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The conformational study on neutral and zwitterionic L-alanines (N-Ala and Z-Ala. respectively) and the
transition state (TS) for their interconversion is carried out using ab initio HF and density functional BSLYP
methods with the self-consistent reaction field method in the gas phase and in solution. At both the HF and
B3LYP levels of theory. the local minimum N1 for N-Ala is found to be most preferred in the gas phase and a
weak asymmetri¢ bifurcated hydrogen bond between the amino hydrogens and the cartbonyl oxygen appears to
plav a role in stabilizing this conformation. The local minima N2a and N2b are found to be the second preferred
conformations. which seem to be stabilized by a hydrogen bond between the amino nitrogen and the carboxyvlic
hyvdrogen. The relative stability of the local minimum N2b is remarkably increased in solution than that in the
gas phase. The local minimmun N2b becomes more stable than the local minimum N2a in most of the solution.
On the whole the relative free energies of Z-Ala and TS become more lowered. as the solvent polarity increases.
N-Ala prevails over Z-Ala in aprotic solutions but Z-Ala is dominantly populated in ethanol and water. In
aprotic solutions. the population of Z-Ala increases somewhat with the increase of solvent polarity. The barrier
to Z-Ala-to-N-Ala interconversion increases on the whole with the increase of solvent polarity. which is caused
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by the increase of stability for Z-Ala.
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Introduction

L-Alanine exists as a zwitterion in the crystal'- and in
aqueous solution.> whereas it has a neutral form in the gas
phase ™" as known for other amino acids. Because the
zwitterion possesses an extremely high electric moment. it is
very soluble in water but nearly insoluble in organic solv-
ents.” However. the neutral form has a greater affinity for
organic solvents than for water. due fo the relatively smaller
electric moment.* It was suggested that the concentration
ratio of zwitterions to neutral molecules should decreases. as
the dieletric constant (7.e.. the polarity) of the solvent is
lowered ’

Considerable quanhun chemical computations have been
carried out on the conformational preferences of neutral
alanine in the gas phase.*!" and neutral and/or zwitterionic
alanines in aqueous solution'*'*'*-! and in a KBr matrix ---*
For most of the previous works in solution. solvents were
considered as a continuum and the self-consistent reaction
field (SCRF) methods were emploved to calculate solvation
free energies.!**1®=* A few works have adopted the
models of zwitterionic'™~" or neutral-" alanine with explicit
waters embedded in a SCRF.

In the gas phase. the most preferred conformation and up
to 13 local minima for the neutral alanine were identified
depending on the levels of theory and starting structures.
In particular. the zwitterionic alanine can be located as a
local minimum at the HF/6-31G(d) level of theory. but it is
not a local minimum at B3LYP/6-31+G(d) and B3LYP/6-

311++G(d.p) levels of theory.' It was suggested that at least
two water molecules are needed to form a stable alanine
zwitterion-water cluster in the gas phase *” The zwitterionic
form was found to be more stable than the neutral form
when the solvation shell reaches eight water molecules.-’

In water. the zwitterionic alaning was found to be more
stable by about 3-4 kcal/mol in free energy than the neutral
alanine using polarizable continuum models.'*" There are
limited works reported on the interconversion between
neutral and zwitterionic alanines in water~*-* and in organic
solvents.™ in which only representative conformations of the
neutral alanine were emploved.

We studied here all feasible conformations for neutral and
zwitterionic L-alanines and the transition states for their
interconversion at the HF and B3LYP levels of theory with
the conductor-like polarizable continuum model (CPCM) in
solution in order to investigate their relative populations and
interconversion with the increase of solvent polarity.

Computational Methods

Chemical structure and atomic labels of L-alaning are
shown in Figure 1. All ab initio HF and hybrid density
functional B3LYP calculations were carried out using the
Gaussian 03 package*® The 13 local minima of L- and D-
alanines optimized at the HF/6-311++G(d.p) level of theory'”
and the 9 local minima of Ac-L-Ala-NHMe optimized by the
ECEPP/2 force field”’ were used as starting conformations
for optimization of the neutral L-alanine (N-Ala) at HF/6-
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Figure 1. Chemical structure and atomic labels for L-alamine.

31+G(d) and B3LYP/6-31+(G(d) levels of theorv in the gas
phase. The local minina at these HF and B3LYP levels of
theory were edited by the GaussView™ to obtain the starting
structures for optimization of the zwitterionic L-alanine (Z-
Ala) in the gas phase. After optunization. a single local
minimum for Z-Ala was located at the HF/6-31+G(d) level
of theory. but no stationary point was found at the B3LYP/6-
31+G(d) level of theory, as seen previously.”> The transition
state (TS) between N-Ala and Z-Ala was located using the
Svnchronous Transit and Quasi-Newton (STQN) method™
with the QST3 option of the Gaussian 03*" at the HE/6-
31+G(d) level of theory. N-Ala with a similar configuration
of amino and carboxvlic groups to Z-Ala was chosen as
initial structure in generating the TS structure,

We emploved the conductor-like polarizable continuum
model (CPCM).>"** implemented in the Gaussian 03 pack-
age.”® to compute solvation free energies (AGs,) at the HF/
6-31+G(d) level of theory with the united atom Kohn-Sham
(UAKS) cavities, which are the united atom topological
model (UATM) radu optimized at the density functional
PBE(/6-31G(d) level of theory.>*>* The solvation free energy
1s the sum of the electrostatic free energy and the non-
electrostatic energy terms.” The latter is composed of the
cavitation, dispersion, and repulsion energy terms. For
CPCM-UAKS calculations. the default average areas of 0.2
A° for tesserae were used. The solvents considered here are
chloroform. dichloroethane. ethanol. acetonitrile. DMSO.
and water. whose dielectric constants are 4.9. 10.4. 24.6,
36.6. 46.7. and 78.4 at 25 °C, respectively.” Recently. the
CPCM-UAKS calculations for a munber of neutral and
charged organic molecules at the HF/6-31+G(d)/HEF/6-
31+G(d) and HF/6-31+G(d)//B3LYP/6-31+G(d) levels of
theory provided hydration free energies in agreement with
available experimental data.*®

All local nuimima for N-Ala optimized at HF/6-31+G(d)
and B3LYP/6-31+G(d) levels of theory n the gas phase
were used as starting structures for optimizations at CPCM
HF/6-31+G(d) and CPCM B3LYP/6-31+G(d) levels of
theory in solution. respectively. Z-Ala and TS optimized at
the HF/6-31+G(d) level of theory in the gas phase were used
as starting structures for optimizations at both the CPCM
HF/6-31+G(d) and CPCM B3LYP/6-31+G(d) levels of
theory in solution. The B3LYP/6-311++G(d.p) single-point
energies were calculated for all local minima and transition
states of L-alamine located at CPCM HF/6-31+G(d) and
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CPCM B3LYP/6-31+G(d) levels of theory n solution.

Vibrational frequencies were calculated for all stationary
points at both the HF and B3LYP levels of theory in the gas
phase and n solution, which were used to compute enthal-
pies and Gibbs free energies with the scale factors of 0.89
and 0.98 at HF and B3LYP levels of theory, respectively, at
25 °C and | atm. These scale factors were chosen to repro-
duce expenimental frequencies for the amide I band of N-
methylacetamide in Ar and N> matrixes.>” The zero-point
energy correction and the thenmal energy corrections were
used to calculate the enthalpy (H) and entropy (S) of each
conformation. ™™ The analysis uses the standard thermo-
dynamic expressions for an ideal gas m the canonical
ensemble. Each transition state was confumed by checking
whether it had one imaginary frequency after frequency
calculations at both the HF and B3LYP levels of theory. The
relative total free energy (AG) for each conformation in
solution was computed by taking the sum of the relative
conformational free energy (A£.), the thermal contributions,
and the entropic contribution. The relative conformational
free energy (AE.) 1s the sum of the conformational electronic
energy (Ak.;) and the relative solvation free energy
(AAG;q) In solution. The relative total free energies are used
here to mterpret the population and interconversion between
N-Ala and Z-Ala n the gas phase and in solution.

Results and Discussion

Conformational Preferences in the Gas Phase. Thermo-
dynamic properties of N-Ala. Z-Ala, and their TS calculated
at HF/6-31+G(d), B3LYP/6-311++G(d.p)//HF/6-31+G(d),
B3LYP/6-31+G(d). and B3LYP/6-311++G(d.p)/B3LYP/6-
31+G(d) levels of theory in the gas phase are listed in Tables
l-4. respectively. The conformations of all feasible local
minima and TS found at HF/6-31+G(d) and B3LYP/6-
31+G(d) levels of theory n the gas phase are shown in
Figure 2. Their selected bond lengths, bond angles, and
torsion angles optimized at HF/6-31+G(d) and B3LYP/6-
31+G(d) levels of theory in the gas phase are listed in the
Supporting Information.

At the HF/6-31+G(d) level of theory. the 12 local minima
are found for N-Ala in the gas phase (Tables 1 and 2). The
eight local minima of them such as N1. N2b. N4. N3, N8,
NOS. N10. and N11 correspond to the local minima [. 1IB.
[MIB. IVA. VB. VI. VII. and VIIIA for L-alanine found at the
HF/6-311++G(d.p) level of theory. respectively. which are
listed in Tables 2 and 3 of ref 10. The local minimum N2a is
also identified as a local minimum at MP2/6-311++G(d.p)’
and B3LYP/aug-cc-pVDZ'! levels of theory. The confor-
mations of the remaining three local mimima such as N3. N6,
and N7 are similar to those of the local minima N8, N1. and
N4, respectively. except having the different orientations of
amide hyvdrogens. The relative conformational stabilities of
N-Ala in the gas phase are calculated to be in the order N1 >
N3 > N4> N35>N6>N7>N8>N2a=N2b>N9>NI10 >
N11 at the HF/6-31+G(d) level of theory by both the relative
electronic energies (AE.) and free energies (AG). At the
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Table 1. Thermoedynamic Properties of Neutral and Zwitterionic L-Alanines and Their Transition State at the HF/6-31+G(d) Level of Theory

in the Gas Phase and in Solution®

solvent NI N2a N2b N3 N4 N3

N6 N7 N§ N9  NIO NIl Z TS

2as phase AE, 0o 238 247 122 1.36  1.69
AH 0o0 234 238 0 122 132 161
AG 0o0 29 299 108 128 167

180 192 225 714 848 886 2466 2537
168 180 216 702 817 866 2463 23.09
1.83 197 223 701 823 833 2482 2417

CHCl; AE, 000 039 032 09 141 1.30
AH 000 08 067 100 138 126
AG 0.00 124 106 085 09 131

1.23 147 160 469 592 591 776 16.94
1.15 140 156 466 575 585 875 14.63
1.22 144 151 471 579 570 7.86 15.83

CH:CICH:C1 AE. 000 025 015 09 138 119
AH 000 049 030 0% 136 l.l6
AG 000 09 070 082 092 1.16

1.12 138 148 425 3546 534 461 1564
1.04 132 144 424 53] 5.29 565 1334
1.08 135 139 430 353 5105 551 1455

EtOH AE. D00 138 093 100 128 114
AH o0 177 101 108 120 116
AG 0os 208 141 099 000 1.2

0.96 145 470298 489 400 =314 1540
0.81 1.32 S0 303 4920 406 -148 13.H
0.93 133 370327 300 406 -1.18 1306

1
1
1
L14 143 1
1
1
1

CH:CN AE. 010 009 000 1.01 148 121 300 402 321 301 239 1491
AH poo0 023 005 092 135 108 09 127 37 390 49 486 335 1231
AG goo 033 042 076 050 108 100 127 300 39 499 476 347 1372
DMSO AE, 015 012 000 1.07 150 126 115 1.45 S350 409 527 508 239 14.82
AH 00l 021 000 093 132 1.08 093 123 137 393 498 489 330 1238
AG 000 037 038 075 079 09 096 122 128 398 501 474 321 1358
water AE, 0.00 126 067 098 118 09 083 1.3 147 262 430 351 =463 1494
AH 0.00 1.66  0.73 1.09  L10 093 068 1.28 152 265 371 351 =292 1334
AG 000 205 118 104 033 079 08l 1.30 1.41 303 542 362 =260 1467

“AF.. AH. and AG are relative electronic energies. enthalpmes. and Gibbs fTee energies. respectively; units in keal‘mol. AH and AG are calculated at 23

L

d,

N10 NI11

V4 TS

Figure 2. Conformations of all feasible local minuna for N-Ala and Z-Ala and TS found at HF/6-31+G(d) and B3LYP/6-31+G(d) levels of
theory in the gas phase. Conformations N1-N11 are for N-Ala. The local minimum of Z-Ala is denoted by Z.

B3LYP/6-311++G(d.p)//HF/6-31+G(d) level of theorv, the
two local minuna N2a and N2b, however. become more
favored than the local minimum N3 but the relative stabi-
lities of the other local minima are the same as those at the

HF/6-31+G(d) level of theory. The calculated stabilities of
local minima at HF/6-31+G(d) and B3LYP/6-311++G(d.p)//
HF/6-31+G(d) levels of theory are similar to those by the
AE. at HF/6-311++G(d.p) and B3LYP/6-31 1++G(d.p) levels
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Table 2. Thennodynamic Properties of Neutral and Zwitterionic L-A lanines and Their Transition State at the B3LYP/6-311++G(d.p)//HE/6-

31+G(d) Level of Theorv in the Gas Phase and in Solution”

solvent NI N2a N2b N3 N4 N5 N6 N7 N8 N9  NI0O NIl Z TS

gas phase AE, 000 036 040 110 134 135 148 201 229 374 608 701 1735 14358
AH Do 052 031 L1l 130 127 133 190 220 362 378 680 17352 1229
AG 000 093 092 09 106 133 151 2407 227 361 385 668 1771 1337

CHCI; AE, 177 021 000 267 300 278 274 336 343 49 534 589 614 675
AH le2 030 000 254 28 260 250 314 324 478 503 5068 698  4.30
AG 124 033 000 199 202 226 218 279 280 444 469 514 570 5.11

CH:CICH:C1 AFE. 218 025 000 304 338 308 303 367 370 490 529 573 348 580

AH 203 034 000 291 321 29 280 346 351 474 499 5353 437 336
AG 163 036 000 236 237 250 245 309 306 439 463 498 383 417
EtOH AE. L14 0353 000 206 228 19 176 261 267 249 376 329 535 47
AH 106 086 000 206 212 1% 134 240 262 246 372 326 =377 306
AG 071 077 000 137 032 130 126 201 209 230 340 287 387 397
CH:CN AE. 247 017 000 330 364 329 324 391 395 48 323 357 162 323
AH 232 026 000 317 347 311 302 370 377 466 494 337 233 279

AG 195 021 000 262 265 274 268 333 333 435 439 4.9 207 363
DMSO AE, 251 022 000 335 370 334 325 392 399 489 529 563 .36 514
AH 236 031 000 322 351 316 302 370 381 473 500 544 227 270
AG 1.97 029 000 265 261 268 267 331 334 440 4065 49] 179 352
water AE. 142 068 000 234 249 207 192 285 297 241 343 30 660 466
AH 136 103 000 239 2334 19 172 268 297 238 278 299 495 300
AG 091 0% 000 188 112 140 138 225 239 231 403 264 508 387

“See tootnote @ of Table 1.

Table 3. Thermodynamic Properties of Neutral and Zwitterionic L-Alanines and Thewr Transition State at the BILYP/6-31+G(d) Level of
Theory in the Gas Phase and in Solution”

solvent N1 N2a N2b N3 N3 N6 N7 N8 N9 NI1 z TS

gas phase AE. (.00 0.01 (.06 1.09 144 1.66 213 2.33 5.98 7.37
AH (.00 .13 0.17 1.12 1.36 1.49 1.97 223 380 7.09
AG (.00 (.63 (.69 .96 1.46 1.71 2.11 2.32 37 7.10

CHCl» AE. 1.95 0.08 0.00 283 3.08 31l 3.63 3.70 5.78 6.88 4.14 738
AH 1.82 0.06 0.00 274 291 285 3.38 3.52 5.60 6.65 446 511
AG 1.47 0.00 0.08 222 258 2.70 299 3.10 5.30 6.20 4.67 599

CH:CICH:C1 AF. 2.36 0.12 0.00 3.19 340 342 3.95 3.99 5.79 6.80 216 655
AH 224 0.11 0.00 311 324 3.17 3.71 3.81 5.63 6.59 266 427
AG 1.80 021 0.00 253 285 285 321 3.30 5.27 6.08 271 5.09

EtOH AE, 1.44 .28 (.00 2.10 2.32 2.16 281 284 3.57 4.62 =337 3%
AH 1.6} (.00 (.20 2.26 242 1.87 253 2.92 3.65 472 -1.3 477
AG 0.71 1.00 (.00 1.21 1.31 1.16 1.71 1.90 3.02 3.92 =219 324

CH:CN AE. 2.64 (.00 344 3.61 3.64 4.18 4.19 375 6.69 082  6.06
AH 2.52 (.00 3.36 347 340 3.95 4.03 3.61 6.30 1.43 3.78
AG 2.06 (.00 278 3.05 3.03 341 349 323 6.02 1.X 4.61
DMSO AE. 2.70 0.08 0.00 351 3.66 3.66 4.20 4.24 5.84 6.77 0.62 5.97
AH 2.59 0.04 0.00 343 353 342 3.97 4.08 5.70 6.58 1.23 3.69
AG 2.3% 0.00 027 3.09 348 3.35 3.70 3.80 5.59 6.34 146 478
water AE, 1.47 (.00 2.36 2.40 225 2.96 3.03 348 4.39 —4.52 383
AH 1.52 (.00 2.56 245 1.91 270 3.12 3.56 442 240 471
AG 0.71 (.00 1.89 2.03 1.49 217 243 324 403 =303 347

“See tootnote @ of Table 1.
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Table 4. Thenmoedynanmic Properties of Neutral and Zwitterionic L-Alamines and Their Transition State at the B3LYP/6-311++G(d.p)//

B3LYP/6-31+G{(d) Level of Theorv in the Gas Phase and in Solution”

solvent N1 N2a N2b N3 N3 N6 N7 N8 N9 N11 z TS

gas phase AFE, (.00 .03 (02 1.07 1.32 1.46 1.98 225 373 6.95
AH (.00 (.15 0.12 1.10 1.24 1.29 1.82 2113 353 6.08
AG 0.00 0.66 0.64 0.94 1.33 1.51 1.95 223 547 6.69

CHCI; A, 1.96 0.13 0.00 283 301 295 351 3.66 3.56 6.39 6.18 8.24
AH 1.83 0.11 0.00 2.74 2.84 2.69 3.27 347 5.38 6.35 6.49 3.97
AG 1.42 0.00 0.02 2.17 2.45 249 2.81 3.01 5.02 5.85 6.65 6.80

CH:CICH:C1 AL, 2.36 .18 .00 319 33 326 382 3.94 3.36 6.51 428 732
AH 2.24 0.17 .00 311 316 3.01 359 376 340 6.30 4.78 5.04
AG 1.80 0.27 .00 253 277 2.69 309 323 5.04 579 4.83 386

EtOH AL, 147 £).31 .00 2.15 2.26 2.06 274 283 338 437 097 642
AH 1.6} (.00 0.17 228 33 1.73 243 2.89 343 4.44 1.03 518
AG (.74 1.03 (.00 126 1.25 1.03 1.63 1.91 2.83 3.68 0.22 5.68

CH:CN AK. 2.63 0.00 343 353 347 4.05 4.14 5.52 6.40 298 6.77
AH 251 0.00 3.36 339 3.23 3.82 3.98 5.38 6.21 3.59 4.49
AG 203 0.00 278 2.97 2.88 3.28 343 5.00 373 355 331

DMSO AE, 2.6%9 0.12 0.00 351 338 349 4.07 4.19 3.6l 6.48 278 6.68
AH 2.538 0.08 0.00 343 344 3.25 3.84 4.02 547 6.30 340 4.40
AG 2.34 0.00 0.23 3.05 335 314 3.53 3.71 531 6.01 3.58 544

water AL, 1.50 .00 242 234 2.13 2.90 3.03 328 413 -2.11 6.24
AH 1.55 .00 262 240 1.81 2.63 312 3.36 4.16 0.02 311
AG 0.74 000 1.95 1.97 1.39 2.10 243 3.03 378 0.0l 588

“See footnote @ of Table 1.
of theory. respectively.!”

At the B3LYP/6-31+G(d) level of theory, the ten local
minima are found for N-Ala in the gas phase (Tables 3 and
4). In particular. the two local numima N4 and N10 at the
HF/6-31+G(d) level of theory do not exist any longer at the
B3LYP/6-31+G(d) level of theory. as found at the B3LYP/6-
311++G(d.p) level of theorv.'"” The relative conformational
stabilities of N-Ala are calculated to be n the order N1 >
N2a = N2b > N3 > N3 > N6 > N7 > N8 > N9 > N1 at the
B3LYP/6-31+G(d) level of theory by both the AF. and AG
At the B3LYP/6-311++G(d.p)//B3LYP/6-31+G(d) level of
theory. the relative stabilities of local minima are calculated
to be similar to those at the B3LYP/6-31+G(d) level of
theory. except that the local minimum N2b becomes a little
more preferred over the local minimum N2a. In particular,
the calculated stabilities of local minima at B3LYP/6-
31+G(d) and B3LYP/6-311++G(d.p)/B3LYP/6-31+G(d)
levels of theory are quite similar to those by the AF. at both
the B3LYP/6-311++G{d.p) and MP2/6-311++G(d,p) levels
of theory."”

At all the levels of theory emploved here. the local
mininmum N1 for N-Ala 1s found to be most preferred in the
gas phase and a weak asymmetric bifurcated hydrogen bond
between the amino hydrogens and the carbonyl oxygen
appears to play a role in stabilizing this conformation
(Figure 2). whose distances are computed to be 2.68 and
2.87 A at the HF/6-31+G(d) level of theory and 2.68 and
294 A at the B3LYP/6-31+G(d) level of theory. The corre-
sponding values are 2.70 and 288 A at the MP2/6-

311++G(d.p) level of theory.” The local minima N2a and
N2b are found to be the second preferred conformations at
B3LYP/6-311++G(d,p)//HF/6-31+G(d). B3LYP/6-31+G(d),
and B3LYP/6-311++G(dp)//B3LYP/6-31+G(d) levels of
theory. as found at MP2/6-311++G(d.p)’ and B3LYP/aug-
cc-pVDZ! levels of theory. The values of AE, and AG for
the local minuma N2a and N2b are computed to be 0.36 and
0.95 keal/mol and 0.40 and 0.92 keal/mol, respectively, at
the B3LYP/6-311++G(d.p)//HF/6-31+G(d) level of theory.
0.01 and 0.63 kcal/mol and 0.06 and 0.69 kcal/mol. respec-
tively, at the B3LYP/6-31+G(d) level of theory. 0.03 and
0.66 kcal/mol and 0.02 and 0.64 kcal/mol. respectively. at
the B3LYP/6-311++G(dp)/B3LYP/6-31+G(d) level of
theory. These two local minima N2a and N2b seem to be
stabilized by a hydrogen bond between the amino nitrogen
and the carboxylic hvdrogen (Figure 2). with the distances of
2.05 and 2.03 A at the HF/6-31+G(d) level of theory. respec-
tively. and 1.91 and 1.90 A at the B3LYP/6-31+G(d) level of
theory. respectively. The corresponding distance of the local
minimum N2a is 1.96 A at the MP2/6-311++G(d.p) level of
theor_v_7 From electron diffraction,” microwave spectroscopy.’
and matrix-isolation infrared'! experiments. it has been
observed that L-alanine adopts the two most stable confor-
mations N1 and N2a. Our results for the relative stabilities
obtained at the BSLYP/6-311++G(d.p)//HF/6-31+G(d) and
B3LYP/6-31+G(d) levels of theory are reasonably consistent
with these observations. although the difference in energy or
free energy between two local minima N2a and N2b is not
remarkable.
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Although the local mimima for Z-Ala and TS are obtained
at the HF/6-31+G(d) level of theorv. the free energy of
Z-Ala 15 calculated to be higher than that of TS by 0.65
keal/mol at the HF/6-31+G(d) level of theory and 4.34 kecal/
mol at the B3LYP/6-311++G(d,p)//HF/6-31+G(d) level of
theory.

Conformational Preferences in Solution. Thermodynamic
properties of N-Ala. Z-Ala. and their TS calculated at HE/6-
31+G(d). B3LYP/6-311++G(d.p)//HF/6-31+G(d), B3LYP/
6-31+G(d). and B3LYP/6-311++G(d.p)//B3LYP/6-31+G(d)
levels of theory using the CPCM method n solution are
listed in Tables 1-4. respectively. The selected torsion angles
of all local minima and TS m solution and their selected
bond lengths and bond angles n water at the CPCM HEF/6-
31+G(d) and CPCM B3LYP/6-31+G(d) levels of theory are
listed in the Supporting Information. For local minima of N-
Ala and Z-Ala and their TS in solution. there are no
remarkable shifts in torsion angles, /.e. conformations, from
those n the gas phase at both the CPCM HF/6-31+G(d) and
CPCM B3LYP/6-31+G(d) levels of theorv. At both the
CPCM HF and B3LYP levels of theorv. most of the local
minma for N-Ala and Z-Ala and their TS obtained in the
gas phase are retained as stationary points in solution.

At all the levels of theory emploved here. the relative
stability of the local minimum N2b by AG is remarkably
mncreased in solution than that in the gas phase. The local
minimuin N2b becomes nore stable than the local minunum
N2a in most of the solution. In particular. the local minimum
N2a does not exist as a stationary pomt any longer at the
CPCM B3LYP/6-31+G(d) level of theory in acetomitrile and
water.

Although the relative conformational stabilities of N-Ala
by AG are different from solution to solution at the CPCM
HE/6-31+G(d) level of theory. the local minimum NI is
most preferred m most of the solution. except that the local
miimuin N4 is a little favored than the local mininum N1
in ethanol. However, the local mimimum N2b becomes the
most preferred conformation by AG and is followed by the
local minimum N2a at the B3LYP/6-311++G(d.p)//CPCM
HF/6-31+G(d) level of theory in solution. except in ethanol
and water. The local mimima N4 and NI are the second
preferred conformations in ethanol and water. respectively.
which are more stabilized by 0.25 and 0.035 kecal/mol in AG
than the local minimum NZ2a. respectively. At the CPCM
B3LYP/6-31+G(d) and B3LYP/6-311++G(d.p)//CPCM
B3LYP/6-31+G(d) levels of theory in solution. the local
minimum N2b appears to be most preferred. although its
free energy is higher by 0.08 and 0.27 keal/mol than the
local minimum N2a in chloroform and DMSO. respectively.
In particular. the local minimwm NI is found fo be the
second preferred conformation in ethanol. acetonitrile. and
water.

As found in the gas phase. the local minimum N1 for N-
Ala is found to have a weak asymmetric bifurcated hydrogen
bond between the amino hydrogens and the carbonyl oxygen
in solution., whose the shorter distance becomes longer by
0.01-0.02 A in all the solution and the longer distance are
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shortened by 0.01-0.03 A only in ethanol. acetonitrile. and
water at the CPCM HF/6-31+G(d) level of theory. compared
to the values at the HF/6-3 1+G(d) level of theory in the gas
phase. At the CPCM B3LYP/6-31+G(d) level of theory in all
the solution. the former distance is a hittle lengthened by up
t0 0.03 A and the latter distance becomes shorter by 0.01 A,
except by 0.06 A in water.

Inn solution, the two local mmima N2b and N2a seem to be
stabilized by a hydrogen bond between the amino nitrogen
and the carboxylic hydrogen, as seen in the gas phase. At the
CPCM HF/6-31+G(d) level of theory, the hydrogen-bond
distances of these two local minima become shorter by 0.03-
0.04 A in aprotic solutions and a little longer by 0.01 A in
ethanol and water. compared to those in the gas phase. At the
CPCM B3LYP/6-31+G(d) level of theory, these hydrogen-
bond distances become more shortened by 0.06-0.11 A in
solution. Thus, the shorter hydrogen-bond distances of these
two local mimima N2b and N2a seem to play a role in more
stabilizing these conformations over the conformation N1 n
solution. It should be noted that the local minumum N2a does
not exist as a stationary point any longer at this CPCM
B3LYP levels of theory n acetonitrile and water, as discuss-
ed above.

Z-Ala and TS exist as stationary points at both the CPCM
HF/6-31+G(d) and CPCM B3LYP/6-31+G(d) levels of
theory n solution. On the whole the relative free energies of
Z-Ala and TS become more lowered at all the levels of
theory considered here, as the solvent polarity increases. In
particular. Z-Ala becomes more stable than the most pre-
ferred conformations N2b, N2a, or N1 at all the levels of
theory in ethanol and water. except at the B3LYP/6-311++
G(d.p)//CPCM B3LYP/6-31+G(d) level of theory in ethanol.

In water. the relative free energy of Z-Ala to the local
minmmum N1 1s calculated to be -2.60 kcal/mol at the
CPCM HEF/6-31+G(d) level of theory. which was reported to
be —4.48 keal/mol at the B3LYP/6-31G(d) level of theory
using the polarizable continuum model (PCM).'® The relative
free energy of Z-Ala to the local minimum N2b is calculated
to be —3.08 and —3.03 kcal/mol at B3LYP/6-311++G(d.p)//
CPCM HF/6-31+G(d) and CPCM B3LYP/6-31+G(d) levels
of theory. respectively. The corresponding relative free energy
was computed to be —3.13 kcal/mol at the B3PWOS1/6-
31++G(d.p) level of theory with the PCM.

Populations of N-Ala and Z-Ala in Solution. The popu-
lations of N-Ala and Z-Ala n solution are listed in Table 5.
Each population was computed using the normalized
Boltzmann weight by AG in solution. shown in Tables 1-4.
At the CPCM HF/6-31+G(d). B3LYP/6-311++G(d.p)//
CPCM HF/6-31+G(d). and CPCM B3LYP/6-31+G(d) levels
of theory. N-Ala prevails over Z-Ala in aprotic solutions but
Z-Ala is dominantly populated in ethanol and water. In
aprotic solutions. the population of Z-Ala increases some-
what with the increase of solvent polarity. except that the
population of Z-Ala in DMSQ is lower than that in aceto-
nitrile. At the B3LYP/6-311++G(d.p)//CPCM B3LYP/6-
31+G(d) level of theory. N-Ala prevails over Z-Ala in both
aprotic solutions and ethanol. In water. N-Ala is populated
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Table 3. Populations and Ratios of Concentrations for N-Ala and Z-Ala in Solution
level of theorv pop. CHCIL CH-CICHXC1 EtOH CH;CN DMSO water
HF/6-31+G(d) N 100.00 100.00 27.31 99.90 99.86 3.20
Z%" 0.00 0.00 7249 0.10 0.14 96.80
log Kz° —6.09 —1.43 042 =301 -2.84 1.48
B3LYP/6-311++G{d.p)/ N 100.00 99.91 0.34 98.34 97.22 0.04
HF/6-31+G(d) 7% D.00 0.09 99.66 1.66 278 99.96
log A>¢ =444 =303 247 -1.77 -1.54 345
B3LYP/6-31+G{d) No%*? 99.98 99.43 4.69 91.67 95.15 0.90
7% 0.02 0.57 95.31 833 4.85 99.10
log R>¢ =373 =224 1.31 -1.04 -1.29 2.04
B3LYP/6-311++G{d,p)/ No%*? 100.00 99.98 T4.11 99.76 99.86 34.83
B3LYP/6-31+G(d) 7% D.00 0.02 25.89 0.24 0.14 65.17
log A>¢ =520 =378 =0.46 =263 -2.86 0.27
“Population of N-Ala. *Population of Z-Ala. ‘The ratio of the concentrations for Z-Ala and N-Ala; Kz =[Z-Ala]/[N-Ala).
Table 6. Barriers to Interconversion (AG-z—-x) of Z-Ala to N-Ala m Solution”
level of theory CHClI: CH-CICH«C1 EtOH CH:CN DMSO water
HF/6-31+G(d) 7.97 9.04 16.24 10.25 10.37 17.27
B3LYP/6-311++G{d,p)/HE/6-31+G(d) =0.59 0.34 7.84 1.56 1.73 8.95
B3LYP/6-31+G(d) 1.32 2.38 743 322 332 8.50
B3LYP/6-311++G{d,p)/B3LYP/6-31+G{(d) 0.15 1.03 546 1.76 1.86 649
“Uhuts in keal‘'mol.
by ~35%, although Z-Ala 1s dominated in water. 12
The ratios of the concentrations for Z-Ala and N-Ala can 10. i A
be computed using the equation log Kz = [Z-Ala]/[N-Ala] — EoOH
and their values are listed in Table 5. The values of log K- 81 — e
are positive in ethanol and water at the first three levels of 6- — Water
theory and only in water at the fourth level of theory. OQur g
calculated values of 3.45 and 2.04 for log X7 at B3LYP/6- = 4 TS
311++G(d,p)//CPCM HF/6-31+G(d) and CPCM B3LYP/6- 2 ]
31+G(d) levels of theory in water, respectively. are reason- g o
ably consistent with the observed value of 5.41 for «-alanine i
in water.®> The calculated values of 3.45 and 2.04 for log Kz 21
correspond to 99.96 and 99.10% of Z-Ala in water, respec- 4. 7 Ala
tively.
-6

Barriers to Z-Ala-to-N-Ala Interconversion in Solution.
The barriers to Z-Ala-to-N-Ala interconversion (AG*z_y) in
solution are shown in Table 6. The relative free energies of
Z-Ala and TS to the most preferred conformation of N-Ala
at the CPCM B3LYP/6-31+G(d) level of theory in each
solution are plotted in Figure 3.

At all the levels of theory. the value of AG¥;_y increases
on the whole with the ncrease of solvent polarity. The
barriers in ethanol are similar to those in water. although
their values in ethanol are lower than those in water. As the
solvent polarity increases. the increase in barrier to Z-Ala-to-
N-Ala interconversion is caused by the increase of stability
for Z-Ala. as described in the previous section. In particular,
the barrier of —0.39 keal/mol at the B3LYP/6-311++G(d.p)//
CPCM HF/6-31+G(d) level of theory in chloroform indi-
cates that TS lies 0.39 keal/mol below the zwitterionic Z-Ala
and the intermediate is not stable. Therefore. the CPCM
B3LYP/6-31+G(d) level of theory appears to be the most
appropriate method in computing the population and inter-

Reaction coordinates

Figure 3. Relative free energies of Z-Ala and TS to the most
preferred conformation of N-Ala at the CPCM B3LYP/6-31+G(d)
level of theory in solution.

conversion of neutral and zwitterionic L-alanines i solution
by the comparison of the ratios of the concentrations for Z-
Ala and N-Ala in water and the barmrier to Z-Ala-to-N-Ala
interconversion in solution.

At the CPCM B3LYP/6-31+G(d) level of theory. the
barriers to Z-Ala-to-N-Ala interconversion are computed to
be 7.43. 3.22. and 8.50 kcal/mol in ethanol. acetonitrile. and
water. respectively. These barriers were reported to be 3.38
and 3.835 kcal/mol at the B3LYP/6-31++G(dp) level of
theory in ethanol and acetonitrile. respectively.™ and 5.86
kealimol at the MP2/6-31++G(d p) level of theory in water,™
with the SCRF method using multipolar expansions in an
ellipsoidal cavity.
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Conclusions

At both the HF and B3LYP levels of theory, the local
minimum N1 for N-Ala 1s found to be most preferred in the
gas phase and a weak asvmmetric bifurcated hyvdrogen bond
between the amino hyvdrogens and the carbony] oxvgen ap-
pears to play a role mn stabilizing this conformation. The
local mimima N2a and N2b are found to be the second
preferred conformations, which seem to be stabilized by a
hyvdrogen bond between the amino nitrogen and the carbox-
vlic hvdrogen.

Most of the local minima for N-Ala and Z-Ala and their
TS obtained in the gas phase are retained as stationary points
at both the CPCM HF and B3LYP levels of theory in
solution. The relative stability of the local minimum N2b 1s
remarkably increased n solution than that in the gas phase.
The local mmimum N2b becomes more stable than the local
mimumn N2a in most of the solution.

On the whole the relative free energies of Z-Ala and TS
become more lowered. as the solvent polarity increases. N-
Ala prevails over Z-Ala in aprotic solutions but Z-Ala is
dommantly populated mn ethanol and water. In aprotic
solutions. the population of Z-Ala increases somewhat with
the increase of solvent polarity. The barrier to Z-Ala-to-N-
Ala interconversion increases on the whole with the increase
of solvent polarity, which is caused by the increase of
stability for Z-Ala. The barriers in ethanol are similar to
those in water, although their values in ethanol are lower
than those in water.
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