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A. R4’i’RODUCTiON 

It has been known since 1832 that not only did certain organic compounds 
of biologicaI origin, such as tartaric acid, rotate the polarization plane of light, 
but that a marked alteration in rotatory dis~rs~on properties was found when 
these substances were incorporated into compounds with art inorganic material, 
e.g., tartaric acid with boric acid”. ft was demonstrated by Cotton almost 75 years 
ago that when tartaric acid reacts with colored metal ions such as Cr”’ orC!ufl, 
the absorption bands characteristx of the metal ion now demonstrate an unequal 
absorption for right- and left-circularly polarized tight, a phenomenon named 
circular dichroism (CD)l, In these bands there is also a characteristic pattern for 
the rotatory drspersion, wbicb is &led the Cotton effect, and there exists in fact 

* Work performed under the auspxes of the U S. Atom& Energy Commission. 
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a mathematical relation between these two equivalent, though different, expressions 
of the same physical phenomenon. 

It was pointed out by Cotton that the CD Induced in metal complexes 
represented a consequence of covalent bmdmg. Lesser forms of interaction, such 
as simple propmqmty m solution, were mcapable of actrvatmg drchrotsm in the 
metal ion absorption. In other terms, it results from mcorporating the metal xon 
chromophore into an optically active unit through binding it to an optrcally 
active hgand. This fundamental message has apparently had to be repeated at 
various times (e-g , Ref. 2). Two correlates have also had a varied history-that 
the influence of an optically active ligand on the metal ion is not restricted to 
some fixed relatrve position of an “asymmetric carbon” and the metal ion (es., 
in a chelate rmg), and that hgands need no more than a single (“monodentate”) 
bond to mduce some degree of drchrorsm in the metal ion absorption. 

Our ongmal arm was to apply the above CD relations m an attempt to 
map the factors which determine the responses of the metal ion spectrum to the 
asymmetric field mtroduced by bmdmg the metal to the optically actrve hgand. 
Experience with the technique showed that rt represented an almost umque 
indicator for certain fine detatls of the chemistry of the systems, and to some 
degree, of structural details, even before theoretical spectroscopic relations may 
be fully unravelled. 

Some of the techmcal relatrons which underlie the usefulness of the method 
may be outlined as follows With modern recordmg Instruments, one IS able to 
follow the CD spectrum directly in the absorptron bands of interest, free of the 
background from other parts of the spectrum, or m general from the reagent 
itself, which Inevitably accompanies rotatory dispersion studies. One IS also free 
of the ambiguities of interpreting overlapping Cotton effects, and of resolvmg 
them from the background It has also turned out in the course of the work that 
the resolution and separation of components m the CD spectrum are generally 
better than m the ordinary absorption spectrum. This 1s a combmation of various 
factors: the drchrorc ratio (de/e) varies between components of a band, giving 
a different perspective than that of the absorption envelope; the neighboring 
components may be of opposrte sign (either the right- or the left-circularly pola- 
rized beam may be absorbed the more strongly); and there exists a defirntely 
greater sharpness in the dichroic components, which rmphes a selectron between 
the contributions of dtfferent rotational states. Technical hmitations in the 
application of the technique, other than spectral range (195-800 nm 1s the present 
reasonable maximum for commercial instruments), are prmclpally the limitation 
of maximum optical density of 2.5-3 through which measurements can effectively 
be made, and detection sensitivity approximatmg 1 x lo- ’ optical density umts. 
Allowing for increased noise and decreased sensitivity above optical density 2, 
a value of about 1 x lo-’ represents an order of magmtude for measurable 
1 LIE/E 1. For contrast, the largest As/s value that the author has encountered3 (for 
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a spectral component in the 300-nm region absorption of 3-methyl pentanone 
vapor) is about 0.25. 

There is a body of literature, dehberately not cited in this summary, which 
deals primardy with stable or robust complexes, of Co”‘, Cr’“, and various 
heavier elements. The largest part of thus IS concerned wrth the lsomerxc asymmetry 
and optical activtty consequent to t&-chelation of ax-coordinate ions (bis- 
chelation for four-coordinate species). When an optically active l&and is included, 
the presumed effects of the two sources of actlvlty must be dissected out, which 
is at best difficult indeed. The approach chosen in the work reviewed here has 
been to attack first the efE&s of a variety of sunple optlcally active ligands upon 
metal rons that eqmhbrate rapidly, and for which a variety of comple~~g relations 
(monodentate and chelate, single and multiple complexes) can readily be corn- 
pared. One can also compare different coordination numbers. We have thus 
restricted our attention in this dlscussxon to yield an independent body of informa- 
tion, which may in future be applied to the robust complexes and perhaps to 
the general problem of over-all symmetry effects. 

In what follows, reference to GL-, /3- or y-chelates means chelates formed 
through action of a functional group on the carbon atom a-, j?- or y- to the carboxyl 
group involved. These form respectively 5-, 6- and 7-membered chelate rings. For- 
mulae of the amino acids are summarized in Table 1, and those for the hydroxy 

acids are shown in Fig_ 1. 

TABLE 1 

AMMO ACID REAGENTS tZWIlTERION FORMS) 

Alanlne 
Serine 
Valxne 
Aspartic acid 
Asparagine 
Glutarmc actd 
Omlthlne 
Arginsne 

-OOC-HC(NHx+)-CHs 
-CH,OH 

-CWCHah 
-CH+-COOH 
-CH&20NH2 
-(CH,),-COOf3 

-OOC-~C(NK,)_(CH,),-CH,NH~C 
-OOC-HCQlH+)-(CH&CHzNH-TN&+ 

SJH 

B. CHEhlICAL. USES 

(i) Signal for bonding 

The appearance of circular dlchroism in tbe absorption of a metal ion is 
as detimte an mdicator that a n&v species has been formed as is the appearance 
of a new absorption band. With more than one potential lrgand present (e.g., 
NH3, OH-) it becomes a definitive confirmation that the optically active candrdate 
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Fig 1 Structurai configurations of hydroxy-acid reagents 

IS m fact bound. In certam cases, the absorption and the CD together give useful 
mformatlon. This may be exemphfied in the interaction of Eu”’ and alanme4. 
In the presence of the alanme zwlttenon, the “hypersensltlve” transltion to the 
5D1 upper state of Eu”’ IS intensified several-fold over the simple water spectrum. 
This results from bmdmg of the ammo acid rather than, say, a change in water 
coordination state alone, as verified by the circular dlchroism seen in the band 
at about 527 nm (‘Or upper state). Monodentate binding through the carboxyl 
group is present as seen in the CD change accompanying chelation at higher pH. 

As another example 5, 0.16 M NK&, w&h an equal concentration of L- 

lactic acrd (pK 3.87), shows no CD in the NI” absorptions at 495 and 660 nm. 
Addition of concentrated NaOH, raising the pH to 3-4, promotes the presence 
of a definite CD m both absorpttons. Attempts to achieve a higher pH precrprtate 
the mckel. Twice the concentration of lactic acid gives approximately twice the 
CD intensity. More lactxc acid increases the intensity somewhat further, and also 
makes it possible to obtam stable soWIons at higher pH. 

Similar pH-related variations of the onset and intensity of CD are found 
for other hydroxy-acids, and for the amino acids, with’s6 NI” and with the rare 
earths (Prnf7*8 and Eum4) and have been tested in deta& ft is also possible to 
demonstrate binding in the cases of certam favorable uncharged Iigands. Expen- 
ments with nicotme and Ni” have demonstrated interaction between theseg. The 
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equdibrium conditions are Iess favorable for this demonstration in water than in 
alcohol. The test material has been both the simple salt (chloride, nitrate) and 
mono- and bn-chelates with optically inactive ligands. 

(iif Changes of species 

Not all afterations m species or sto~~~ornet~ ofcompiexes are aceompanted 
by obvious absorption spectral indicators. The CD is usually, however, very 
sensltlve to such changes Thus, for sugar acid chelates of, say, Nr” there is no 
significant alteration m absorption spectrum between the acid-region form in 
which the hydroxyl group of the anion is coordinated as a whole, and the neutral- 
region form in which it has been deprotonated to give a doubly-charged figand 
moiety’. The alteration is, however, signalled by a change in CD pattern (Figs. 
2 and 3) and a considerable increase in CD component intensity. Sinular relations 
are found m the rare earth complexes 4*7 Sharp differences are also seen between _ 

mono- and b:s-complexes (Figs. 4a, 5 and 6) and between monomeric and @OS- 

5A 0 

AA 
--oQOZ 

xx) x?o 400 500 600 i-00 
“Ill “IV 

Frg. 2 CD spectra of low-pH complexes of NP with hydroxy acids NP about 0.16normal, 
lo-mm cell Dlchroism in absorbancy units, scale indicated Vertical bars, locatton of maxuna of 
absorption bands (a) Lactic acid, 5 1, pH 7, (6) arabonic acid, 3:1, pH 7; (c) arabomc acid, 
1.1.1, pH 6; (d) gl~lconxc aced, 2 1, pH 4; (e) galactonic aad, 3-1, pH 6; (F) xylonic acid, 1 5.1, 
pH 6; (g) gulonic actd, 5.1, pH 3, (h) nbonic aced, 3 1, pH 6. 

Frg 3 CD spectra of hagher-pH (deprotonated) complexes of NP with hydroxy acrds. Nlir about 
0.16 normal, IO-mm celi. DIchroam in absorbancy units, scale mdicated. Vertical bars, iocation 
of maxima of absorption bands (a) Ribomc acid, 125:1, pH 7, (b) guionic acid, 3:I, pH G-7; 
(c) arabonic acid, 1 I-1, pH 7 (scale multipher, 0 5); (d) galactonic acid, 1 5.1, pH 7; (e) gluconic 
acid, 2.1, pH 7 (scale multtplier reqmred. 0.2). 
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I%g 4 CD and absorptzon spectra, 430-510 nm spectral region, 1-l complexes of Prrrr with (a) 
alanine and (b) asparagine CD pathlengths, 30 mm, absorption, 5 mm PI-“’ ca 0 1 normal 

Fig. 5. Alterations of CD and absorption spectra for 3-l valine-Prm mixture, pH mcreasmg 
from pH 7+ (a) to pH 8-k (d) At about pH 7, spectra would be those of FIN 4a. CD path- 
lengths. 30 mm; absorption, 5 mm 

slbly) dimeric species’. In systems such as Eu*u-alanine4, it is possible to follow 
the change from monodentate attachment through the carboxyl group to chelation 
through the carboxyl and amino groups, as the acid proton is titrated off of the 
-NH3+ group of the zwrtterionic hgand 

(iii) What groups of a polyfunctional hgand are used? 

Aspart~c acid in water tends to transfer a proton from one carboxyl (pK 
2 0) to the a-amino group (-NH,+ pK 10-O), and only par&&y to lomze the 
second carboxyl group @K 3.9) ’ *. If one equivalent of NaOH is added to a I :I 
mixture of Nl” with asp&c acid6, the resulting pH is only 3.8, and it takes a 
f% second equrvalent to reach neutrahty. The Nx-aspartic acid compiex therefore 
involves a llgand with a bare amino group, as well as two ionized carboxyis. 
The binding can be deduced from the foIlowmg accessory information. Nl” with 
an equimolar concentration of alanine, se&e, valine, arginine, or ornitbine, in 
the pH range 4-7, shows essentially a singIe CD pattern Fig. 6, a-e), which may 
be taken as the a-chelate pattern. The CD pattern of the aspartlc acid complex 
is very different (Fig. 7d), so that complex is not the cr-chelate. Asparagine, with 
a single carboxyl, hke the simple amino acids, also gives a single titrabIe proton, 
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Rg. 6 CD spectra of N1*kmmo acid systems Vertxcal bars xndtcate positions ofmaxima in the 
absurption spectra of the given solutions; (b?, (b), (a) vahne-Nz Ii, I :I, at pH 3,5, and 6, respect- 
ively; (c) a&nine, l:i, pH 6, (d) glutamzc aced, 1 -I, pH 6; (e) alanme, 2:X, pH 8, and ff) 3% 
pH 8; (g) arginine, 3:1, pH 7, (b) omithine, 3-1, pH 7 

Fig 7. CD spectra of Nr” w&h asparaghxe and aspark acid. Verticai bars indicate positrons of 
maxxma in the absorption spectra of the gwen solutions, (a) asparagine-Xi*, l-1, pH 4; (b) 
aspartic acid, I 1, pH 6, (c) asparagine, 1 1, pH 8, (d) aspartic acid, l-l, pH 9; (e) asparagiue, 
3-1, pH 8 and (f) 2 1, pH 7, (g) aspartlc acid, 2.1, at plz 6, and (h) pH 10 

but the I -1 CD pattern is the aspartic acid CD pattern and not that of the simple 
acids. If the aspartic acrd pattern were due to brdentate ~-chelation, asparagine 
should not give the same relation, as the effect of the carboxyl cc to the amino 
group should outweigh the weakly binding amide group, and result in 6c-chelation. 
One concludes that both aspartic acid and asparagme act as tridentate chelating 
iigands. A symmetry argument based on the number of components in the CD 
spectrum (see below) corroborates this and suggests further that the actual 
at~c~~nts are c&s. ~terestingly, glutam~~ i;icid, with one additional methylene 
group, gives the CD pattern of a-chelatron. ~a~pulatl~n of a model suggests 
that it might actually be very d&cult to achieve tridentate chelation with the 
add&ional methyfeue intercalated. 

In the Prr%unino acid system’ we see another behavior, (As wrth the Nru 
example, the absorptron spectra alone are not helpful). At about pEI 6, 1 :I 
complexes w&h amino acid are found. The CD spectra for complexes with simple 
amino acids (alanine, valine) are sharp, relatrveiy mtense, and the same @rg. 4) 
The serine and asparagine complexes give some modifications of this characteristic 
pattern, but are essentially indistmguishable from each other. Aspartic acid, 
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however, gives stall a third CD spectrum, weak, and unaffected by high ratios 
of iigand except at quite elevated pH (Fig. 8). Xf the CD spectrum characterizing 
the serine and asparagme complexes differs from that of the simple acids because 
of trrdentate chelation, as seems a possrblity, then the same explanatron seems 
improbable for the aspartic acid. The weakness of the CD for the aspartic acid 
complex, and the general behavior, suggests here the possibriity of simply bidentate 
carboxyl-carboxyl chelatron. 
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Frg 8 CD and absorption spectra for aspartic aced-Pr”’ mzxtures, with Increasing pH, (a) 2 I, 
pH 6, (b)-(d), 3:1, pH 6, 8, 9, respectively; (e), (f), 5 1, pH 8, 9, respectively. CD pathlengths, 
30 mm, absorption, 5 mm 

Frg 9 Pr-sugar acxd “neutral” compIex CD spectra for glucomc (dashed) and galactomc (full) 
a&s, showing inverse ssgns 

The polyhydroxylic sugar acid systems give another sort of example in 
whtch assrgnment of interactmg functrond groups can be made through CD 
spectroscopy_ Eu”’ forms 1 :L complexes with a number of these acrds4, but for 
the moment attention ~111 be concentrated on gluconic and galactomc acids, 
monoc~boxyli~ acrds from the respectxve aldoses. In the relatrvely acid pH range, 
say, 3-5, CD confirmation is seen that complexmg has occurred. Observation at 
certain isolated absorptions (e.g., the one at 526 nm for the 7J+e -+ 5OI transition) 
shows oppoate signs of CD for the two complexes, When the pH is rarsed to 
6-7, marked changes and mtensificatron take place III the CD spectrum, srgnailing 
deprotonation of a hydroxyl and replacement by the metal ion in the chelate. 
Tn the new CD spectrum, the signs of the CD for the 526 mu absorption are stdl 
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opposite for the two ligands. Structurally, the two aldonic acids differ only in 
configuration (I- US. d-) at the y-carbon. The inference is that chelation involves 
the carboxyl and the y-hydroxyl groups, both before and after deprotonatlon of 
the latter. 

The higher-pH, deprotonated sugar acid complexes of Prrrl follow the same 
correlation of sign with configuratIon uable 2, Fig. 9) at the y-carbon’, so it 
may tentatively be assumed that the rare earth fans generaIIy wdl tend to form 
7-membered rmgs in their chelates wrth these hgands. The acid-region complexes 

TABLE 2 

CORRELATIONS OF CD SIGN AND LIGANI) STRUCTURE FOR Pr”‘-WDROXY ACID COMPLEXES 

Lrgand and CD srgn a-Hydroxide Neutral-f egion y-Hydroxide 
(N 482 mp) coftjiguratlon complex CD type configuratfon 

(3Po band)= 

o-tartaric 
L-lactic 
r+zythronrc 
D-ribonic 
D-arabomc 
r3-xylomc 
D-&COluC 

D-&OIUC 

D-IIE3RELO~lC 

D-xdonlc 
o-galactonic 
cz-D-ghIcoheptomc 
a-r)-saccharmrc 
D-pantoic 
L-mahc 
D-saccharic 
Glucuromc 

- 
neg 
nag 
POS 
*eg 
POS 
P= 
POS 
neg 
*es 
Pas 
Pas 
Pas 
PQS 
neg” 

d 
I 
I 
d 
c 
d 
d 
d 
I 
i 

s 
d 
d 
I 

d, i 
d 

T 
- 
an&T 
T 
T 
T 
T 
anti-T 
T 
an&-T 
anti-T 
an&T 
T 
- 
anti-T 
T 
- 

- 
- 
- 

- 
- 
d’ 

u T = sign pattern of tartrate complex, antz-T = sggn pattern Inverted from tartrate complex 
Ir at pH 2-3 c Vrewed as ettber D-g&co-saccharlc or L-gulo-saccharic acrd 

with Pr”‘, however, show signs correlatmg with conjuration at the cr-carbon. 
This does not mean cc-chelation for this complex, and y-chelation for the higher- 
pH one, but means that the field from the carboxyl group (which is attached to 
the a-carbon) has more effect on the sign of the CD than does that of the y- 
hydroxyl group, so long as the latter retains its proton. 

The same hgands form complexes with Nl” that have some of the same 
general characteristics as the complexes with the rare earths5. There is one complex 
m the acid region, and a second, deprotonated complex at higher pH. The CD 
spectra for the two are different in appearance and m mtenaty, as for the rare 
earths (Fzgs. 2 and 3). As with Pr”‘, the sign of the CD spectrum of the acid- 
region complex correlates with conflation at the cl-carbon. The signs of the 
CD spectra for the deprotonated complexes also show a correlation with con- 

C’aordtn. Chem. Rev., 5 (1970) 279-292 
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tiguratmn, but it is wrth the configuration at the &carbon, in contrast to the rare 
earths (Table 3). The stable Ni” complex in these environments, therefore, is the 
&membered ring. Nevertheless, with arabonic acid as reagent, the CD spectra 
(Fig. 3~) mdicate some other, as yet undefined, structure for the high-pH complex. 

TABLE 3 

CORRELATIONOF CD SIGNWITHCONFIGURATIONOFLIGAND HYDROXYL,NI%XYDROXYACIDSYS- 

TEMS 

low pH higher pH a B Y 

L-iCtIC 

Ribonic 
At-dlOlZliC 
XyIonic 
GIucomc 
Gdactonic 
Gulomc 
Malic 
Tartaric 

neg 
POS 
nets 
Pas 
PO= 
POS 
Pas 
neg 
DOS 

- 

neg 
(I 

POS 
POS 
POS 
neg 
a 
4 

- - 
: d d 
I d d 
d 

: 
d 

d d 

:: : : 

fi 
- - 
I - 

* CD spectra not comparable to majority 

C. SPECTRAL INFORMATION 

(i) Correspondence between ubsurpt~un and CD spectra 

To be able to reason back and forth between data from absorption spectra, 
and data front CD spectra, requires some feeling for the nature of the interrela- 
tions. As an example for the need one may consrder the band of Nd3+ whrch hes 
at 340-360 run in water, in which three sharp absorptron components are viable, 
and the presence of a fourth is suggested’l. Data from atomic spectroscopy and 
absorptron in solids indicate that four upper states contribute to thus band. The 
absorptron in the tartrate compIex shows a sbght broadening of components, but 
the relations are recognizabiy hke those for the hydrated ion. The CD spectrum 
of thrs band, thanks to varrations m component sign, shows not less than 10 
distinct components (Fig- lo), and the shapes of some of these imply that they 
may be compound. 

A partral answer to some of the questions such observations raise can be 
obtained from a detatled study of a favourable part of the Prm spectrum. This 
region, about 430-500 nm, contains in the water spectrum the three sharp peaks 

. _ 
of transrtrous to the 31’2,1,0 upper levels, and buried at the base of one of them, 
the weak ‘I, upper state. In a series of three tartrate complexes which have been 
studied’, It has been possible to perform detailed resolutions of the resulting 
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TABLE 4 

ABSORRTH3N AND CD 5PECXRA OF THE ALKALINE Pr”+ARTRATE COMPLEX COMPONENT AIGALYSIS 

Abscvptron CD 

IO4 Aa d/ml AA( x 104)* A&(x i03,Jh 

433 03 - (ne& - 
438 007 437 -0 76 -11 

443 045 4415 -20 4445 t28 <--045 1 ~3-062 
4465 009 447 +46 -+3.1 
4495 030 4495 -t68 i-23 
4% 040 452 -74 -1.85 
455 5 0 IS 455 5 -16 -0 89 
4s9 0.10 459 to40 i-04Q 
462 5 001 463 -08 -8. 
468 0 27 468 -56 -2.1 
472 5 0 14 474 +56 -E-40 
475 5 O_lfS 476 +52 -+45 
478 5 0 14 477 5 -74 -52 

481 -!-x2 >+12s 
482 0095 483 -145 <--IS I 
485 s 0 15 487 -13 -0 87 
489 0.16 490 l-2 25 3-1.4 
491 5 006 492.5 -0 86 -1.4 
498 00% 497 i-092 +9 
502 001 501 -02 -2. 

1o Absorbance umts, per lO-mm path. * AA/A = A&. 

Coordm. Chem. Rts I 5 (1970) 279-292 
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spectra, both absorption and CD. In one of the complexes no fewer than 21 
components have been separated (Fig 11, Table 4). Wtth exceptions which seem 
to be technical, each absorptton component IS apparently assoctated wrth a CD 
component, and vice uemz. It seems reasonable to assume as a start that this 1s 
a general characteristtc of electromc spectra. 

(ii) CD spectra as indrcurors of symnzetryJ?eZd eflects 

The 3Po upper level of Prm, as a J = 0 state, retains its single character 
under all fields. When the correspondmg absorptron peak broadens, and the CD 
shows four or five components for ammo acid or hydroxy acrd complexes (Frgs. 
4, 5 and 1 l), the reasonable conclusion is that one is seemg consequences of some 
splitting in the 3H, ground state. The CD patterns m the 3P, regton are essentrally 
the same (except for sign inversion) for all the hydroxy acid complexes, whereas 
the “PI and ‘P, regtons show effects suggestmg a rather variable sphtting of these 
upper Ievels, dependrng on detatls of the ligand The ground state of Et?, ‘Fe, 
gives sharp single peaks with al1 upper levels, even in the amino acid and hydroxy 
acid complexes, while the ‘FI and ‘F2 Iower levels lead to complex absorption 
and CD patterns4_ There are several limitations on the sort of isolation which 
can be obtained from such data, however. One, perhaps more specific to the rare 
earths than some other sorts of ions, is that the splitting patterns of the states 
are not sensrttve to the detarls of the local symmetryi2. A second IS that the 
selectron rules which determine how many components appear are not clear for 
the low symrnetrres of the complexes, and in partrcular there is not yet a clear 
explanatton for how srgns of mdtvrdual CD components are determined In the 
CD pattern of the 3P0 praeseodymium band, for instance, the highest energy 
component is of dtfferent sign than the others. More generally, through the rare 
earths, and the 3d elements also, ‘Lsplrttmgs” to gave CD components of opposed 
signs are very common, and not clear& explamed. 

One point at whrch detarted symmetry i~ormation has apparently been 
obtamed will perhaps serve to rllustrate further theoretrcal problems. The NP- 
aspartrc acid compIex already referred to has in the 650~nm spectral region a 
broad absorption which represents the r4(319 upper leve16. In complexes of Nt” 
wrth sample ammo actds, two CD components are found in thus peak (Fig. 6), 
correspondmg to two components wrth magnetrc moments under condrtions of 
C,, symmetry. The aspartrc acrd complex shows three CD components here 
(Frg. 7d), which could be obtamed under C, symmetry, for example. But to decide 
whrch factors determme the symmetry to be used mvolves a certain arbrtrariness. 
On the basis of the fact that hydroxy aczds give CD effects related to those of 
amino acids Insofar as components are concerned, we have chosen (a) to consider 
coordmated oxygen and nitrogen to be sy~et~-equivalent (bj to consrder the 
lmkage of two coordmation poszttons by a chelating agent to be a symmetry 
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drfferentrator, and (c) to consider the exact number of atoms in the chelate ring 
to be unimportant. Thus, any 1 :l Nrrr-chelate, with optically active ligand, can 
be conszdered to have C,, symmetry, justrfying two CDcomponents in the 650- 
run band. Smnlarly, aspartic acid, actmg as a tridentate, would also be expected 
to show C,, symmetry if the attachment were tram, while czs coordination would 
justify designating the symmetry C,, which in turn agrees with three components 
in the CD. The question, say, of how many water molecules in the coordmation 
sphere are replaced by ammoma molecules, becomes irrelevant to the symmetry 
question, and in practice apparently does not affect the number of CD components, 
though the frequency locatton and mtensity of the absorption peak may be 
affected. Expforatron of these relations should be more widely extended. 

(lir) Sips of CD ccmponenfs 

There are some who feel confident that they understand tbeoretrcally how 
to predrct at least the sign of the rotatron of, say, a methylcyclopentanone, given 
obtainable structural parameters. In the vapor spectrum of 0)3-methyl-cyclo- 
pentanone already alluded to, the 300-nm carbonyl absorptron shows a number 
of electroruc transitions, including also components of vrbratronal fine structure. 
All of these are of a single srgn (Fig 12) We have seen already that m the inorganic 
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Fzg 12. Grcufar dlcbroism spectrum for carbonyl absorption band (2!50-340 nm) of (+)-3- 
met~yI~yciopentanooe vapor 

complexes components of differing signs are present. For systems in which the 
ligand-complex structural drfference is that of a simple Isomerism-e g., between 
the gluconate and galactonate complexes of Pr”‘-the correspondmg CD com- 
ponents are of opposrte srgn, as expected. For Eu”‘, the signs of the comparable 
CD components for the complex with L-alanine are the same as those for the 
complex with L-lactic acid, with the same structural configuration for the ligand. 
The CD spectra for NI” complexes with L-alanme and with L-lactic acid do not 
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show this relationship fr”rgs. 2 and 6a). Sir@ transitions, such as that at 375 mn, 
are of opposite sign; and split transitions, such as in the 660-mn region, w&h 
show two components of opposite sign with the amino acid, show a uniform sign 
w&h la&c acid or the other hydroxy acids. In thrs case at Ieast more in3uences 
than simple geometrical symmetry relations are operative, and one is justified in 
talking about the effects of detailed bonding relations. 

In. addition to the effects of detaded bondmg on the sign of a aven CD 
component, a good explanation is stall needed for the opposed signs of sphttmg 
components so commonly found in the metal complexes. One would bke to 
specufate on a possible internal Zeeman effect of the asymmetric field of the 
ligand, for example. There is further the obviously d&erentiaf effect on sign and 
intensity between di@erent transitions of the spectrum, as a function of ligand. 
One would hke, say, to find some relation between spattal orientation of the 
orbitals involved and the axes determined by the bonds to the coordmatzon posi- 
tions linked by the chelating figand, for it seems reasonable to assign to the latter 
the role of setting ulp a fixed net vector fiefd of some sort, by virtue of its asym- 
metiy. 
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