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Abstract-The chiroptical properties of several S-alanine (zwitterionic and nonzwitterionic), S-alanine 
cation, and S-alanine anion structural isomers are calculated from LCAO-MO-SCF-Cl wave func- 
tions constructed on the semiempirical CNDO MO model. Electronic excited states are constructed 
in the virtual orbital-configuration interaction approximation. We calculate and report the transition 
energies, dipole strengths, reduced rotatory strengths, and dissymmetry factors for the four lowest 
energy singlet-singlet transitions as a function of a single conformational variable (the angle between 
the C,COO’ plane and the CC,N plane, where C = carboxylate C atom. N = ammonium or amino N 
atom, and C, = a - carbon atom) for zwitterionic and nonzwitterionic S-alanine, the S-alanine anion, 
and the S-alanine cation. The ground state dipole moments and first three ionization potentials are 
also computed and reported for the various S-alanine species. Electric dipole transition integrals are 
cakulated in the dipole velocity formalism and all two-center contributions to these and the magnetic 
dipole transition integrals are included. The calculated rotatory strengths are compared with experi- 
mental circular dichroism spectra reported for S-alanine and with predictions based on sector rules 
which have been proposed for n-amino acids. 

1. I!VTRODUCTION 

Natural optical activity has proved to be of enor- 
mous value in the study of both the static and the 
dynamical aspects of protein structure.* To be sure, 
much of the early optimism that was expressed 
concerning the reliability and general applicability 
of ORD and CD for elucidating the details of 
secondary structure (e.g., percent of alpha helical 
structure versus random coil) has been tempered 
by the more recent structural information made 
available from X-ray diffraction data and NMR 
spectra.%*’ However, it remains clear that ORD 
and CD are exceedingly useful tools for probing 
protein structure and for following changes in 
structure. 

Over the past I5 years several powerful and 
elegant quantum theoretical models have been 
developed for the purpose of quantitatively or semi- 
quantitatively relating the experimental observ- 
ables of ORD and CD to the underlying spectro- 
scopic processes and, ultimately, to specific stereo- 
chemical features in complex molecular systems.” 
For homopolymeric systems, the input parameters 
for each of these models are the structure vari- 
ables, spectroscopic properties and, in some 
instances, the ground state electronic charge distri- 
butions of the monomer units. In the language of 
perturbation theory, it is assumed to zeroth-order 
that the spectroscopic properties and structure of 
the monomeric units are known. Protein molecules. 
of course, are not homopolymers in the chemical 

*Fellow of The Camille and Henry Dreyfus Founda- 
tion. 

sense, but in the spectral region, 230 nm > A > 
150 nm, their optical properties are most likely 
dominated by the chromophoric behavior of the 
repeating amide groups in the backbone.4*5 Assum- 
ing then that the spectroscopic contributions of 
side-chain moieties (such as the indole, phenolic, 
phenyl, sulfhydril, disulfide, and imidazole groups) 
can be treated separately, the usual procedure is to 
consider a protein, optically, as a homopolymer 
comprised of amide monomer units. For this 
reason, complete and accurate characterization of 
the spectroscopic properties of amino acids and 
model amide systems is essential for optimal and 
reliable application of theoretical models to the 
interpretation of protein spectra. 

The spectroscopic properties of model amides 
have been thoroughly examined both experi- 
mentally”* 7rc and theoretically.a*7 Although a 
characterization of these properties in terms of 
electronic structural details is far from complete, 
the present state-of-knowledge allows for useful 
spectra-structure correlations. The spectroscopic 
properties of amino acids have also been subject of 
numerous experimental studies, but their chir- 
optical and electronic absorption properties are 
not nearly as well-characterized as are those of 
simple amide systems. 

In the present paper we examine, on a semi- 
empirical MO model. the chiroptical properties 
of the simplest optically active aliphatic amino 
acid, S-alanine. The model and calculational 
methods employed in this work are similar to those 
used previously by us in studies on chiral cyclo- 
pentanones.” cyclic amides and diamides,” and 
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disulfide systems.y The only previous calculation 
of the optica rotatory properties of S-alanine 
reported in the literature was carried out by 
Vol’kenshtein and Kruchek. ID Their calculation 
was based on Kirkwood’s polarizability model and 
they considered just one structural isomer of the 
zwitterionic form (the carboxylate group and the 
ammonium N atom coplanar), and two structural 
isomers of the cation, S-alanine-H+ (CO’OH or 
COO’H coplanar with the ammonium N atom). 

Experimental investigations of the ORD and 
CD spectra of aliphatic amino acids are quite 
numerous.1* Until recently it was generally believed 
that all naturally occurring, and most synthetic, 
aliphatic S-a-amino acids exhibit an initial (lowest 
energy) positive Cotton effect with the first ex- 
tremum at 223-227 nm in ORD spectra and at 
208-2 1 I nm in CD spectra. However, more recent 
CD measurements have revealed an additional 
Cotton effect in the near UV located at 235- 
250 nm.‘Z-*5 For S-alanine in 50% ethanol at pH 
1 1, Craig and Pereira14 reported the following data 
on the first two Cotton effects, h(max) = 235 nm, 
PI max = -28; h(max) = 2 11 nm, [O],,, = 1261. 
These same authors reported no CD in the 235- 
250 nm region for S-atanine in ethanol at pH I ; the 
first CD band appears at h(max) = 209 nm with a 
molar ellipticity of [fl],,, = 1277. For the methyl 
ester of S-alanine in 95% ethanol, the first three 
CD bands were reported as follows: A(max) = 
236 nm. [d],,, = -395; X(max) = 209 nm, [0],,, = 
3227; h(max) = I99 nm, [e],,, = 3564. The methyl 
ester hydrochloride of S-alanine. however. shows 
only one CD band at wavelengths ~200 nm; this 
band was reported at h(max) = 208 nm with 
WI tnax = 2987.14 TonioloLs reported a negative CD 
band at - 240 nm (AE = -0XKI31) for S-alanine in 
alkaline solution IpH 13, 0.1 N NaOH), a very 
small negative CD band at -250 nm (AE = 
-0GMl1) for S-alanine in acidic solution (pH 1. 
O,l N HCI) and no CD bands at wavelengths 
> 2 15 nm for S-alanine in buffered solutions 
(phosphate buffer) at pH 7. 

In summary, S-alanine in the zwitterionic form 
gives only one CD band for A > 200 nm; this band 
is positive and is centered at about 204 nm (AE = 
0*68).12/ In alkaline solution, two bands are ob- 
served for A > 200 nm; these bands are located at 
- 240 nm (AE = 0W31)15 and at - 2 14 nm (AE = 
0.33) w In acidic solution, 
band’ is present at 

at least one positive 
-208 nm (AE = 1a04),*W and 

possibly a negative band is located at - 250 nm 
(AE = -O@OO1).ls The presence of a long wave- 
length negative band in acid media is, however, 
not certain. 

The simplest optically active a-hydroxy acid, 
S(R)-lactic acid, also exhibits two CD bands at 
wavelengths ~200 nm under certain solvent 
conditions.12P~‘4-18 For S-lactic acid in 95% ethanol, 
Craig and Pereira14 reported the following data: 

h(max) = 244 nm, ldl max = - 14.6: h(max) = 
2 10 nm. [O],,, = 2727. For S-lactic acid in water 
at pH I, these same authors reported: h(max) = 
246.5 nm, [8J,, = - 17.4; A(max) = 212 nm, 
Mna!4 = 2 157. They found only one CD band at 
A > 200 nm for S-lactic acid in water at pH 9; this 
band yas located at 2 14 nm with a molar ellip- 
ticity of 744. Anand and Hargreaveslg* assigned 
the weak, lower energy CD band in lactic acid to 
an n + 8” carboxylate transition, and the more 
intense, higher energy band (- 2 IO-2 15 nm) was 
ascribed to a 7r + n* carboxylate transition. These 
assignments are in direct conflict with the more 
conventional view that the Cotton effect associ- 
ated with the 2 IO nm absorption band of carboxylic 
acids and esters is of 11 -+ 7r* origin.“* ltl Barth 
et al.,‘* studied the temperature dependence of 
the CD spectra of several lactic acid derivatives, 
and concluded that both CD bands at A > 200 nm 
could be assigned to the carboxylate n + ?r* transi- 
tion. They attributed the presence of two bands 
either to specific solvational effects or to confor- 
mational equilibria between conformers with 
different chiroptical properties. 

The problem of CD band assignments at A > 
200 nm for aliphatic a-amino acids also remains 
unsolved. 1s the presence of two CD bands di- 
agnostic of two different electronic excitations or 
of two conformational isomers which are relatively 
stable under certain solvent and temperature condi- 
tions? It has been proposed that analysis of NMR 
spectra can provide information on rotamer popu- 
lations involving rotation about the C,-CB bond of 
various amino acids.lg However, this method is 
not suitable for assessing the predominant confor- 
mations achieved by rotation about the OOC-C, 
bond. Crystal structures of several amino acids are 
now available. However, for these compounds it is 
unlikely that the molecular conformations assumed 
in the crystalline environment are fully preserved in 
solution. It would appear, therefore, that accurate 
and reliable CD spectra-structure relationships 
applicable to amino acids in solution must be 
obtained solely from thorough empirical studies 
and theoretical examination of the chiroptical 
properties of these systems. Other spectroscopic 
and nonspectroscopic methods are of little help 
in this case. 

Recently, Johnson ef al. have completed a study 
in which they measured the absorption and CD 
spectra of several alkyl amino acids to 160 nm and 
calculated the rotatory strengths of these systems 
as a function of the angle OCC,(CC,N (where 
N = the ammonium group N atom. C, = the aC 
atom, C = the carboxylate C atom, and 0 = 
carboxylate 0 atom). 2o Their spectral measure- 
ments were made on samples in which the amino 
acids were dissolved in hexafluoroisopropanol 
(HFI P). All the amino acids studied had a pK, of 
2.4 or lower, and it was assumed that each existed 
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predominately in the zwitterionic form. Alanine. 
valine, isoleucine, and leucine each gave a single 
positive CD band between I80 and 160 nm (cen- 
tered around 170 nm). Protine exhibited a some- 
what more complex CD spectrum with a weak 
positive band at 2 10 nm, a weak negative band 
around 190 nm, and a stronger negative band 
centered around 165 nm. For S-alanine, the band 
maxima have the following characteristics: A(max) 
= 196nm. Ae( max) = 140; h(max) = 168 nm, 
Ar( max) = -1.00. The absorption spectrum of 
alanine exhibits a single band between 220 and 
160 nm, with h(max) = 165 nm and E = 7800. 

Johnson employed the independent systems 
model of Tinoco21 for calculating the rotatory 
strengths of the two lowest-lying transitions in 
the amino acid molecules as functions of the 
OCC,I CC,N angle. For each amino acid. the 
molecule was partitioned into a chromophoric 
group (the carboxylate anion) and perturbing 
groups (all chemical bonds external to the car- 
boxylate group), and it was assumed that electron 
exchange between the chromophoric group and the 
perturbing groups is negligible. On this model the 
spectroscopic states responsible for the spectral 
properties observed at A > 160 nm are con- 
structed from electron configurations “localized” 
on the carboxylate group. The influence of the 
extrachromophoric environment on these states 
is introduced via non-exchange perturbative 
mechanisms. Johnson assumed that only three 
carboxylate excited states were required to repre- 
sent the CD spectrum at A > 160 nm. Two of 
these states are expected to be nearly degenerate 
and can be characterized in terms of n+ con- 
figurations. The third state can be characterized 
best in terms of a VW* configuration. According to 
Johnson, transitions to the nn* states account for 
the lower energy (h(max) - 196 nm) CD band in 
S-alanine, and the higher energy (h(max) - 16X nm) 
CD band is assigned to a transition from the ground 
state to the ~7r* excited state. Furthermore, 
Johnson concludes that the angle OCC,JCC,N 
(henceforth referred to as 4) must have a value 
between 0” and -70” (see Fig 1 for definition and 
sign convention for 4) for the S-alanine zwitterion 
in HFIP. In crystalline S-alanine, 4 = -19”. 

2. METHODS OF CALCULATION 

The methods of calculation employed in the 
present study are essentially the same as those 
described in two previous reports from this labora- 
tory.**9 The LCAO-MO-SCF calculations were 
carried out in the CNDO approximation utilizing 
“standard” parameters. 22 Electronic excited states 
were constructed in the virtual orbital-configura- 
tion interaction approximation. That is, excited 
states are represented as linear combinations of 
singly excited determinantal wave functions which 
are obtained by replacing an orbital in the ground 
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Fig 1. Definition of the angle &OCC,/CC,N). View in 
the C,- COO’ plane. 

state determinant with one of the virtual orbitals 
generated in the SCF calculation. In the present 
study only singlet excited states were calculated. 

The spectroscopic quantities that we calculate 
and report for excitations from the ground state to 
singlet electronic excited states are transition 
energies, oscillator strengths, reduced rotatory 
strengths, and dissymmetry factors. For a transi- 
tion, 0 + a, these quantities are defined as follows: 

(a) oscillator strength, 

f on = (4~wh-/3fie2) I (+hl A 44 I2 
= (47rmvo,/3tie2) Do0 (1) 

(b) reduced rotatory strength, 

(c) dissymmetry factor, 

where j3 = Bohr magneton = (efi/2mc), 9 = Debye 
unit = 1o-‘8 PSU-cr7l v On = transition frequency = 
(E,, - &)/II, fi is thk electric dipole operator, rir is 
the magnetic dipole operator, Do, is the dipole 
strength, and Ro, is the rotatory strength. 

Prior to calculating the electric dipole and 
magnetic dipole transition integrals, the CNDO 
wave functions are renormalized including overlap 
(“deorthogonalized”) ,8*f3 Using these renormal- 
ized wave functions, both the one-center and two- 
center terms in the transitions dipole matrices are 
calculated and both one-center and two-center 
contributions are included in the computed rota- 
tory strengths. The electric dipole transition 
integrals are calculated in the dipole velocity 
formalism and are then transformed into the dipole 
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length representation according to, 

(~,~~I~~) = (cfiZfm)(Jl,l~~~)(E,--El)-‘, 14) 

where 

and 
$I 

is taken over all electrons c. 

3. STRUCTURE PARAMETERS 

Four structural isomers of the S-alanine zwit- 
terion were included in the present study. The 
atomic coordinates for one of these isomers 
(structure 1) were taken directly from the X-ray 
diffraction data reported by Simpson and Marshz4 
for crystalline S-alanine. in this structure, the 
C&O0 group is planar and the angle OCC,i 
CC,N is -19” (see Fig I for the definition of this 
angle, henceforth called 4). Structures 2, 3, and 4 
are also zwitterionic forms of S-alanine and are 
generated by rotations about the C-C, bond axis, 
holding all bond distances and other structure 
parameters fixed. For structure 2, 4 = -60”; for 
structure 3. d, = 30”: for structure 4,4 = 0”. 

Structure 5 is an anionic form of S-alanine 
(CH,CH(NH,)COO-) in which &= 0” (i.e.. the 
amino N atom is coplanar with C&00’). Structure 
6 is a cationic form of S-alanine (CH,CH(NH:) 
COOH) in which t$ = 0”and thecarboxylate proton 
is cis to the carbonyl oxygen. That is, the atoms of 
the NCJZOO’H group are coplanar and are 
arranged as follows: 

Furthermore, one of the ammonium group hydro- 
gens is in this plane and is directed away from the 
CO group. 

Structures 7-10 are nonzwitterionic neutral 
species of S-alanine ~CH~CH(NH~)COOH). In 
structure 7, # = 0” and the carbonyl group is trans 
to the amino group. The NC,COO’H group is 
planar and has the geometry, 

0 

N 
,C,-C’/ 

‘0’ 
H’ 

where &CO’H = 120”. The amino group hydrogens 
are symmetrically disposed above and below the 
plane of NC,COO’H and are directed away from 
the carboxylate group (the lone pair orbital of the 
sp3 hybridized N atom lies in the ptane and is 
directed towards the carboxytate proton). Struc- 
tures 8-10 are generated from 7 by rotations about 

the C-C, bond axis. The values of Cp for each of 
these structures are: structure 8, # = -19”; sttwc- 
ture 9, d, = tie”; structure 10, b, = 40”. 

The ammonium and Me groups are isoelectronic 
and, on this basis. structures 2 and 3 might be con- 
sidered the most symmetrical C-C,, rotamers of 
the S-alanine zwitterion. Assuming the groups 
CH, and NH: to be identical, structure 2 has C, 
point-group symmetry with a mirror plane which 
includes the COO’ group. Making the same as- 
sumption for structure 3, this isomer also has C, 
point-group symmetry. but in this case the mirror 
plane is perpendicular to and bisects the COO’ 
group. The chiropticat properties of structures 2 
and 3, then, arise solely from dissimilarities 
between the Me and ammonium groups. 

4. RESULTS 

The optical properties calculated for the first 
four spin-allowed transitions of structures l-10 
are presented in Table 1. In Table 2 are listed the 
ground state dipole moment and binding energy 
calculated for each structure_ The energies com- 
puted for the three highest occupied molecular 
orbitals (HOMO’s) are displayed in Table 3. The 
orbitals designated (I) in Table 3 are essentially 
antisymmetric combinations of oxygen p functions 
oriented perpendicular to the -COO‘ plane. in 
the ensuing discussion these approximately non- 
bonding molecular orbitals are referred to as 7~~. 
In the zwitterionic (1-U) and anionic (5) structures, 
the orbitals designated ((I) are either symmetric or 
antisymmetric combinations of oxygen p functions 
which lie in the -COO’ plane but which are 
oriented perpendicular to the C-O (C-O’) bond 
axes. These molecular orbitals are referred to, 
henceforth, as either n (symmetric combination) or 
n’ (antisymmetric combination) functions. In the 
cationic (6) and nonzwitterionic neutral (7-10) 
structures the two carboxylate 0 atoms ate, of 
course, nonequivalent. In these structures, the 
II’ orbital is localized almost entirely on the car- 
bony1 oxygen and the n orbital includes substantial 
oxygen 2s and hydrogen Is character. The orbitals 
designated as (N) in Table 3 can be characterized 
as lone pair functions (sp” hybrids) on the amino 
group N atom. 

Given the low symmetry of all the structures 
studied and the extensive mixing of singly-excited 
configurations in our Cl calculations, it is difficult 
to characterize the transitions listed in Table 1 in 
terms of one-electron excitations between specific 
pairs of SCF and virtual orbitals. The lowest 
energy transition calculated for each zwitterion 
structure (l-4) can be described best as a charge 
transfer transition in which an electron is trans- 
ferred from the n’ orbital (which is localized on the 
carboxylate oxygens) to an ammonium group 
orbital. The second lowest energy transition in 
each of the zwitterion strucures can be described 
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Table 1. Calculated properties of four lowest energy singlet-singlet 
transitions 

Structure0 4 AE(eV) D (debye*) IFI] Igl 

l(Z) 

2 (23 

3 (Z) 

4(Z) 

S(A) 

6(C) 

7 (NZ) 

9(NZ) 

10 (NZ) 

-19” 

-60” 

30” 

0” 

0 

0” 

0” 

60” 

90” 

7.00 2.11 
8.02 1-29 
8. I7 0.80 
8.70 4.38 
6.33 1.41 
8.04 I.30 
8.24 0.48 
8-80 0.20 
6.85 2- I4 
7.85 1 a62 
8.15 0.80 
8.86 I *75 
6.87 I -96 
7.77 I.20 
8.14 0.82 
8.22 2.50 
7, I4 1.33 
8.15 O-20 

IO.41 1.38 

IO-82 1.01 
6-29 0.67 
890 0.35 

10.72 5.22 
11.55 3.47 
599 1.52 

10*35 o* 14 
II.49 1 *so 
11-85 OS94 
6.01 1.54 

I O-29 0.50 
Il.59 l-24 
lla6 o-25 

5-88 1.56 
10.31 0.72 
I146 1.09 
11-78 0.59 
5.82 1.33 

10*06 0.29 
11.58 0.66 
11.76 0.69 

31.4 oa6 
-38.2 0.012 

-3.6 0.002 
36.9 OdM3 
36.8 0*011 

- 17.0 0*005 
29.9 0.025 

-1.8 0.005 
-27.6 0.005 

34.7 0.010 
9-o 0*004 

17.7 O-004 
22.1 0.005 

-22.8 0~008 
-3.7 odIO2 
16.9 OdlO3 

-24.4 O*OO7 
26.0 0.072 
23.2 O*OlO 

-41.0 0,016 
17.5 O*Oll 

-54*5 0.063 
36.0 0.003 

-22-2 0*003 
-23.7 0+006 

16.7 OW8 
-4.7 O-001 

11.8 ONKI 
-25.1 0*006 

-2.9 OW3 
-24.4 0.008 

16.9 0.027 
-13.5 aM 

92.6 0,052 
42.3 0.016 

-30.4 0.02 1 
-6.4 OXMI2 
67.4 O-093 
38.2 0,023 

-ll*O O-007 

“Z = zwitterionic species; A = anion; C = cation; NZ = 
nonzwitterionic neutral species. 

approximately as an n’ + W* excitation localized 
on the carboxylate group. The third and fourth 
transitions calculated for structures 1-4 have 
predominantly n + n* and go + ammonium group 
character. 

The lowest and second lowest energy transition 
calculated for structures 7-10 can be charac- 
terized as n’ + P* and n + T* carboxylate transi- 
tions, respectively. The third and fourth transitions 
for these structures have predominantly no + ?r* 
and II’+& character, where CF& is an anti- 
bonding sigma orbital on the -OH group. 

In the anionic structure 5, the first two transitions 
are best represented as carboxylate n’ + W* and 

n + W* excitations according to our calculations, 
and the third and fourth transitions have pre- 
dominantly ?ro + 7r* and n’ + u&, character. The 
first four transitions of the cationic structure 6 may 
be described in the same way as the analogous 
transitions in the zwitterionic structures 1-4. 

S. DISCUSSION 

By Koopman’s theorem,45 the first three ioniza- 
tion potentials of each structure may be set equal 
to the negatives of the orbital energies listed in 
Table 3. Since the orbital energies given in Table 3 
are relatively insensitive to the angle 4, we may 
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Table 2. Calculated dipole moments and 
binding energies 

Dipole Binding 
Structurea d momentb energyC 

l(Z) -19” 12.92 -4.513 
2 (Z) -60” 12% -4,506 
3 (Z) 30” 12-89 -4.5 10 
4(Z) 0” 13.21 -4.514 
5(A) 0” 1.41 -4,504 
6 (0 0” IO.76 -4484 
7 ( NZ) 0” 6.62 -4,669 
8 ( h’Z) -19” 6.52 -4668 
9(NZ) 60” 6.85 -4660 

10 (NZ) 90” 7.18 -4,658 

“Z = zwitterionic species; A = anion; 
C = cation; NZ = nonzwittetionic neutral 
species. 

% Debye units ( IOmLH cgs). 
‘In atomic units. 

list the calculated ionization potentials (in eV) as 
follows: 

IP* IPZ IP,1 
Z -9.2 -9.7 - 10.6 
$ 19.3 3.4 19.8 3.5 21.7 4.7 

NZ - 12.5 - 13.8 15.3 

for the zwitterionic (Z), anionic (A), cationic (C), 
and nonzwitterionic neutral (NZ) structures, 
respectively. Sweigart and TurneP recently have 
reported the photoelectron spectra of several 
carboxylic acids and their derivatives. In formic 
acid, acetic acid, and the esters of these com- 

pounds, the highest occupied MO was identified 
as a carbonyl oxygen lone-pair orbital (analogous 
to the n’ orbital in our calculations) and the second 
highest occupied orbital was assigned as an out-of- 
plane nonbonding function analogous to our ?ro 
molecular orbital. These assignments correspond 
directly to our calculated results for the NZ struc- 
tures of S-alanine. For acetic acid, Sweigart and 
Turner reported the first ionization potential 
vertical) to be IO-87 eV, and the second ionization 
potential (vertical) to be 12.05 eV. For trifluoro- 
acetic acid the first two ionization potentials were 
reported as 1 I.77 eV and 12.92 eV. These experi- 
mental values are similar in magnitude to those we 
calculate for the nonzwitterionic forms ofS-alanine, 
and the difference, IP, - fP2 = -1.3 eV, com- 
puted for S-alanine is about the same as the experi- 
mentally determined difference reported for acetic 
acid. 

The absorption and CD spectra of amino acids 
are most commonly obtained in solution using 
ethanol or water as solvent and HCI, NaOH, or 
phosphate buffer to adjust the pH. It is clear that 
for such systems solute-sofvent interactions are 
substantial and are probably specific. For this 
reason comparisons between experimental spectra 
and the spectroscopic properties calculated for 
isolated solute molecules must be made with some 
care and qualification. In discussing the computed 
properties which appear in Table 1 we shall empha- 
size the dependence of [RI upon angle #I and the 
sensitivity of [R] to protonation or deprotonation 
of the amino and carboxyfate groups. 

In section IV it was noted that the lowest energy 
transition computed for each zwitterionic structure 
involves a transfer of negative charge from the 

Table 3. Energies of three highest occupied molecular orbitals” 

Orbital energies (in au) 

Structure4 4 1 2 3 

l(Z) - 19” 
2 m -60” 
3 (Z) 30” 
4 (Z) 0 
S(A) 0” 
6 (0 0 
7 ( NZ) 0 
8 (NZ) - 19” 
9 (NZ) 60” 

10 (NZ) 90” 

-0.339 (I) 
-0,334 (I) 
-0.337 (I) 
-0.338 (I) 
-0.124 (11) 
-0*708( ) 

II -041( ) 
-040 0) 
-@461 (II) 
-0.458 (11) 

-0-358 (11) -0.391 (I)) 
-0.358 ()I) -0.391 (1) 
-0.360 (II) -0.39 I (()I 
-0.359 ((I) -0.39 1. (11) 
-0.127 (I) -0.17 I ((I) 
-0-727 (I) -0.797 (11) 
-0.508 (I) -0.563 (N) 
-0.509 (I) -0.563 (N) 
-0,515 (I) -0.567 (N) 
-0*514(l) -0.566 (N) 

*In the table these orbitals are designated as (II>, (I), or (N) 
according to whether they place maximum electron density: 
(II)-in the plane of the carboxylate group; (I)-perpendicular to 
the plane of the carboxylate group; (N) -on the amino (or ammoni- 
um) group N atom. 

Z = zwitterionic species; A = anion; C = cation; NZ = non- 
zwitterionic neutral species. 
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carboxylate group to the ammonium group. This carboxylate n’ + ?T* transition. Jorgensen first 
process leads to an excited state (Born-Oppen- considers the -COO’ moiety as two equivalent 
heimer or vibrationally relaxed) with a dipole ketone groups separated by an angle of 120”. He 
moment considerably smaller than that of lhe then partitions the space about the carboxylate 
ground state. In polar media (especially hydroxylic group by superimposing the nodal patterns of the 
solvents) the absorption frequency of this type of two functions, XYZ and X’Y’Z’. where the 
transition should be blue shifted from the vapor (X, Y, Z) and (X’, Y’. 2’) coordinate systems are 
phase value. The second lowest energy transition centered on the carboxylate carbon atom, Z and Z’ 
calculated for structures l-4 has been described are directed along the C-O and C-O’ bond axes, 
in section IV as a n’ -+ 7~* carboxylate excitation. respectively, the Y and Y’ axes are coincident and 
This type of transition also will be blue shifted in are directed perpendicular to the plane of the 
going from the vapor phase to a polar solvent -COO’ group and X and X’ are defined such that 
medium. There is little question, however, that (X, Y, Z) and (X’, Y’. Z’) form right-handed co- 
the intergroup charge transfer transition will suffer ordinate systems. The sector rule is defined. there- 
a significantly larger blue shift than will the more fore, by the nodal surfaces of the function, F= 
localized n’ -+ 7r* transition. This suggests that. in (XYZ) +(X’Y’Z’). If we transform the coordinates 
aqueous or ethanolic solution, the first two transi- tX, Y,Z) and (X’, Y’, Z’) to the coordinates 
tions computed for the zwitterionic structures will (a. /3, y), defined in Fig 2, then Jorgensen’s sector 
have similar energies or their energy ordering will rule may be expressed in terms of the function 
be inverted from that predicted for isolated 0 = (aj3y). This yields an octant rule with nodal 
molecules. planes defined as a& cry, and fly. 

We note from Table 1 that the sign and magni- 
tude of [R] are quite sensitive to the angle # for 
both the n’ -+ B* and the low energy charge- 
transfer (CT) transitions in the zwitterion struc- 
tures. In fact, [R=,n*] > 0 at& = 30”, but [R,,.r*] < 

0 at 4 = O*, - 19”, and -609 Similar@, [RrT] < 0 
at 0 = 30”, and [RCT] > 0 at 4 = 0”. -19”, and -60”. 
For S-alanine in buffered aqueous solution at pH7, 
the lowest energy CD band is positive and exhibits 
a maximum at 204 nm (AE = O*68).1W If this band is 
assigned to the n’ --c r* transition, then our results 
suggest that zwitterionic structures with 0 3 & a 
-60 are not present in any significant concentra- 
tion. An alternative interpretation, however, is that 
the first band is due to the low energy char8e- 
transfer transition and that the rotamer equilibrium 
mixture in solution favors the structure found in 
crystalline S-alanine (4 - -190). 

Although our discussion of the amino acid sector 
rule differs in several respects from Jorgensen’s 
original description, the essential features of the 
rule have been retained. How do our calculations 
for structures l-4 compare with the predictions of 
this sector rule? In Fig 3 are plotted the contribu- 
tions to 0(ol, 8. y) made by the methyl carbon atom, 
the ammonium nitrogen atom, and the hydrogen 
atom substituents on the a-C atom of S-alanine 
zwitterion structures. The signs and relative magni- 
tudes of the 8 vs ct, curves shown in Fig 3 should 
approximate those for the -CH3, -NH,+, and 
-H substituent groups in zwitterionic S-alanine 
structures. Below, we list the values of 8 (in i3) 

In comparing the calculated values of [R,,r*] for 
structures 4 (2, d = 09, 5 (A, cb = O’), 6 (C, Q = O’), 
and 8 (NZ, Cp = 0’) we find that the signs are identi- 
cal. That is, [&n*] < 0 for the zwitterion, non- 
zwitterion, anion, and cation species at 4 = 0. 
Furthermore, [&I > 0 for the lowest energy 
charge transfer transition in both the zwitterion 
and the cation species at 4 = 0”. 

Jorgenser? has proposed a sector rule for a- 
amino acids which is based on the octant rule for 
ketones.z7. This rule is directly applicable to 
structures with symmetrical carboxylate groups 
(e.g., the ionized carboxylate group in the zwitter- 
ionic species and in the anionic species), and pur- 
portedly “relates the sign and amplitude of the 
first Cotton effect to the conformation and ab- 
solute configuration of a-amino acids.” Implicit 
in Jorgensen’s proposal is the assumption that the 
first Cotton effect is centered around 205-2 15 nm 
(apparently correct for aqueous solutions at pH7) 
and that this Cotton effect can be assigned to a 

Fig 2. Amino acid sector rule.lPY View of C,,-COO’ 
plane from the top. The coordinate axes Y.Y’, and fi are 
coincident and are directed above the plane of the figure. 



2506 J. WEBB, R. W. STRICKLAND and F. S. RICHARDSON 
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wl 

Fig 3. Plot of 8 versus 4 for the C, N, and H substituents 
on the a-carbon atom in zwitterionic S&mine, 8 = (a@~), 

where a, 8, and y are defined in Fig 2. 

for the C, N, and H a-substituents in our struc- 
tures 1-4, along with the calculated values of 

[R *I* n’r 

N C H [R *3 r’T - - 
1 -1.24 -OS89 o;o -38.2 
2 - l-73 1.82 0 -17-o 
3 1.73 -1,82 0 34.7 
4 -1.82 O-69 -22.8 
5 

x 
- 1.82 0.69 -24.4 

Note that the sign of [R,v*] correlates with the 
sign of 0(N) for structures 1-3. In the context of 
the one-electron perturbation model of molecular 
optical activity, this implies that the -NH3+ group 
provides a stronger dissymmetric perturbative 
influence on the n’ + n* transition than do the 
-CH, and -H a-substituents. In structures 4 
and 5, the ammonium N atom lies on a nodal plane 
of the (aBy) function, and the sign of [I?,&] 
should, therefore, be determined by the positions 
of the -CH, and -H groups. For these struc- 
tures, the computed values of [R,,n*] have the 
same sign as 8(C). 

How can the CD spectrum obtained by Johnson*O 
for zwitterionic S-alanine in HFlP solvent be 
interpreted in terms of our calculated results? 
Recall that Johnson reports two bands in the 220 
to 160 nm region, one centered at 196 nm with 
AE(max) = I.0 and one centered at 168 nm with 
Ae(max) 2 -1-O. Furthermore, the rotatory 
strengths of the long wavelength and short wave- 
length CD bands are reported to be -2.8 x 10m40 
cgs and --2.3 x 10-‘“cgs, respectively. If the 

first band is assigned to an intergroup charge- 
transfer transition and the second band is assigned 
to a localized n + W* carboxylate transition, then 
our results are consistent with 0” > 4 > -60” for 
the predominate conformational isomers in solu- 
tion. However, if the first band is assigned to the 
n + ?r* transition and the second band is assigned 
to an intergroup charge-transfer transition (shifted 
to a higher energy than the n + ‘TT* transition by 
solvent perturbations), then the calculated results 
for 4 = 30” are in qualitative agreement with the 
observed CD spectrum. As was pointed out earlier 
in this section, the charge transfer transition should 
be substantially more sensitive to solvent perturba- 
tions than then + ?r* transition. 

Our computed rotatory strengths for the zwitter- 
ionic species are an order-of-magnitude larger 
than those determined experimentally by Johnsonm 
However, Johnson’s finding that the net rotatory 
strength of the first two CD bands is very small 
agrees with our calculation for the net rotatory 
strength of the two lowest-energy transitions. For 
the yth component of the n + W* magnetic dipole 
transition moment (see Fig 2 for definition of a, #3, y 
coordinate system) we calculate a value of 1 Miw. 1 = 
0.288 Bohr magneton at $ = 0”. Generally, our 
model yields quite reasonable values for the 
magnetic dipole transition moments. However, 
our calculated electric dipole transition moments 
are an order-of-magnitude larger than those de- 
duced from experimentally determined dipole 
strengths. This accounts for our computed rotatory 
strengths being too large by a factor of ten. 

The sign pattern and net rotatory strength 
exhibited by the CD spectrum of zwitterionic S- 
alanine in the region 160 < A c 220 nm can be 
rationalized on our model. However, the inter- 
pretation requires band assignments which differ 
from the conventional assignments for carboxylate 
compounds. The independent systems model has 
also been used to rationalize the CD spectrum, 
but in this case conventional band assignments are 
adopted.*O Clearly, the most serious sources of 
error in our method are the approximations in- 
herent in the CNDO molecular orbital model and, 
of course, the construction of excited states in the 
virtual orbital approximation. Application of the 
independent systems model to zwitterionic S- 
alanine suffers from: (1) uncertainties regarding 
the nature of the spectroscopic states in an isolated 
carboxylate chromophore; (2) the rather drastic 
assumption of group separability, especially since 
the a-substituents are only about 2.5 A removed 
from the centroid of the carboxylate group (the 
hydrogen atoms are much closer); and, (3) the 
absence of accurate bond polarizability data. 
Neither our model nor the independent systems 
model can provide a conclusive description of the 
detailed relationships between the CD observables 
and specific structural features of amino acids. 
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Such a description must await more accurate 
electronic structure calculations or a more com- 
plete characterization of the spectroscopic states 
responsible for absorption and CD in the 160- 
220 nm spectral region. 
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