2. Free acidiH NMR (300 MHz, D;O): ¢ 5.38 (s, 2H), 8.39 (dJ = 6.3
2-Carboxy-1-carboxymethylpyridinium Hydroxide, Inner Salt. Hz, 2H), 8.90 (dJ = 6.3 Hz, 2H).13C NMR (75 MHz, D:0): 6 62.8,

o-Pyridinecarboxylic acid (2.0 g, 16.3 mmol) and chloroacetic acid (2.0 126.8, 127.3, 142.5, 146.7, 149.9, 167.2, 170.0. Na%&lNMR (300

g, 21.2 mmol) were added to a stirred solution containing 50 mL of MHz, D,O): 6 5.25 (s, 2H), 8.27 (d) = 6.9 Hz, 2H), 8.81 (d) = 6.9
water and 4% NaOH by weight, and the mixture was refluxed for 96 Hz, 2H).33C NMR (75 MHz, D,O): 6 63.5, 126.8, 146.2, 152.8, 169.4,

h. After the solution was allowed to cool to room temperature, 50 mL 171.0. Anal. Calcd for gH;NO4: C, 53.04; H, 3.90; N, 7.73. Found:

of 2 N HCl was added with stirring. The resulting mixture was C, 53.17; H, 3.94; N, 7.79.

evaporated to dryness, and the solid residue was dissolved in 1 mL of  photodetachment Photoelectron Spectroscopy (PESThe PES

H,0 and diluted with 50 mL of methanol. This solution was refluxed experiments were performed with a magnetic-bottle time-of-flight
for 15 min, and the resulting precipitate was filtered from the hot liquid. photoelectron analyzer coupled with an electrospray ion source and an
After the solvent was removed with a rotary evaporator, the product jon-trap mass spectrometer. Details of this apparatus have been
was crystallized from bD—EtOH to afford 0.52 g (18%) of 2-carboxy-  described elsewhef8 Briefly, nine zwitterionic anions(x,)) and
1-carboxymethylpyridinium hydroxide, inner salt (mp 5058 °C three nonzwitterions2C-6E-Pyr 3C-5E-Pyr 4C-2E-Py), as shown
(dec), lit?*162°C (dec)). To obtain the sodium salt of this compound, in Figure 1, were sprayed into the gas phase using M0solutions of

the inner salt was dissolved in aqueous sodium bicarbonate, and ethanojpeijr corresponding salts dissolved in a 30:70 (v/v) water/methanol

was added to precipitate out the product. Free adidN\MR (300 MHz, mixture. Anions produced from the electrospray source were transported
D20): 0 5.59 (s, 2H), 8.07 () = 6.9 Hz, 1H), 8.29 (dJ = 7.8 Hz, into a quadrupole ion trap where they were accumulated for 0.1 s before
1H), 8.65 (t,J = 7.8 Hz, 1H), 8.75 (dJ) = 6.3 Hz, 1H).2*C NMR (75 being pulsed out for mass-to-charge ratio analyses with a time-of-flight

MHz, D;0): 6 60.9, 128.2, 128.3, 147.1, 147.9, 150.8, 164.7, 169.8. mass spectrometer. The main ion signals wereltpey) anions and
Na salt,'H NMR (300 MHz, D;0): 6 5.34 (s, 2H), 7.99 () = 6.9 the conjugate bases of the substituted pyridinecarboxylic acids. The

Hz, 1H), 8.13 (dJ = 8.1 Hz, 1H), 8.55 (tJ = 7.5 Hz, 1H), 8.64 (d, ions of interest were mass-selected and decelerated before being
J = 6.3 Hz, 1H).*C NMR (75 MHz, D;O): 6 62.2, 127.4, 127.5,  detached by a laser beam in the interaction zone of the magnetic-bottle
146.2,146.8, 151.8, 165.4, 171.3. Anal. Calcd feHdNO,: C, 53.04; photoelectron spectrometer. Two photon energies from an excimer laser
H, 3.90; N, 7.73. Found: C, 52.61; H, 4.11; N, 7.53. (157 and 193 nm) were used for photodetachment in this study: 193

3-Carboxy-1-carboxymethylpyridinium Hydroxide, Inner Salt. nm (6.424 eV) and 157 nm (7.866 eV). The electron kinetic energy
To a stirred suspension of 2.0 g (16.3 mmolyepyridinecarboxylic resolution wasAE/E ~ 2%, that is,~10 meV for 0.5 eV electrons, as

acid and 2.0 g (21.2 mmol) of chloroacetic acid in 30 mL of methanol measured from the spectrum of &t 355 nm.
was added 2.8 g (33.3 mmol) of sodium bicarbonate, and the resulting  compytational Details. Full geometry optimizations were carried

mixture was refluxed for 48 h. After being heated ferLh, all of the out using the B3LYP mixed-hybrid density functional and the 6-Git
solid material was dissolved, and thereafter a white precipitate formed. (d) basis set! All of the resulting structures were analyzed in terms of
This material was filtered, washed with methanol, and then dissolved

in 20 mL of hot water. Netx2 N HCI (20 mL) was added to the aqueous

(29) Matsunaga, S.; Kamimura, T.; Fusetani,JNNat. Prod 1998 61, 671—
672

(27) Misic-Vukovic, M.; Dimitrijevic, D. M.; Muskatirovic, M. D.; Radojkovic- (30) Wahg, L. S.; Ding, C. F.; Wang, X. B.; Barlow, S. Eev. Sci. Instrum
Velickovic, M.; Tadic, Z. D.J. Chem. So¢Perkin Trans. 21978 34—38. 1999 70, 1957-1966.
(28) Kirpal, A. Monatsh. Chem191Q 31, 969-979. (31) Becke, A. DJ. Chem. Phys1993 98, 5648-5652.
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their second derivatives (Hessian matrices) to ensure that each specieResults

is a minimum on the potential energy surface and to provide their zero- .
point energies (ZPEs). Radicals were computed using the spin- Photoelectron Spectra.Figure 2 shows the photoelectron

unrestricted formulism (i.e., UB3LYP), and their spin contamination, SPectra of the nin®(xy) zwitterion anions at 157 nm. Data

as assessed by the expectation valueSafis small in each case. ~ were also obtained at 193 nm (not shown here) with slightly
Adiabatic electron affinities (EAs) of the radicals were calculated at 0 better resolution. The broad feature at the low binding energy
K by taking the difference in the ZPE-corrected electronic energies of side (2.3-4.0 eV) of theD(3,4) spectrum is due to an unknown
the anions and their corresponding radicals. Isogyric reactions also werejmpurity with the same mass-to-charge ratio as&,4) anion.

used for the dicarboxylates to account for the average error in the The intensity of this feature was dependent on the photon
calculated adiabatic dissociation energies (ADEsEAs) of the energies used and the age of the solution. Overall, the spectral
conjugate bases af-, m, and p-pyridinecarboxylic acid. Vertical 5 y0mng of all of theD(xy) zwitterions are similar. They all

dissociation energies (VDES) in which the geometry of the anion was

used for the corresponding radical were computed too, although in this

case no ZPE correction was applied.

In one instance)(3,4), single-point energy calculations were carried
out at the B3LYP/6-311G(2df,2pd), MP2/6-31G(d), MP2/6-3#1G-
(3df,2p), and CCSD(T)/6-31G(d) leve®s3 Again, the spin-unrestricted

method was used for the radical calculations except for a R(U)CCSD-

(T) energy which was obtained using MOLPROAN effective CCSD-

consist of a strong broad band with several discernible features
below about 6.5 eV and much weaker features above 6.5 eV.
The spectra 0D(2,6) andD(3,5), which are more symmetric
(Figure 1), seem to have well-resolved threshold features. Except
for those ofD(3,7) andD(4,7), the spectra of the oth&x(x,y)
species also exhibited a discernible feature near the threshold.
Because no vibrational structures were resolved, the ADEs were

(T)/6-311+G(3df,2p) energy was subsequently obtained by taking the estimated from the threshold of each PES spectrum by drawing
difference in the MP2 energies and adding it to the CCSD(T)/6-31G- 4 straight line along the leading edge and then adding a constant

(d) result (eq 1).

CCSD(T)/6-313-G(3df,2p)= CCSD(T)/6-31G(d)-
[MP2/6-311+G(3df,2p)— MP2/6-31G(d)] (1)

to the intersection with the binding energy axis to take into
account the instrumental resolution and a finite thermal effect.
The VDEs were estimated from the maxima of the threshold
features and have relatively large uncertainties for those species

This approach and one where diffuse functions are included in the small Where the threshold features are not well resolved. All of the

basis set (i.e., 6-3tG(d) instead of 6-31G(d)) also were used to
compute the electron binding energy (EBE, EBEADE = EA) of
benzoate. The results, 3.57 (6-31G(d)) and 3.55 (63)), are

ADEs and VDEs were measured from the 193 nm spectra,
which yielded more accurate values because of the slightly better
instrumental resolution. The obtained ADEs and VDEs for all

virtually the same and are in good accord with the experimental value nine zwitterions are given in Table 1. We note that the lowest

of 3.70 £ 0.10 eV?® This additivity approach is analogous to G2-
(MP2) and G3(MP2) theor$t® gives the same electron affinity for
phenyl radical as the full blown CCSD(T)/6-31G(3df,2p) calculation

to within 0.07 eV, and reproduces the experimental EAs of a number

of related monocarboxylate speciés.

All of the DFT and MP2 calculations were carried out using Gaussian
98% on IBM and SGI workstations at the Minnesota Supercomputer
Institute (MSI). CCSD(T) computations were carried out using MOL-

ADE is for D(3,4) (4.17 eV) and the highest one is 19(3,7)
(5.14 eV), consistent with intramolecular electrostatic interac-
tions.

The 157 nm spectra of nonzwitterio2&-6E-Pyr 3C-5E-
Pyr, and4C-2E-Pyrare shown in Figure 3a and are compared
with their correspondin®(2,6),D(3,5), andD(2,4) zwitterions.

All three nonzwitterions have similar spectra, each with numer-

PRC* also at the MSI because these energies are computed moreous well-resolved spectral features. The strong low binding

efficiently with this program.

(32) Mgiller, C.; Plesset, M. 2hys. Re. 1934 46, 618-622.

(33) (a) Hampel, C.; Peterson, K.; Werner, HEhem. Phys. Lettl992 190,
1-12. (b) Deegan, M. J. O.; Knowles, P.Ghem. Phys. Letfl994 227,
321-326. (c) Knowles, P. J.; Hampel, C.; Werner, H3JChem. Phys
1993 99, 5219-5227. Knowles, P. J.; Hampel, C.; Werner, H}JChem.
Phys.200Q 112, 3106.

(34) MOLPRO, a package of ab initio programs designed by Werner, H.-J. and
Knowles, P. J. version 2002.1. Amos, R. D.; Bernhardsson, A.; Berning,
A.; Celani, P.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.; Eckert, F.;
Hampel, C.; Hetzer, G.; Knowles, P. J.; Korona, T.; Lindh, R.; Lloyd, A.
W.; McNicholas, S. J.; Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass,
A.; Palmieri, P.; Pitzer, R.; Rauhut, G.; S¢huM.; Schumann, U.; Stoll,

H.; Stone, A. J.; Tarroni, R.; Thorsteinsson, T.; Werner, H.-J.

(35) Wang, X. B.; Nicholas, J. B.; Wang, L. $.Chem. Phys200Q 113 653—

661

(36) Curtiss, L. A.; Raghavachari, K.; Pople, J. A.Chem. Phys1993 98
1293-1298.

(37) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Rassolov, V.; Pople, J.
A. J. Chem. Phys1999 110, 4703-4709.

(38) Wang, X. B.; Dacres, J. D; Lis, L.; Bedell, V. M.; Wang, L. S.; Kass, S.
R., submitted.

(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.

energy features are similar to those of the correspondigy)
species, but the higher binding energy features are all much
stronger in the “neutral” ions. The ADEs and VDEs of the three
nonzwitterionic isomers also are given in Table 1, and they are
smaller than those of their dipolar analogues.

Computational Results. Geometry optimizations at the
B3LYP level with the 6-3%G(d) basis set were carried out on
all nineD(x,y) zwitterionic species, the three nonzwitterioA€{
2E-Pyr, 2C-6E-Pyr 3C-5E-Py), benzoate,o-, m-, and p-
pyridinecarboxylate, and all of their corresponding radicals. A
summary of the structural parameters for ,y) anions is
given in Table 2, and their three-dimensional geometries are
illustrated in Figure 4. More complete structural and energetic
data kyzcoordinates, absolute energies, and ZPEs) can be found
in the Supporting Information.

The ADEs and VDEs were also computed at the B3LYP/6-
31+G(d) level for all 16 anions noted above and are given in
Table 1. In one case, single-point energy calculations were
carried out to provide the ADE for thB(3,4) anion at the
B3LYP/6-311G(2df,2pd) and CCSD(T)/6-31G(3df,2p) lev-
els; the latter result was obtained via an additivity scheme as
described in the Experimental Section. These calculations using
the larger basis set improved upon the agreement with the
measured electron binding energies by a mere 0.02 and 0.14
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Figure 2. Photoelectron spectra at 157 nm (7.866 eV) for zwitterionic dicarboxyl2ges). The lowest binding energy feature (labeled ?) in the spectrum
of D(3,4) is due to an unknown impurity.

eV, respectively. Consequently, similar calculations were not carboxylate groups which can both contribute to these features.

carried out for the other dipolar ions. It is interesting to note that the features in the spectf2(@f6)
_ _ andD(3,5) are narrower and better resolved. They also are more
Discussion similar to those features in the corresponding nonzwitterions

(Figure 3). This is because the two carboxylate groups are
equivalent in these two species (Figure 1). Among all of the
D(x,y) anions, the threshold band in the spectrum ofl{i2,4)

General Comments Pertaining to the PES Detachment
Features.The strong broad bands in all of the spectra are due

to detachment from the carboxylate groups. As a result, the be the broad b blv. this is due. |
general characteristics of these spectra are similar to those for®" @PPears to be the broadest. Presumably, this is due, In part,

benzoate and the benzenedicarboxylates, which also showed® the large difference in the electronic environments of the two
detachment features from the carboxylate group at low binding arPoxylate groups; one is close to the positive charge center,

energies (3.65.0 eV), as well as a broad feature around 5.5 and the other is far away. It is also significant to note that the
eV attributed to detachment from the benzene rirgybitals35 strong features attributed to the pyridine ringelectrons are

In fact, the low binding energy features of the three nonzwit- missing in all of the spectra of thi(xy) species because the

terions below 5.5 eV (Figure 3a) are almost identical to that of phosmve l():.halrge on N must have a large stabilizing effect on
benzoate. Accordingly, the strong band near 6 eV in the t esle or |ta§. di . d lecul |
nonzwitterion spectra (Figure 3a) is due to detachment from Electron Binding Energies and Intramolecular Electro-

the pyridine ringr orbitals. The higher binding energy features static Interactions of the D(x.y) Zwitter_ions and the 2C-6E-
are likely due to detachment from the N lone pairs or the O P_yr, _3C-5E-Py_r, and 4C-2E-PeronzyV|_tter|ons.The elect_ron
lone pairs on the neutral ester groups. binding energies ob-, m-, and p-pyridinecarboxylate anions

The strong low binding energy features in all of By) range from 3.70 to 4.05 e¥. Substitution of a methyl ester

o group for a hydrogen atom in these ions leads to an increase of
zwitterions also are due to detachment from the carboxylate .
. ~0.2 eV, on average, in the ADEs, and EBEs 2@&-6E-Pyr
groups. The apparently more complicated and broader bands

of the D(x,y) ions are due to the fact that there are two (40) wang, X. B.; Wang, L. S., unpublished results.
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Table 1. Adiabatic (ADE) and Vertical (VDE) Electron Detachment Energies and Relative Stabilities for Zwitterionic D(x,y) Anions and
Related Species?

ADE (eV) VDE (eV) rel stability (kcal/mol)

cmpd B3LYP expt B3LYP expt B3LYP AM1 Coul. law
D(2,3) 3.99 4.25+ 0.05 4.29 4.506t 0.10 20.6 26.3 57.6
D(2,4) 477 4.83+ 0.05 4.85 4.98- 0.08 4.7 9.2 37.7
D(2,5) 4.87 5.02t 0.05 4.96 5.23:0.10 0.0 2.8 24.6
D(2,6) 4.88 5.08t 0.05 4.88 5.32£ 0.10 1.9 0.0 0.0
D(3,4) 3.70 4,174+ 0.10 4.33 4.42- 0.10 26.1 33.6 99.5

(3.84p
D(3,5) 4.67 4.85t 0.05 4.72 5.02t 0.05 7.9 14.8 62.8
D(2,7) 4.65 4.75+ 0.05 4.79 5.03: 0.10 8.6 54 11.0
D(3,7) 4.88 5.14t 0.05 494 5.4G: 0.10 3.0 35 25.9
D(4,7) 4.87 5.12t 0.05 4.93 5.5% 0.10 3.3 4.7 31.3
2C-6E-Pyr 3.86 3.85+ 0.05 4.55 4.16t 0.08 —-0.8 -9.1
3C-5E-Pyr 4.13 4,17+ 0.07 4.46 4.36+ 0.06 8.2 —20.6
4C-2E-Pyr 4.21 4.25+ 0.05 4.47 4.46+ 0.10 6.6 —15.7
0-PyrCQ,~ 3.39 3.70£ 0.1C¢ 3.91 4.004+ 0.10 8.8 5.9
m-PyrCQ~ 3.69 3.95+ 0.1C¢ 4.22 4.30+ 0.10 1.4 0.2
p-PyrCQ,~ 3.79 4.05+ 0.1C¢ 4.32 4.35+ 0.10 0.0 0.0
PhCQ~ 3.43 3.70+ 0.1¢ 4.10 3.98- 0.0
(3.57p

a Computed energies are at the B3LYP/6+%3(d) level. ADEs for theD(x,y) andrC-sE-Pyranions have been corrected by adding 0.28 eV to account
for the average error in the computed valuesdfom-, andp-pyrCQO,~ and PhC@ . Likewise, the VDEs have been adjusted by adding 0.06°e3CSD(T)/
6-311+G(3df,2p)//B3LYP/6-3%G(d) energy (see text for further details) corrected for the calculated error in the ADE of benzoate anion (0.13 eV too
small) using the same computational procedti@ee ref 409 See ref 35.

(a) (b)

4C-2E-Pyr D (2,4)

2C-6E-Pyr D (2,6) /\/\I
N ) f/\f’\/‘«

5 6 7 2 3 4 5 6 7
Binding Energy (eV) Binding Energy (eV)

Relative Electron Intensity

)
w3
F -

Figure 3. Photoelectron spectra at 157 nm for )-2E-Pyr 2C-6E-Pyr and3C-5E-Pyrand (b) the corresponding zwitterions.

3C-5E-Pyr and4C-2E-Pyrof 3.85 to 4.25 eV (see Table 1). One can model the chargeharge interactions and the
This increase in the ADEs of the latter species is due to the stability of the D(x,y) anions from a simple perspective by
electron-withdrawing nature of the methyl ester group 4CO  considering the number of bonds between the charged centers,
CHs). In comparison, the electron binding energies of the and comparing the value for the repulsive term to the sum for
correspondingd(2,6), D(3,5), andD(2,4) zwitterionic anions the attractive interactions. For example, ,6) andD(2,5)

are even higher than their nonzwitterionic analogues (Table 1). anions are predicted to be equally stable. In the former case,
These differences and the ADEs of all of the dipdlx(x,y) both carboxylates are adjacent to the positively charged nitrogen
anions can be understood in terms of the electrostatic interactionsatom and are meta to each other, whereas in the latter species,
within each molecule. In particular, the electron binding energies the carboxylate at C5 is one bond further away from the N-atom
of the zwitterions are mainly determined by the combined effects (less favorable) and one bond more distant from the carboxylate
of the mutual Coulomb repulsion between the two negative at C2 (more favorable). In a similar manner, the following
charges on the carboxylates and their attraction to the positively
charged nitrogen-atom centér. (41) See ref 21 for a description of the point charge model that we employed.
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Table 2. Geometric Parameters for Zwitterionic D(x,y) Anions?
compounds
D(2,3) D(2,4) D(2,5) D(2,6) D(2,7) D(3,4) D(3,5) D(3,7) D(4,7)
Bonds
N1-C2 1.371 1.364 1.364 1.369 1.362 1.361 1.358 1.357 1.356
C2-C3 1.416 1.400 1.397 1.392 1.402 1.383 1.385 1.388 1.386
C3-C4 1.391 1.392 1.391 1.392 1.387 1.419 1.404 1.398 1.400
C4—-C5 1.404 1.410 1.403 1.392 1.400 1.423 1.404 1.396 1.403
C5-C6 1.374 1.372 1.380 1.394 1.382 1.370 1.385 1.387 1.380
C6—N1 1.364 1.367 1.363 1.370 1.361 1.366 1.358 1.356 1.359
CHz3—N 1.479 1.475 1.479 1.485 1.486 1.464 1.471 1.482 1.477
C@—COP 1.546 1.544 1.550 1.546 1.550 1.570 1.560 1.557 1.557
Cp)—COP 1.558 1.559 1.555 1.554 1.589 1.527 1.560 1.591 1.593
r 2411 2.403 2.297 2.631 2.451 2.214 2.354 2.286 2.454
ra 2.448 2.415 2.425 2.155 2.715 2.603 2.446 2.481
rs 2.520 2.508 2.704 2.256 2.472 2.453
Angles

OCcCcC 76.4 113.0 50.8 63.3 120.0 172.2 0.4 0.0 1.3

(—111.0% (—67.9¢ (—127.9% (—114.9¥ (—56.2f (=7.0) (—179.5) (—179.5% (—179.2¥
OCcCcC 35.4 178.5 1.4 55.0 175.4 98.9 179.5 168.2 163.5

(—148.0% (—1.6f (—178.6y (—122.6} (—6.3) (—89.4) (—0.4p (—14.0) (—18.9)

a All distances and angles are in angstroms and degrees, respectively. Atomic labels are as shown in Figure 4; carboxylate carbons are C8 and C9, where
the former is closer to the nitrogen atofor D(x,y) anions,a = x andb = y. ©¢OC8C2C3 dihedral angle$OC9C3C2 dihedral anglesOC8C3C2
dihedral angles'OC9C4C3 dihedral angle§ OC9C5C4 dihedral angle8 OC9C6C5 dihedral anglesOCIC7N1 dihedral anglesOC8C3C2 dihedral

anglesk OC8C4C3 dihedral angles.

e .
A
@

D(35) D(3,7) D4,7)
Figure 4. Computed B3LYP/6-3+G(d) geometries for the zwitterionic dicarboxylatgéx,y).
stability order is obtained:D(2,6), D(2,5) > D(2,4), D(3,5), anions have the largest ADEs in this group, and their values

D(2,3) > D(3,4). This ordering also might be expected to reflect are the same within the experimental uncertainty (i.e., 3:08
the ADEs. In accord with this expectation, thé2,6) andD(2,5) 0.05 and 5.02t 0.05 eV, respectively). ThB(2,4) andD(3,5)
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ions have nearly identical ADEs (4.830.05 and 4.85 0.05 Table 3. Mulliken Population spin Den_sities and Atomic Charges
eV, respectively), which are-0.2 eV smaller than those for ~ On the CO2 Groups of the Radicals Derived from the D(x.)

Anions?
the more stablé(2,6) andD(2,5) isomers. As predicted, the
D(3,4) anion has the smallest ADE of the group (444D.10 €-C0: Cy)=C0.
eV). TheD(2,3) isomer is anomalous, however, as its ADE (4.25 Dix.y) spin charge spin charge
+ 0.05 eV) is similar to that for th®(3,4) anion (4.1A- 0.10 DEZ,3; 0.31 —0.46 0.62 —0.20
‘s faili ; ; D(2,4 0.01 —0.46 0.97 0.02

eV)._ This failing of the rr_lodel pr_esumably is due to _elther the D25) 017 033 0.80 oa1
particularly unfavorab_le interaction betwegn_ two acyacent car-  p.6) 0.41 ~0.30 041 ~0.30
boxylate groups or a diminished electrostatic interaction between  D(3,4) 0.49 —-0.28 0.50 —-0.22
the C3-carboxylate and the positively charged N-center as a Bg% g-gg —8% 8-?? —8-(2);
result of shleld.lng _brought _about by_thg C2-carboxylate. D(3:7) 063 043 034 026

Further application of this model indicates that D&,7), D(4,7) 0.64 —0.42 0.26 —0.24

D(3,7), andD(4,7) anions are equally stable and that their
electron binding energies should be similar to those for the ° Cdomp.“.ted structures ae at thef B3r';YP/6"33(d) 'e"ﬁ'- Combined
D(2,6) andD(2,5) zwitterions. This expectation is borne out sc%r)] ensities and atomic charges for the,@oup attached to @ or
for the latter two isomers (ADE= 5.14 4+ 0.05 and 5.12+
0.05 eV, respectively), but not for tH&(2,7) ion which has an  binding energies are too low by 0.26.31 eV. As a result, all
ADE of 4.75+ 0.05 eV,~0.25 eV smaller than anticipated. of the other computed ADEs were corrected for the average
This observation suggests that the Coulomb repulsion betweenerror (0.28 eV) in these four ions (Table 1); this is equivalent
the two negatively charged carboxylate groups plays a moreto using four isogyric reactions to determine the EAs. The
important role in determining the stability of ti¥x,y) dipolar resulting values foRC-6E-Pyr 3C-5E-Pyr and4C-2E-Pyrare
ions because these two groups are much closB(2,7) (4.31 in excellent accord with experiment (within 0:60.04 eV) as
A) than inD(3,7) andD(4,7) (6.18 and 6.66 A, respectivelp. anticipated given their structural similarities to the reference
The distances between the two carboxylate groups in the lattercompounds. As for the zwitterionic species, their ADEs are
two anions are in fact very close to each other, as shown in improved by the 0.28 eV isogyric correction, but the results
Figure 4. are still systematically too low by anywhere from 0.06 to 0.47
Structures of the D(x,y) Zwitterions. Our computational eV; the average error is 0.21 €¥This means that the directly
studies showed that all of tH2(x,y) anions haveC; symmetry computed values for the zwitterionic dicarboxylates are too small
except for the 3,5-isomer, which has a mirror plane perpen- by ~0.5 eV or 11 kcal/mol. Employing the larger 6-3tG-
dicular to the aromatic ring. The most notable structural feature, (2df,2pd) basis set has little impact<@.05 eV) on the
however, is the orientation of the carboxylate groups, which monodecarboxylated zwitterions (i.@(xy) — CO,) and the
vary from compound to compound. This is a result, in part, of oneD(xy) anion we tested. Coupled cluster theory at the CCSD-
the small rotation barrier (4.0 kcal/mol) for benzoate anion{Ph  (T)/6-311+G(3df,2p) level also was explored. Because these
CO,7). Some trends in their orientation emerge nevertheless. calculations are too large to carry out on the ions of interest
Carboxylates in the 2-position are found to be closer to being directly, an additivity scheme similar to those in G2(MP2) and
perpendicular to the aromatic ring than planar to it. Presumably, G3(MP2) theory was carried out. Excellent results forifry)
this is the result of a steric interaction between the carboxylate — CO, anions were obtained, but there is only a modest
and the N-substituted substituent. Carboxylates in the 3- andimprovement (0.14 eV) for the ADE of thB(3,4) ion after
4-position do not suffer from such an interaction and tend to correcting for the computed error in the electron binding energy
adopt a pseudo-planar orientation with the aromatic ring becauseof benzoate. This method is size-limited from a practical
this results in increased conjugation betweenhgystem of standpoint and currently is unsuitable for molecules that are
the pyridine ring and the carboxylate group. The one exception larger than those in this study by more than one or two heavy
to this generalization is for the(3,4) ion where the carboxylate  atoms.
at C4 rotates so as to accommodate the one at C3. A second The relative stabilities of thB(x,y) zwitterions were analyzed
striking characteristic in these zwitterions are the intramolecular not only by counting bonds but also via density functional
hydrogen bonds between the oxygen atoms of the carboxylatesheory, AM1 semiempirical calculations, and the application of
and the available aryl and methyl hydrogen atoms. These Coulomb’s law (Table 13! In general, there is reasonable
interactions are shown in Figure 4, and the distances, which qualitative agreement between the different methods, but the
span from 2.155 to 2.715 A, are given in Table 2. AM1 and Coulomb’s law results are not useful from a
Comparison of the Computed Electron Binding Energies guantitative standpoint. This is not surprising, but the fact that

to Experiment. ADEs calculated at the BSLYP level with the AM1 and Coulomb’s law give reasonable relative stabilities
6-31+G(d) basis set generally are in excellent accord with should prove useful when dealing with larger zwitterionic
experiment, but for PhCO, o-, m-, andp-PyrCQ;~ the electron species.
Mulliken Population Analyses. We also examined the
(42) It is somewhat surprising that this model works so well because electron \Mylliken population analyses (Table 3) to confirm the origin

binding energies correspond to an energy difference, and the stability of .

the zwitterionic radical is ignored. An alternative model in which the focus  Of the threshold detachment features of i¥{g,y) anions. Both

ié; on the attractive and repulsive interactions that are lost upon electron tha spin densities and the atomic charges of the carboxyl groups

etachment, consequently, was considered. This was done by counting, . .

bonds and leads to the following predicted order for the ADE$2,6), indicate that the ejected electron largely comes from the

)07 DD DO DEARY - B8 Trese | carboxylate further away from the positively charged nitrogen

(i.e., the ordering of th®(2,4) isomer), and thus this method does not do
quite as well. (43) Similar problems are found for the computed VDEs.
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center, which is consistent with our assignments of the spectra. Theoretical calculations were carried out to obtain the
This is as expected, because the attractive interaction betweerpptimized structures and electron binding energies of the nine
the oppositely charged centers is diminished as they becomedipolar ions. A simple structural model, Coulomb’s law calcula-
farther apart. The only exception to this is for D€3,4) isomer.  tions based upon point charges, and AM1 energies were found
In this case, the resulting radical h@gsymmetry, and the odd o pe qualitatively useful for predicting the relative stabilities
electron is delocalized over both G@roups. One can View o the D(xy) ions, but for quantitative results full blown ab
this species as a radical anion of a diacyl peroxide (i.e., initio or density functional theory computations are required.
R(CO)(_)—O(CO)R), as the ©0 d_|stance is 2.16 A. It also is B3LYP electron affinities for PhC@ o-PyrCOy, m-PyrCOy,
:rteer:jj“ar::%:: ?:tti;hﬁlt-g}[gr?(?t”? tﬁg szﬂifxsgpecz;ﬂéo; 3{'&??1% andp-PyrCQOy were used as benchmarks and are systematically
’ too low by 0.26-0.31 eV. Upon correcting for this deficiency,

the bulk of the spin density. Presumably, this is because the . . .
m-system of the carboxylate at C2 can conjugate with the the D(xy) A_DES are unlfgrmly improved, but they stil are too
small relative to experiment by 0.6®.47 eV; the direct

aromatic ring, and this provides more stabilization in the anion ) ] ) )
than in the radical. In summary, the Mulliken population computations are in error by 0.39.75 eV. Mulliken population
analyses verify that the threshold features in all of Eig&.,y) analyses confirm that the lower binding energy detachment
dipolar ions are due to detachment from the carboxylate groups,features in all of the anions largely come from the carboxylate
and they provide further confirmation of the importance of the remote from the positively charged nitrogen atom.
intramolecular electrostatic interactions.
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