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The standard® = 0.1 MPa) molar enthalpies of combustion of six aminomethylbenzoic acids were measured
at T = 298.15 K by static bomb calorimetry. With these values, the standard molar enthalpies of formation

in the crystalline state were obtained. Combining these results with the standard molar enthalpies of sublimation,
the standard molar enthalpies of formation in the gaseous phase were derived. For the 10 possible isomers,
the obtained experimental results were compared to and correlated with the relative stability obtained by ab
initio calculations at the B3LYP/6-34#1+G(d,p) level of theory. Seeking a better understanding of the aromatic
behavior and energetics of aminomethylbenzoic acids in the gas phase, calculations of NICS values, HOMA
indices, and dihedral angles between the aromatic carbon and the amino gi@up;NHH), were also
performed computationally. The significant differences observed in the energetics, as well as in the NICS
values, HOMA indices, an@(Ar—NHH) dihedral angles for these 10 isomers suggest a strong dependency
on the identity and relative position of the three substituents on the benzene ring. This study points out a
marked tendency for a decrease of the ring aromaticity, accompanied by an increase in the respective system
stability, as the conjugation between the substituents becomes more extensive.

Introduction COOH
Aminobenzoic acids and its derivatives are unnatural amino | NH,
acids used as building blocks in polymeric synthesis, especially H3C\/

for conductl_ng polymers? pe.p“d‘?s' and peptldomlmetlc mol- Figure 1. General structural formula for the isomers of amino-
ecules. Aminomethylbenzoic acids have been incorporated 8Smethylbenzoic acid.

hydrophobic spacers in peptidomimetic molecules used for the

inhibition of enzymatic activity in the catabolism of oncoproteic ~ centers. It is therefore related to the magnetic consequences of
products4 The study of the aromatic behavior of the monomers aromaticity. Recently, Standeproposed a method based on

is relevant to understanding and predicting the properties of the scanning NICS values over a distance and separating them into
corresponding polymers. In this work, the energetics of ami- in-plane and out-of-plane components, suggesting the out-of-
nomethylbenzoic acids in the gaseous phase is explored byPlane eigenvalue of the chemical shift tensors as a more
performing an experimenta| and Computa’[iona| thermochemical meaningful determination of the aromatic character. It was also
study of the possible isomers of this series. The aim is to achieveobserved, by the same author, that the general shapes of the

a deeper knowledge of the subject of aromaticity and substituentcurves describing the isotropic NICS values as functions of the
effects. probe’s distance are governed by the out-of-plane component

Aminomethylbenzoic acids are trisubstituted benzene com- N the aromatic systems. .
pounds with the general structure shown in Figure 1. Within The harmonic oscillator model of aromaticity (HOMA) was

the text, aminomethylbenzoic acids will generally be referred introduced by Krygowski et dl.and is directly related to the

to asXa-Ym-BA, whereX represents the position of the amino influence of aromaticity on molecular geometry. In the present

group a, Y represents the position of the methyl group m, and WOrk, both NICS-scan values and HOMA indices for the 10
BA denotes benzoic acid. possible isomers of aminomethylbenzoic acid and related less-

S - . . substituted benzenes were calculated by DFT at the B3LYP/6-
Aromaticity is a complex and multidimensional physico-

chemical phenomenon that greatly affects many molecular 311++G(d,p) level of theory.

ap g y a Y The effect of substituents on the benzene ring is strongly
properties such as magnetism, reactivity, and relative ENETY. - orrelated with energetic aspects of the molecule, including
The nucleus-independent chemical shift (NICS) is a generally y

) S ! .. 7 aromaticity. A recent work on this subject, concerning mono-
accepted and widely used criterion for measuring aromaticity : A
. . ) . . substituted benzenes, indicates that the presence of only one
since its introduction by Schleyer et lt is defined as the

negative value of the absolute magnetic shielding computed substituent does not significantly affect the aromaticity of the

at anv point of interest in the molecule. usually at the rin benzene ring? In the present work, the simultaneous effects
y P ’ y 9 of three substituents(COOH, —NH,, and —CHg3) on the
" - energetics and aromaticity of the benzene ring has been
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E-mail: Ibsantos@fc.up.pt. . . .
 Universidade do Porto. framework by inductive (related to tecomponent of chemical

* Universidade Fernando Pessoa. bonds) and mesomeric (related to thelectronic cloud of the

10.1021/jp073077j CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/03/2007




Substituent Effects on Aminomethylbenzoic Acids J. Phys. Chem. A, Vol. 111, No. 42, 20010599

molecule) effects. The presence of more than one substituent The energy equivalent of the calorimeter was determined from
can induce a variety of phenomena that are hard to describethe combustion of benzoic acid (Calorimetric Standard NIST
and systematize. Conjugation is directly relatedrtelectronic 39j), having a massic energy of combustion under bomb
density and, therefore, strongly related to aromaticity. The extent conditions of—(26434.0+ 3.0) 3Jg~1, as previously describéed.

to which a substituent is conjugated with the aromatic frame- The electrical energy for ignition was determined from the
work can alter aromaticity as well as relative molecular stability. change in the potential difference across a 14BG:ondenser

Aminomethylbenzoic acids are interesting compounds becauseon discharge through a platinum ignition wire. For the cotton

the benzene ring simultaneously bears-acceptor { COOH), thread fuse (empirical formula GHsdOo.849, the massic energy
a m-donor ando-acceptor £ NH,), and ao-donor and weak of combustion was assigned tA.u® = —16240 Jg 116
mr-donor by hyperconjugation{CHz). Corrections for nitric acid formation were based 6159.7

The standard molar enthalpies of formation in the crystalline kJmol~* for the molar energy of formation of 0.1 mdm3
state of the six commercially available aminomethylbenzoic HNO;3 (aqg) from Q, N2, and HO (I).*”
acids, atT = 298.15 K, were determined by static bomb From 11 calibration experiments, the energy equivalent of
combustion calorimetry and, combined with the standard molar the calorimetere(calor)/(3K 1), was found to be [15553.2%
enthalpies of sublimation (determined previously by Monte and 0.91 (5.85x 1073 %)] for an average mass of water added to
Hilleshein'9), allowed for the derivation of the standard molar the calorimeter of 2900.0 g; the quoted uncertainty refers to
enthalpies of formation in the gaseous state at the samethe standard deviation of the mean.
temperature. Combined with the information obtained by  Samples in pellet form were ignited in oxygen at a pressure
computational chemistry, the experimental results were com- of 3.04 MPa, with a volume of 1.00 chof water added to the

pared and analyzed altogether. bomb. The amount of nitric acid was determined by titration
against NaHO. The density of each of the six compounds was
Experimental Section assumed to be 1.39@n3. For each compoundj/ap)r, atT
o o = 298.15 K, was assumed to b€).2 3g~-MPa!, a typical
Purification and Characterization of the Compounds.The value for organic compounds.

aminomethylbenzoic acids: 2-amino-3-methylbenzoic acid (2a-  gtandard-state corrections were calculated for the initial states
3m-BA, CAS no. 4389-45-1), 2-amino-5-methylbenzoic acid py the procedures given by Hubbard et&and by Good and
(2a-5m-BA, CAS no. 2941-78-8), 2-amino-6-methylbenzoic ggqii19

acid (2a-6m-BA, CAS no. 4389-50-8), 3-amino-2-methylbenzoic  The relative atomic masses used were those recommended
acid (3a-2m-BA, CAS no. 52130-17-3), 3-amino-4-methylben- by the IUPAC Commission in 200%.
zoic acid (3a-4m-BA, CAS no. 2458-12-0), and 4-amino-3- "~ computational Thermochemistry. All calculations were
methylbenzoic acid (4a-3m-BA, CAS no. 2486-70-6) were performed using density functional theory (DFF).DFT
obtained from Sigma-Aldrich and purified by repeated sublima- .5culations were performed with the hybrid B3LYP exchange
tion in vacuum. The purity of the samples was systematically -qrrelation functiona?2-24 Full geometry optimizations were
verified by gas chromatography (using an HP 4890 apparatuscarried out with the 6-31+G(d,p) basis set. At the same
equipped with an HP-5 column, cross-linked, 5% diphenyl and theoretical level, analytical frequency calculations were per-
95% dimethylpolysiloxane) and confirmed by HPLC using & formed to ensure true minimalg,y = 0). Zero-point vibrational
Merck Hitachi (LaChrom) apparatus W|th an L-7420 YVis energies (ZPEs) and enthalpy energy correctigi ¢ontribu-
detector, an L-7100 pump, a D-7000 interface, and a C18 tjong were taken into account in the calculation of the enthalpies
reverse-phase column. The eluent used was a mixture 6f CH of 4| species at 298.15 K. The scaling factors of 0.9804 and
OH/H,0 30/70 (v/v) at an isocratic flow rate of 0.8 mL/min. o 9613 were used for the calculation of the zero-point vibrational
The UV—vis detector was operated at 254 nm in all runs. energies and fundamental vibrational frequencies, respecifvely.
Retention times varied from 9.03 min (3a-2m-BA) to 27.87 min - Extensjve work was done around the relative position and group
(2a-5m-BA). During the combustion experiments, the sample (otation of the amino, methyl, and carboxylic substituents to
purity and comb.ustlon completeness were supported by 2 CO |gcate the absolute minimum energy.
recovery analysis. The NICS probes (Bq) were placed up and down from the

Combustion Calorimetry. The enthalpies of combustion  geometric center of the benzene ring, perpendicular to the
were measured in an isoperibol static bomb combustion average benzene plane, fron2 to+2 A, in increments of 0.2
calorimeter with a twin-valve bomb with an internal volume of A The NICS values were calculated for all ghost atoms by the
0.290 dm? formerly used at the National Physical Laboratory, standard GIAO procedure at the B3LYP/6-31£G(d,p) level
Teddington, U.KX!and in Manchester, U.R2 This calorimeter of theory. The 6-311+G(d,p) basis set was found to be the
was transferred from Manchester to Porto, Portugal, and wasminimum-quality basis set needed to satisfactorily derive NICS
used mainly as previously describBd?although a few changes  valuest All theoretical calculations were performed using the
in technique, due to different auxiliary equipment, were applied. Gaussian 03 software packaije.

From a weighed acrylic vessel, water was added to the  The bonds lengths used in the calculations of HOMA indices
calorimeter, and for each experiment, a correction to the energyand dihedral angles formed between the amino group and the
equivalent for the deviation from a mass of 2900.0 g of water aryl carbon, ®(Ar—NHH) were taken from the optimized

added was taken into account. Calorimetric temperatures werestructures. HOMA indices were calculated using the equation
measured to 1x 10* K with a S10 four-wire calibrated

ultrastable thermistor (Thermometrics, standard serial no. 1030)HOMA =
and recorded via a nano-ohm meter (Hewlett-Packard model 2, 0 2

34420A) interfaced to a IBM PC Corr(1puter programmed to 1= |olrop = Fa)” + ﬁz(rav_ ) ] =1-EN-GEO (1)
compute the adiabatic temperature change using the program

LABTERMO.131 Temperature measurements were automati- where n is the number of bonds taken into account in the
cally collected every 10 s, and the initial temperature of the summation 1§ = 6 for the case of benzene derivativeg)y
combustion experiments was very close to 298.15 K. represents the optimum value of a specific bond length in a
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TABLE 1: Typical Experimental Results? for the Combustion of the Six Aminomethylbenzoic Acids atT = 298.15 K

2a-3m-BA 2a-5m-BA 2a-6m-BA 3a-2m-BA 3a-4m-BA 4a-3m-BA
m(cpd) (g) 0.49432 0.42098 0.49987 0.49590 0.46807 0.56732
m (fuse) (g) 0.00233 0.00369 0.00307 0.00291 0.00265 0.00270
Ti (K) 298.1504 298.1510 298.1521 298.1508 298.1511 298.1509
Tt (K) 299.0788 298.9595 299.0977 299.0847 299.0830 299.1955
ATad (K) 0.84136 0.71918 0.85508 0.84647 0.79766 0.96423
ei(cont) (JK™Y) 15.02 14.92 15.02 15.02 14.98 15.11
ef(cont) (JK™Y) 15.47 15.31 15.49 15.47 15.40 15.66
AmM(H20) (9) 0.4 -1.3 —-1.5 0.9 1.8 —-0.2
—AU(IBP)° (J) 13100.37 11192.73 13307.12 13181.66 12424.48 15011.19
AU(HNG3) (J9) 22.92 19.52 23.16 24.24 22.94 24.00
AU(ignition) (J) 1.20 1.20 1.19 1.20 1.19 1.20
AUz (J) 8.92 7.54 9.04 8.95 8.42 10.35
mAu°(fuse) (J) 37.84 59.93 49.86 47.26 43.04 43.85
—Ac°(cpd.) (3g7Y) 26358.61 26377.65 26454.61 26416.79 26382.75 26319.94

am(cpd) is the mass of compound burned in each experiné(fyse) is the mass of the fuse (cotton) used in each experimestthe initial
temperature ris€l; is the final temperature rise(cont) is the energy equivalent of the contents in the initial stategnt) is the energy equivalent
of the contents in the final statm(H,0O) is the deviation of the mass of water added to the calorimeter from 290\0.gjs the corrected
temperature riseAU(IBP) is the energy change for the isothermal combustion reaction under actual bomb conditidH®Os) is the energy
correction for nitric acid formationAU(ignition) is the electric energy for ignitiom\Usx is the standard-state correctiak,u°®(fuse) is the massic
energy of combustion of the fuse (cotton), afgr® is the standard massic energy of combustiohU(IBP) includesAU(ignition).

TABLE 2: Individual Values of the Massic Energy of Combustion, Acu®, of the Six Isomers atT = 298.15 K @°= 0.1 MPa)
and Mean Values Represented byA.u°[]

2a-3m-BA 2a-5m-BA 2a-6m-BA 3a-2m-BA 3a-4m-BA 4a-3m-BA
Adr (397
—26366.74 —26378.51 —26459.37 —26416.79 —26382.75 —26325.16
—26365.57 —26380.07 —26454.61 —26424.00 —26370.89 —26311.05
—26373.46 —26367.32 —26459.73 —26422.14 —26375.36 —26319.94
—26359.00 —26366.37 —26464.93 —26429.31 —26378.21 —26323.56
—26358.61 —26377.65 —26468.67 —26415.27 —26369.20 —26326.32
—26374.29 —26381.83 —26469.26 —26428.07 —26369.95 —26309.09
—26370.36 —26366.19 —26426.09
—26383.01

ALCE(Fg Y
—26366.9+ 2.4 —26375.1+ 2.6 —26462.8+ 2.4 —26423.1+ 2.0 —26374.4+ 2.2 —26319.2+ 3.0

aMean value and given error as the standard deviation of the mean.

fully aromatic system (for CC bonds,p = 1.388 A)27 r, is applying a second-order fitting for the initial and final periods
the average bond length of thébonds; is the bond length of as reported by Santos et’ait4

bondi, anda is a normalization constant fixed to giVe HOMA For each Compound’ the products of combustion in the

= 0 for a nonaromatic model system and HOMA1 for a experiments consist of a gaseous phase and an aqueous mixture

system in which all bond lengths equa}:. This equationisa  of nitric acid for which the thermodynamic properties are known.
refined model of HOMA&8 where these indices can be eXpressed The values OfAcUO refer to the reactions represented by

by a combination of two factors, EN (a term closely related to

de-aromatization due to bond energies) and GEO (the term 37 .

attributed to de-aromatization due to geometric contributions, CgHgO,N (cr) + 77,0, (9) —~ 8CQO, (9) +

namely, bond length alternation). *I,H,0 (1) + Y,N, (9) (3)

Results Table 2 lists the individual values af.u°, together with the

Experimental Results. Table 1 lists typical experimental mean and the standard deviation of the mean:

combustion results for each compound, whare(H-0) is the . Table 3 lists the derived standard molar gnergies of combus-
deviation from 2900.0 g of the mass added to the calorimeter, ion; AUy, (cr); the standard molar enthalpies of combustion,
the mass assigned &calor), andAUs is the correction to the AH; (gr); the_ standard molar enthalpies of formatlon_of the
standard state. The remaining quantities are as previouslycrystalline solidsAHZ, (cr); the standard molar enthalpies of
described? sublimation AZHg,, published by Monte and Hillesheitfi;and
The internal energy for the isothermal bomb process, the derived standard molar enthalpies of formation.in the gaseous
AU(IBP), was calculated according to the equation state AHr, (9), atT = 298.15 K. In accordance with standard
thermochemical practice, the uncertainties assigned to the
_ standard molar enthalpies of combustion and formation are twice
AU(IBP) = —[¢(calon) + Cp(HZO’ ) Am(H,O)JAT, ‘?+ the overall standard deviation of the mean and include the
(T; — 298.15§; +(298.15— T, — AT)e; + AU(ign) (2) uncertainties in calibration and in the auxiliary quantities used.
To derive A{H;, (cr) from AMH;, (cr), the standard molar
whereAT,gis the calorimeter temperature change corrected for enthalpies of formation of ¥D (I) and CQ (g) atT = 298.15
the heat exchange and the work of stirring, calculated with the K, —(285.8304 0.042) and—(393.51 4+ 0.13) kdmol~,28
LABTERMO program using the Regnault-Pfaundler method respectively, were used. Detailed data results concerning the
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TABLE 3: Derived Standard Molar Energies of Combustion, A Uy; Standard Molar Enthalpies of Combustion, AHr;
Standard Molar Enthalpies of Formation in the Crystalline State, A;H;, (cr); Standard Molar Enthalpies of Sublimation,
Ang?n;lo and Standard Molar Enthalpies of Formation in the Gaseous StateA;H?, (g), at T = 298.15 K, for the Six Isomers
Studied Experimentally

~AU;, —AH;, —AH;, AZH?, —AH,
(cr) (kImol™?) (cr) (k¥mol™?) (cr) (k¥mol™?) (k¥mol™t) (9) (k3mol1)
2a-3m-BA 3985. A4 1.3 3987.6£ 1.3 446.7+ 1.6 107.3+1.8 339.4+ 2.4
2a-5m-BA 3987.0£ 1.3 3988.8£ 1.3 4455+ 1.7 110.6+ 1.9 334.9+ 2.5
2a-6m-BA 4000.2+ 1.2 4002.14+ 1.2 4322+ 1.6 116.1+ 2.0 316.1+ 2.6
3a-2m-BA 3994.2£ 1.2 3996.1+ 1.2 438.2+ 1.6 127.8+ 2.6 310.4+ 3.1
3a-4m-BA 3986.9t 1.2 3988.7+ 1.2 445.6+ 1.6 119.4+: 25 326.2+ 3.0
4a-3m-BA 39785t 14 3980.4+ 1.4 453.9+ 1.7 122.0+ 2.6 331.9+ 3.1
TABLE 4: Total Electronic Energy Plus Zero-Point TABLE 5: Experimental and Computed [B3LYP/
Correction (Eo + €zpg) and Enthalpic Energy Plus Thermal 6-311+G(d,p)] Values of AH7, (9) at T = 298.15 K for the
Correction for T = 238.15 K H29s.15¢) (in Hartrees) for the Aminomethylbenzoic Acids
Studied Compound# “AHE () (kamol-Y)
compound Eo + ezpe (hartree) Hags 15k (hartree) compound experimental DET Al
benzene —232.213197 —232.207696
aniline —287.573495 ~287.566484 ca-amoa 339.4x2.4 S —03
toluene —271.514120 —271.506720 :
: ; 2a-5m-BA 334.9£ 2.5 338.7 —3.8
benzoic acid —420.835351 —420.827028
2a-6m-BA 316.1+ 2.6 320.9 —4.8
2a-3m-BA —515.502909 —515.490935
_ _ 3a-2m-BA 310.4: 3.1 307.5 +2.9
2a-4m-BA 515.504199 515.492630 33-4m-BA 326.2¢ 3.0 326.6 —0.4
2a-5m-BA —515.501741 —515.490564 32-5m-BA ) : 325'2 )
2a-6m-BA —515.495272 —515.483778 3a-6m-BA 312'9
3a-2m-BA —515.490120 —515.478688 4a-2m-BA 325'5
3a-4m-BA —515.497448 —515.485950 ’
3a-5m-BA —515.497247 —515.485432 4a-3m-BA 3319k 3.1 333.1 —12
3a-6m-BA —515.492284 —515.480737 aA = AH;, (9, experimentaly- AHp, (g, calculated/DFT).
4a-2m-BA —515.497053 —515.485524
4a-3m-BA —515.499926 —515.488428 -3

aFull geometry optimizations with the B3LYP functional at the
6-311++G(d,p) level of theory were performed first, followed by
frequency calculations at the same theoretical Iévaksigned energy
corrections to the total energy (in hartrees/patrticle)ie = zero-point
correction; E; = total electronic energytaes 15k = total electronic
energy-+ zero-point energy (scaled to 0.980#)enthalpy correction
(scaled to 0.9613). :}Lf:]

COOH COOH  NH, CH,

D 0-0- 00

Figure 2. Separation reaction in the gas phase involving the isomers

iti = -1 - ' :
at standard conditions and= 298.15 K. g b g p :
Combustion eXperimentS for a” Of the Studied Compounds are Distance from the geometrical centre of the aromatic ring / A
available as Supporting Information. Figure 3. Typical NICS-scan diagram at the B3LYP/6-323G(d,p)
Computational Results. Table 4 presents the results for the level of theory for NICS values (ppm) versus the distance from the
total electronic energy plus zero-point energy correctEyH center of the benzene ring plane (A). This example is for the 4-amino-

ezp) and for the enthalpic energy corrected for thermal vibration 3-methylbenzoic acid isomer.
at 298.15 K Hags.15 ), Obtained from the optimized structures
(absolute minimum energy) of the selected compounds.

The homodesmic reaction scheme in the gaseous phase

the minimum NICS value occurs at a distance from the ring of
about+0.8 and—0.8 A, rather than at about 1 A, as is the case
presented in Figure 2, was used for the calculation®f, (g) for many aromatic systen$s®Because NICS(1) has become a

of the 10 trisubstituted compounds, and Table 5 lists these resultsStandard for the reported NICS data, NICS(1) will be used from
along with the experimental values. For the calculation of this point onward.

AgeHm (9), the following literature values (in kdhol™1) of

AH7, (g) at T = 298.15 K were used: benzen#(82.9 + Discussion

0.3)?°toluene,+(50.14 0.3)?° benzoic acid;—(295.24 0.8)32° There are no previously determined values for the standard

aniline, +(87.1 & 0.8)2° 2-amino-BA, —(296.2 £ 1.6)8° molar enthalpies of formation of aminomethylbenzoic acid

3-amino-BA,—(289.3+ 3.6)2%4-amino-BA,—(293.94 4.1)30 isomers. The attempt to use group additivity methods to estimate
Figure 3 shows a typical NICS-scan plot of NICS values as the standard molar enthalpies of formation is, in the case of

a function of distance from the average ring plane freito three different group substituents, a very difficult task because

+2 A, in increments of 0.2 A. The plots for all of the studied of the energetic interdependence between the position and
compounds are compiled in the Supporting Information. In all identity of the groups.

cases, the NICS-scan behavior shows a graphic line typical of The standard molar enthalpies of formation in the gas phase
uncharged aromatic systems. For all of the studied compounds,of all of the aminomethylbenzoic acid isomers, derived from
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TABLE 6: NICS(1) Values,® HOMA Indices, ®(Ar—NHH) Dihedral Angles, and Experimental and Theoretical Values of
A Hr (g) at T =298.15 K

__NICS (ppm) AgeH (9) (kImol™)

compound 1) -1) HOMA EN GEO O(Ar—NHH) (deg) experimental DFT
benzene -10.2 0.990 0.0102 0.000
aniline -9.1 -8.9 0.976 0.0175 0.007 1355
toluene -9.9 -9.8 0.983 0.0151 0.002
benzoic acid —10.3 0.982 0.0139 0.004
2a-3m-BA -8.2 -8.3 0.839 0.0644 0.096 160.7 15t62.7 15.9
2a-4m-BA -75 -75 0.856 0.0593 0.085 164.0 20.3
2a-5m-BA -7.8 -7.8 0.864 0.0569 0.080 159.9 1112.8 14.9
2a-6m-BA 7.4 7.4 0.754 0.0910 0.155 164.3 —7.7+£29 —-2.9
3a-2m-BA -9.3 -9.2 0.921 0.0422 0.037 135.8 —13.4+ 3.4 —16.3
3a-4m-BA -9.1 -9.0 0.955 0.0285 0.017 136.6 2#43.3 2.8
3a-5m-BA -8.8 -8.6 0.970 0.0256 0.005 136.7 14
3a-6m-BA -9.3 -9.1 0.941 0.0370 0.022 135.3 —10.9
4a-2m-BA -8.3 -8.2 0.912 0.0433 0.045 143.0 1.7
4a-3m-BA -9.4 -9.3 0.933 0.0323 0.034 142.7 8t13.4 9.3

aValues of NICS{-1) refer to the side of the ring plane toward which the amino lone pair points, and values ofNICi®fer to the side
toward which the amino hydrogens are oriented. In the case of toluene, values of-NGS(respond to the side of the aromatic ring where one
hydrogen atom of the methyl group forms a’3fihedral angle with the aromatic ring plane.

the computational thermochemistry at the B3LYP/6-83#1G- nance interaction, resulting in a higher delocalized electron
(d,p) level of theory, are in good agreement with the experi- density that leads to system stabilization.
mental results. The largest deviatior-4.8 kJmol™) was In the ortho-COOH/NH, isomers @(Ar—NHH), the oxygen-

observed for 2-amino-6-methylbenzoic acid, the isomer with to-hydrogen distance and bond topology derived by B3LYP/6-
the highest steric constraint around the carboxylic group. The 311++G(d,p) and the experimental energetics support the
excellent agreement between the experimental and computaexistence of an intramolecular H bond between the amino and

tional thermochemistry results supports the model adopted in carhoxylic groups. Identical results were recently reported for
this work to predictAHy, (g) for the other four isomers. the —NH, group in aniline derivativedt

'_I'he global energet_ic subs_tituent effect can be m(_aasgred by Considerable system stability was found in tditho-COOH/
using the homodegmlc reaction scheme presente_d in Figure 2NH2 isomers, where the intramolecular hydrogen bond occurs.
This is the separation reaction of the three substituents wherer compou,nd 2a-6m-BA deviates from this trend because of
Asefim reflects the enthalpic interaction between all three o constraints between the three adjacent groups. The very
groups In _the trisubstituted compound. Nega_tN(_e value_s of low HOMA index for this compound arises from the consider-
Ased |nd|cate. an unfavorable glqbal ent.halplc Interaction, e gistorted geometry of the ring, a factor that leads to a
positive values indicate a favorable interaction, and values nearOlecrease in aromaticity. However, the amino group is exten-

zero indicate the compensation or absence of a significant _. . . i

: - . . “sively conjugated, showing a clear balance between the ring

interaction among the three groups on the benzene ring relative . . . S - .
distortion, to relieve the steric hindrance, and the interaction

to the three monosubstituted benzenes. The enthalpy change% Lgat dint lecular hvd bond
can be directly related to system stability, once it is expected y conjugation and inframolecular y .rog_en on. ) )
that the entropic term in the gas phase does not vary significantly ~1"€ compound 3a-2m-BA shows distinctive steric constraints.
from one structural isomer to another. In this case, the conjugation of the amino group with the ring
Aromaticity, and hence both NICS(1) values and HOMA is thus considered to be very small [_as i_ndicated by the smaller
indices, is more affected in some of the trisubstituted benzenes Value of®(Ar—NHH)], which results in higher NICS(1) values
The presence of only one group does not alter the systemand HOMA !nd|ces. It seems that this s@ram is mainly relieved
aromaticity much, as reported previously by Krygowski et al. by deforma}tlon of the substituents, leaving the g_eometry of the
In Table 6, the relevant results obtained in this work are Penzene ring less affected and thus preserving the system
compiled. Because of the asymmetry imparted by the amino aromaticity. This fact is _supported by the high HOMA |nd|ce_s
group, a distinction must be made between the two sides of thefor this compound (mainly the small GEO term). There is
ring plane. In this table, NICS{1) refers to the side of the ring significant molecular stabll|gat|on in 4a-3m-BA due to a
toward which the two amino hydrogen atoms point, and NICS- —COOH to—NH; resonance interaction and-&CHz to —NH,
(—1) refers to the side of the ring toward which the lone electron favorable inductive interaction (brought up because of the
pair of the amino group is oriented. Interestingly, in some cases, Proximity of these groups). The stabilization found in this case
NICS(—1) is less negative than NICS-(), a fact that can be IS quite significant as a result of the influence of theand

rationalized by the high flexibility of the nitrogen lone pair to  ZZ-donor nature of the methyl group that balances some of the
conjugate from this side. ring aromaticity due to the—~COOH to —NH, resonance

It is interesting to note that aromaticity is more strongly intéraction. In the 3a-4m-BA and 3a-5m-BA, there is no
affected in those cases where the carboxylic and amino groupsSignificant overall energetic stabilization. In these cases, the
can interact by resonance (¥a-BA and 4aYm-BA). This carboxylic and amino groups have a marginal interaction by
trend is also supported by thB(Ar—NHH) dihedral angles. ~ 'ésonance, leading to a scenario in which each group is
An angle near 180indicates that the amino group is extensively €ssentially independent of each other, resulting in a weak
conjugated with the aromatic moiety. A larger value for the conjugation with the ring and, therefore, in a higher ring
angle in the cases where theCOOH and—NH, groups have aromaticity.
an ortho or para relationship was expected; in this way, the There is a reasonable correlation between NICS values and
substituents can extensively conjugate for an improved reso-HOMA indices for the trisubstituted compounds; however, the
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presence of the three substituents adds some complexity to the  (5) Schleyer, P. V. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,

system that reduces the correlation between the two aromaticityN- J: R-J- Am. Chem. Sod.996 118 6317-6318.
indices. (6) Stanger, AJ. Org. Chem2006 71, 883-893.

(7) Krygowski, T. M.J. Chem. Inf. Comput. Sc1993 33, 70-78.

(8) Krygowski, T. M.; Ejsmont, K.; StepierB. T.; Cyranski, M. K.;
Poater, J.; SolaM. J. Org. Chem2004 69, 6634-6640.

(9) Krygowski, T. M.; StepiénB. T. Chem Rev. 2005 105, 3482

Final Remarks

The energetic study of aminomethylbenzoic acids, based on
computational t.he.rmOChemiStry atthe BBL_YP/G-S—]:H_G(d_,p) (10) Monte, M. J. S.; Hillesheim, D. MJ. Chem. Thermodyr2001,
level of theory, is in excellent agreement with the experimental 33 745-754,
thermochemistry results. This methodology can be used to (11) Gundry, H. A.;; Harrop, D.; Head, A. J.; Lewis, G. B. Chem.
predict the energetics for this type of compound at a very low Thermodyn1969 1, 321-332.
computational cost, as an alternative to group additivity methods, 16%27)3_33"37'%9”0”' J.; Pilcher, G.; Al-Takhin, G. Chem. Thermodyd 984
which fail in aroma_tlg syStem.s with Sl.gmflcant Imeracuons. ‘(13) Santos, L. M. N. B. F. Ph.D. Thesis, University of Porto, Porto,
between groups. This is especially true in the cases of aromaticqggs
compounds with three or more substituents, where the effect (14) santos, L. M. N. B. F.; Silva, M. T.; Sctder, B.; Gomes, LJ.
on the energetics arising from the group-to-group interaction is Therm. Anal. Calorim2007, 89, 175-180.
very difficult to establish. The studied trisubstituted isomers _ (15) Coops, J.; Jessup, R. S.; van Nes, K. G.Hrperimental
show a significant energetic differentiation; the total influence Ih(e:rg%fgfgmsw’woss'n" F.D., Ed.;Interscience: New York, 1956; Vol.
of the three substituents is hard to preview and systematize.™’ (16) Good, W. D.: Scott, D. W.; Waddington, G. Phys. Chenl956
The energetics of systems of this type is governed by the relationso, 1080-1089.
between various interdependent physical aspects such as con- (17) Wagman, D. D.; Evans, W. H., Parker, V. B.; Schumm, R. H.;
jugation, aromaticity, and hydrogen bonds, among others. 230&{;13329‘{’1S'sl'}fj',énczhumey’ K. L. Nuttall, R. LJ. Phys. Chem.

When the amino and carboxylic groups_gre _inte_racting by (i8) Hubbard, W N.; -Sc.ott, D. W.; Waddington, G. Experimental
resonance (ortho and para), a marked stabilization is observedhermochemistryRossini, F. D., Ed.; Interscience: New York, 1956; Vol.
The energetic stabilization, arising as a consequence of thel, Chapter 5.
increase in the group conjugation, is nicely followed by a _ (19) Good, W. D.; Scott, D. W. IrExperimental Thermochemisfry

decrease in the ring aromaticity derived from the NICS values SKinner, H. A, Ed.; Interscience: New York, 1962; Vol. 2, Chapter 2.
and HOMA indices (20) Wieser, M. EPure Appl. Chem2006 78, 2051-2066.

' (21) Koch, W; Holthausen, M. C. AChemist's Guide to Density
Functional Theory2nd ed.; Wiley-VCH: Weinheim, Germany, 2002.
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