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Conformers of Gaseouso-Alanine
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Receied: Navember 15, 199%

Accurate geometries, relative energies, rotational and quartic centrifugal distortion constants, dipole moments,
harmonic vibrational frequencies, and infrared intensities have been determined from ab initio calculations
for 13 conformers, corresponding to minima on the potential energy surface, of the neutral form of the amino
acido-alanine. The theoretical relative energy predictions, even after zero-point vibrational energy corrections,
differ significantly from the experimental lower limits deduced from millimeter wave spectra. Energetic and
structural results indicate necessary model improvements for a gas-phase electron diffractioncstaldyiofe.

The structural results obtained support the molecular constants measured for two conformers of low relative
energy. The accurate calculated rotational and quartic centrifugal distortion constants and vibrational frequency
data for the other conformers should aid in identification of the conformers by rotational and vibrational
spectroscopies, respectively.

Introduction ment, about 530 K, and determined approximate lower limits
. ) . o . ) for conformational energies relative to that @falaninel of
Amino acids exist as zwitterions in the crystalline state and ._ggg cnt for I1A . ~700 ent? for HIA . and~1200 cnt? for

in solution, stabilized by electrostatic, polarization, and H- (for numbering of the conformers adopted in this study see

bonding interactions. with their enyironmé‘ﬁﬂ In the gas Figure 1). The heavy-atom positions of the most stable
phase, where these intermolecular interactions have no effectqnformers of glycine and-alanine have been determined by
amino acids exist in their neutral forh?. The conformational lijima, Tanaka, and Onum&and by lijima and Beagle}:

flexibility of free, neutral amino acigls is now We.II established respectively, using the technique of gas-phase electron diffrac-
both experimentalfy** and theoretically>"%° This freedom 5y (GED). As far as the structure ofalanine is concerned,

is due to the fact that rotamers of amino acids may form iima and Beagle§? concluded, on the basis of model refine-
intramolecular H-bonds of different strength, while steric strain | ,ants assuming internal rotation only around theGCbond
and repulsion of lone electron pairs have a destabilizing effect. {4t «the vapour ofx-alanine consists of one conformer with a
The conformational changes, resulting from the balance of all high potential barrier around the<C bond”, and consequently
these effects, are accompanied by rather small overall changegarried out their structural refinement for only one conformer.
in the total energy of the system. _ This finding is in contrast to indications of recent MMnd
The interest in the shapes and spectra of the conformationallyap initio'6-34 studies, which suggest the coexistence of several
flexible free amino acids, the building blocks of peptides, the conformers at the temperature of the GED experiment (about
backbones of proteins, stems from at least three reasons: (a500 K). Further experimental studies by low-resolution pho-
the search for the origin and signs of life in cool interstellar toelectron spectroscopy did not yield any conformational
space, which can be aided by careful laboratory investigations information abouta-alanine. Even after an extensive search
of the structures and the related signals of these biomolecules;of the literature no experimental studies, but a matrix infrared
(b) the desire to establish the intrinsic tautomeric and confor- study of prolinet22 on the shapes and spectra of free amino
mational energetics and the underlying potential energy surfacesgcids other than glycine arw-alanine have been found.
and hypersurfaces of these species which probably determine - ajthough there have been a number of nonempirical theoreti-
these characteristics of polypeptides and proteins; and (c) t0¢q) studie®s-39 published on free amino acids, only a few of

stimulate and to provide vital data for the development of better, \hem are exhaustive and dependable. This is due partly to the
more efficient and/or reliable computational methods, whether gjze of these systems and partly to demonstrated prob-

they are nonempirical (like correlated-level ab initio and density |omd6.18.19.27.34ith entry-level theoretical calculations on these

functionaf® techniques) or empirical (like molecular mechanics) species, including, most importantly, the inability of the

In nature. restricted HartreeFock (RHF) level of theory to predict the
Only relatively few experimental studies have been published relative energies of the &H---O and O-H---N H-bonded

on the shapes and spectra of free amino acids. Investigatfons conformers in these systems. Most theoretical studies have been

of the microwave (MW) and millimeter wave (MMW) spectra  published on glycine (for a list of studies published prior to

of glycine, HNCH,COOH, the simplest amino acid, resulted 1992 see ref 18), and only a few studies are available for
in accurate rotational constants for the two conformers of lowest g-alaning?1624.2534 Fyrthermore, none of the latter studies,

energy. The MMW spectrum af-alanine has been identified  except the most recent on¥<534 included results from
and analyzed by Godfrey et &lwho determined rotational and  correlated-level (post-Hartred-ock) calculations. In entry-level
quartic centrifugal distortion constants and dipole moments for (4-21G RHF) ab initio calculations Stiea and co-workers
two conformers corresponding to those identified previously for examined twax-alanine conformers of low relative eneféy®
glycine. Godfrey et al.also estimated relative abundances of and the N-C—C=O0 torsional potential energy curéé In an
certaina-alanine conformers at the temperature of their experi- extensive study at the RHF level Godfrey et®aieported
6-31G** RHF relative energies and several molecular param-
® Abstract published ilddvance ACS Abstract$ebruary 1, 1996. eters of six conformers af-alanine (conformers, I, 1ll , 1V,
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Figure 1. Conformers ofo-alanine considered in this study and their atom numbering.
V, andVI of Godfrey et aP correspond to conformets IIA | Computational Details

1B, INA , IlIB , andVI, respectively, of Figure 1). Csza'® _ _ o
reported limited 6-314+G** MP2 results fora-alaninel , 1A Theoretical computations performed in this study follow a

A , VI, andVII . In their detailed study Gronert and O’H¥it strategy basgd on high-quality ab initio results obtaineql for
located 10 conformers af-alanine and characterized them by 9lycine#® This strategy takes advantage of the observétion
6-31G* RHF and MP2 calculations. Their numbering scheme that in most cases higher order (MP3, MP4, #RECSD, and

is somewhat different from the one employed in this study; their CCSD(T); definitions of these correlated-level ab initio methods
conformersl—10 correspond td, lIA | IlIA | 1IB, IVA, IVB, are given below) contributions to the energy differences of the
B , VA, VB, andVI, respectively, of this study. Cao etZl. conformers of glycine either are small or seem to cancel out;
determined all 13 conformers investigated in this study; their thus, large basis set MP2 calculations should result in highly
conformersl—13 correspond td, IIB, 1A, lIIA , B, IVA, accurate relative energies.

IVB, VA, VB, VI, VI, VIIIA , andVIIIB . Some notable small Several basis sets have been selected for this study. Most of
basis ab initio RHF calculations have been performed byf8cha them contain both polarization and diffuse functions, as the need
and co-workers on larger amino acids, namely, on selectedfor including these functions in the basis set for calculations
conformers of serin&)21 cysteine?? valine?® and threoniné? on hydrogen-bonded systems has long been recogtfiz&tie

and by Sapse et &.on proline. Recently, Gronert and O’ H&ir smallest basis set employed is the 6-31G** bdkisThe
reported results of medium-level RHF and MP2 calculations 6-311-+G** basis{? used most often in this study, contains
for 51 conformers of serine and 42 conformers of cysteine. 181 contracted Gaussian functions (CGFs)dealanine. The
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correlation-consistent, polarized-valence cc-pVTZ, aug-cc-
pVTZ, and cc-pVQZ basis sets of Dunning and co-workets
have also been used in some calculationsiaianine andis-

and transformic acid. (Note that only the augmented (aug)
basis set contains diffuse functions.) The cc-pVTZ and aug-
cc-pVTZ basis sets contain 278 and 437 CGFsdfalanine,

J. Phys. Chem., Vol. 100, No. 9, 1998543

ers belong to th€; point group, while five hav€; symmetry.
The Cs symmetry conformerd (VI, andVII in the notation of
ref 18) have equivalent £hydrogens, and as suggested by the
systematic calculations of this study, upon substitution of one
of them by a methyl group this equivalence is maintained,
resulting in only one corresponding stationary point on the PES

respectively. The same extended basis set as used in a previousf a-alanine. On the other hand, te symmetry conformers

study on glyciné® (denoted here as 7s6p3d2f) has been
employed in some single-point RHF and MP2 calculations. Its
core part was constructed from the 13s8p primitives of
Partridgé® according to (6,3,1,1,1,1) and (4,1,1,1,1) schemes
for the s and p functions, respectively, of the C, N, and O atoms

have nonequivalent £hydrogens, and according to detailed
calculations presented below, upon the=RCHj3 substitution

this nonequivalence seems to be maintained, resulting in two
different a-alanine conformers, corresponding to conformers
lIn, lin, IVn, Vn, andVllin of glycine. Thus, the close

and by a (6s/4s) contraction of the unscaled exponents of correspondence between the conformational behaviaraif-

Huzinagd® for hydrogen and was augmented by three sets of d
and two sets of f functions (3d2f) on C, N, and O atoms, by
two sets of p and one set of d functions (2p1d) on hydrogens,
and by one set of diffuse s and p functions on each atom,
resulting in 436 CGFs foa-alanine. All polarization function
exponents were taken from Dunnifigall diffuse function

nine and glycine results in 13 relevant conformersofalanine.

It is perhaps of general interest to note at this point that during
their conformational search Godfrey et®ahissed more than
half of the stable conformers oft-alanine; Gronert and
O’Hair,3%" despite their own warning about the “need to
undertake a systematic survey of all the reasonable rotamers in

exponents were chosen to be one-third of the lowest related samino acid studies” and their careful search for conformers

and p exponents. All d and f sets of all basis sets, except
6-31G**, where the six Cartesian d functions have been
employed, included only the five and seven pure spherical
harmonics, respectively.

Electronic wave functions were determined by the single-
configuration, self-consistent-field, restricted Hartré®ck
(RHF) method'~4° by second-, third-, and fourth-order Mgler
Plessé®theory, i.e., MP2, MP3, and MP4(SDTQ), by coupled
cluster (CC) methods including all single and double excitations
(CCSD) and in cases, additionally, a perturbative correction for
contributions from connected triple excitations (CCSDEF)p*
and by a density functional (DFT) approach usually abbreviated
as B3LYP3® Extrapolation of the perturbation series to estimate
the infinite-order energy (M, obtained by estimating the exact
correlation energy within a given one-particle basis set) was
performed using a formula suggested by Pople and co-
workers?657 The &1 diagnostic values of coupled cluster
theory*care around 0.013 and 0.017 for the different conformers
of a-alanine and formic acid, respectively, suggesting that both

molecules can adequately be described by single-reference-baseg

electron correlation methods. Foralanine(formic acid) the
six(three) lowest 1s core orbitals and the six(three) highest 1s*
virtual orbitals were kept frozen in all MPand CC treatments
except 6-31++G** MP2(full) geometry optimizations, where

all orbitals were correlated.

The geometrical structures of the conformersosélanine
were optimized at the 6-31G** RHF and at the 6-31H#G**
RHF, DFT(B3LYP), and MP2(full) levels of theory. The
residual Cartesian gradients were in all cases less thad

hartrees/bohr. To determine whether the optimized structures ) . :
P ¢ of the five different types of H-bondsl{-5 of Figure 2) that

correspond to minima on the potential energy surface o
a-alanine and to avoid problems arising from the nonzero force
dilemma®® the 6-318-+G** RHF Cartesian quadratic force

constants were determined at the respective optimized geom-

etries employing analytic second derivative8°

Electronic structure computations were performed with the
program packages ACES %, GAUSSIAN94%2 PS|8 and
TURBOMOLES$* For the calculation of the quartic centrifugal
distortion constants the package ASYM20 was empldyed.

Results and Discussion

The stable conformers af-alanine can be built up perhaps
most straightforwardly from the eight conformers of glycine
(an amino acid with R= H) corresponding to minima on its
potential energy surface (PES).Three of the glycine conform-

employing semiempirical (AM1 and PM3) and entry-level ab
initio (3-21G RHF) calculations, failed to identify three stable
conformers on the PES of-alanine; and only Scifier and co-
workersS located all 13 conformers. The likely existence of
all 13 conformers butlIB is established in the present study
and in ref 25.

Table 1 contains relative (in c) and total (in hartrees)
energies obtained for all the conformers. (See Figure 1 for the
notation applied. The numbering scheme follows that adopted
for glycinel8 that is, numbering of the conformers reflects the
relative energies of the distinotalanine conformers obtained
from 6-31H+G** MP2(full) geometry optimizations, while
in those cases where two conformers belong to the same basic
structure, which formally appear as thendL enantiomer pairs
on Figure 1, the letterd andB following the Roman numbers
are used to distinguish them.) Althougiralanine has 33
independent geometry parameters, structural results are given
in Table 2 only for the 21 most important ones. Table 3 contains
some theoretical and the available experimental rotational and
uartic centrifugal distortion constants and dipole moments.
Harmonic vibrational frequencies, infrared intensities, and
(relative) zero-point vibrational energies (ZPVEs) of @lala-
nine conformers are presented in Table 4. The high-quality ab
initio data presented in Table 5 for the energy difference between
cis- and transformic acid clearly support the computational
strategy employed in this study, as the post-MP2 energy
corrections seem to be always smaller thas0 cnm ™.

Energies. Similarly to glycinel®the relative energies of the
o-alanine conformerk—VIIIB are determined by the interplay

can be formed in these compounds, thevs transarrangement

of the carboxylic functional group6(and 7 of Figure 2), the
steric strain, and the repulsion of lone electron pairs on the N
and O atoms. A rather interesting approximate, qualitative
picture emerges if one completely neglects the effects of steric
strain and lone electron pair repulsion and assigns independent
energy contributions to the H-bonds and the carboxylic func-
tional group. Naturally, H-bonding properties cannot be
ascribed, in the traditional sense, to i@ COOH arrangement.
However, as can be seen from results of high-level theoretical
calculations performed atis- andtrans-formic acid (see Table

5), thecis form has a considerably lower total energy. The
best estimate of the corresponding energy difference is 1550-
(100) cn1?l, where the error attached to the estimate accounts
for the neglect of higher level geometry optimizations, the
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Figure 2. Simple structural units im-alanine conformers.

incompleteness of the basis sets employed, and remaining errord"

in the treatment of electron correlation. The cecere and
core-valence effects, which were shoffrio be important in

several extensive calculations attempting to produce quantitative

energy and property estimates, are predftte have a
negligible effect, 0.7 cmt, on the energy difference between
cis- andtransformic acid, favoring therans form. (Due to
the large size of the basis sets employed, calculation ofcore
core and corevalence effects is rather expensive; thus, they
have not been determined explicitly foralanine but were
assumed to be similarly negligible.) The results of Table Il of
ref 18 and Table 1 of this paper suggest that the following

Cs®za

higher level geometry optimizations, incompleteness of the basis
sets employed, remaining errors in the treatment of electron
correlation, and neglect of coreore and corevalence cor-
relation effects), the only certain statement about the calculated
energy difference between-alaninel andll is that it must be
small. Note, furthermore, that the difference in the zero-point
vibrational energy (ZPVE) corrections (see Table 4).aflanine

I andll, 110 cnt? after correction for the systematic overes-
timation of the frequencies at the 6-3t1G** RHF level, tends

to stabilizea-alainel overll. Thus, this correction puts the
theoretical predictions more in line with the experimental
observations.

A further similarity between the potential energy surfaces of
glycine anda-alanine is that both amino acids have five distinct
conformers below a relative energy value of 1000 ¢mvhile
the remaining “high-energy” conformers corresponding to
inima on the appropriate potential energy surfaces have
relative energies between 1500 and 2400 tnNote also that
while ZPVE corrections increase the effective energy difference
of conformersllA andlIB with respect tol, the vibrational
effects tend to stabilize conforme¥8 —VIII .

It can also be noticed that electron correlation stabilizes all
conformers relative td; that is, the RHF level of theory
overestimates the relative energies of ¢halanine conformers
in all cases. This overestimation is, nevertheless, not completely
systematic. Most importantly, the RHF level fails completely
during prediction of the relative energy BA andIIB . While
in general the difference between 6-31tG** SCF and MP2

energy values can be assigned to the five different H-bonds of energy predictions is only about 300 chfor Il it is above

Figure 2: 1 = —1500 cnt?, 2 = —3000 cn7?, 3 = —1000
cm %, 4 = —1100 cnt?, and5 = —650 cnt®. (These energy

800 cnt,
Recently, Barone et & investigated the conformational

values are in accord, when appropriate, with the qualitative pehavior of gaseous glycine by density functional (DFT)

picture presented by Hu et ¥l.and with the linear regression
analysis estimates of Gronert and O’H##). These data clearly

methods. On the basis of the comparison of results from
different DFT approaches and the high-quality ab initio results

assess the importance of the related bonding effects as follows)ot cgzza 18 they concluded that while standard density

(a) the O-H---N H-bond,2, has the largest stabilization effect;
(b) the stabilization contribution df, the N—H---O H-bond, is
only about half as large as that &f even though it's made up
by two bifurcated H-bonds; (c) the N\H---OH bifurcated

H-bond,3, seems to be even weaker. With the numbers given

above the relative energies of all the glycine amélanine

conformers investigated can be determined. Appropriate sums

of these simple estimates agree within about 250 cmith

the relative energy values obtained from high-level theoretical

computations.

Another important observation is that the energy order of the

conformers ofi-alanine coincides with the order observed for
the eight stable conformers of glycid®. This means, among
other things, that the global minima on the glycine ardlanine
potential energy surfaces havecis COOH arrangement and
two N—H---O H-bonds, while the next lowest energy conformer
has atrans COOH arrangement and an-®i---N H-bond. The
near equivalence of the total energies of confornhehig\ , and

functional methods have difficulties in coping with the subtle
energy differences in amino acids, hybrid functionals, such as
B3LYP %5 have much promise and approach the quality of MP2
calculations at a fraction of the cost. The present 643tG**
B3LYP optimizations support this view. Not only the calculated
geometry parameters but also the energy differences appear to
be of high quality. Thus, use of the B3LYP functional with a
sufficiently large basis may open up the way to studies on related
medium-sized biomolecules, e.g., oligopeptides and their ana-
logues.

At this point it is worth emphasizing that while Godfrey et
al® could observe rotational lines corresponding to conformers
I andllA | they did not report any experimental measurements
for 1IB, a conformer which, according to the present calcula-
tions, should have about the same energy. This is even more
surprising if one considers the fact that the dipole moment of
IIB is as large as that dlA, 5.6 D. The reliability of all

IIB can now be understood as a result of replacing the strongrelevant theoretical data determined ft# strongly suggests

O—H---N H-bond ofll with considerably less stable-NH---O

that it should be possible to observe this conformer by rotational

H-bonds, which, on the other hand, allow for the more stable Spectroscopy. Failure of the observationItB should not

cis COOH arrangement, making up for the difference. It is of

suggest a lack of reliability in ab initio predictions but might

interest to note at this point that at several correlated levels of be indicative of the existence of low rotational barriers, resulting

theory a-alanine IIA is calculated to be more stable than
o-alaninel, at the cc-pVTZ MP2 level by almost 100 cta

All available experimental data (the GED study of lijima and
Beagley! and the MMW spectrum analyzed by Godfrey edal.
suggest that-alaninel is the true global minimum on the
potential energy surface ofalanine. Due to remaining errors
in the relative energy predictions at the MP2 level (neglect of

in fast relaxation following the rotational and kinetic cooling
during the jet expansion experiments. It is noted that in a recent
jet expansion MMW study Godfrey and Brofwguestioned the
reliability of recent ab initio relative energy predictions for the
conformers of free glycine. This author believes that this
scepticism is unfounded and that the lack of observation of
certain low-energy conformers in the vapor of glycine and/or
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TABLE 2: Selected Theoretical (6-31#+G** RHF and MP2) and Experimental (GED) Geometry Parameters for a-Alanine?

VIIIB
RHF MP2 RHF MP%

VIIIA
MP2

Wil
RHF MP2

\!
MP2
1512

1.516
1.452
1.330
1.183

VB VA VB

IVA

A B

RHF

B
RHF

1A

RHF MP2 expt RHF

RHF

RHF

1.517
1.465
1.358
1.208

MP2

RHF MP2 RHF MP2 RHF

RHF

MP2 MP2

MP2

param

I‘(C;[Cz)
I'(C1N3)
r(C10a)

12
120

117
09.

5 14
1 1.3
1.0¢
10¢

2
s

111.2 1089 1118 110

149.3 147.2 169.2 163.7—

5

116.1 116.0 1162 11¢€

123.2 123.0 12

©
©
(o]

1.177 1.204 1.177 1.2

0.946 0.968 0.946 0.946 0.968 0.946 0.968 0.946 0.968 0.946 0.968 0.942 0.964 0.942 0.966 0.942 0.963 0.94% 0.96:
—-6.5

1524 1523 158 1.5
1.445 1.454 1

1.332 1357 1

1.538 1537 1.532 1.5
1.000 1.016 0.998 1.01
1.086 1.094 1.0

108.4 107.7 10

120.7 120.8 126
108.4 107.8 11

112.2 108.7 112
43.7 43.7 333 36.2

—-10.1 —-4.2

1.535
1.452
1.356
1.205
1.528
1.012
117.5
116.5
122.3
121.2
107.9

1.093
107.1

115.4

-7.8
54.8

19.8
—77.8 1654 162.1 156.1 156.1

1531 1.531 1.535
1.441 1.450 1.445
1.335 1.361 1.329
1.177 1.205 1.179
1.533 1.531 1.530
113.3 113.7 116.8
115.7 115.7 117.4
1239 123.8 121.7
120.4 120.5 120.9
109.6 108.3 108.8
-33 -51

57.6 58.0 58.5

—-6.2

1.461
1.357
1.209
1.535
1.016 1.000 1.016 0.997
109.3
111.1
108.8
106.2 112.3 109.0 111.0

125.7
—73.0 —=79.5 —107.7 —104.3 —85.3 —88.3 47.0 425

109.7 110.7 108.8 116.4

135.2—17.4 —23.9 —163.7 —162.5 —33.9 —37.1 —13.8 —19.5
64.4

—47.6 163.8 158.8 17.4
79.0

1.535
1.000
1094
1125
125.0
109.5
108.9
111.2

66.9

1.518
1.015
108.4
110.7
126.3
110.9
106.1
110.0
—48.9
133.4
61.1

131.1

1.086 1.094 1.084 1.092 1.084 1.092 1.086 1.094 1.085 1.093 1.084
—50.6

108.5 107.9 108.8 108.2 108.8
122.6 1234 122.3 123.0 122.3 1230 1225 1231
108.5 107.8 112.7 112.4 111.4
108.8 106.1 108.6 105.8 108.9

1.327 1.353 1.328 1.354 1.331
111.2 109.4 1115 1104 111.1

1514 1.512 1516 1.515 1.518
1.447 1.456 1.447 1.456 1.455
1.183 1.210 1.183 1.210 1.182
1.538 1.537 1.529 1.526 1.521

1.000 1.016 0.999 1.014 0.999
112.3 111.7 112.6 111.8 111.7
125.0 124.8 125.0 125.1 126.0
152.6 150.7 168.2 &4

48.2 479 394 423 60.6

1.525
1.454
1.333
1.183
1.521
1.000
1.084
112.1
111.5
126.4
122.1
111.4
108.9
111.7
60.2

65.2
—56.5 169.8 166.3 161.7 162.6-178.7 —179.5—172.2 —177.8 —60.5 —57.7 —78.0

—179.1 177.0 175.6 177.1 176.9-179.8 —179.9 —179.6 —178.7 —2.8

—175.2-81.8 —84.4 454 440 —-1725-171.6 78.1

1.359
1.015
1.093
122.8
106.0
110.8
44.5
—78.7
177.4
58.1
—59.7

1.000
1.085
122.2

108.9

111.8
45.4

178.3

61.9

1.093
123.4
11.8

138.6 —78.7
99.6

-2.3

1.085

122.2

19.4
90.0

1.353 1.534 1539 1.523 1.520
—4.6

1468 1.460 1.470 1.448 1.457
1.342 1319 1340 1.331

1208 1.180 1.208 1.184 1.211
1527 1526 1524 1530 1.528
1094 110.1 109.4 1146 115.2
114.0 1152 1140 1129 1117
122.6 122.6 122.6 1248 1255
108.1 111.3 1104 109.2 108.6

122.4 1234
18.2
—161.4 —164.4 —163.0 —169.7 —135.9 —137.3 —119.3 —30.1 —32.5 —14.7 —16.9 131.8
—101.0 —101.7 148.0
—-51
915

1.084 1.093
—151.8 —148.7 —149.3 —140.9 —59.4

1.000 1.0161.0141.000 1.015 0.999 1.014
108.9 106.2112.3108.8 104.0 108.7 103.8
86.8

0.946 0.9680.9770.949 0.980 0.949 0.981
1.084 1.092

1.523 1.521 1.507 1.531
1.443 1.452 1.471 1.458
1.329 1.356 1.347 1.319
1.184 1.211 1.192 1.180
1.532 1.530 1.545 1.530
113.3 113.7 110.1 110.3
112.2 111.4 110.3 115.5
109.6 108.3 111.6 108.7

—70.3 —76.6

M(C,NsH)O 110.5 109.2113.3112.1 1116 111.7 111.2

7(C2C104He) 178.7 176.9 180.0 —4.3

7(N3CC104) 166.0 161.3 162.8 20.4
Z(H9N3C2C1) 58.4 57.8

7(N3CC10s) —14.5 —20.5

0(CC1=0s) 125.4 1254 125.6 122.0
7(CgC2C104)

0 (O4C1=05) 122.4 123.1

I'(Cl=05)

r(O4He)

r(C2Cs)

m(NH)O

m(CH)O

0(CiC2N3)

0(CxC104)

0(C1CxCs)

(C104Hs)

7(H10N3CC1) —60.2 —58.4

aDistances i) in angstroms; anglesl andr) in degrees? Reference 11. For uncertainties of the parameters determined see the original publication. Parameters printed in italics were assumed and r

refined.
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a-alaine should be attributed to the existence of low-barrier
relaxation pathways if sensitivity problems can be ruled out.

Partly on the basis of the measured dipole moment compo-
nents for conformersandIlA and the observed integrated areas
of the strongest lines in the MMW spectra of the conformers,
Godfrey et aP report the following experimentally determined
approximate lower limits for conformational energies relative
to those of-alaninel: IIA = ~800 cnt?, IIIA = ~700 cnt?,
andVI = ~1200 cntl. Thus, Godfrey et al. contributed the
relatively easy detection af-alaninellA to its large dipole
moment (see, however, comments in the preceding paragraph).
All the experimental estimates of Godfrey efake significantly
different from the high-quality correlated-level ab initio relative
energy predictions of this report: the present calculations predict
the energies oft-alaninel andll to be about the same, while
for conformerdlll the theoretical predictions are considerably
lower and forVI considerably higher than their experimental
counterparts. Although it is rather uncertain what error limits
should be attached to the theoretical values, a somewhat
conservative estimate would Be200 cnt?, suggesting that the
differences between theory and experiment deserve further
study.

Itis also clear from the data of Table 1 that once a sufficiently
flexible basis set (such as 6-3t+G**, applied throughout
this study and in ref 18 as one of the smallest basis sets) is
used for optimization of the geometry of the different conformers
of glycine anda-alanine, the choice of reference geometry
selected for the subsequent single-point energy calculations is
rather irrelevant. For example, Table 1 shows that, with the
6-311++G** basis set used throughout, for conforméiig ,

IVA, IVB, VI, VIl , andVIIIA of a-alanine the differences
between the relative energies at the RHF/RHF and RHF//
MP2(full) levels (where // means “at the geometry of”) are a
mere+22, —9, —12, +7, +30, and—11 cnt?, respectively.
Furthermore, if one compares the MP2//MP2 and MP2//RHF
results, it turns out that the differences are comparably small,
spreading from—8 (IVB) to +29 cnt? (VII). All these
differences are small and certainly much smaller than the
expected error limits of these calculations. Thus, they can be
regarded as insignificant. The RHF//RHF and RHF//MP2, and
the MP2//IMP2 and MP2//RHF, energy differences between
conformerd andll of a-alanine are always around 130 thn
These differences, though still rather small, appear to be less
tolerable. Thus, one can conclude that single point MP2
energies obtained at HF geometries for amino acids, at least
for glycine anda-alanine, are rather accurate, as conventional
wisdom would imply. As detailed in ref 16, these results help
to clarify some recent statements of Frey and co-wofkefsout

the imprecision of RHF geometry optimizations of amino acids
and their claim that single-point MP2 energies obtained at RHF-
optimized geometries are “potentially highly inaccurate”. The
extensive relative energy results of Gronert and O'#M&ir
obtained for a number of alanine, serine, and cysteine conform-
ers also support the view that the warnings of Frey ét akere
somewhat unfounded. It is now obvious that although RHF
theory completely fails in predicting the energy difference
between N-H---O and O-H---N H-bonded conformers, for the
other, less important, conformers the predicted relative energies
seem to be reasonably accurate.

In summary, all the new and previd@gheoretical results
seem to indicate that there is a great similarity between the
conformational behavior of glycine (an amino acid with=R
H) and a-alanine (R= CHy).

Geometries. As expected and revealed in Table 2, changes
in bond lengths among the conformerscehlanine are rather
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TABLE 3: Theoretical (RHF, DFT(B3LYP), and MP2) and Experimental Rotational Constants, Quartic Centrifugal Distortion
Constants, and Dipole Moments ofo-Alanine?

| IIA 1]=] A 1B IVA
param RHF DFT MP2 expt RHF DFT MP2 expt RHF DFT MP2 RHF MP2 RHF MP2 RHF MP2

A/MHz 5160.0 5055.4 5084.8 5066.1 5079.4 4951.6 5003.8 4973.1 4983.9 4855.6 4872.1 5144.5 5078.4 5163.7 5125.0 5165.7 5063.6
B/MHz 3136.1 3037.8 3053.9 3100.9 3182.5 3218.0 3202.7 3228.3 3456.6 3408.7 3447.6 2859.2 2839.4 3219.5 2889.0 3061.2 3028.5
C/MHz 22839 2262.8 2305.6 2264.0 2370.5 2284.5 2351.0 2307.8 2172.0 2149.9 2175.0 2525.7 2503.8 2226.0 2400.0 2374.4 2381.3

DykHz 1.552 1.567 1.253 1.411  0.469 2.771 2.428 1.620
(1.261) (1.021)
Dy/kHz —0.931 ~1.064 —0.157 —0.335 2.706 ~1.588 —1.666 —0.986
(—0.725) 0.109)
Dx/kHz 1.038 0.87  0.561 0.84 —1.861 0.529 1.056 1.115
(0.844) (0.469)
dy/kHz —0.584 —0.571 —0.335 —0.408 —0.250 —0.483 ~1.022 —0.606
(—0.471) 0.270)
do/kHz  —0.446 —0.446 —0.335 —0.395 —0.119 —0.965 -0.776 —0.448
(—0.358) -0.268)
/D 0.6 0622 5.4 4924 50 0.2 0.7 0.9
wD 1.2 160 1.4 14 24 1.2 1.3 2.2
u/D 05 0.339 0.5 0.279 0.4 1.3 0.2 0.1
wolD 1.4 18 56 513 56 1.8 1.4 2.4
VB VA VB Vi Vil VIIIA VIIIB

param RHF MP2 RHF MP2 RHF MP2 RHF MP2 RHF MP2 RHF MP2 RHF MP2

AMHz 51451 50321 5188.8 5073.0 51235 5035.7 5102.3 5046.8 5048.6 4988.0 5112.3 5029.2 5078.6 4974.9
B/MHz  3368.7 3377.7 33420 3341.3 2889.5 28925 31239 30209 3151.7 3101.7 3033.6 29822 3379.4 3391.3
C/MHz  2177.8 2159.6 2188.8 21735 25419 2520.2 2301.9 23247 2299.3 2296.9 2406.1 24137 21756 2146.6

DykHz  0.676 0.774 1.738 1.392 1.842 2.068 0.679
Di/kHz  1.423 0.926 —0.029 —0.643 —0.708 —1.618 2.504
Dk/kHz  —0.598 —0.166 0.012 0.803 0.420 1.263 —1.790
di/kHz —0.317 —0.338 —0.327 —0.492 —0.608 —0.767 —0.324
do/kHz —0.142 —0.163 —0.520 —0.386 —0.591 —0.618 —0.198
uaD 0.6 0.7 2.2 17 3.6 3.1 3.3
up/D 15 1.9 0.2 2.7 2.6 3.5 2.9
udD 1.7 1.7 1.9 1.7 0.7 13 2.3
o/ D 2.4 2.7 2.9 3.6 4.5 4.9 4.9

a All theoretical values were obtained with the 6-31tG** basis set. The quartic centrifugal distortion (QCD) constants correspond to Watson’s
Sreduced Hamiltonian. The theoretical QCD constants reported in parentheses were obtained from unscaled quadratic force fields. All other
QCD constants were obtained from crude S®@Rforce fields with scale factors of 0.9 for all stretches and 0.8 for all beh@sference 9. For
uncertainties of the rotational and QCD constants and dipole moment components see the original publBa¢idootnoteb to Table 1.

small. Still, the spread of bond distances for all characteristic to glycinelp.1® Note that the CCN angles of the conformers
single bonds (EN, C—0, C-C) is larger than 0.02 A. The of a-alanine seem to be smaller by about® than the CCN
most significant differences can be observed betweenthid C  angles of the respective glycine conformers.

and C-O distances ofi-alaninel andIl. There are some In contrast to all other conformen$lB might not correspond
notable changes among the bond angles; probably most importo a minimum on the true potential energy surfaces (PES) of
tant is the dependence of the CCN and CCO angles on thea-alanine. The PES is extremely flat around B minimum,
orientation of the NHand OH groups, respectively. The CCN and position of the minimum greatly depends on the level of
angle changes between 107(YIIIA ) and 117.8 (VII ), while theory at which it is located. Cao et @&ldid not recognize

the CCO angle changes between 1114 and 116.5 (VII ). this and speculated that “at the MP2 computational level [this]
While part of this spread in the bond angles should be attributed conformer is in good agreement with [a] set of [experimental]
to sizable through-space repulsions, thens-angle rule pro- rotational constants and dipole moments”. However, as Table
posed by Rsinen et al8® stating that “if in a conformer of a 3 shows, the fortuitous agreement between experiment and the
primary alcohol or amine a CC or CH bondtiansto an XH 6-311G** MP2 rotational constants disappears if diffuse func-

bond (X= O,N), the corresponding XCC or XCH angle will tions are added to the basis. Thus, it appears that there is no
be considerably smaller than that for other configurations”, is ambiguity in assigning the measured rotational constants to
clearly valid for the conformers ofi-alanine. For example,  conformerllA .
the CCO angle of is 111.4, while that oflIA is 114.0, in The only experimental attempt so far to determine geometries
agreement with thetfans’ vs “cis’ arrangement of the CC bond  for a-alanine conformers is the GED study of lijima and
as compared to the OH bond. The tilt and asymmetry of the Beagley!l:® During determination of the structure of the lowest
methyl group are similar to those described by Boggs & al. energy conformer oft-alanine lijima and Beagley concluded,
in asymmetric environments. on the basis of model refinements assuming internal rotation
Comparison of Table 2 of this study and Table Il of ref 18 only around the €C bond, that “the vapour oé-alanine
suggests that there are only a few characteristic differencesconsists of one conformer with a high potential barrier around
between the structures of the related conformera-afanine the C-C bond”, and consequently, they carried out the structural
and glycine. Structural changes, especially in the bond lengths,refinements assuming the presence of only one conformer in
seem to be rather small, never larger than about 0.005 A. Thesehe gas, that of conformdr. The energy results of Table 1
latter differences should hardly be detectable by experimental suggest a substantially different picture: the vapar-@flanine
methods for molecules of this size and of low symmetry. Some should contain, especially at 500 K, the temperature of the GED
angles change more noticeably; especially pronounced is aexperiment, several conformers in noticeable concentration. As
decrease of 19in the CCN angle ofx-alaninel as compared  the geometry results obtained faralanine indicate (see Table
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TABLE 4: 6-311++G** RHF Vibrational Frequencies, Infrared Intensities, and Zero-Point Vibrational Energies (ZPVESs) of
a-Alanine Conformers?

| A 1B A 1B IVA IVB VA VB \ Vil VIIA  VIIB
Vi freq int freq int freq int freq int freq int freq int freq int freq int freq int freq int freq int freq int freq int

4115 124 4034 208 4033 221 4117 130 4117 127 4114 128 4118 11 4119 130 4119 132 4175 87 4170 107 4180 94 4193 92
3810 8 3825 13 3822 14 3821 9 3822 44 3827 12 3839 14 3829 10 3822 8 3809 10 3871 15 3827 15 3842 20
3736 4 3745 7 3735 6 3738 4 3734 33741 53752 63747 33738 33735 6 3764 7 3741 83754 9
3266 21 3268 15 3275 13 3259 27 3261 25 3241 46 3266 26 3269 24 3253 38 3262 21 3275 15 3243 31 3255 23
3242 39 3231 42 3227 44 3249 37 3248 39 3234 35 3239 35 3242 28 3231 30 3232 43 3243 36 3224 39 3225 38
3207 13 3201 14 3186 14 3230 6 3195 15 3214 6 3177 25 3176 28 3228 12 3172 20 3223 7 3164 29 3161 37
3170 21 3168 23 3167 22 3172 19 3181 18 3164 22 3099 47 3104 51 3163 21 3165 29 3163 25 3158 35 3088 49
1993 431 2019 440 2016 422 1994 440 1997 403 2000 412 1996 436 2005 415 2005 459 2026 377 2018 386 2031 358 2026 394
1811 28 1800 47 1799 42 1805 47 1800 42 1784 62 1783 63 1794 45 1791 41 1813 32 1787 47 1783 61 1782 58
10 1617 10 1618 12 1617 15 1616 3 1610 4 1625 20 1621 17 1617 9 1619 14 1618 13 1615 4 1621 21 1623 9
11 1613 6 1615 6 1608 3 1610 8 1607 5 1611 8 1612 5 1608 7 1609 4 1606 6 1614 9 1610 6 1612 24
12 1552 13 1536 25 1541 154 1540 10 1554 2 1572 29 1553 19 1571 15 1546 34 1554 9 1535 12 1565 30 1546 10
13 1525 4 1527 396 1536 151 1520 13 1522 51 1528 4 1540 7 1537 39 1529 5 1531 2 1502 24 1532 5 1541 41
14 1492 31 1487 41 1509 158 1475 68 1511 4 1479 23 1476 7 1479 20 1480 64 1481 150 1471 372 1471 109 1479 17
15 1411 6 1469 63 1440 67 1455 16 1419 13 1427 16 1439 37 1429 25 1460 21 1408 210 1444 61 1424 322 1424 415
16 1385 2 1375 2 1334 13 1374 15 1364 11 1354 63 1339 48 1357 5 1362 75 1381 95 1351 21 1339 31 1329 4
17 1290 198 1315 3 1318 7 1324 178 1293 261 1269 286 1311 148 1294 298 1307 111 1267 6 1289 3 1267 37 1282 10
18 1249 151 1233 17 1249 16 1237 18 1242 73 1257 13 1248 162 1248 60 1204 76 1235 44 1245 26 1239 18 1241 40
19 1173 33 1149 42 1177 62 1140 91 1166 30 1187 15 1199 5 1186 14 1179 33 1169 42 1140 34 1186 14 1199 5
20 1100 1 1093 1 1097 11099 3 1099 8 1115 11 1105 1 1102 1 1105 26 1101 2 1075 1 1114 8 1104 1
21 1004 34 1008 47 1012 36 997 22 1004 9 990 2 1010 1 1009 4 992 10 1004 82 997 10 988 5 1009 4

Co~NOOBWNE

22 976 125 947 93 949 112 943 150 947 139 917 173 913 107 942 65 918 153 981 83 874 17 922 179 911 117
23 866 38 875 5 881 5 857 30 882 53 864 42 872 71 872 97 861 53 873 10 814 10 872 18 876 53
24 819 41 823 5 811 9 850 47 817 37 835 38 801 63 811 72 851 28 812 4 700 81 825 11 801 16
25 691 16 782 141 790 142 665 44 657 75 693 36 658 74 646 63 659 56 701 10 596 30 708 15 637 14
26 618 127 685 12 600 12 623 134 609 84 628 106 601 66 600 58 611 105 538 4 570 41 545 1 532 5
27 535 20 580 7 572 2 575 13 545 34 540 26 533 9 534 26 572 13 474 116 530 165 480 123 476 83
28 409 14 415 2 440 7 397 13 404 3 397 3 445 14 428 7 388 5 411 17 414 39 397 6 450 36
29 330 8 352 10 382 10 312 25 339 13 338 3 359 1 346 4 326 19 331 18 368 57 339 9 365 12
30 265 3 300 29 301 18 290 22 310 38 267 10 292 2 306 46 268 28 265 14 331 15 266 24 313 9
31 246 47 263 3 293 13 256 1 264 2 256 0 251 20 270 3 258 2 243 55 278 21 258 3 249 20
32 242 1 249 3 250 1 249 1 252 1 236 42 241 26 243 5 248 6 234 2 248 2 247 40 241 29
33 5 3 71 2 62 1 45 1 34 1 63 2 61 1 59 1 62 1 62 9 50 5 5 5 52 6
AZPVE 0 +122 +108 +10 -4 —25 —32 —18 —24 —72 —124 —97 —98

aFrequenciesy; freq) in cnT?; intensities (int) in km/mol; relative zero-point vibrational energiaZPVE), measured with respect to the
ZPVE of |, 25407 cm?, in cm™*. All theoretical values were obtained at the 6-311G** RHF level at the respective fully optimized reference
geometries. The scale factor of 0.89 might be a reasonable estimate for frequency (and consequently ZPVE) corrections.
TABLE 5: Ab Initio Data (cm 1) for the Energy Difference betweencis- and trans-Formic Acid?
RHF AMP2 AMP3 AMP4 AMPw MPoo ACCSD ACCSD(T) CCSD(T)

6-31G** (55) 2110  —159 —59 +22 +4 1918 —28 -6 1917
6-311++G** (80) 1885 —262 —43 -7 -3 1570 -15 —21 1587
cc-pVTZ (118) 1741 174 —43 +15 0 1539 -11 -12 1544
aug-cc-pVTZ (184) 1658  —164 23 -2 -2 1467 +1 -12 1483
cc-pvVQZ (225) 1668

CV(TZ) (262 1725 -161

a See the section Computational Details for basis set and theoretical level notations. For each basis set the total number of contracted Gaussian
functions is listed in parentheses. Contributions to the energy difference relative to the next lower level of theory are denoted by tide symbol
The ACCSD values are relative to those obtained at the MP2 level. All energy data reported were obtainedtat &31UUP2(full) optimized
geometries, which are as follows for this(trans) conformers:r(C=0) = 1.2046(1.1978) A;(C—0) = 1.3468(1.3533) Af(O—H) = 0.9685(0.9635)
A; r(C—H) = 1.0957(1.1033) Af1(H—C=0) = 125.26(123.98) [(0—C=0) = 125.24(122.68) 0(C—O—H) = 106.34(108.38) P See refs
66¢ and 67 for a description of the basis set.

2), the unfounded assumption about the presence of only onegies, be performed fow-alanine, just as it was suggested for
conformer in the gas during the course of the GED experiments glycine16:18

resulted in considerable differences between lijima and Bea- The accuracy of the theoretical geometry parameters deter-
gley’s structural results and the present high-quality ab initio mined for conformers andlIA of a-alanine in this study is
results including their conclusion that “the methyl group strongly supported by the good agreement between the corresponding
hinders the rotation of the acid group”. As one should not place calculated and experimentabtational constants (see Table 3),
too much emphasis on absolute values of calculated geometryalbeit the agreement between theory and experiment is not as
parameters, it is probably more telling that experimental changesimpressive as observed for glyciigcorrection of the experi-

in the GED geometry oft-alaninel 1! as compared to glycine  mental rotational constants for effects of vibrations might
110 are hardly ever reproduced by the 6-3HtG** MP2(full) improve this agreement as it did for glycihe The improved
geometries of this study and of ref 18. It is therefore suggested quality of the 6-31-+G** MP2(full) rotational constants over
that a new joint structural refinement of GED and now available the 6-31G** RHF constants determined by Godfrey €t @hn
microwave data, predicated toward correlated-lealinitio be seen from the fact that deviation of the 6-3HG**
structural parameters, quadratic force fields, and relative ener-MP2(full) values from their experimental counterparts is
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considerably more systematic. The 6-31G** DFT(B3LYP) upward shift in the predominantly=€0 stretch modeysg, from

rotational constants are in the best overall agreement with thea-alaninel to Il can also be observed in formic acid. This

measured values. change is also in line with the almost 0.007 A shorter@
Table 3 also contains theoretical and experimental quartic Pond length intransformic acid as compared tis-formic acid.)

centrifugal distortion (QCD) constants and dipole moments. For A less pronounced shift in the-NH stretch frequencies4 and

a-alaninel andIlA , where comparison of theory and experiment ¥3) can be observed upon H-bonding, also indicating that the

is possible, a nice agreement can be observed. While theN—H:**O H-bond is considerably weaker than the-B-+:N

directly calculated QCD constants bfare only in reasonable ~ H-bond.

agreement with the measured val8éghe 6-31H+G** RHF

quadratic force field is transformed into internal coordinate space Conclusions

and a crude, simple but well-established scaling of the force

constants, similar to the one advocated in the scaled quantumy .

mechanical (SQM) force field approaéh’?is applied (0.9 for

the stretching and 0.8 for the bending coordinates), the agree-

ment between theory and experiment becomes excellent, in line

, / . ’ A
vv||th %rewous tpeoretll'c_:al Stgd'es of QCD c&g;tiﬁt@. k:t can the following conclusions can be drawn about the shape and
aiso be seen irom this and previous stu atthe HF  gnectra of freea-alanine and about their determination by

level of theory that a simple multiplication of the directly o harimental techniques and by methods of electronic structure
calculated QCD constants by 1.2 brings the calculated Va'“estheory.

in much better agreement with experiment and with QCD 1
constants calculated from SQM force fields. Note that QCD

constants obtained only from scaled force fields are reported in
Table 3 for the conformers for which no experimental data are
available. Somewhat surprisingly, the agreement between
theory and experiment is less satisfactory, even after scaling,
for IIA. The reason for this is not obvious. The theoretical

estimates given for the yet unobserved conformers should be
most valuable during search for these conformers by MW and and O’Hair3% respectively, while Cao et &%.located all 13 of

MMW spectroscopies. them. Since characterization of conformationally flexible
Vibrational Spectra. The plethora of information contained  molecules, such as-alanine, requires the identification of all
in the 6-31#+G** RHF theoretical vibrational frequencies and major conformers, these problems emphasize the need to
infrared intensities presented in Table 4 for thealanine  conduct extremely careful, systematic surveys of all possible
conformers would allow interpretation of a carefully executed conformers at relatively high levels of theory when the con-
experimental investigation of the gas-phase vibrational spectrumformational behavior of these species is to be determined.
of a-alanine. As, to our best knowledge, no such study has > There is a general tendency at the restricted Hartree
been performed, this task is left for the future. Furthermore, pqci (RHF) level of theory to overestimate the relative energies
due to the lack of experimental data, no elaborate scaling, like of 51| conformers ofx-alanine. This overestimation is, however,
the one resulting in a scaled quantum mechanical (SQM) force ot systematic. More importantly, as calculations employing
field,”*7280js attempted here. (Note that the uniform scale factor g4imost complete basis sets indicate, the RHF level of theory
of 0.89 is a reasonable estimate for direct frequency correctionscomp|ete|y fails in predicting the energy difference between
at theG'Slﬂ“f’G** RHF level and can be applled When N—H---O and O-H--*N H-bonds. (Unfortunate|y, these are
predictions of this study are to be compared with experiments.) jyst the type of interactions responsible for stabilization of the
The frequency results obtained confirm that all optimized |owest energy conformers of glycinesalanine, and most similar
structures| —VIIIB  correspond to minima on the potential  amino acids.) For the other, less important, conformers not only
energy surface ofi-alanine. the predicted geometries but even the predicted relative energies
The results summarized in Table 4 reveal that there are someseem to be reasonably accurate. The large set of data presented
normal modes which do not change significantly from one in this and previous papéfs'8:34bdo not seem to support earlier
conformer to another (includingg(C=O str), which changes  conclusions of Frey et &f. about the imprecision of RHF
between 1993/f and 2031 YIIIA ) cm™?, and the usually rather  geometry optimizations of amino acids and their claim that
intense band,), while some normal modes having high IR single-point MP2 energies obtained at RHF-optimized geom-
intensity shift considerably. Most notably, conformk has etries are “potentially highly inaccurate”. Still, the use of
characteristic, high-intensity bands;s at 1527 cm® andvzs correlated levels of theory in the calculation of most of the
at 782 cm’. High-intensity normal modes whose frequency relative energies of amino acid conformers is strongly advocated,
does not change from one conformer to another should serveas interest will probably be focused on the low-energy, H-bond-
as indicators of the presence @falanine, while characteristic  stabilized conformers.
shifts should help identification af-alanine conformers in its 3. The DFT(B3LYP) calculations on glyciffando-alanine
gas. suggest that at this relatively inexpensive level of electronic
The frequency data of Table 4 also contain important structure theory characterization of the conformational behavior
information about the internal bondings of the conformers and of amino acids can be accomplished. Use of the B3LYP
about the relative strength of the different H-bonds. For functional with sufficiently large basis sets may open the way
example, the ©H stretch ¢;) frequency shifts considerably  to reliable studies on related medium-sized biomolecules, e.g.,
from its free value of about 4115 crh(l) to 4034 cn1? (1IA) oligopeptides and their analogues.
when involved in H-bonding. Some of this shift, however, is 4. Partly on the basis of the measured dipole moment
due to the change from @is to atrans COOH arrangement, = components for conformer$ and IIA and the observed
which itself® produces an about 60 crhshift. (Note that the integrated areas of the strongest lines of different conformers,

The large amount of high-levelb initio data presented in

s and previou$:18.2534bstydies not only shapes our under-
standing of the conformational behavior of simple free amino
acids but also provides vital data for different types of
experiments applicable to probe these molecules. In particular,

It seems that introduction of the methyl group for the
amino acida-alanine with R= CHj; to replace one of the
hydrogens of glycine (R= H) has a rather small effect on either
the geometry or the conformational preferencesiaflanine.

As a consequence, 13 stable conformers-afanine have been
located ona-alanine’s potential energy surface. Note that in
two previous theoretical studies only six and 10 out of the 13
conformers have been found by Godfrey et ahd by Gronert
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Godfrey et aP reported experimentally determined approximate (6) (a) Suenram, R. D.; Lovas, F.J.Mol. Spectrosc197§ 72, 372.

lower limits for conformational energies relative to those of (®) ?;J)egrs)?vh RI-QDB'TO(‘;’(";‘Z%rE- J-PA”S ?gfo’?esog 1\?\/80\/1,0%;5123- M. P
a-alaninel. All of their estimates are significantly different  Ropinson, B. J.; Batchelor, RY:A.;'ME(’Zulloch),/’M.. G.; Rydbeck, O. E. H.:

from the high-quality theoretical relative energy predictions of Hjalmarson, A. GMon. Not R. Astron Soc 1979 186, 5.

this report. The discrepancies deserve further study. ggg 83322” E- '[3)-1 E_rr‘i‘r’]"”éR-'_' %]t-hAemeChLe%SCgr?? R{lé Z%igr-lot
1 i At Yy, F. D.J FIrn, S, y, L. D.; wn, R. D.; Pi ,
5. Energy estimates, based on the approximate, qualitative,, 5”3 Am chem Soc 1993 115 9687.

picture obtained by completely neglecting the effects of steric  (10) lijima, K.; Tanaka, K.; Onuma, S. Mol. Struct 1991, 246, 257.
strain and lone electron pair repulsion and assigning independent (11) lijima, K.; Beagley, B.J. Mol. Struct 1991, 248 133.

R ; ; _ (12) (a) Reva, I. D.; Stepanian, S. G.; Plokhotnichenko, A. M.;
energy contributions to the different possible H-bonds and the Radchenko, E. D.: Sheina, G. G.: Blagoi, Y.JPMol. Struct 1994 318

carboxylic functional group, clearly assess the importance of 1 (b) Reva, I. D.; Plokhotnichenko, A. M.; Stepanian, S. G.; lvanov, A.

the related energy effects as follows: (a) thel®--N H-bond Y.; Radchenko, E. D.; Sheina, G. G.; Blagoi, Y.Ghem Phys Lett 1995
has the lar ilization effect; (b) th ilization contribu- 232 141.

t'as t fetha ?\ng;Sta(l;)H ?,tod? eCt|' (b?gt etzta:? ?to co 'E[hb? (13) (a) Debies, T. P.; Rabalais, J. \W. Electron SpectroscRelat
'on otthe -bondis only about half as large as tha Phenom1974 3, 315. (b) Klasinc, LJ. Electron Spectrosdrelat Phenom

of the O-H---N H-bond, even though it's made up by two 1976 8, 161.

bifurcated H-bonds; (c) the NH---OH bifurcated H-bond seems (14) (a) Crenie, Y.; Lassegues, J. C.; Lagrange, CJ.@hem Phys
to be even weaker; (d) the energy difference betweercihe }127(2]4%?’ 2980. (b) Grenie, Y.; Lagrange, C. G.Mol. Spectrosc1972
andtrans COOH arrangements is 1550(100) thfavoring the (15) Hu, C.-H.; Shen, M.; Schaefer, H. F., lil.Am Chem Soc 1993
cis form. Appropriate sums of the corresponding simple 11?15)9203. A G Mol S 1995 346 141

i ithi i ; sa&za, A. G. J. Mol. Struct .
estimates agree within :_;lbout ZSOthvlth_ the relative energy (17) Wright, L. R.- Borkman, R. Fl. Am Chern Soc 1980 102, 6207.
values obtained from high-level theoretical computations. (18) Csaza, A. G. J. Am Chem Soc 1992 114, 9560.

6. A GED analysis by lijima and Beagl&yresulted in the (19) Palla, P.; Petrongolo, C.; TomasiJJPhys Chem 1980 84, 435.
heavy_atom structure Of the |Owest energy Conformal_e‘la_ (20) van Alsenoy, C.; Scarsdale, J. N.; Sellers, H. L.;$ah&. Chem

nine. Their model for structure refinement, however, should Ph{zsll)‘e\igﬁiﬁfsleﬁ%ylzc{ Kulp, S.; Siam, K.: Klimkowski, V. J.; Ewbank

be revised based on the newly available theoretical andj. D.; Sctiter, L. J. Mol. Struct (THEOCHEM)1988 50, 169.
experimental data, and the analysis should be repeated since (22) Schier, L.; Siam, K.; Klimkowski, V. J.; Ewbank, J. D.; van
significant changes in some structural parameters are expected-'senoy. C.J. Mol. Struct (THEOCHEM)199Q 63, 361. =
o d (23) Schifer, L.; Kulp-Newton, S. Q.; Siam, K.; Klimkowski, V. J.; van
7. Agreement between the 6-3&3+G** DFT(B3LYP) an Alsenoy, C.J. Mol. Struct 1990 209, 373.

MP2(full) rotational constants and experiment is excellent for  (24) (a) Sellers, H. L.; Scffier, L. J. Am Chem Soc 1978100, 7728.
the two low-ener form -alanine.l and IA. Th (b) Sellers, H. L.; ScHar, L. Chem Phys Lett 1979 63, 609. (c) Siam,
ft. 0 |° ete ?ydci S Oﬁé?ath & tha d * inob € 4 Klimkowski, V. J.; Ewbank, J. D.; Van Alsenoy, C.; Sdbg L. J

rotational constants determined for the other, yet unobserved, o) Struct (THEOCHEM)1984 110, 171.
conformers should have a comparable accuracy and thus aid (25) Cao, M.; Newton, S. Q.; Pranata, J.; Seal. J. Mol. Struct
the search for these conformers by rotational spectroscopy.(THEOCHEM)1995 332 251.

; : ; (26) Schiger, L.; Sellers, H. L.; Lovas, F. J.; Suenram, R. D.Am
Failure to detecliB , a conformer having a large dipole moment Chem Soc 198Q 102, 6566.

and a relative energy similar to that bA , deserves special (27) Frey, R. F.; Coffin, J.; Newton, S. Q.; Ramek, M.; Cheng, V. K.
attention. W.; Momany, F. A.; Schir, L. J. Am Chem Soc 1992 114 5369.

8. In line with previous theoretical studi@s™ the calculated 19%8%9(3?%2”“' E.; Cavallone, F.; Scordamaglia,JRAm Chem Soc
quartic centrifugal distortion (QCD) constants are in excellent " 59) bixon, D. A.; Lipscomb, W. NJ. Biol. Chem 1976 251, 5992.
agreement with experiment féronce the quadratic force field (30) (a) Ramek, Mint. J. Quantum ChemQuantum Bial Symp199Q
is scaled. Accuracy of the calculated QCD constantdIfor 17, 45. (b) Ramek, M.; Cheng, V. K. W.; Frey, R. F.; Newton, S. Q.;
is considerably lower Schiger, L. J. Mol. Struct (THEOCHEM)1991, 235, 1.

y : (31) (a) Jensen, J. H.; Gordon, M. $.Am Chem Soc 1991 113

9. The calculated vibrational spectra of the conformers of 7917." (b) Jensen, J. H.; Baldridge, K. K.; Gordon, M.JSPhys Chem
o-alanine reveal that different conformers have some high- 1992 96, 8340.

; ; ; ; ; (32) Vishveshwara, S.; Pople, J. A, Am Chem Soc 1977, 99, 2422.
intensity bands in different regions of the spectrum. These (33) Destro, R.: Marsh, R. E. Bianchi, R. Phys Chem 198§ 92,
6

considerable shifts in the normal modes would probably allow ggg.
identification of a number of conformers in the gas-phase orin  (34) (a) O'Hair, R. A. J.; Bowie, J. H.; Gronert, Bit. J. Mass Spectrom

the low-temperature inert gas matrix vibrational spectrum of 'é’gf{gggsiﬁg%#lﬂv 23. (b) Gronert, S.; O'Hair, R. A. J. Am Chem
a-alanine. (35) Sapsé, A. M.; Mallah-Levy, L.; Daniels, S. B.; Erickson, B. V.
Am Chem Soc 1987 109, 3526.
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