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Abstrsct-The chuoprical propertIcs of a series of chiral phcnylacctic acid derivatives are examined on a thcorcttcal 
model in whrch ekcrronrc rotator): \trengths are calcula~cd dirrcrly from molecular wave functtons dcrr\ed from 
semiempirical molecular orbital calculaIcons. The CNDWS SCF-MO model is used IO calculare ground =.I~IC aabe 
funclronc and exc~led stale\ are con\lrucledin the virtual orbital-conhgurafioninlcraclion approximal~n.ofspccnl 
inleresl are the rotato strengths assoclatcd with the ‘L. uansuron of the phcnyl chromophore and rhc n + zr' 
InnGlion of the carboxyl chromophorc. Cakulalans arc caned OUI on a large number of conformational isomers of 
the compounds. o-methyl phenylacetic acid (and its methyl ester). a-mclhylmandchc acd (and IIS methyl ester). and 
rnandclic acid (and IIS methyl ester). The dependence of rotatory \trcnglh (‘I, and n + a’) on conformational 
vanabks IS cxammcd and discussed. and comparisons between available experimental dara and the calculated rc\ulls 
are made Coupling between the phenyl and carboxyl chromophortc mole!Ks is considered and possible 
spccrra-structure rclationshrpr arc examined. 

The clecIronic transitions associated with the phenyl 

chromophore of benzene derivatives exhibit optical 

activity when substituent groups on Ihe benzene ring 
contain chiral centers or are dicsymmetrically disposed 

about the benzene ring. The signs and relative magnitudes 
of the Cotton effects ((‘E’s) associalcd with these 

tKktiOnS are presumed lo be determined hy lhe 
conformational and configurational relationships which 

the substitucnt groups bear with respect IO the benzene 
moiety. Several “seclor” or “regional” rules have been 

proposed for rclaring the signs and relative magnitudes of 

the CE’s associated with transitions of the phenyl 

chromophorc IO specific conformational features or 
spatial distributions of suhstitucnt groups or atoms.‘.’ 

Complications arise in the interpretation of the chiroprical 
properties of dissymmetric benzene derivatives when 
suhstituents on the benzene ring conrain chromophoric 

groups which may be sIrongly coupled IO (although not 
necessarily conjugated IO) the phenyl chromophorc. 
Coupling beIwccn the phenyl and nonphcnyl chromo- 
phoric transitions and/or overlap between these IWO SCIS 

of transitions present severe difficulties in developing 
reliable and accurate spectra-sIructurc relationships. The 

u-substituted phenylacctic acids and esters represent one 
class of systems in which these difficulties are encoun- 
tered.’ ’ 

In the 20&3OOnm spectral region. the carboxylate 
chromophore is expected to exhibit at least one transition 

(n + n’) and the phenyl moiety is expected IO exhibit at 
least IWO transitions (the 'I, and ‘I, n + rr* excitations). 
II is uncertain whether these three transitions will be 
slrongly or weakly coupled in molecules of the Q- 
substituted phcnylacctic acid class and whether addibonal 
transitions will appear at A > ?oo nm due to charge- 
transfer excitations or IO perturbAons from higher 
energy free-chromophore (phenyl or carboxylate) states. 

In the present study we examine Ihc chiroptical 
properties of a series of chiral phenylaceIic acid 
dcrivaIivcs hy calculating electronic rotatory strengths 
directly from molecular wave functions derived from 
scmiempirical molecular orbital calculations. Ground stale 

wave functions for the chiral systems arc calculated using 

the CNDWS scmicmpirical molecular orbital model’ and 

excited states are constructed in Ihe virtual orbital- 

configuration interaction (Cl) approximation. II has been 
well documented that the CNDOISCI molecular orbital 

model is reliable for calculating the IrdnsiIion energies and 
oscillator strengths associated with the intravalence-shell 

electronic transitions in benzene and benzene derivatives. 
and we have recently employed this model in calculaIing 

the chiroptical properties of a series of dissymmctric 
benzene derivatives which contain various saturated 

substituent groups (nonchromophoric in the near UV 
region).’ 

Previous calculations of molecular chiroptical proper- 
ties based on CNLXYZ-Cl,‘ INDO-Cl’ and CNDOIS-Cl’ 

molecular orbital models dcmonstrdlc that direc-f cal- 
culaIions of electronic rotatory strengths from wave 

functions computed with these models provide useful 
alternative rcprescntaIions IO the independent systems 
approaches.‘O-” The reliability and accuracy of inde- 

pendent systems calculalions of molecular optical activity 
are IimiIcd by one’s ability to model the electronic states 

of the interacting subsystems and IO reprecenr Ihe 
interaction mechanisms operating between suhsyslems. 

On the other hand, the reliahility and accuracy of direcf 
calculaIional models are IimiIed hy the approximations 

one must use in calculaling total molecular wave 
functions (especially those of excited states). Gen the 

uncertainty regarding the exIenI IO which the carboxylare 
and phenyl moieties of phcnylacetic acid derivauves may 
interacr or couple a direct calculation4 model is perhaps 

lo he preferred over an independent systems perturharion 
approach for these systems. 

In Ihe present study we report calculations on various 
conformational isomers of the following compounds. 
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The CD spectra of 1 (hydratropic acid), 3 (mandelic 
acid). 5 (atrolactic acid), and the corresponding esters 

have been reported by Barth er ol.,’ and KorveP has 
reported the CD spectra of a wide variety of mandelic 

acid derivatives. Although tentative band (CD) assign- 
ments and spectra-structure relationships have been 

offered for these systems studied in solution. there 
remains considerable uncertainty regarding the inter- 

pretation of their CD spectra. 

The semiempirical Ch’DOIS-SCF-MO model was used 
to calculate ground state electronic wave functions for 

each of the structures examined in this study. Excited 

states were constructed in the virtual orbital-configuration 

interaction (CI) approximation with 35 singlytxcited 
configurations included in each Cl calculation. Electric 
dipole transition integrals were calculated in the dipole 

velocity formalism, and all one-, two- and three-center 
terms were included in calculating both the electric dipole 

and the magnetic dipole transition moments. Rotatory 
strengths, dipole strengths, oscillator strengths. and 

dissymmetry factors were calculated for singlet-singlet 

trdnsitions only. 
Rotatory strengths are expressed in terms of “reduced 

rotatory strengths” where, for the electronic transition 

i + j. [R,,] = reduced rotatory strength 

= (lW&ii, Im (&l&Q.) (th~@Iti.). II) 

In Eqn t IL fl is the Bohr magneton. r/ is the Debye unit i 

is the electric dipole operator, and 6 is the magnetic 

dipole operator. Dipole strengths. 

I), = K&lril4J: (2) 

arc expressed in Debye’ (9’) units, and dissymmetry 
factors arc defined by: 

rz, = 4R.0, (3) 

where. 

smui-rra?s 
(a) Hydrafropir ucid (I) and ifs methyl esfer (2) 

Conformational isomers of I and 2 were generated by 

varying two torsion angles. 6, and 6:. involving rotations 
about the C’(Il-Ct7) and C(7kC(8) bonds. respectively. 
All other geometrical parameters (bond angles and 
distances) wcrc held constant as 6, and 6.. were varied. 

‘The CO bond and the O-H(Mc) bond were maintained in a 
cis arrangement for all isomers. The an& 6, and 6: are 

defined in the following projection drawings: 

II H 

When 6, = 0” the Cf 1)-C(6) and C(7u’tltl bonds are cis. 
and when 8: = 0” the C(Q-Oo-O() and C(l)-C(7) bonds are 
cis. The angle 0, was varied from 0” to MO” in IS” 

increments, and & was varied over 360” in 90” increments. 

(b) Mandelic ucid (3) and its methyl esrer (4). 

Conformational isomers of 3 and 4 were generated by 

varying the same two torsion angles as were defined 
above for compounds 1 and 2. Again. all other geometrical 

parameters were held constant as 8, and 8: were varied. 
The CO bond and the C&H(Mel bond were maintained in a 

cis arrangement for all isomers, and the O-H bond of the 
U-OH substituent was directed to eclipse the Ct7lCtEl 

bond. 
The angle 6, was varied from 0” to 360” in IS” 

increments. and & was varied over 360” in 90” increments. 

(c) Afrolacfic acid (5) and irs methyl e.qfer (6) 

Conformational isomers of compounds 5 and 6 were 
generated in the same way as was described above for 
compounds 3 and 4. However. due to the relatively larger 

sizes of 5 and 6. calculations were carried out on fewer 
conformational isomers of these compounds. 

WXLTS A..D CHSfXM 

(a) C’onformafional preferences 
The CNIXNS molecular orbital model was not designed 

(or parameterizcdl to provide necessarily reliable or 
accurate results regarding molecular conformational 
energies. Furthermore, since only two conformational or 
structural variables (6: and 6:) were included in the 
calculations reported here, our results cannot be used to 
draw definitive conclusions or to make definitive state- 
ments regarding conformational preferences. It is likely 
that the chiroptical properties of interest will be most 
sensitive to the variables 8, and &. but it is nut certain 
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that thcsc will be the most important variables in 
determining energy minimization. However. it is 

reasonable to assume that our CNDWS-MO results may 
bc useful in identifying the leas! favored and the most 

favored conformations (defined with respect to 8, and 0:) 
and that quolirufire use of relative conformational 
energies is valid. 

For all the compounds studied we found that con- 
formations with & z 0” (the CO txjnd pointing back 
towards the aromatic ring) were energetically UnhVonblC 

when 15” > 0, > - 15” and 195”> 8, > 162”. This presu- 
mably may be interpreted in terms of strong repulsions 

between the carbonyl pi and lone-pair electrons and the pi 
electrons of the phenyl moiety. Sear 8, = 0” and IW, the 

8, = 0“ conformations wcrc found IO be stabilized through 

weak homoconjugation between the pi systems of the 
phenyl and carboxy motettes. The 13: = IRW isomers (in 
which the carbonyl bond points away from the aromatic 
ring) were found IO be more stable than the analogous 
8: = 8’ isomers tfor given values of 0 1. and variations in 

energy with 1). were found IO be less dramatic. 
For compounds 1 and 2. conformational energies for 

the 8: = -90” and & = -90” isomers were nearly identical 
(for a given value of 8,). However, for compounds S4 the 
& = -90” isomers wcrc much preferred (lower in energy) 

over the 8: = +W isomers for a given value of 0,. This 
latter result can be explained in terms of a favorable 

intramolecular H-bonding arrangement between the 
a-OH group and the CO oxygen atom in the 0: = -90” 

isomers. This type of arrangement would be of lesser 

importance in compounds I and 2 which do not possess a 
a-OH group. 

For 1 and 2. the most stable conformational isomers arc 

calculated to be the following: (I) (8,. 8:) = (V’, 0% (0”. 
IW), (180”. 0”) and (IW, I&Y): and, (2) (8,. 0:) = 
(variable. 190’). For 34, the most stable conformational 

isomers are calculated to be the following: (I) (8,. 

8,) = (0”. 0”). to”. 180”). (180”. 0”). and (WY. 180”): and. (2) 

(8,. 8:) = (variable, -90”). These lists of “preferred” 

conformational isomers are rdther large and are not of 

great use in detailing the expected conformational mixes 
of the various compounds under equilibrium conditions. 
They merely exclude the least favorable isomers. Energy 
differences calculated between the socallcd “preferred” 
isomers listed above arc Of the order of 0.OOl-O.lOOeV. 
These differences are probably IOO small IO lx meaningful 
given the nature of Our calculational model. Only the 

chiroptical propertics calculated for the “preferred” 
conformational isomers WIII be discussed in subsequent 
sections. 

(b) 1.+ ‘liansifion 

For all the structures examined in the present study the 
lowest-energy singlet-singlet n --, n* trdnsition of the 
phenyl chromophore is calculated to be in the 255-265 nm 

region of the spectrum. Using Dlatt’s notation.” we shall 
refer to this transition as ‘I,. In agreement with 
experiment, this transition is calculated to have weak 
oscillator strengths and weak rotatory strengths. 
However. whereas the oscillator strength of this transition 
is relatively insensitive IO variations in the structural 
variables 0, and 8:. both the sign and the magnitude of the 
calculated rotatory strength are quite sensitive to changes 
in 8, and 8:. 

The reduced rotatory strengths of the ‘1, transition are 
plotted in Fig. I for the (8,. 8:) = (variable, +%P) 
conformational isomers of 1 and the (8,. 0)) = (vanable. 

Flp I Reduced roraror) trrcnpths plorred as a furwon of lhc 
lorsron angle 8, for the ‘I.. transilmn m: taJ l(6): z -WI: tbj 

-90”) conformational isomers of 3 and 5. The ‘L, rotatory 
strengths calculated for the methyl ester derivatives of 1. 
3. and 5, exhibit conformational dependencies which arc 

qualitatively similar to those found for the parent acid 

systems. Reduced rotatory strengths calculated for the 

‘L transition are listed in Table I for additional 
conformatiOnal isomers of 1, 3.5. Again the ‘L+ rotatory 
strengths calculated for the methyl ester derivatives of 

these compounds are qualitatively similar to those 

calculated for the parent acid compounds. 
Experimentally, the ‘la transition in I and 2 exhibits a 

positive Cotton effect for the !$ enantiomers.’ However, 
the experimentally determined Cotton effect associated 

with the ‘I, transition in S6 is negative for the $ 

enantiomcrs.L’ All of our calculations were carried out on 
the R enantiomcric forms of 14. The data displayed in 
Fig. I for 3 and 5 are in agreement with experiment if we 
assume that the conformational isomers (tl . 8:) = (IOY- 

170c. 190’) predominate m solution. ‘Ihe .I, rotatory 
strengths calculated for the isomers listed in Table I are 

also compatible with experimental ohscrvation for 3 and 5. 
Korvcr er ul.’ have reporwi lhalthc I@!. U:) - ( .. 135”. z.90”) 

conformatlonal isomer is found In the solid 

R-mandclic acid (3). 

table I Reduced ro1a1ory *rrengths cal- 
culated for the ‘I,. tran\rtion In \clcctcd 
IOU .encrgj conformal~onal Isomcr5 of 

compound\ I. 3 and 5 

Compound 6, 8, IN 

I 0 0 036 
0 I80 0. I I 

180 0 OM 
180 Iua -0.11 

3 0 0 0.06 
0 IUO 031 

If!4 0 0.06 
MO 180 0.31 

5 0 0 0.12 
0 IflO 038 

180 0 0.12 
180 I80 0.3X 

stale for 
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Agreement between experimental results and the 
theoretically calculated results for 1 and 2 is achieved 

only for the following conformational isomers considered 
in FIN. I and inTable I: (ft.. 8:) = tCLW.90”). (9&135’,90”). 
#O-125”. -90’). and (0’. MU’) 

Korver er al.’ have used an extended Hiickel molecular 
orbital model to calculate the ‘I, rotatory strength of 

I&mandelic acid (3) as a function of the torsion angle 0,. 
Their results appear to differ significantly from those 

obtained by us (as plotted in Fig. I). although a direct 

comparison is not possible since they did not state what 
value of B: they assumed. 

(c) f., Trunsilion 

The phenyl localized ‘I, transition is calculated to lie in 

the 205-215 nm region for each of the structures examined 
in this study. The oscillator strengths calculated for this 
transition are about an order of magnitude greater than 
those calculated for the ‘L transition. but are still 

relatively small. The rotatory strengths calculated for the 

‘L, and ‘I, transitions are of the same order of magnitude. 

The reduced rotatory strengths of the ‘I, transition are 
plotted in Fig. 2 for the (8,. 8:) = (variable, 90”) 

conformational isomers of 1 and the (8 . 0:) = (variable. 
-90”) conformatronal Isomers of 3 and S. The ‘I., rotatory 

strengths calculated for the methyl esters of 1. 3. and 5 
exhibit conformational dependencies which are quali- 

tatrvely similar IO those found for the parent acid 

compound\. .\ddilional reduced rotatory strengths cal- 
culatcd for the ‘L. transition in various low-energy 

conformational isomers of 1.3, and 5 arc listed in Table 2. 

Except for conformers in which 8, and 8r are near 0” (or 

180“) (Table 2). the reduced rotatory strengths calculated 
for the ‘L. transition are somewhat smaller than those 
calculated for the ‘1, transition. This is especially true for 

8, values where the ‘L+, rotatory strengths are relatively 

large (and when 8: - YW). The Cotton effects of the ‘I, 
transition in 14 have not been experimentally identified 

and characterized. so comparisons between theory and 
experiment arc not possible in this case. 

so- , :-. . . . -- 

‘Table ! Reduced rotator! wcngths cal. 
sulated for the 1.. Iranwon m sclccrcd 
low.cncrgj conformartonal Isomers of 

compounds I. 3 and 5 

Compound 8, 82 WI 

I 0 0 -0.31 
0 MO -1.37 

IRO 0 -0.31 
In0 I80 -1.37 

3 0 0 -1.97 
0 In0 -1.08 

I80 0 - I.97 

I80 MO -1.80 
5 0 0 - 0.86 

0 Ml -0.37 

184 0 -0.86 
Iwo II?4 0.37 

In our calculations on each of the structures examined 

in the present study an easily identifiable transition 

appears which may be assigned as an n+ rr* excitation 

localized on the carboxyl moiety. In each case this 
transition has a relatrvcly weak oscillator strength but a 
quite large rotatory strength. This transition involves 

excitation of an electron out of an “n” orbital on the 

carbonyl oxygen atom and into the carbonyl n* orbital. 
The magnetic dipole transition integrals calculated for this 
transition are large (0.60.8 Bohr magneton) and the 
electric dipole transition inte@‘& are calculated lo be 

small. The transition energies calculated for this transition 

are quite sensitive IO the number of singly-excited 
configur&ns included in our Cl calculations. For Cl 
basis sets <IS. the transition energies fall in the 
220-240 nm region. However. when the Cl basis set size is 
increased from - I5 IO 35 the transition wavelengths are 
pushed down into the 26275 nm region (generally just 
below the calculated ‘L transition wavelengths). The 
qualitative and semiquantitative aspects of the calculated 
oscillator strengths and rotatorv strengths are unaffected 
by an increase in Cl basis size beyond 15. Previous 
calculations carried out in this laboratory on various 
carhoxylic acid dcrivativcs suggest that the (‘NDWS-MO- 
(‘I model tends to predict n + rr* transition energies u hich 
are tco low by I&30%. Previous interpretations’ of the 
CD spccrra exhibited by I-6 have asstgned the very strong 
Cotton effects observed in ~hc 22&2Mnm region IO the 

carboxyl n + n* trdnSihI. We agree with this assignment 
and attribute the lower transition energies calculated here 
for the n-r n* transition (for Cl basis set sizes > IS) to a 
failure in the CNDDIS-MO-Cl model to accurately 
calculate the n --, n* transition enerejes. 

The reduced rotatory strengths calculated for the 
carboxyl n 4 n’ transition are plotted in Fig. 3 for [he (8,. 

8:) = (variable, 290”) conformational isomers of I and the 
(8,. 8:) : (variable. -90”) conformationai isomers Of 3 and 
5. Additional n + IT* rotatory strengths arc listed in Table 
3 for selected low-energy conformational isomers of 1.3. 
and 5. Again. the methyl ester derivatives of 1. 3, and 5 
were found to exhibit n + n* chiroptical properties similar 
to those calculated for the parent acids. 

Experimentally the Cotton effect observed in the 
22&230 nm region for l-6 is found to be positive for the S 
enantiomers. All six compounds exhibit identically signed 
Cotton effects. These (presumably) n+ n* Cotton effects 
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exhibit ellipticities which are generally about two orders 

of magnitude stronger than those observed for the ‘I+ 

transition. Our calculated n -+ rr* rotatory strengths are 

about an order of magnitude greater than the ‘L+ rotatory 

strengths for corresponding conformational isomers, and 

a negative n + rr* Cotton effect is predicted for most of 
the conformational isomers of the p enantiomeric form in 

14 (Fig. 3 and Table 3). 
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strengths calculated for these strongly coupled 
phenyllcarboxyl transitions are much weaker than those 

calculated for the n+n* carboxyl transition, but are of 

the same order of magnitude as those calculated for the 
‘I, phenyl transition. Their oscillator strengths are 

calculated to be only slightly stronger than those of the 
n+ n*. ‘L. and ‘L, transitions. There appears to be little 

evidence for the presence of these transitions in the CD 
and absorption Spectra of 14 in solution media, although 

5 and 6 do show a CD band in the 240 nm region (between 
the presumably ‘I, and n+ rr* bands)’ which may 
possibly be due IO an intcrchromophoric (phenyllcar- 

boxyl) charge-transfer transition. II is more likely, 
however, that the 240 nm CD band observed in 5 and 6 

arises from a highly perturbed n + n* carboxyl transition 
(in one of the conformational isomers present in solution). 

and the strongly temperature-dependent intensity of this 

band’ would seem to support this latter interpretation. 

l’tg. 3 Reduced ro1aror) s1rcngrhr plortcd as a functton of the 
rorslon angle 8, for rhc n + a* Iransllron in- Ial 110.. -WI, Ihl 

I(@: - -Wj: (CI x0, ..o(Y,. and. I~I 90, - WI 

Table 3. Hcduccd ro1aror) strengths cal. 
culalcd for 1hc n-n’ 1rancl1ron m 
sclcc1ed IOU .cncrg) ~onformalmnal 

Isomers of compounds I. 3 and 5 

Compound B, 0, lgl 

0 0 I.14 
0 IX0 - 5.69 

1110 0 I I4 
180 Iw, -5.69 

0 0 0.9U 

0 MO -365 

Il?Jl 0 0.9X 
180 II?@ 3.65 

0 0 1 3! 
0 In0 -!.R! 

l&l 0 I.32 
l&l Ix0 z.ns 

(e) Other lrunsikm 
In mosl of the structural isomers of the six compounds 

examined in this study the n + n* carboxyl transition and 

the ‘L, and ‘L. phenyl transitions lie lowest in energy. 

However. in certain conformational isomers in which the 

CO bond is pointed back towards the phenyl ring (& = 0”) 
one or more lOWtnCrgy (A > 220) charge-Irdnsfcr lrdn- 

sitions appear. Tkse transitions generally involve boIh 

n(CO)+ rr* (Ph) and a(CO)+ n* (Ph) excitations, and in 
some cases rr(Ph) + rr* (CO) excitations are included. The 
excited SI~ICS m these transitions are generally com- 
prised of complicated mixtures of various configurational 
stales in our CNWSMO-CI model and are difficult IO 

characterize precisely in simple terms. The rotatory 

The low-energy charge-transfer transitions do not 

appear in the calculations with 6: = 90’ or 8.. = I80 (CO 
group pointing away from the phenyl group). In these 

conformations strong homoconjugation between the 

phenyl and carboxyl moieties IS not possible. 
Our study included calculations on higher energy 

transitions in 14. but these will not be discussed here. 

The excited states involved in these transitions were 

found IO be complicated mivturcs of phcnyl x?. 
carhonyl nx’. and phcnyl/carhoxvl interchromphortc 
charge transfer configurational \~ates. Detailed con- 
sideration of our calculated rcsultv for these higher energy 
transrtrons is not justified given the approximations of the 

thcorctical model employed. Mosr serious in this latter 
regard are: (a) consideration of “valence-shell-only” 

orhttals in the Ch’DWS-MO hasiv set; tb) inclusion only of 
smgly excrtcd configurations m the Cl calculations; (c) 

inadequate treatment of u - ;7 mteractions: and. td) 
neglect of vibromc mlcracrions. 

The results obtained m this study suggest that the 

chiroptical spectra for 24 at A > 205 nm may be 
interpreted in terms of Cotton eliecrs associated with the 

‘I, and ‘I, phenyl localized transitions and a carboxyl 
localized n + n* transition. The n + rr* Cotton effect is 

prcdictcd to be much more intense than the ‘I_+ and ‘L. 
Cotton effects. in apparent agreement with experiment. 

The most consistent agreement with experimental data is 
achieved when it is assumed that the preferred value of 8: 

is 90” for the a-OH substituted structures (34) and 290” 
for structures 1 and 2. For S6. a 6, torsion angle of 
110-170” yields results most consistent with experimental 

observation. For 1 and 2. a 8, torsion angle near 120” 

yields results in clo\ect agreement with experiment. 
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