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In order to make reliable predictions of the aeilghse properties of macroligands with a large number of
ionizable sites such as dendrimers, one needs to develop and validate computational methods that accurately
estimate the acidity constantK{ of their chemical building blocks. In this article, we couple density functional
theory (B3LYP) with a PoissonBoltzmann continuum solvent model to calculate the aqueBusfaliphatic

amines, diamines, and aminoamides, which are building blocks for several classes of dendrimers. No empirical
correction terms were employed in the calculations except for the free energy of solvation of the prgton (H
adjusted to give the best match with experimental data. The use of solution-phase optimized geometries gives
calculated g, values in excellent agreement with experimental measurements. The mean absolute error is
<0.5 K, unit in all cases. Conversely, calculations for diamines and aminoamides based on gas-phase
geometries lead to a mean absolute er@r5 K, unit compared to experimental measurements. We find

that geometry optimization in solution is essential for making accut&t@redictions for systems possessing
intramolecular hydrogen bonds.

1. Introduction

Amino and amido functionalized organic compounds are
ubiquitous in nature. Their biological importaideas led to N~ O
extensive studies of their structural and physicochemical proper- o N
ties. In addition to their relevance in biochemistry and phar- /Nt N7 O 0
maceutical chemistry, amines and amides are attractive building o
blocks in supramolecular chemisffpepending on solution pH, {‘H
amine-based ligands can act as both cation and anion chélators.
Amide-containing receptors also exhibit dual cation/anion
binding properties. They have emerged as attractive building
blocks for a variety of anion receptors due to their relatively
strong hydrogen bond donor-NH groups® In addition, they
contain oxygen and nitrogen heteroatoms that can coordinate
with metal ions?

We are interested in the proton-, cation-, and anion-binding
properties of diamines and aminoamides as building blocks for NH,
macroligands of well-defined molecular size, shape, and com- H,N
position such as dendrimer&xamples of industrially important > > <
poly(propylenimine) (PPI) and poly(amidoamine) (PAMAM) N NH;  HoN N N
dendrimers with amine and amidoamide functional groups are Hsz HNJ \_\Nf \_\—NJ \L

shown in Figure 1. The structures and anion/cation binding
properties of PAMAM and PPI dendrimers in aqueous solutions
and at solid-water interfaces strongly depend on solution pH,

NH,

¢ X ¢

HyN NH N
N \“NH,

that is, their acie-base properties. A major focus of our current G1 PPI G2

research program on dendrimer nanotechnology is to developFigure 1. 2-D structures of the first (G1) and second (G2) generation

and validate a multiscale modeling approach for predicting of PAMAM and PPI dendrimers with terminal NHjroups.

proton, anion, and cation binding to dendrimers in aqueous . i i o ) .

solutions. A key step toward this goal is the ability to accurately dendrimer. In this article, we address this issue in some detail.

calculate acidity constants Kg) for small fragments of a The effect of the macroligand field (i.e., dendrimer matrix) on
the acid-base properties of dendrimer fragments will be the
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1 MeNH, 2 EtNH, AG® geprof BH)

3 PrNH, 4 iso-PrNH, BHY(@) ™ B@ *+ H'@©

5 tert-BuNH, 6 (Me),NH lAG%ow(BH*) AG%0(B) | AG%sq(H")

7 (Et),NH 8 (Pr)NH . .

9 (Me)N 10 (Et)N BH (aq)_’AGOmem(BH*)B(aQ) + H'(aq)

11 NHy(CH):NH, 12 NH,(CH,)sNH, Figure 3. Thermodynamic cycle used in the calculation &f.p
13 NHy(CHz)sNH; 14 MeNH(CH,),NHMe

10), diamines {1—-17), and aminoamideslg—23) (Figure 2).
15 (Me}2N(CHz)2N(Me), 16 (Me),N(CH;)sN(Me), Because aliphatic diamines and aminoamides are flexible, we
17 (Me);N(CHz);N(Me), 18 NH,CH,CONH, carried out a detailed conformational analysis of these molecules.
19 MeNHCH,CONH, 20 MeNHCH,CONHMe In all cases, the lowest-energy conformers were identified and
used in subsequenKp calculations. No empirical correction
terms were employed in these calculations. The use of solution-
phase optimized geometries yields a perfect agreement between
Figure 2. Amino-containing compounds studied in this work. calculations and measurements with a mean absolute €@ér
. . . pKa unit. Conversely, K, calculations for diamines and ami-
T oo B s i, POAMIGES baed o G hase geometesead o mean abslt
’ error >0.5 pKa unit compared to experimental measurements.

adequate when dealing with solutes that have concentratequ find that geometry optimization in solution is essential for

charge density with strong local solutsolvent interactions making accurate K, predictions for systems possessing in-
(e.g., ions). In these cases, it is critical to add explicit solvent tramolecular hydrogen bonds.

molecules to the continuum solvent model systéfhe accurate
prediction of ac_idity constants is a challenging task. Differe_nqes 2. Computational Methods and Procedures

of ~1 pK, unit between calculated and measured acidity

constants are not uncommon. Because of this, several grdups ~ 2.1. pKa Calculations. Acidity constants (f£a) were calcu-

have developed empirical correction terms for their calculated lated using the thermodynamic cy&€9shown in Figure 3. In

“raw” pK, to improve agreement with measurements. For this cycle,AG®qepro(BH") and AG®aqaeprBH™) are, respec-
example, the i§a module of the ab initio quantum chemistry tively, the gas-phase and aqueous-phase standard free energy
softwareJaguaP achieves an average accuracy~a®.5 K, of deprotonationAG°so(BH*), AG®so(B), and AG®son(H™)

unit using three empirical parameters for each functional group are the standard free energies of solvation for'BB, and H,

(the radius of the ion and two linear regression coefficients respectively. By definition, Ka is given by

between calculated and measur&d)pRecent studies of Liptak

et al96hand other& have describedH calculation protocols pK, = —log K, = AG°,, qeprdBH)/(2.303RT) (1)

with no empirical correction factors based on highly accurate

complete basis set (CBS) or Gaussian-n gas-phase methods with Note that all experimental and calculated gas-phase free
the CPCM continuum solvent model. Howevekgalculations energies are defined using an ideal gas at a pressure of 1 atm
using these methods are not routinely feasible for medium andas the standard statAG°g). Conversely, most tabulations of
large molecules. The coupling of density functional theory experimental and calculated free energies of solvation are

21 MeNHCH,CON(Me), 22 NH,(CH,),NHCOMe
23 (Me)zN(CHz)zcoNHz

(DFT) with a continuum solvent model has been sh¥wo defined as a transfer of a solute frors t M gas-phase state
provide a computationally viable and accuraké, palculation into its 1 M solution-phase stat&G*son).*12 Thus, in order
method. to combine gas-phase standard free energies of formation with

Only a few studies of g, calculations for amines have been standard free energies of solvation defined above, a correction
reported. The pioneering study of Tomasi ef’atoupled ab term must be added. Following Kelly et &.these two standard
initio quantum chemistry [MP4(SDTQ)/6-31G* level of theory] ~ states for species X are given by
with an electrostatic polarizable continuum model to reproduce
the experimentally observed order of basicities for methyl- AG*(X(g)) = AG°(X(g)) + AG®> * 2)
amines. Kallies at #9 used the SCHPCM solvation model
and DFT (B3LYP/6-31G* and B3LYP/aug-cc-pVDZ//B3LYP/ and
6-31G* level of theory) to calculate thé&kpof selected aliphatic, _
alicyclic, and aromatic amines. Using empirical correction AG* (X) = AG°¢((X) — AG® * ©)
factors, they were able to obtain calculate€, palues within
0.7 units of the measured values. However, the results of theWhere the correction ter’dG° ™ is expressed as
calculations were less satisfactory when additional functional
groups (e.g., hydroxyl, cyano, and methoxy) were present in AG® * = RTIn(24.46)= 1.89 kcal/mol T = 298.15 K)
the molecules. Only a few quantum chemickLgalculations 4)
for alkyldiamines have been reporté&f® To the best of our )
knowledge, no quantum chemical calculations of the second AG® ™ is the free energy change of 1 mole of gas from 1
acidity constants (. for diamines and aminoamides have atm (24.46 L mot?) to 1 M (1 mol L™). TheAG®aq, deprdBH™)
been published in the literature except for the calculations on iS given by
2-aminoacetamide listed in ref 9b. . N

As a first step toward the determination of thiof the AG’,q geprdBH ") = AG°(B(aq)) + AG°(H " (aq)) —
amino and aminoamide groups of a dendritic macroligand, we AG°(BH'(aq))= AG® BH") + AG* ™ +
coupled DFT with a PoisserBoltzmann (PB) continuum + N
solvation model to calculate theKp of aliphatic amines {— {AG*,(B) + AG*(H") — AG*,(BH)} (5)

g,depro(
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2.2. Gas-Phase CalculationsElectronic structure calcula-  energy conformers. Although a full sampling of conformational
tions were performed with th@aguar 6.5quantum chemistry  space was beyond the scope of this study, we identified many
software? DFT calculations were carried out using Becké's  of the lowest-energy conformers in the gas phase and solution
three-parameter functional and the correlation function of Lee, phase for the neutral and protonated form&bf23. pK, values
Yang, and Patf (B3LYP) with a 6-3H+G** basis set. In were computed using the lowest-energy forms in solution.
several previous studies of nitrogen-containing heterocyclic  2.6. Statistical Corrections for Compounds with Multiple
compounds, this methodology gave results comparable inlonizable Groups. Finally, we corrected the calculatedKyp
accuracy to calculations that employed more extended basisvalues to account for the presence of multiple ionizable groups
setd? (aug-cc-pvVXZ, X = D,T) and higher level of theory in a ligand. Thus, we added the statistical factor log 2 to the
(G3B3)!®> To assess the effect of basis set size, we also first pK, (pKa1) and subtracted it from the second (pKay)
performed full geometry optimizations far-10 at the B3LYP/ for compounds with two identical amino groups, following the
aug-cc-pVTZ(-f) level of theory® Frequency calculations, work of Perrin et af® and Jang et &°¢ Note that for ligands
which are generally computationally expensive, were carried with n identical amino groups, the statistical correction for the
out using the 6-31G** basis set. The standard Gibbs free energyprotonation staté (pKy) is equal to log(n — i + 1)/i}.2°
of each species (X) in the gas phase is given by

AG°(X = X + ZPE(X(g))+ AG X
(X(@)) = Eoc(X(@)) (X(@) o206 (9)26) pK4 calculations for aliphatic amine&-{10), diamines {1—

17), and aminoamided8—23) are discussed in separate sections
whereEq is total electronic energy at 0 K, ZPE is the zero- as given _below. In all cases, we carried out a detailed
point vibrational energy, andGo0gis the Gibbs free energy conformatlona[ .search to locate the .relevant lowest-energy
change from 0 to 298 K at 1 atm calculated using the rigid conformers. Initially, we tested and calibrated ot pompu-
rotor—harmonic oscillator approximation without scaling. For ~tational methodology using aliphatic amines with one or two

3. Results and Discussion

the standard free energy of the proton, we uA&H(H*(g)) = major conformers. We then applied the same methodology to
2.5RT— TAS = 1.48— 7.76 = —6.28 kcal/mofa6g the more flexible amino compounds.
2.3. Aqueous-Phase Calculationdhe coupling of DFT with 3.1. Aliphatic Amines. The only relevant conformation for

a Poisor-Boltzmann (PB) continuum solvent can provide 1 and5—10is a staggered arrangement of their atoms about
accurate estimates of the solvation free energies of nitrogen-the C-N bond as previously reported for methylamiien
containing heterocyclic compounds in wateThis involves contrast,2—4 exhibit a trans and a gauche conformations due
the numerical solution of the PB equation to determine the self- to the different orientation of their methyl groups relative to
consistent reaction field (SCRF) of the solvent acting on the the electron lone pairs of their nitrogen atoms. The relative free
quantum mechanical solute. In this approach, the solute isenergies of the conformers in the gas and aqueous phases are
described as a low-dielectric cavitgsgue= 1.0) immersed in ~ comparable, differing only by-60.36 kcal/mol in favor of the
a continuum solvent characterized by two properties: the solventtrans conformer. These results are consistent with recent FTIR
probe radius frope =1.4 for water) and the solvent dielectric ~ studies of ethylamine in liquid krypton and xeréindicating
constant sovent= 80.0) for water. The dielectric solute/solvent  that its two conformers are populated in significant amounts,
boundary was taken as the solvent-accessible surface areavith the trans conformer being the most stable.
(SASA) defined by the probe radius. The charge distribution ~ Table 1 summarizes the calculated and measured Vafié$
of the solute was represented by atom-centered point charge®f the gas-phase proton affinities (PA), basicities (GB), and
based on electrostatic potential (ESP) fits. The nonelectrostaticsolvation energies for the neutral and protonated aliphatic amines
component (e.g., cavity term) of the solvation free energy was calculated at the B3LYP/6-31+G** level of theory. Calculated
calculated using the empirical relation given in ref 17. The GB values include the entropy contributions due to the rotational
atomic radii used to determine the van der Wall envelope of symmetry of the molecules. The calculated enthalpy (PA) and
the solute were taken from Tannor etlalwithout modifica- Gibbs free energy (GB) changes for deprotonation of the
tions'8 (1.9 A for sp-hybridized carbon, 1.6 A for nitrogen and ~ protonated amine species in the gas phase are in excellent
oxygen, and 1.15 A for hydrogen). Calculations were carried agreement with experimental values, with a mean absolute error
out using both gas-phase geometries and geometries optimizedf 0.7—0.8 kcal/mol. The mean error of the calculated solvation
in the solvent reaction field. free energies (1:21.4 kcal/mol) is higher, especially for
2.4. Proton Free Energy of Solvation AG*so(H™)]. The secondary and tertiary amines. To the best of our knowledge,
absolute value oAG*so(HT) is still the subject of ongoing ~ no markedly improved results have been reported for these
debate in the literatur®.A recent study of Kelly at al? (based systems using continuum solvent modlsr explicit solvent
on clusterpair approximation) yielded a value 6iG* soi(H™) models with pairwise-additi¥é and polarizable potentiafs.
= —266.1 kcal/mol. This agrees very well with the value of Surprisingly, the same overall level of accuracy is achieved for
—265.9 kcal/ mol reported by Tissandier etaHowever, the all the protonated species. Thus, no scaling of the van der Wall
experimental uncertainty dhG* s, (H™) is still =2 kcal/mol. radii is needed to reproduce the measured free energies of
In this study,AG*sq(HT) was treated as a parameter and its Solvation of the alkylamine ions.
value was adjusted to give the best match between theory and We also performed DFT geometry optimization at the
experiment. The selected values/A&* s (H™) were, respec- B3LYP/aug-cc-pVTZ(-f) level of theory. A detailed comparison
tively, equal to—267.9 kcal/mol and—267.6 kcal/mol for of gas-phase and aqueous-phase free energy contributions is
calculations using solution-phase and gas-phase optimizedgiven in Table 1S of Supporting Information. The mean absolute
geometries. Note that these values fall within the estimated errors between calculated and measured gas-phase PA, GB,
experimental uncertainty akG* 5o (H™). AG*5o(B), andAG* so(BH™) are, respectively, equal to 0.41,
2.5. Conformational Analysis. The protonated and depro- 0.64, 1.6, and 1.1 kcal/mol. Note that addition of polarization
tonated forms ofl1-23 can exist in multiple conformations.  and diffuse functions leads to a slight improvement of the gas-
Thus, a constrained search was carried out to locate their lowestphase results. Conversely, a notable decline in accuracy for the
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TABLE 1: Calculated and Measured Gas-Phase Proton Affinities (PA), Basicities (GB), and Solvation Energies of Neutral (B)
and Protonated (BH") Aliphatic Amines (energies in kcal/mol)

PA GB AG* 5o (B) AG* o (BH)
base cale expt cal expf noaqopt agopt expE noagopt aqopt expt

1 methylamine 215.45 2149 207.27 206.6 —4.97 —5.03 —456 —78.49 -—-78.7 —-76.4
2 ethylamine 218.91 218.0 211.44 210.0—4.98 —5.01 —450 -—74.07 -—-744

3 propylamine 220.04 219.4 212.61 211.3-4.71 —4.68 —4.39 —7235 —-726 —-715
4 isopropylamine 221.56 220.8 214.10 212.5-4.45 —454 —70.55 —70.9

5 tert-butylamine 224.29 223.3 216.18 2151 -4.34 —4.49 —67.25 —67.7 —67.3
6 dimethylamine 222.28 222.2 214.36 214.3-2.72 —2.82 —429 —-69.42 —69.6 —68.6
7 diethylamine 228.23 227.6 220.36 219.7-2.15 —2.15 —4.07 —-62.26 —625 —-63.4
8 dipropylamine  230.36 230.0 222.54 222.1-193 —-0.82 —-3.66 —59.08 —59.3 —60.5
9 trimethylamine 226.43 226.8 218.97 2194-112 —-122 —-3.23 -62.19 -623 —-61.1
10 triethyalamine  234.75 234.7 227.09 227.0-0.02 —0.23 —52.93 —-53.3 —-549
mean absolute error 0.542.0¢0 0.78+ 2.(¢ 1.2 14 402 11 1.3 3.0

2 B3LYP/6-314-+G** using ZPE and thermal corrections from B3LYP/6-31G*Single-point calculations in the aqueous phase on the B3LYP/
6-31++G** gas-phase geometriesGeometry reoptimization in the aqueous phase at B3LYP/B43&** level. ¢ Ref 23.¢ Ref 24." Ref 12.
9 An average uncertainty of experimental data.

TABLE 2: Calculated and Measured pK, Values of Aliphatic Amines"

method method IP
no. base no aq opt aq opt no aq opt aq opt Jaguar g, module expt

1 methylamine 11.04 10.91 11.02 10.91 10.1 10.63
2 ethylamine 10.85 10.84 10.81 10.76 111 10.70
3 propylamine 10.64 10.66 10.64 10.65 9.9 10.60
4 isopropylamine 10.61 10.62 10.66 10.60 10.6 10.63
5 tert-butylamine 9.80 9.79 9.83 9.81 10.4 10.68

6 dimethylamine 11.24 11.09 10.92 10.81 10.8 10.78
7 diethylamine 10.82 10.78 10.93 10.86 10.8 11.02
8 dipropylamine 10.24 11.00 10.39 10.82 10.6 11.00
9 trimethylamine 10.50 10.30 10.63 10.44 10.2 9.80
10 triethyalamine 10.47 10.40 10.81 10.67 10.5 10.75
mean absolute error 0.39 0.28 0.31 0.24 0.32 +0.10

aB3LYP/6-31++G** using ZPE and thermal corrections from B3LYP/6-31G®B3LYP/aug-cc-pVTZ(-f) using ZPE and thermal corrections
from B3LYP/6-31G**. ¢ Single-point calculations in the aqueous phase at the same level of tA&x@pmetry optimization in the aqueous phase
at the same level of theor§Ref 9.f Ref 20.9 An average uncertainty of experimental ddtMethod Il that employs a larger basis set gives our
best estimate ofk, values.

solvation free energies of neutral species is observed. Wehave been limited to the characterization of the conformation
speculate that this may be caused by the use of additional diffuseof diamines in the gas pha3&37 Investigations of the confor-
functions. When diffuse functions with slow-decaying expo- mational stability of solvated diamines have been mostly limited
nential tails are employed, a notable fraction of the solute to 1,2-ethanediaminel().36-38 In this study, we reexamined
electron density can be located outside the cavity. This reducesthe conformational isomerism dfl and 11H* in the gas and
the overall interaction energies between the solute and thesolution phases. Building upon the results of the conformational
solvent-induced cavity surface chargéRescaling of the solute  analysis of 1,2-ethanediamin&1j, we also examined all the
atomic radii to increase the size of the cavity can offset this possible trans and selected gauche formk2sf17 and12H"—
effect in some casés. 17H*. This enabled us to locate the relevant and low-energy
The [Kq values of aliphatic amines are calculated using eq 5 conformations that were employed in subsequent calculations
and the corresponding free energy contributions listed in Table of the K; of these compounds.
1 and Table 1S. The calculated{(Table 2) values agree very 3.2.1. Conformational Analysis of 1,2-Ethanediamité)(
well with the experimental resufsin most cases. The mean Tables 3 and 4 give the relative gas-phase and aqueous-phase
error for the ten amines is 0-8.4 (K, units. Only the calculated  electronic and Gibbs free energies of ten unique conformers of
pKa of tert-butylamine shows noticeable deviation from experi- 1,2-ethanediaminel() and 3 unique conformers of its proto-
ment (0.9 K, unit). Note that the use of the more extended nated speciesl(H"). We use previously adopted notatiéh¥®
aug-cc-pVTZ basis set gives only minor improvements in the for identifying rotational isomers; where a capital letter refers
accuracy of the Ka calculations. Similarly, geometry reopti-  to a gauche (G) or trans (T) isomer (relative to the NCCN angle)
mization in agueous solution has a small-to-modest effect on and a small letter (t, g,'jrefers to three possible orientations
the calculated K, of the monoamines. Table 2 shows that our of each amino group. As shown in Table 3, the two gauche
calculated [ values are comparable in accuracy with estimates conformers ofl1 with intramolecular hydrogen bonds are the
obtained using thdaguar 6.5pK, prediction module with its most stable forms in the gas phase [dddg) in Figure 4],
default input setting8 Recall that the i, module ofJagua#a-® whereas the trans conformers are about 1 kcal/mol higher in
uses three empirical parameters to correct the calculated “raw”energy. This result is consistent with previous calcula-
pKa for each functional group. We find that these corrections tiong?2-31.34-36 gnd experimental data from microwave spec-
are not needed to obtain accurat&walues for amines. troscopy?® and electron diffractiod? However, the conforma-
3.2. Aliphatic Diamines. Diamines (1-17) have a large tional behavior ofll is quite different in the solution phase.
number of rotational isomers. Most previous computation studies We find that the most stable forms in aqueous solution are trans,
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TABLE 3: Calculated Relative Energies (kcal/mol) for Ten Conformationg of 1,2-Ethanediamine (11) and Their Relative
Populations Based on Boltzmann Distribution in the Gas Phase and Aqueous Phé&se

gGd tGd gGg tGg tGt oGg Tt tTg gTg gTd

AEo rel(9) 0.00 0.18 0.56 1.17 1.20 3.70 1.10 1.31 1.42 1.45
ZPE(Q) 69.8 3 69.78 69.76 69.58 69.56 69.15 69.56 69.53 69.44 69.50
AAGo-—298x (9) -17.17 —-17.22 —-16.95 —-17.37 —-16.86 —17.59 -16.92 —-17.36 —17.01 -—17.42
AG°(Q) 0.00 0.08 0.72 0.72 1.24 2.61 1.07 0.82 1.19 0.87
Population(gh 0.35 0.30 0.05 0.10 0.02 21073 0.01 0.09 0.02 0.04

G* solv -9.19 —9.52 —9.28 -10.20 -10.71 f —-10.96 —1091 f —-11.37
AE* e(aqf 0.73 0.58 1.62 0.89 0.82 0.47 0.32 0.00
AG*(aq) ¥ 1.31 1.06 1.94 1.02 1.03 0.62 0.41 0.00
ZPE(aq) 69.40 69.43 69.44 69.52 69.52 69.52 69.57 69.36
AAGo-208¢ (aQ) —-17.46 —-1743 —-17.00 -—-17.34 -—-17.02 —-17.03 —17.39 —17.39
AG*e(aq) I 0.70 0.62 1.68 1.11 0.95 0.59 0.53 0.00
Population(a q) fi¢ 0.16 0.18 0.02 0.08 0.05 0.05 0.21 0.26

aWe use previoushi-*®adopted notations for different isomers that are briefly described in section 3Thé.calculated population probability
takes into account the number of identical conformeRelative electronic energies in aqueous solution that include rotational symmetry corrections.
d Relative free energies in aqueous solution calculated using gas-phase ZPE and thermal cor&slatige free energies in aqueous solution
calculated using aqueous-phase ZPE and thermal correctidngesponding conformations are not stable in the aqueous phase and convert to
other rotational isomerd.Numbers in bold illustrate similarity betweexE* ¢(aq) and more computationally expens&* o(aq) Il that include
frequency calculations in the solvent.

TABLE 4: Calculated Relative Energies (kcal/mol) for tions. Note that calculations of solvation free-energy based on
gr?gf'?{]gi?tggli i(\)/fepl;ggl]:tti%% Sléégé%aggdé%w;ﬁa(nlnlﬁ) gas-phase frequency corrections lead to the incorrect order of
L o+
Distribution in the Gas Phase and Aqueous Phase SFab'h.ty for thelEI.H .conformers. Notg also that the .ZPE and
vibrational contributions to the solvation free energies of the

< Tt Tg conformers become almost averaged out in solution. This
AEok rel(9) 0.00 12.09 10.39 enables us to use metha¥E* ¢ (aq) to estimate the relative
ZPE(9) 79.14 78.61 78.64 populations of the differeni1H and 11H* conformers and
iész(“é;“(g) 8.%)6'02 _11'7638 _91.1;371 _determint_a the most s_table structures in soll_Jtions (after ta_king
Population(d) 100 4% 10°° 2% 107 into consideration their rotational entropy) without performing
AG* 5oy —69.29 —81.00 —78.83 expensive Hessian calculations in solution.
ﬁgi'e'((iq);p 8-82 8-88 8-22 3.2.2. Conformational Analysis of Compountiz-17. We
ZPEE’:Ilq)q 79.08 79.10 7911 also located and analyzed most of the relevant conformers of
AAGo -r0(aq) —17.70 —17.60 —1757 12—17and12H"*—17H*. The results are summarized in Figure
AG*e(aq), I 0.00 0.46 0.97 4 and Table 5. In the gas phase, the lowest-energy conformer
Population(aq) ke 0.70 0.16 0.14 of 12 is similar to 11 and corresponds to a structure with
a-¢ See footnotes to Table 8Numbers in bold illustrate similarity intramolecular hydrogen bonding. In contrast, the most stable
betweem\E*(aq) and more computationally expens&* (aq) Il form of 13is the trans conformer. Note that its gauche conformer
that include frequency calculations in the solvent. (with internal hydrogen bond) is only 0.5 kcal/mol higher in

energy. These results are consistent with previous electronic
structure calculations fdr2 and13.22:32:34Note that the lowest-
energy form of16 adopts one of the gauche conformations
stabilized by CG-H+N hydrogen bonding [se&6(g) in Figure

4]. We also found conformers with similar structures fidy
and17, although with slightly higher energies (by 6:0.3 kcal/
mol) than their lowest-energy trans conformers. This result is
inconsistent with recent MP2/6-3+G** calculation$® showing

that the C-H---N hydrogen-bonded conformer b5 is 3.8 kcal/

mol more stable than one of its trans isomers. To shed light
Figure 4] predominantly exists in a gauche conformation into this inconsistency, we optimized these t\q/o cgnformers of
stabilized by intramolecular NH*---N hydrogen bonding in 19 at the same MP2/6-3#1G** level of theory* as in ref 35.
agreement with previous gas-phase calculat®aéThe two We found that the relatlye energies of the conformers differ by
trans conformations were found to be less stable by 9.2 and!€ss than 0.1 kcal/mol (in favor of the hydrogen-bonded form)
11.0 kcal/mol (Table 4). Conversely, all conformersldiH+* thereby suggesting that the most stable trans forrisofvas

in solution are within 1 kcal/mol of each other. We tested three NOt Previously located.

methods of estimation of the free energies of solvatiohldi*. Conformational flexibility of protonated diamines in the gas
In the first approach [{E*(aq)], we added calculated elec- phase is severely restricted due to formation of intramolecular
tronic energies in the gas phase to the free energies of solvatiorhydrogen bonds [se@1H*(g)—17H"(g) in Figure 4]. The
that were calculated using solution-phase optimized geometries.strength of this interaction can be roughly estimated by the
In the second approach AG*i(aq) 1], we corrected difference in energy between the hydrogen-bonded conformer
[AE*e(aq)] by adding ZPE and thermal corrections to the and the most stable trans conformer (Table 5). It can also be
calculated gas-phase energies. In the third approachcharacterized by the+tN contact distance and-NH+:-N angle
[(AG*e(aq) 1], we corrected AE*¢(aq)] by adding ZPE and  (Table 6). Consistent with previous analysis faiH"—
thermal corrections calculated using solution-phase optimized 13H",3334the internal hydrogen bond becomes stronger upon
geometries to account for solvent effects on molecular vibra- increasing the spacing between the two amino groups from two

followed by gauche [se&l(aq)in Figure 4]. These results are
consistent with Raman spectroscopic investigafibasd recent
molecular dynamics simulatiof® (with explicit SPC/E water
molecules) of 1,2-ethanediamine in solutions showing a pre-
dominant population of the trans conformation. Note that
previous MP2/6-31G** calculations ohl (with inclusion of
solvent effects through interactions with the solute dipole
moment) did not predict the correct order of stability of its
gauche and trans isomers in solutf§n.

The partially protonated 1,2-ethanediamine [$&&it(g) in
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12(g) 12(aq) 12H*(g)

14(aq) 14H*(g)
A N
[ ¥ s L—‘
15(g) 15(aq) 15H*(aq)

17(aq) 17(g) 17H(g) 17H*(aq)

Figure 4. Lowest-energy structures of neutral and protonated alkyldiamines in the gas phase and aqueous solution.

to four carbon atoms. Conversely, it becomes weaker with the A similar trend has been observed for the electronic binding
replacement of the two amino hydrogen atoms by methyl groups. energies of complexes of protonated amines with neutral
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TABLE 5: Calculated? Relative Energies (kcal/mol) for the
Most Stable® Trans and Gauche Conformers of 1+17 and
11H—=17H"

neutral® protonated
no. base gas phase gasphase aqphase
11 1,2-ethanediamine 1.10 10.39 0.41
12 1,3-propanediamine 1.13 16.23 0.42
13  1,4-butanediamine —0.53 20.02 1.41
14  N,N'-dimethyl-1,2- 1.58 9.33 0.61
ethanediamine
15 N,N,N',N'-tetramethyl-1,2- —0.28 8.98 1.20
ethanediamine
16 N,N,N',N'-tetramethyl-1,3- 0.18 13.44 1.81
propanediamine
17 N,N,N',N'-tetramethyl-1,4- —0.13 15.71 2.53

butanediamine

@ The structures of the most stable conformers are shown in Figure
4.°The plus (minus) sign indicates that the lowest-energy form adopts
a gauche (trans) configuratiohThe relative energies of the less stable
gauche conformers df1—17 in agueous environment are not shown
because the exhaustive conformational search of higher-energy isomers
was not performed.

[ L.

22H+(g)

TABLE 6: Geometric Parameters of Neutral and
Protonated Aliphatic Diamines That Possess Intramolecular
Hydrogen Bondg

neutral protonated

gas phase gas phase ag phase
no. H-N N—H-*N N:H N—=H:N N-<H N-—H-:-N

11 2509 1035 1.878 1235  2.738 975 "
12 2295 1251 1645 1505 1.973  139.9 23(g) 23H(9)

13 2106 1485 1543 16538 1717 161.6 Figure 5. Lowest-energy structures of selected neutral and protonated

15 1.930 125.7 2.318 1135
16 1702 1543 1810 1512 , : ,
17 1611 1710 1700 1693 alkyl chains and replacement of amino hydrogen atoms with

methyl groups.
As shown in Table 8, the second acidity constani&fpof
11-17 are also in excellent agreement with experimental

iral diami 81 17 in Fi 4 wruct measurements when the calculations are carried out using
neutral diamines [se#1(aq)-17(aq)in Figure 4] are structur- solution-phase optimized structures. Note that the calculations

ally similar and correspond to all-trans conformations. These of pKao values are of accuracy comparable with those Kfip
structures are better exposed to the solvent and thus have highey,es. This result is surprising given the fact that calculations
solvation energies. Conversely, the most stable conformers for

the protonated diamines [s@dH"(aq)—17H" (aq) in Figure olume ratios tend to be less accurate unless explicit water
4] maintain their hydrogen-bonded conformations in solution. olecules are added to the solute to account for specific
Howeve_r, th_e hydrogen-bonding interactions are significantly jnteractions. However, as shown by Pliego and co-workers,
weaker in this case, as shown in Tables 5 and 6. the effect of explicit water molecules on calculated solvation
3.2.3.pKq Prediction for AlkyldiaminesTable 7 lists the gas-  energies of ammonium and alkylammonium ions is relatively
phase deprotonation free energies for the partially {Bahd small. Thus, one can obtain reasonably good results without
fully protonated (BH?") diamines and their solvation free using explicit water in this case.
energies. These were calculated using the lowest-energy con- 3.3. Aminoamides.Aminoamides 18—23) can act as both
formers in the aqueous solution. Table 7 shows that geometryproton donors and proton acceptors and form intramolecular
optimization in solution is critical for partially protonated hydrogen bonds. The most stable forms of the neutral and
diamine systems with intramolecular hydrogen bonds but has aprotonated species of 2-aminoacetamid8) (are depicted in
smaller effect on the neutral and fully protonated diamines with Figure 5. Similar structures with NH+-*N and N-H*---O
all-trans conformations. The calculate® values of11—-17 hydrogen bonds are also found for the neutral and protonated
are listed in Table 8. Note the excellent agreement between thespecies 0fl9—21. In contrast,22 and 23 only exhibit intra-
calculated and measurégK, values when geometry optimiza-  molecular hydrogen-bonding interactions in the protonated state
tion in the solvent is carried out. For six of the alkyldiamines (Figure 5). The solvent does not change the most stable gas-
evaluated in this study, the mean absolute error betweenphase hydrogen-bonded conformations of neutral and protonated
calculations for the firstida (pKa) is ~0.3 Ka units. The largest ~ aminoamides.
deviation is~0.7 Ka units. Conversely, the mean absolute error  Table 9 highlights the effects of solutsolvent interactions
increases to~0.7 K, units (with the largest deviatiorn1.2 on the geometric parameters of the hydrogen-bonded conforma-
pKa units) when gas-phase optimized structures are employedtions. Note that replacing the amide hydrogen atoms with methyl
in the K, calculations. Note that these calculations reproduce groups reduces the length of the-N*---O hydrogen bond.
the observed increase in th&pof alkyldiamines with longer Conversely, this bond increases when the amine hydrogen atoms

aBond lengths in A, angles in deg.

amines*? In the aqueous phase, the lowest-energy forms of the

involving ions with multiple charges and/ or high charge-to-
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TABLE 7: Calculated Free Energy Contributions? (kcal/mol) to pK, Values for 11—-17 and 11H—17H"

AG® oo AG®y o AG* 5o (B) AG* o (BHY) AG* o (BH22Y)

no. (BHY) (BH2Y) no aq opt aq opt no aq opt aq opt no aq opt aq opt
11 221.17 104.57 —11.09 —11.37 —67.0 —69.3 —240.1 —240.8

12 228.09 119.37 —10.95 —10.77 —61.6 —62.6 —222.1 —222.8

13 232.36 130.06 —11.46 —11.26 —58.6 —59.3 —208.4 —208.8

14 227.15 120.51 —6.13 —6.43 —57.6 —58.9 —213.9 —214.9

15 231.25 130.04 —3.37 —3.43 —50.5 —51.2 —194.4 —195.1

16 235.37 141.35 —-3.09 —-3.25 —47.6 —47.5 —182.5 —182.9

17 237.31 151.99 —2.91 —-3.12 —45.8 —45.9 —-172.1 —172.7

a Calculated thermodynamic data correspond to the lowest-energy acid/base pair in aqueous solution.

TABLE 8: Calculated and Experimental First and Second prediction of K, values. Table 10 shows excellent agreement
PKa Values of Aliphatic Diamines, 1117 (within 0.3 K, units) between the calculated and experimental
PKa1 pKaz pK, of the amidoamines when they are optimized in solution.

Conversely, the mean deviation between the calculated and
measured I§, increases by a factor of 4 when the aminoamides
are optimized in the gas phase.

no. noagopt agopt expt noagopt agopt expt

11 8.66 9.89 9.910.2 8.44 7.10 6875
12 9.83 10.52 10.x10.7 10.10 9.59 839.0
13 10.40 10.82 10.710.8 10.04 9.69 9:69.6

14 9.79 10.25 9.910.3 7.80 7.44 6875 4., Conclusions

15  9.60 9.81 9.692 570 555 5659 . . . . .

16 1065 1031 9.79.8 7.47 754 7577 In this article, we couple density functional theory with a
17 10.94 10.66 8.93 9.04 Poissor-Boltzmann continuum solvent model to calculate the

aA range of experimental K values is shown to estimate the acidity constants (8, of aliphatic amines, diamines, and
accuracy of experimental data compiled in ref 43; the estimated aminoamides in aqueous solutions. These compounds are
uncertainty is£0.1-0.3 K, units. building blocks for several classes of dendrimers. The calcula-

tion protocol is grounded in a well-defined computational
are replaced by methyl groups. These results are consistent witiframework with only one adjustable parameter: the free energy
the electronic effect of the methyl group. FR22H*, hydrogen- of solvation of the proton (H). No empirical correction terms
bonding provides the strongest stabilization. In this case, six were employed in the calculations. A key step in th€, p
heavy atoms form a cyclic conformation that allows almost a calculations was to locate the relevant low-energy conformers.
linear arrangement of the three atoms in theH\ ---O bond. Conformational analysis of 1,2-ethanediamine suggested that
The calculated I§, and relevant thermodynamic data 8- the relative populations of different isomers in the aqueous phase
23 are presented in Table 10. The calculated deprotonation freecan be determined from the relative electronic energies,
energies in the gas phase increase with the number of methylAE* ¢(aqg), without performing time-consuming Hessian cal-
groups bonded to the amine or amide group. Conversely, theculations in solution. The results establish that the lowest-energy
solvation free energies fdi8—21 and18H"—21H" follow the conformations for neutral alkyldiamines in the gas phase are
opposite trend as observed for mono- and diamines. Interest-not generally the most stable structures in agqueous solution, in
ingly, the calculated I§, values do not exactly follow either of ~ agreement with recent MD simulations in explicit solvent and
those trends. Here again, we would like to emphasize the critical experimental data for 1,2-ethanediamine. However, even if the
role of solution-phase geometry optimization for accurate intramolecular hydrogen bond is maintained in solution, such

TABLE 9: Geometric Parameters of Neutral and Protonated Aminoamides That Possess Intramolecular Hydrogen Bongls

neutral protonated
gas phase ag phase gas phase ag phase
nO.b H...N N*H"'N H...N N*H"'N H...O N*H“'O H...O N*H"'O
18 2.247 106.2 2.396 102.1 1.707 126.2 2.050 1145
19 2.272 105.7 2.372 102.6 1.769 125.0 2.271 101.9
20 2.205 110.0 2.333 105.6 1.736 126.3 2.252 103.4
21 1.671 128.4 2.162 104.4
22 1.471 163.0 1.855 148.1
23 1.683 146.5 1.964 133.8

aBond lengths in A, angles in deChemical names and formulas 8—23 are given in Figure 2 and Table 10.

TABLE 10: Calculated Free Energy Contributions? (kcal/mol) and pK, Values of Aminoamides, 18-23

AG* 5o (B) AG* 5oy (BHY) PKa

no. base AGg°(BH")  noaq opt ag opt no aq opt ag opt noagopt agopt Pexpt
18  2-aminoacetamide 210.56 —13.93 -—-1464 —-78.19 —80.63 6.67 7.73 7.95
19  2-methylaminoacetamide 21748 -12.12 —12.70 —70.67 —72.74 7.56 8.43 8.31
20  N-methyl-2-methylaminoacetamide 219.73 —-9.66 —10.68 —65.49 —68.17 7.21 8.23 8.24
21 N,N-dimethyl-2-methylaminoacetamide 225.22 —9.45 —-10.42 —-61.38 —63.46 8.37 8.98 8.82
22 N-(2-aminoethyl)acetamide 22534 —15.09 -—14.66 —65.44 —68.27 7.31 9.49 9.25
23 3-dimethylaminopropionamide 231.27 —1255 —13.38 —58.94 —59.97 8.75 8.69

a Calculated thermodynamic data corresponds to the lowest-energy acid/base pair in aqueous sBleftid8: an average uncertainty of
experimental data ix 0.1 K, units.
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as in18—21 and11H*—23H™, geometry changes upon solva-
tion are usually significant and subsequent changes in solvatio
energies are not negligible.

The use of solution-phase optimized geometries gives cal-

culated K, values in excellent agreement with experimental
measurements. The mean absolute erretQs K, unit in all
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find that geometry optimization in solution is essential for
making accurate K, predictions for systems possessing in-
tramolecular hydrogen bonds.
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