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Abstract

[Mo,(11-0),(0),(R-cys),]2~ (R-cys = (R)-cysteinate(2 —)) undergoes significant change in circular
dichroism (CD) spectra on addition of cationic surfactants such as cetyltrimethylammonium bromide
(CTAB), decyltrimethylammonium bromide (DTAB) and cetylpyridinium chloride (CPC). The CD
dependence on [CTAB] occurs in two steps. At [CTAB] < cmc (critical micelle concentration), the change
is interpreted by considering that R-cys partly liberates from Mo,(u-0),(0),1). The change observed
at [DTAB] > cmc is accounted for by the partial dissocation of a —~COO~ arm, while the complete
liberation of the ligand is suppressed. The addition of a anionic surfactant and simple salts do not cause
any change in the CD spectra. A similar CD change is observed for [Mo,(u-0),(0),(S-pen),)*~
(S-pen = (S)-penicillaminate(2 —)), which is interpreted similarly. The sulfide bridged R-cys complexes,
[Mo,(1-O)(1-8)(0),(R-cys),]*>~ and [Mo,(u-8),(0),(R-cys),]>~, also undergo even more drastic CD
changes on addition of CTAB. By contrast, [Mo,(u-0),(0),(R-pdta)]*~ (R-pdta = (R)-1,2-propylenedi-
aminetetraacetate(4 — )) which has a firmly coordinated hexadentate ligand does not show such CD

changes on addition of CTAB.

Introduction

In their recent paper on the complexation of
molybdenum(VT) by (R-cysteine [1], Gillard and
coworkers discussed the solution behaviour of
the molybdenum(V) dimer, [Mo,(#-0),(0),(R-
cys),]?~ (R-cys = (R)-cysteinate dianion), on the
basis of circular dichroism (CD) and 'H and *C
NMR spectra. The tridentate R-cys ligands as
determined by X-ray structural analysis [2] partly
dissociate via their carboxylate groups to become
bidentate in aqueous solution [1]. We have mea-
sured the CD spectra of the complex in the pres-
ence of micelle forming cationic and anionic
surfactants, and found remarkable and rather
complicated changes in the spectra. These changes
can be rationalized in terms of partial dissociation
of the carboxylate group of R-cys [1]. Since under-
standing of the solution behaviour of the Mo, (u-
0),(0),%*) complexes of R-cys and related ligands
is important, we report our results in this area.

*Author to whom correspondence should be addressed at
the Department of Chemistry, Faculty of Science, Hokkaido
University, Sapporo 060, Japan,
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Experimental

Materials

Na,[Mo,(-0),(0),(R-cys),]-5H,O [3], Na,-
[Mo3(u-0),(0),(S-pen),] - 2H,0  (S-pen =(S)-
penicillaminate(2 —)) [4], Na,[Mo,(u-0),(0),-
(R-pdta)] - 3H,0  (R-pdta=(R)-1,2-propylene-
diaminetetraacetate(4 —)), Na,[Mo,(u-O)(u-S)-
(O),(R-cys),] - 4H,0 [5] and Na,[Mo,(u-8),(0),-
(R-cys),] - 4H,0 [3, 4] were all prepared by litera-
ture procedures. All the surfactants, cetyltrimethyl-
ammonium bromide (CTAB, (CH;(CH,)s-
N(CH,);Br), decyltrimethylammonium bromide
(DTAB, (CH;(CH,)sN(CH;);Br), cetylpyridin-
fum chloride (CPC, (CH5(CH,);sCsHs;NCl), and
sodium dodecyl sulphonate (SDS, (CH;(CH,),,~
0S0,Na) were used as received. Sodium perchio-
rate and other simple salts were also used as
received.,

Measurements

Electronic absorption spectra were measured
with a Hitachi 323 Spectrophotometer. The CD
spectra were obtained by the use of a JASCO
J-40A automatic recording spectropolarimeter.
Since the complexes were found to be less soluble
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in water in the presence of the surfactants, the
concentrations employed were in the range (4-
8) x 10°M(IM = 1 moldm~3). The pH was not
controlled, but was in the range 6.1-6.9. The
measurements were carried out within 30 min of
solution preparation, to avoid the effect of decom-
position [1,4]. '"H and *C NMR measurements
were not possible due to the low concentrations
employed and the presence of surfactants.

Results

[Mo,(u-0),(0)2(R-cys),]*~

Careful experiments revealed that the CD
strength at > 300 nm slightly decreased as the
concentration of the complex was reduced as noted
previously [1], and increased on addition of free
(R)-cysteine. Thus at [complex] = 6.4 x 1073 M,
Ae was —106M'cm~! at 385nm which in-
creased in magnitude to —11.2 M~! cm~! on addi-
tion of the free ligand (8.8 x 107* M), a result
consistent with a ligand dissociation equilibrium in
aqueous solution.

The CD spectrum was practically the same in
the absence and the presence of simple salts such
as NaCl (9.5 x 1072 M), NaClO, (9.5 x 1072 M),
NaBr (5.0 x1073-9.5x 1072M), (C,H;),NBr
(1.0 x 107-6.4 x 107> M), (C,H;),NCI (5.8 x
1073 M) and (C,H;),NCIO,; (5.9 x 1072 M). Tt
did not change in the presence of an anionic
surfactant SDS (8.0 x 1073-5.3 x 10~2 M). How-
ever, the CD spectrum was significantly affected
by the cationic surfactant CTAB (Fig. 1), showing
rather complicated dependence on [CTAB]. De-
pendence of the CD intensity on [CTAB] is shown
in Fig. 2. Obviously there are two stages in the
dependence. Since the critical micelle concentra-
tion (cmc) of CTAB is reported to be
9.2 x 107* M [6], the second stage appears to be
related to the micelle formation. The effect at
lower [CTAB] ( <cmc) should arise from the in-
teraction of the complex with the cetyltrimethyl-

Fig. 1. Circular dichroism spectra of aqueous solution of
Na,[Mo,(u-0),(0),(R-cys),] - SH,O at [CTAB)=0M
( ), 1.6 X 107*M (- — - =), and 1.6 x 107> M (— - — - ).
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Fig. 2. The correlation of Ae at 395 nm of aqueous solutions
of Na,[Mo,(u-0),(0),(R-cys),] - SH,O (6.4 x 103 M) with
[CTAB].

ammonium ion. On addition of the free ligand
(R)-cysteine (4.4 x 107* M), the CD spectra re-
turned to the one without any added salt when the
CTAB concentration was lower than cmc, but did
not show any change when [CTAB] exceeded cmc.
During these CD changes, the UV-Vis absorp-
tion spectra did not show significant change.

Change in the CD spectrum was also observed
in the presence of other cationic surfactants such
as DTAB (1.8x107%-0.018 M) and CPC
(0.071-0.126 M) at >cmc.

Other complexes

[Mo,(1-0),(0),(S-pen),]>~ showed CD spec-
tral changes in the presence of CTAB
([CTAB] > cmc) (the CD spectrum is enan-
tiometic to that of the R-cys complex due to
different absolute configuration of the ligand). On
the other hand, [Mo,(u-0),(0),(R-pdta)]®~
showed no CD spectral change on addition of
CTAB. The changes in the CD spectra of [Mo,(u-
O)(u-S)(0),(R-cys),]*~ and [Mo,(u-S),(0),(R-
cys),]?~ were also studied briefly in the presence
of CTAB at >cmc (Figs. 3 and 4). The changes
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Fig. 3. Electronic absorption and circular dichroism spectra of
aqueous solutions of Nay[Mo,(u-0)(u-S)O).(R-cys),] -
4H,0 at [CTAB] =0M ( yand 4.7 x 1073 M (- — - —).
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TABLE 1. The CD spectral data (peak in 10~3cm~! and A¢ in M~' em~') for some Mo(V) dimer complexes in the presence of

cationic surfactants

Complex

£
Surfactant (conc.) M- tem™)

[Mo,0,(R-cys),]>~

None 26.1 (—10.6), 31.7 (+3.0), 36.0 (+3.5)

(R-cys(8.8 x 10~ M))
CTAB (1.6 x 10-* M)
CTAB (1.6 x 10-> M)
DTAB (0.126 M)
CPC (1.8 x 10-2 M)

[Mo0,0,(S-pen),]*~

26.1 (—12.0)

25.8 (—7.0), 31.7 (+3.0)

25.3 (—10.4), 30.5 (+3.8), 33.9 (—5.0)
25.3 (—10.0), 30.8 (+3.5), 33.9 (—2.5)
25.1 (—12.2), 30.3 (+5.0), 34.2 (—8.0)

None 26.6 (+10.4), 31.9 (—4.2), 358 (—3.2)

CTAB (1.6 x 1073 M)
[Mo, O, (R-pdta)]*

None, CTAB (0.009 M)
[Mo,0;5(R-cys),]*~

25.4 (+10.4), 30.5 (—4.6), 33.8 (+1.6)

26.0 (—5.5), 33.3 (+5.1), 37.1 (—1.6), 40.6 (+3.9)

None 27.7 (—8.0), 31.7 (+2.2), 39.0 (+10.3)

CTAB (4.7 x 107> M)
[Mo0,0,8,(R-cys),]*~

28.6 (—20.2), 35.3 (+2.8), 43.3 (+14.9)

None 25.0 (+4.0), 27.8 (—-7.9) 31.5 (+15.7), 37.8 (—16.8)

CTAB (2.6 x 107> M)

24.5 (+1.0), 27.9 (—16.8), 33.1 (+15.0), 37.7 (—16.1)

Fig. 4. Electronic absorption and circular dichroism spectra of
aqueous solutions of Na,[Mo,(u- S)Z(O)Z(R -cys),] - 4H,O at
[CTAB] =0M (—) and 2.6 x 10> M (- — - —).

are even more significant than those of the di(u-
oxo) complex, [Mo,(u-0),(0),(R-cys),]*".
these two u-S complexes, changes in the visible
absorption spectra also occur (Figs. 3 and 4).

The changes in the CD spectra are summarized
in Table 1.

Discussion

Gillard and coworkers [ 1] convincingly demon-
strated by 'H NMR spectra that [Mo,(u-

0),(0),(R-cys),]*~ ([complex] = 0.2 M) partially
dissociates its —~COO~ group (c. 75% of the ligand
is in the dissociated form, while no free ligand is
observed). Although the concentration of the
solution used for the NMR measurements was
significantly higher than that for the CD measure-
ments, we expect a similar —~COO~ dissociation at
the lower complex concentration although to a
different degree since the —COO~ dissociation
processes occur intramolecularly or with proton
assistance.

The dissociation equilibrium becomes impor-
tant at lower complex concentrations. Shifting to
the complex formation at higher complex concen-
tration makes the dissociation negligible at the
concentration of the NMR measurements.

The present observations on the R-cys complex
can be accounted for by Scheme 1*.

[Mo,0,(R-cys-N,S,CO0),]* (1)

K;

=— [Mo0,0,(R-cys-N,S)(R-cys-N,S,CO0)}>~(2)
K

== [M0,0,(R-cys-N,S),]>~ (3)
K-

—= [Mo,0,(R-cys-N,S)|(4) + R-cys*~

Here, R-cys-N,S,COO and R-cys-N,S represent
the tridentate higand with coordinated—NH,, S—,
and ~COO~ (as found by the crystal structure

*The dissociation of both the ligands is unlikely because the
aqua complex of Mo,(u-0),(0),** is known to cause precip-
itation at the pH studied (pH, ¢. 6) [7].



o o]
3 T e
/’ 7° J )\ £ /__O_J)\
(3) (4)

Scheme 1

determination [2]) and bidentate with uncoordi-
nated —COO™, respectively Under the micelle
forming condition, equilibria K; and K, shift to
the nght Complete liberation of the ligand (Kj) 1s
unlikely, since the addition of the free hgand did
not cause any change in the CD spectrum In the
region [CATB] < cmc, however, one of the R-cys
ligands dissociates from Mo, (u-0),(0O),*, since
the addition of the free ligand gives the orniginal
CD spectrum

The dinegative R-cys complex would be incor-
porated into the positively charged micelle of
CTAB, DTAB and CPC In the cationic micelles,
the more polar structure with free —~COO~ groups
would be more stable from the electrostatic point
of view, so that the species 2 and 3 would be
favored over 1 The presence of CTAB at <cmc
facilitates the complete dissociation of R-cys from
Mo, (1-0),0,2+), which 15 more difficult to ex-
plamm It has been suggested that the complete
dissociation as well as partial ~COO~ dissocia-
tion occurs to a higher extent at lower pH [1] The
pH of the solution ([Mo,]=75x10">M)
changed only shghtly on addition of CTAB (6 6
at [CTAB} =0M and 61 at 10 x 102M), and
the pH alone cannot be responsible for the ob-
served ligand dissociation It 1s possible that the
hydrophobicity of cetyltrimethylammonium ions
may play a role

The reported CD spectrum of [Mo,(u-
0),(0),(R-cys),]*~ i pure water [4] should rep-
resent the initial two equilibrium states involving
1, 2 and 3** It should be noted that the CD
spectra of [Mo,(1-0),(0),(R-cys),]>” show sig-
nificant solvent dependence [4] The spectrum in
DMF (Fig 5) relates essentially to species 1,
because —COO~ dissociation 1s less favoured in
this less polar solvent It 1s known that (R)-cys-
temate ethyl ester (R-etcys) coordinates to

**The contribution of species 4 1s excluded, since the addi-
tion of the hgand does not affect the CD spectrum
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Fig 5 Circular dichroism spectra of Na,[Mo,(u-0),(0),(R-
cys),] SH,O m DMF (- - - -) and Mo,(u-0),(0),(R-
etcys), in DMF (——) [4]

Mo, (u-0),(0), as a bidentate higand wvia 1its —NH,
and -S~ groups as determined crystallographi-
cally for [Mo,(1-0),(O),(R-etcys),] [8] This
complex shows a nearly enantiomeric CD pattern
with an appreciable blue shift (Fig 2) when com-
pared with that of the R-cys complex in DMF
Thus effect 1s due to the inversed absolute configu-
ration of the asymmetric distortion around the
Mo-Mo axis [4,9] On dissociation of —-COO~,
we would expect 2 and 3 to adopt a structure
similar to that of the R-etcys complex (namely the
inversion of the asymmetric distortion around the
Mo—-Mo axis takes place from A mn 1 to A n 3)
Thus, 3 would show a similar CD spectral pattern
to the R-etcys complex The structure of 2 would
be somewhere between 1 and 3 The CD spectrum
of 2 1s difficult to estimate, but may be intermedi-
ate between those of 1 and 3 The CD spectra of
the R-cys complex in water i1s intermediate be-
tween those in DMF and of the R-etcys complex
On addition of CTAB, the spectrum appears to
shift to the direction of that of the R-etcys com-
plex These considerations are consistent with the
suggested shift in the equilibna

The behaviour of [Mo,(u-0),(0),(S-pen),]*~
1s stmilarly understood, since the ligand possesses
a very similar structure to R-cys The pdta ligand
1s firmly coordinated to Mo,(u-0),(0),>~ [9] and
1s not expected to show such flexible behaviour
and thus no effect by the CTAB micelle 1s ob-
served The changes in CD spectra of the two
R-cys complexes with u-S on addition of CTAB
are large The CD spectra of these complexes are
more complicated [4] and discussions similar to
those given for the di(u-oxo) complexes are not
feasible However, the spectral change should be
related to the similar structural change as dis-
cussed above The phenomena seem to be charac-
tersstic for the complexes with the R-cys ligand



which has a highly stressed conformation when 1t
acts as a terdentate
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