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Abstract [Mn,(02KH,),1 forms optically actiw compieves in DMSO after addition of chrral ligands. 

Bv.icntate Iig;tndl; tcarboxyltc ~tds. dials. and ammo alcohols) but also a prmar> amine (I- 

ph~n~leth~l~trn~n~~ ucrc shaun to form these complcxc~. For molar ratio> of less that zppr. I 5 :1 (lipand to 
complex I up 10 5 Cotton cffcfccts (A ta E. from 600 to ?70 nm )c;tn bc observed. The syns of those brtv.een 201) 
and Jo0 nm can bc used for empirical dctcrmlnatmn ofahsolute contigurat~on ofcomplexing ligands. Bands 
A D;~re a\Gpncd to the follou~ng transItions: A: manly r;,,<? ,,%, - r)* (A,. - E I: R:o -G:,,, cl (A,, - A,.\; 

c: marnl~ A- rr:,,. \,,, IA, -+E 1: D: o-+0‘* !A,. -. A,,,). Sector rules for thr pair of CD-b;tnris AC 
(hexaiecant ruIc};md for (‘D-ha&i B thcnadccant rule with twoadditional nodal pl;tnc\ through the 11oQ,- 

:Mo,(O,C<‘H,),] is an easil) a\~irilablc’ ’ and stable 
complex with D,,- symmetry.’ which is kinetically 
labile in soluGon as its acetate ligands can be 
exchanged rapidly by other acylatc moieties. 
Complcxation proceed3 exclusiveI! \ia theC0; group 
even II other groups arc present in the ligand which are 
very prone to form bonds with the metal. e.g. the 
prrmary NH,-group of glycinc. 3s has been provzd for 
the crystal by X-r:)? di~r~ction.~ 

We hake found that in DMSO solution immcdiatc 
exchange of the ~~et~t~(s) with the anions of chiral 
acids rakes place leading up to 7 Cotton cffccts in the 
wavelengths range bct\\ccn 270 and 750nm. Most 
other usual solvents for CD-spectroscopy did not 
dissolve sulTiciontly the complex. alcohols dccomposc 
it quickly. I-‘igure I shows three typical CD-curves of 
the mixture between S-( + )-m~~ndclic acid with the 
“stock compicx” [Mo2(0,CCH,),] for the molar 
ratios 40: I. 3.5:l and 0.13:1 Tests with the 
corresponding benzoatc or trifluoroacetate oomplcv 
showed no advantage. With a large excess of the chiral 
iigand the appearance of the CD-spectrum differs from 
that wrth equivalent or less a~lount~ i Fig. I 1. The same 
holds for the complcxcs with S-I + )-lactic acid (F’ig. 2 ). 
but no1 with acids \\hlch do not contain other donor 
groups. as. r’.g. R-I -. )-hydratropic acid I Fiz. 3). It may 
bc that a1 hqhcr concentrattons of the llgand also the 
OH-group bmds to the Mo,-cluster, cvtntually to the 
axial positions, which \scaklj bind in crystals to donor 
atoms of the solvent of crystalli/.ation or IO an osygcn 
atom of the neighbour complex molcculc.‘.q ” 

This complex can bc used for the empirical 
determination of the absolute configuration of related 
acids. For this II is important to measure the CD 
always at similar c~~n~entrali~~n ratios. E.g. homo- 
chirally analogous acids like mandelic acid, its O- 
methyl ether. hpdratroplc acid. and 2-phrnyl butyric 
acid all gi\e the same signs for the more pronounced 

Cotton clTccts between 30 and 4OOnm. The same is 
due for Iactrcacid, its O-methyl ethcrand I& O-acetate. 
The CD-spectra of the chit-al complexes obtained in 
situ from the stock complex and amino acids differ 
scarcel) from those menrioncd hitherto: the signs of 
the Cotton effects hctween 300 and 450nm are the 
same for such acids of the same absoluIe configuration 
as alanine. its N-acetate, phcnyl alanine or arpinine. 

This method is vet-v srnsiticc. E.g. the pen deflection 
on the dichrograph for a sensitivity setting of5 x IO - ” 
AA-uni6.mm and I cm path length at 405nm of a 
solution of 0.2 mg lactic acid in IOccm DMSO is still 
33 mm. 

It is obvious rhar the shape of the CD-curves must 
depend on the ~on~cntrati~~n ratio (11~11~d:~o). as 
bcsldes the achlraf stock complex (k = 0) 5 other 
chiral complcxcs of type [Mo,(O,CCH,),,,, 
(02CR*)J may be present m solution (k = 1 4; for 
k = 2 a cis- and a trans-complcs IS possible: R* is a 
chiral group). If the contributions of the indisldual 
ligands to the CD wcrc (approxim~tcly) additive one 
would expccr that Ar: tends towards an upper limit for 
each band with rising concentration ofthechiral l&and 
RLC‘02. Surprisingly the contrary holds: the diffcren- 
tial absorbance AA 2 AL - AR increascsconsiderably 
for diminishing ratios &and: MO. The complex with 
k = I h~isobviously thelargest rotational strength. Fora 
rough esrimarlon of the AX-\alucs UC can assume that 
all ligands (they are very slmllarl arc s~atlstlcaliy 
distributed over all posItions in rhe complex and the 
solution; if the dissociation of the complexes were 
negligibly small WC ohtam thus. c.p. for the complex 
with S-( t )-mandelic acid at 415. 360 and 310nm AC- 

values of + 0.9. - 3.3 and + 5.5. resp. Thcsc values. 
which arc lawcr limits, remain appr. constant over Y 
broader concentration range provided rhar primarily 
only the complex with k = 1 is present. 

As also ?ilo,-clusters with other organic Iigands 
than acids are known (see Refs. 4.7, IO) wt: tested also 
some of these. Addition of monoalcohols hke menthol 
to the stock complex do not induce CD. several Cotton 
cflects arc, however. obtained H ith dmls and polyols 3s. 
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c.g. 2-dcoxy-I>-ribosc (Fig. 4). glucose. jx-cholcstane- 

dial-2/1.3/1 (Fig. 4). and some I..)-dials which are 

dcrlwd from 1.2-dlphcny1cthane.l ’ fither groups are 

not sulliaent for complcsing: permcthylaled glucose 

or O-methyl rncthjl mandclate do not give CD in 
presence of the stock complcs. 

SimilarI) I ,2-amino alcohols llkc ephedrine and its 
dnillO&UtX1 ’ or I J-amino alcohols derlvcd from 1.2- 
diphcn>l CIhitne’ ’ gi\c bevera CD-bands with the 
stock complex. i\hich ciln bc used for the emplrlcal 
determination of the absolute configuration of such 
compounds. WC ha\c iil>o tested scwral other 

unldcntatr ligandh: hitherto only with S-( - l-;r-phenyl 
ethyl amlnc we obramcd Cotton cHects (Fig 31. Its 

N.N-dimcthyl dcrivatrvc no lon~cr complcscs. as 
cspccrcd. 

The absorption spectra of [>lo,(0,CR1, j com- 

plexes haie been described wcral times (XC Refs. 6,9. 

1.3. 13): c.g. the formatc complex gave’_’ (alcohol 
matrix. 80 K I ;II longcst ivavelcngths a vcrj weak band 

(I) \iiIh pronounccd line structure betwcn 420 and 

4X0 nm. The strongest absorption band (III. l: = 7200) 
appears at 299 nm. another absorption is klsible iis ;L 

shoulder on this around 225 nm (band II. I: 1 6000~. 
and ;I fourth band (1 V. i: = 20001 can be seen at 225 nm. 

In the CD-spectra WC found (see l-igs. I -3) for 
conccnlrations which gi\.c we I 0 mainly 
[Mc~~IO~C‘C~I~)~(O~CR*)] as onl) choral comples ;I 

\wy ueak CD-band betawn 500 to 600 11111 (band A ). 

irnothcr one (B) bcIwcn 400 10 450 nm coincides with 
I. A third C‘ottoncll’wt (b:tind Cl ofoppoGtrsi_en IO the 

first Iho ones appears around 360 mn. A comparison 

of the spectra 111 Figs. I and 2 suggr>ts Ihat the pobiIi\c 

minimum found for the S-( - l-lactic acid complex is 
acluallj ;I ncpalivc masm~um. \\ hew AL-\alucs are, 
howc\er. shifted lwards posiIi1.e \ alueb because of 

okcrlap tiith CD-bands U and D. Rand D around 
310 nm crGncidcs \\ith the maximum of the isotrnplc 

absorption of the complex in DMMSO (i: = 36IH). Fig. 
2). the IiisI COIIOII C~~‘UZI \+,hich LIP hc dc~ectcd III 

DMSO-wlution (band E I apcars around 270 3Oonm. 
Ilands I> and E ma! correspond IO the bands II and III 
of the wtroplc absorption spcclrum.” 

The cncrgle< of the cjrbitals for the :.Llo,(O,CH),] 
complex ha\c been calculated;‘;1 Ihosc for the filled 
ones iigrcc quite wll \\ ith data obtained from PE- 
q!crctra. band positions 111 the ;rbsorption spectra and 
Ihus cncrgics of Ihc ~~rlu;il MOs arc ICSS siltisfiictorily 

prcdlctcd. The follw ing MOs (the fi\c highest Illled 
and six Iwest virtualI WIII be the most rclcwnt for the 
spcctr;t according 1~1 Ihcsc cll~t~l:~tions:’ J 

The follouing assignments for the excited states 

corresponding IO bands I IV have been proposcd:‘J I : 
E,(2bz, --t 5e,); II: A,,,(Zb,, ---t ?b,,,I: III: E,,(2b,, 
-+ 7e,,); and IV: A,,(~c,, -+ k,). Hesldes the lirst one 
these arc only ClccIricall~ allowed Iransitiowln the 
CD-spccrra one recognwes. hwcver. alw those 

cwtatlons which xc associated ~41th i1 mapnctic 
transilion momcnI (m,,,: A,, -+ E.,; In,: A, --t A,_ 1. 

If one orders the transitions belawn thebe itbo\c 
mentioned MOs and Introduces electron conligura- 

tionol interaction then the e?uc~tcd state tvlth Iwest 
energy should correspond mainI> to IIIC transition 

2b2, - SC, (A,, - E,I to Hhich the other one of same 
symmetry. 6c,. - Zb,,, is admixed in such ;i \+ay that 

the Iwo magnetic transition momcnI vectors (par- 

tially) compensalc each other. The wrrcspondlng 
second combination. for which the t\+o moments ha\t: 

IO be added (mainly 6c,, -+ Zb, . ivith some ?b,, -f Se,- 

character 1 appears then 31 somcu hat higher energy. 

The rotational strength of that IaIIer (‘ollon efTcct 

must bc larger than of the first enc. becau!.c tirstly its m 
is lurgcr. and secondly it lies closer I0 I he lirst E,,-stale 
from Hhich the ncccssary clcctric transitIon moment 
has IO be stolen. As is shw n IaIrr both CoIton cfi’ccts 
have to h;l\:e opposite signs. If thus band C‘ is assigned 

the second A, . - E transition tither A or H may bc 

the first A,, + E, band. Bccausc of the small m u hich 
~sexpectcd II is raIher A which corresponds then IO this 
first E,-state. A splitting of Ihe doubl> degcncrrtte A,, 

4 E, hand for Ihe complex ~Mo,(O~C‘C‘I~~).,- 
(O?CR* J: isimprobablebecause thechromophorestill 
retains its Dab-symmetry. 

AI a hiphcr wnccntration of the I~p;tnd RICO, 
other species aill be prcscnl on which several chiral 

lig!ands complex to the same MO,-cluster. Here sewral 
conformrrlions itill br: possible and this ma! then Icad 

to rcductlon cben of the local D,,,-symmetry. For 
hlghcr ligand concrntratlons w mdccd occasionally 

found ii splitting of the CD-band A (appcarancc of 

another vcr> \\cilk band bctuecn 6IM) and 7oOnm 1. 

This agaIn supports the awgnmcnt for band A 
Band H must then correspond cithcr IO another E_ 

state or to one with AI,-s)mmet,r~. .rhe first could 
come from the 5c,, - 2b,,,- transltlon. \ihosc m is. 
houevcr. expected to bc rather small. ils thcrc is a 

stronger participation of Ihc p,,,-nrbiIals on Mo. B 

may thus better bc awigned the Zb,, - 5b, - 
transition, u hich is awciated with ;I rcasonab j I 

slrong m, (see Fig. 5 1. 
Band D is the first strong absorpt Ion biind aI lonpcst 

uiI\elenpIh> ilnd is IIIUS iisslgtlcd rn agreement \riIh 
other aurhors” IhC ‘b :p -2b,., (A,, +A?,,)- 
transition. Too man) powbilillc> exist then for 
band E. which on the hai> ofour CD- and LV-spectra 

cannot any more bc :tsGrncd unequi~oc;lll\r.. 
FoIlwIng the literature” iI corresponds most 
probably to the _‘b,, + 7c,,-tranhltiun \\ith \.y- 
polarization. 

F‘or the first three CD-bands A. B. and Cscctor rules 
may be obtalncd \tith the help of Qualituli\e MO 

Theory.’ ‘.lh All three tranhltlons are magncticitlly 
allowed. the necessary electric transition moment ha> 
to hc stolen from an clcctricall) ;rlloncd IriinSiti@n, 
which must then be at higher cncrpj. After mixing by 

the chiral environment for Ihcsc first three btatcs ac 
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have thus to USC the energetically favoured combina- 
tions, i.c. both times attraction (or both times 
rcpulsion).“,‘h Figure 5 shows the correlation 
between the charge pattern in the transition multipolc 
and the direction of the magnetic transition moment 
vector for the 2b,, -* 5b, _-transition which WC 
assigned 10 band B. That z-polarized transition which 
is energetically nearest to it is the Zb,, + 2b,,,- 
transition (Fig. 6). Figure 6 shows also the Induction of 
the signs of the charges within the dipole and that 
transition multipole which IS associated with m, by a 
chirally arranged perturbing charge. using the 
l ~recipe”.l 5.1 b Comparison with Fig. 5 indicates that 
for the chosen position of the perturbing group 
both transition moments are antiparallel to each other, 
the rotational strength is therefore negative. The whole 
sector rule which follows from this is also drawn in Fig. 
6. As the multipole which is associated with m consists 
of 8 charges we obtain 8 “left” and 8 “right” sectors, a 
he.uuderanr rule results thus. This is in agreement with 
theory, as according to Schellman” the symmetry 
plants of the chromophore become nodal planes of the 
corresponding sector rule (“symmetry-determined” 
nodal planes). 

If we apply it to the complex with R-( - )- 
hydratropic acid we have to make assumptions about 
the prcferrcd conformation of the ligand. If it were the 
same as found for carboxylic acids in general, i.e. a syn- 
periplanar arrangement of the methyl group with one 
of the C O-bonds, then all atoms of the 
benzene ring are positioned in a positive sector, in 
agreement with the positive Cotton effect within 
band B of that complex (see Fig. 3). 

For the hydroxy acids of the enantiomeric series the 
CD within band B is also positive. I\io simple 
prediction of the conformation in the complex of such 
ligands seems, however. possible because of the dipole 
interactions. Here we have 10 rely on empirical 
correlations. 

For the A,, -+ E,-transition at longer wavelengths 
(band A) we have discussed mamly 2b,_ -+ 5el 
parentage. Figure 7 shows the relevant orbitals. the 
transition multipoles built up during the excitation. 
and their correlation with the magnetic transition 
moments m, and m,. For the rotational strength we 
need to borrow agam ,u,,,, and the transition which 
seems to bc closest in energy and is formally x.y- 
polarized would bc of 4c, + Zb,,,-type. As the overlap 
between the lone pairs on the oxygen atoms and the 
6*-MO is. however, very small no large jl,., can be 
associated with this transition. The same holds for the 
next, la,,, e 5e,. The missing p comes thus most 
probably from the 2b,, 4 7e,,-transition (band 111 of 
Ref. 14). and Fig. 8 shows how its components are built 
up. Testing the influence of a perturbing charge upon 
m and p (Fig. 9) leads to the result that the x- and y- 
components to the rotational strength are of opposite 
sign. One should note, however. that only a charge 
lying on the plant blscctingeach octant has exactly the 
same interaction with both dipoles. Is the perturbing 
group located in sector I (see Fig. 8. bottom left I then 
the mteractlon potential with ldt is larger, in sector II 
however, with 11,. For the position chosen in Fig. 9 (in 
sector I) the magnitude of R, = p,.m, is then larger 
than that of R: = jl,.m,, the contribution in this sector 
is thus positive. From this follows then the sector rule 
shown in Fig. 9. which contains besides the 5 

symmetry-determined nodal planes also two others, 
the “orbital-determined” ones. which are the two 
planes of the Moo,-units. These planes are the nodal 
planes of the nF.,-orbitals. 

The dcterminaton of the correlation between the 
sign pattern within the transition multipoles and the 
direction of the magnetic transltion moments for the 

6e,, 3 2b,,,-transition follows exactly the same lines 
(see Fig. 7 1, and the result is opposite to that obtained 
for the Zb,, -) SC,-transition. The corresponding 
sector rule must then also bc the mirror image of that 
given in Fig. 9. In the CD-spectrum of the complex 
with R-( - I-hydratropic acid band A cannot be 
recognized. band C (Fig. 3) is. however. easily detected 
and positive. The enantiomorphous sector rule to that 
of Fig. 9 is vahd for band C, and if we assume the same 
conformation as before for the chiral ligand most ofthe 
atoms of the bcnzenc ring are positioned in an “inner” 
positive sector, in agreement with the measurement 
(Fig. 2). 

From the general treatment of the Cotton eflecrs it 
follows that the corresponding transition at higher 
energy which provided the electric transition moment 
should have a CD-sign which is opposite to that of the 
transition at lower energy. This is. however. only the 
case If no other transitions arc possible at still higher 
energy, which provide also magnetic transition 
moments, which could then instead be used to produce 
rotational strength. Such a situation is obviously 
present in the case of our chiral complexes and the 
determination of absolute configuration from the 
Cotton effects below 400 nm should thus better rely on 
empirical comparisons. 

EXPk:RI\lC:NTAI. 

The measurements were obtained on a Dichrograph Mark 
111 of Jobin-Yvon-ISA al room tcmperaturc. The concentra- 
tion ofthe stock solution was cu. 1.5 mmolc/l in pure DMSO. 
The solution IS stable at worn temperature for a few hours, 
but can bc kept in the refrigerator for a long time. For the in 
siru preparation of the complexes the chiral ligand is added lo 

the stock solution and the CD is measured from 800 lo 
270nm in cells of 1.0 and 0.2cm pathlcngth. In general a 
ligand concentration of05l.Ommolc:I is sufficient. The CD 
remains constant over several hours. 
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