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direction for the third step than for the other two), consistent 
with the fact that Cu(sa1-his) already has built in the potential 
for strong axial ligation once the equatorial plane becomes an 
N202  coordination sphere. The large difference between pa- 
rameters with dry dioxane and aqueous dioxane solutions with 
N-MeIm suggests an important role for axial solvation by 
water, in addition to N-MeIm in the mixed-solvent system. 
Thus this system most nearly approaches that of a six-coor- 
dinate tetragonal geometry. 

The EPR spectra of the Cu(sa1-his) and Cu(sa1-hm) com- 
plexes with N-MeIm in aqueous dioxane, though they have 
rather different values of gll and IAIII (Table 11, Figure 3, and 
Figure 5, triangle I), are unique among all of those seen in 
this study in that they are axial and yet have no extra ab- 
sorption peak. They also have well-resolved nitrogen shfs from 
up to three and what appears to be equal numbers of coor- 
dinated nitrogens. The absence of these features in the case 
of Cu(sa1-gly) and Cu(sa1-lysAc) with N-MeIm in aqueous 
dioxane solutions suggests a difference in the coordination 
sphere of Cu(I1) from that in the solutions of Cu(sa1-his) and 
Cu(sa1-hm). Possible differences include (a) deprotonation 
of the histidine imidazole nitrogens of these two multidentate 
ligands in the presence of N-MeIm, a stronger Lewis base 
(pK,(BH+) = 7.3373) than pyridine, (b) a change in magnetic 
axis system so as to place three nitrogens in the x-y plane of 
Cu(sa1-his) + N-MeIm to interact with the unpaired electrons 
in the d,+y orbital, thus placing the phenolate and carboxylate 
oxygens on the z magnetic axis, and (c) the interchange of 
imidazole and carboxylate groups in Cu(sa1-his) in the 
presence of N-MeIm to provide a “histamine-like” coordination 
mode of the sal-his ligand, thus placing the carboxylate oxygen 
on the z axis. The last case should reverse the sense of the 
CD spectra. Although such reversal was not observed in the 
CD spectrum of Cu(sa1-his) + N-MeIm at room temperature, 
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the lability of the coordination sphere of Cu(I1) could permit 
switching of the coordination mode of the sal-his ligand as 
the solution is frozen, if thermodynamic factors favor the 
“histamine-like” mode in the presence of N-MeIm at low 
temperatures. Each of these possibilities provides a plausible 
explanation for the similarity in the appearance of the EPR 
spectra of Cu(sa1-his) and Cu(sa1-hm) in the presence of 
N-MeIm, while not requiring them to have identical values 
of g,, and IAlll. In the absence of other physical data obtained 
in the same solvent system at the same low temperature, it is 
not possible to differentiate among these possibilities. 

In any case, it appears from these results that the branched 
tetradentate nature of the sal-his ligand, together with the 
unique coordinating properties of its imidazole nitrogen, 
confers special reactivity upon its complex with Cu(I1) and 
the further adducts formed with Lewis bases such as pyridine 
and N-methylimidazole. These spectral features are different 
from those present in tridentate vitamin B6 model complexes, 
those either lacking the imidazole (Cu(sa1-gly)) or containing 
it in place of the carboxylate (Cu(sa1-hm)), and therefore must 
be considered in further studies of these models. 
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Mononuclear Co(1I) complexes of o-xylene-a,a’-dithiolate and thiophenolate, [ C ~ ( S ~ - o - x y l ) ~ ] ~ -  and [Co(SPh),12-, which 
possess terminal thiolate to Co(I1) bonds only, have been compared with a tetranuclear thiophenolate complex, 
[ ( C O S P ~ ) ~ ( ~ - S P ~ ) ~ ] ~ - ,  possessing bridging as well as terminal thiolate ligations, by absorption and MCD spectra in order 
to elucidate the core structure of Co(I1)-thiolate complexes. The cluster complex has shown a characteristic MCD spectrum 
for the 4A2(F) - IT,(P) transition having weak negative Faraday effects at 600-900 nm in addition to a strong absorption 
due to the charge-transfer transition from bridging thiolates to the Co(I1) ion at 500-600 nm. The CD and MCD spectra 
of Co(1I) complexes of Z-Cys-Ala-Ala-Cys-OMe and Z-Ala-Cys-OMe (Z = benzyloxycarbonyl and OMe = methoxy) 
have been interpreted to indicate the presence of terminal and bridging cysteine thiolate ligands. The results have been 
compared to the CD and MCD spectra of Co( 11)-substituted metallothionein, which has been known to have polynuclear 
clusters with bridging cysteine thiolates. 

Introduction 
The spectroscopic properties of Co(I1) have been utilized 

as a spectroscopic probe for metal-binding sites in Co(II)- 
reconstituted metalloenzymes.2 Among many spectroscopic 

methods, circular dichroism (CD) and magnetic circular di- 
chroism (MCD) sPectroscoPies are Powerful techniques for 
this purpose because they reflect electronic and chiroptical 
Properties and, hence, the Coordination geometry around the 
metal ion more sensitively than other  method^.^ Several 
authors have investigated CD and MCD spectra of Co(I1)- 

(3) Vallee, B. L.; Holmquist, B. Adu. Inorg. Biochem. 1980, 2, Chapter 2. 

(1) (a) Osaka University. (b) Tohoku University. 
(2) (a) Sigel, H., Ed. Mer. Ions Biol. Syst. 1974, 4. (b) Darral, D. W., 

Wilkins, R. G., Eds. Adu. Inorg. Biochem. 1980, 2. 
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substituted metalloenzymes containing cysteine thiolate groups 
at metal-binding sites such as liver alcohol dehydr~genase,~ 
rubredoxin: blue copper proteins,’ and metallothionein: some 
of which possess amino acid sequences such as Cys-X-Y-Cys 
(X, Y = amino acid residues) to ligate the metal ion. Co- 
balt(I1) complexes with simple thiolate ligands, e.g. o-xyl- 
ene-a&-dithiolate (0-xyl-S2-)~ and thiophenolate (PhS-),8,9 
have been synthesized as inorganic models for these recon- 
stituted enzymes. X-ray structural analyses and spectral 
studies of these complexes have revealed structures such as 
1-3.7-9 Two of them, [C~(S~-o-xyl)~]” (1) and [Co(SPh>,lz- 

1 2 3 
(2), are mononuclear and the other, [(CoSPh),(p-SPh),]” (3), 
is an adamantane-type cluster with bridging thiophenolates, 
all of which have approximately tetrahedral geometry around 
the Co(I1) ion. MCD spectroscopy is expected to definitely 
reveal their structural differences, Le., mononuclear from 
polynuclear. We have measured MCD spectra of 1-3 and 
compared their spectral features in relation to their structural 
characteristics. 

From the viewpoint of bioinorganic chemistry, model studies 
of the peptide comlexes having active-site sequences such as 
Cys-X-Y-Cys are very important to clarify metal ion envi- 
ronment surrounded by protein ligands. We also report here 
MCD and CD spectral studies of Co(I1) complexes of ben- 
zyloxycarbonyl-L-cysteinyl-L-alanyl-L-alanyl-L-cysteine methyl 
ester (Z-Cys-Ala-Ala-Cys-OMe) and benzyloxycarbony1-L- 
alanyl-L-cysteine methyl ester (Z-Ala-Cys-OMe) as models 
for Co(I1)-substituted metallothiolate proteins and discuss their 
structures in solution on the basis of absorption and MCD 
spectral features of the structurally known Co(I1) thiolate 
complexes such as 1-3. The results have been compared to 
the CD and MCD spectra of Co(I1)-substituted metallo- 
thionein? and their structural relationship have been discussed. 
Experimental Section 

All operations were carried out under argon or nitrogen atmosphere. 
N,N-Dimethylformamide (DMF) as a solvent for spectroscopic 
measurements and triethylamine were degassed and distilled before 
use. Cobalt(I1) perchlorate hexahydrate was of commercial grade. 

Preparation of Complexes. The Co(I1) complexes [Et,N],[Co- 
(S2-o-xyl),17 (11, [Me4N12[Co(sPh),18 (21, and [Me4Nl2- 
[ ( C O S P ~ ) & - S P ~ ) ~ ] *  (3) were prepared according to the literature 
methods. The cysteine-containing peptides Z-Ala-Cys-OMe and 
Z-Cys-Ala-Ala-Cys-OMe were prepared as previously described.’O 
All amino acid residues used in this study were of the L configuration. 
Preparation of Co(II)/Cys-containing peptide complexes was carried 
out as follows: Co(C10,),.6H20 and 4 molar equiv of S H  groups 
based on cysteine content of the corresponding peptide were dissolved 
in DMF. The addition of triethylamine to the solution gave a deep 
green solution, which was used for the spectroscopic measurement 
without further purification. 

(4) May, S. W.; Kuo, J.-Y. Biochemistry 1978, 17, 3333. 
(5) (a) Solomon, E. I.; Rawlings, J .  W.; McMillin, D. R.; Stephens, P. J.; 

Gray, H. B. J .  Am.  Chem. SOC. 1976,98,8046. (b) McMillin, D. R. 
Bioinorg. Chem. 1978,8, 179. (c) Tennent, D. T.; McMillin, D. R. J .  
Am.  Chem. SOC. 1979, 101, 2307. 

(6) (a) VasSk, M. J.  Am.  Chem. SOC. 1980, 102, 3953. (b) VaSkk, M.; 
Kagi, J. H. R.; Holmquist, B.; Vallee, B. L. Biochemistry 1981, 20, 
6659. 

(7) Lane, R. L.; Ibers, J. A,; Frankel, R. B.; Papaefthymiou, G .  C.; Holm, 
R. H. J .  A .  Chem. SOC. 1977, 99, 84. 

(8) Dance, I. G. J .  Am.  Chem. SOC. 1979, 101, 6264. 
(9) Swenson, D.; Baenziger, N .  C.; Coucouvanis, D. J .  Am.  Chem. SOC. 

1978, 100, 1932. 
(10) Ueyama, N.; Nakata, M.; Nakamura, A. Bull. Chem. SOC. Jpn. 1981, 

54, 1727. 
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Figure 1. Near-UV-visible absorption (a) and MCD (b) spectra of 
Co(I1) complexes of simple thiolate ligands in DMF and at room 
temperature: -, 1; - - -, 2; -*-, 3. 

Physical Measurements. All spectra were measured in DMF so- 
lution. Absorption spectra at room temperature were recorded on 
a JASCO UVIDEC-SA and a Hitachi 323 spectrophotometer in the 
near-UV-visible and near-infrared regions, respectively. The CD and 
MCD spectra were measured with JASCO J-5OOC and 5-200 spec- 
tropolarimeters” equipped with electromagnets in the near-UV-visible 
and near-IR regions, respectively. The magnetic field was calibrated 
by using aqueous K,[Fe(CN),] solution, AtM (420 nm) 3.0.12 
Calibration of the spectropolarimeter was performed with an aqueous 
solution of (+)-camphor-10-sulfonic acid, [0](290 nm) 7.8 X 

The values of t and At are given in units of M-’ cm-I, and AtM 
is given in M-’ cm-’ T’ where M is the molar concentration of Co(I1). 
In the case of Co(II)/Cys-containing peptide complexes, the MCD 
spectra were corrected for the zero-field circular dichroism. 

Results 
MCD spectra of a series of structurally known Co(I1)- 

thiolate complexes, 1-3, were examined. All of the complexes 
adopt approximately tetrahedral geometry around the Co(I1) 

Room-temperature absorption and MCD spectra of the 
Co(I1)-thiolate complexes are presented in Figure 1 in the  
range 340-900 nm. The value of AtM of 3 was about one- 

(1 1) Nozawa, T.; Yamamoto, T.; Hatano, M. Biochim. Biophys. Acta 1976, 
427, 28. 

(12) Vickerly, L. E.; Nozawa, T.; Sauer, K. J .  Am. Chem. SOC. 1976, 98, 
351. 

(13) Tuzimura, K.; Konno, T.; Megro, H.; Hatano, M.; Murakami, T.; 
Kashiwabara, K.; Saito, K.; Kondo, Y . ;  Suzuki, T. Anal. Biochem. 1977, 
81, 167. 
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Figure 2. Near-IR absorption (a) and MCD (b) spectra of Co(I1) 
complexes of simple thiolate ligands in DMF at room temperature: 
-, 1; ---,  2; - e - ,  3. 

fourth of that from the MCD spectrum of 2 whereas the e vales 
were comparable in each case. Near-IR spectra of the Co(I1) 
complexes are shown in Figure 2. In the case of a polynuclear 
complex, 3, the MCD spectrum could not be observed with 
a reliable signal-to-noise ratio although the same experimental 
conditions used for the other two were employed ([Co(II)] -2 
X lo-* M, cell length 0.1 cm, magnetic field strength 1.4 T, 
room temperature). The absorption and MCD spectral data 
of these Co(I1) complexes are summarized in Table I. Figures 
3 and 4 show absorption, MCD, and CD spectra of Co(II)/ 
Cys-containing peptide complexes in the near-UV-visible and 
the near-IR regions, respectively, and these spectral data are 
also listed in Table 11. Ligand field  parameter^'^ and optical 
electronegati~ities~~~'~ of various thiolate ligands for these 
Co(I1) complexes were calculated according to literature 
methods and are listed in Tables I11 and IV, respectively. 

Discussion 
MCD Spectra of Co(I1) Complexes of Simple Thiolate 

Ligands. We have measured absorption and MCD spectra of 
structurally known Co(I1) complexes of o-xylene-a&-di- 
thiolate and thiophenolate (1-3) for diagnostic purposes in 
determining the structures of Co( 11) complexes of L-cyste- 
ine-containing peptides as discussed later. 

Figures 1 and 2 show absorption and MCD spectra of 1-3 
in DMF in the ranges 340-900 and 1000-2000 nm, respec- 
tively. Tetrahedral Co(I1) complexes with the 4A2(F) ground 
state are expected to have v2 (4A2(F) - 4T1(F)) and v~(~A*(F)  

(14) Cotton, F. A.; Goodgame, M. J .  Am. Chem. SOC. 1961, 83, 1777 
(15)  Jmgensen, C. K.  Prog. Inorg. Chem. 1970, 12, 101. 

E ." 
E u, 

a 
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Table 11. Absorption, MCD, and CD Spectral Data for Co(I1) Complexes of CysteineContaining PeptidesQ 

4A,(F) + 4Tl(F) 4Az(F) -P 4Tl(P) S + Co(I1) charge transfer 
complexes 

Co(II)/ZCys-Ala- abs 1400 1200 750 690 610 386 3 14 
AlaCys-OMe (163) (153) (385) (425) (432) (345 0) (4270) 

MCD 1540 1140 750 615 560sh 425 330 

CD 1590 1310 825 750 710 610 530sh 460 376 355 sh 315 

Co(II)/Z-AlaCys-OMe abs 1400 1200 740 680 610 386 326 

(t0.15) (-0.17) (-0.60) (+0.01) (+0.06) (0.38) (-0.7 8) 

(+0.14) (-0.18) (-0.23) (t0.05) (+0.04) (+0.16) (-0.08) (-0.29) (+0.83) (t0.70) (-0.49) 

(149) (164) (505) (475) (440) (3600) (4450) 
MCD 1440 1160 730 680sh 615 510sh 434 

CD 1540 1350 850 780 700 600 550sh 520 445 390 350 
(+0.16) (-0.21) (-0.66) (-0.37) (+0.03) (0.09) (0.19) 

(-0.46) (+0.10) (+0.04) (+0.03) (-0.13) (t0.13) (+0.06) (+0.03) (t0.08) (-0.05) (+0.13) 
Data are expressed in units of nm in DMF at room temperature. The values in parentheses indicate E, AEM, and AE for absorption, MCD, 

and CD spectra, respectively. 

Table 111. Ligand Field Spectral Parameters (cm-')" 
complexes u2  u3 At B ref 

[Co(S,+~yl ) , ]~-  (1) 6980b 14570' 
[Co(SPh),12- (2) 6900d 14800' 
[(CoSPh),(p-SPh),]'- (3 )  7910d 14540 

CO(II)/ 7630 14800 

Co(II)/Z-AlaCys-OMe 7780 14 890 

W W /  7330b 15 100b 

Z C  ys-Ala-A la€ y s-OM e 

Boc-(GlyCysGly),NH, 

4090 619 7 
4030 643 7 
4740 549 this 

4520 591 this 

4620 587 this 

4300 636 33 

work 

work 

work 

Data calculated by averaging the position of MCD bands of 
U ~ ( ~ A , ( F )  + +T,(F)) and U ~ ( ~ A ~ ( F )  +4T1(P)) transitions. 
calculated by using intensity-weighted uZqmax or 
absorption spectra. ' Data calculated by averaging u3 bands of 
absorption spectra. 

Table IV. Calculated Data for Charge-Transfer Spectra' 

Data 
bands of 

Data for single uz,max bands. 

b complexes uobsdb NSPEP Vcor XL 

[co(sz-o-xY~),12- (1) 25 190' 5780 15 320 2.4 
[Co(SPh),I2- (2) 22830' 6000 12800 2.3 
[ (CoSPh),(P-SPh), I '- (3) 20000' 5120 10140 2.2 
Co(II)/Z€ys-Ala-AlaCys43Me 17 860' 5520 7 820 2.2 
Co(II)/Z-AlaCys-OMe 18180' 5490 8070 2 2  

19610d 5490 9500 2.2 
a The values of At  and B are in Table 111. XM for the Co(I1) ion 

is 1.9.15 These values are expressed in units of cm-' . ' Data 
from the lowest charge-transfer bands of MCD spectra. Data 
from the lowest charge-transfer bands of CD spectra. - 'T1(P)) in the near-infrared and visible regions, respectively. 
These bands are usually separated into several components by 
not only the spin-orbit coupling but also the dynamic Jahn- 
Teller effects. 

The mononuclear Co(I1) complexes, 1 and 2, each have a 
pair of positive and a negative MCD bands in the near-infrared 
region. The MCD peaks of the cluster complex were not 
obtained in this region (see Results). It is noteworthy that 
well-defined MCD spectra in the near-infrared region cannot 
be obtained for this type of cluster complex under the ex- 
perimental conditions used. Such a characteristic is important 
to identify core structures in solutions of Co(II)/Cys-con- 
taining peptides (see later). 

Spin-allowed 4A2(F) - 4T1(P) transitions for tetrahedral 
Co(I1) compexes were observed at 600-900 nm (Figure 1). 
Ligand field theory tells us that the q l ( P )  state splits into four 
sublevels (E', U3/ir  E", and Us/;) by first- and second-order 
spin-orbit interactions.16 Thus, four transitions are expected 
at 600-900 nm. In this region, we found three or four 
splittings in the absorption and MCD spectra of Co(I1) com- 

I a. 

I I I I I I 

WAVELENGTH, nm 
300 400 500 600 7W BW 900 1 

Figure 3. Near-UV-visible absorption (a), MCD (b), and CD (c) 
spectra of Co(I1) complexes of cysteine-containing peptides in DMF 
at room temperature: -, Co(II)/Z-Cys-Ala-Ala-Cys-OMe complex; 
- - -, Co(II)/Z-Ala-Cys-OMe complex. 

plexes with simple thiolate ligands at room temperature 
(Figure 2 and Table I). The MCD spectra show these 
splittings more clearly. 

Much attention has been paid to this area of spectra 
(600-900 nm) of many Co(I1) complexes having various ge- (16) Weakliem, H. A. J .  Chem. Phys. 1962, 36, 2117. 
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Figure 4. Near-IR absorption (a), MCD (b), and CD (c) spectra 
of Co(I1) complexes of cysteine-containing peptides in DMF at room 
temperature: -, Co(II)/Z-Cys-Ala-Ala-Cys-OMe complex; - - -, 
Co(II)/Z-Ala-Cys-OMe complex. 

ometries and to Co(I1)-substituted metalloenzymes by inor- 
ganic and biological chemists since the spectra in this area 
show characteristic features for Co(I1) complexes having 
diverse coordination geometries. Vallee and Holmquist ex- 
amined MCD as well as absorption spectra of a series of tetra-, 
penta-, and hexacoordinated Co(I1) complexes in order to 
elucidate the relationships between MCD spectral charac- 
teristics and structures of Co(I1) complexes in solution, and 
the results were utilized to infer coordination environment of 
Co(I1)-reconstituted metal lop rote in^.^^'^ For diagnostic 

(17) Kaden, T. A.; Holmquist, B.; Vallee, B. L. Inorg. Chem. 1974, 13, 2585. 

purposes, the band shapes of MCD spectra and sometimes 
their magnitudes are compared with those of reference sam- 
ples. 

The MCD spectra of the mononuclear complexes, 1 and 2, 
exhibited two well-separated negative MCD bands in the 
680-800-nm region and a much smaller positive one at ca. 620 
nm as shown in Figure lb. On the other hand, the cluster 
complex, 3, did not show a positive one at 600-650 nm at room 
temperature. Most of the mononuclear Co(I1) tetrahedral 
complexes so far examined exhibit positive MCD bands at the 
highest energy end of 4A2(F) - 4TI(P) t rans i t i~n .” -~~ This 
definitive difference between mononuclear and polynuclear 
complexes may also serve as a diagnostic for the solution 
structures of cysteine-containing peptide complexes of Co- 
(II)(see later). 

Using the transition energies estimated from the MCD 
spectra of 3 (Table I), we calculated the ligand field parameter 
A,, and Racah’s parameter B according to literature methodsI4 
where tetrahedral ligand field was assumed and spin-orbit 
interactions were neglected. The parameters are shown in 
Table I11 together with those of 1 and 2 calculated previously. 
The value of A, for 3 is significantly larger than that of 2. The 
smaller B value for 3 than for 2 indicates larger “nephelauxetic 
effect” in the cluster complex. 

The weak negative MCD bands at  588 and 585 nm for 1 
and 2, respectively, are very likely to arise from the spin- 
forbidden transitions from the ground state to lower sublevels 
of the 2T1 state.l8V2l In the case of 3, these bands were ob- 
scured by the intense charge-transfer transitions. 

The absorption at energy higher than that of the 4A2(F) - 
4T1(P) transitions contains S - Co(I1) charge-transfer tran- 
s i t i o n ~ . ~ - ~ ~ ~ ~ ~  The polynuclear complex, 3, exhibited broad 
intense absorption betwen 500 and 600 nm whereas the mo- 
nonucler complexes did not have any substantial absorption 
in this region. This was also confirmed by the MCD spectra. 
Thus, the broad band in the range between 500 and 600 nm 
is attributed to the charge-transfer transition from bridging 
thiolates to Co(I1) ion. Then, higher energy charge-transfer 
transitions below 500 nm may arise from charge transfer from 
the terminal thiolates to Co(I1) whose MCD spectra indicate 
that they contain several components accompanying the 
charge-transfer transitions as shown in Figure lb.  

We have analyzed the charge-transfer spectra in terms of 
”optical electronegativitie~”~~ in order to estimate the difference 
in the ligand properties between terminal and bridging thiolates 
by using the lowest charge-transfer transition energies, the 
change in the spin-pairing energies accompanying the lig- 
and-to-metal charge-transfer transition, and the ligand field 
parameter for a tetrahedral field.5b115 The calculated values 
of optical electronegativities of thiolate ligands, xL, are sum- 
marized in Table IV. The xL value of 2.4 for o-xyl-s;- is in 
excellent agreement with the value of 2.40 for cysteine thiolate 
in Co(I1)-substituted a z ~ r i n . ~ ~ , ~  A slightly smaller value of 
xL for 3 (2.0) than for 2 (2.3) was obtained, which suggests 
stronger electron-donor ability of the bridging thiolate than 
that of the terminal one. 

Detailed analyses of the MCD spectra of tetrahalide Co(I1) 
complexes having tetrahedral geometry around the Co(I1) ion 
have been done by several authors. Gale et al. have concluded 
that the Faraday effects of 4A2(F) - 4T1(F) transitions of 
several tetrahalide Co(I1) complexes are attributable to the 
C term.22 Denning and Spencer have studied MCD spectra 
of [CoC1412- as a function of temperature and have revealed 

( 1 8 )  Kato, H.; Akimoto, K. J .  Am. Chem. SOC. 1974, 96, 1351. 
(19) Denning, R. G .  J .  Chem. Phys. 1966, 45, 1307. 
(20) Denning, R. G.; Spencer, J.  A .  Symp. Faraday SOC. 1969, No. 3, 84. 
(21) Lomenzo, J .  A, ;  Bird, B. D.; Osborne, G. A,;  Stephens, P. J .  Chem. 

Phys. Lett. 1971, 9, 332. 
(22)  Gale, R.;Godfrey, R. E.; Mason, S. F. Chem. Phys. Lett. 1976, 38,446. 



CD and MCD Spectra of Tetrahedral Co(I1) Complexes 

that the major contribution to the Faraday effect on 4A2(F) - 4T1(P) transitions is the C term.20 Detailed studies on the 
4A2(F) - 4T1(P) transitions in MCD spectra of tetrahedral 
Co(I1) complexes other than tetrahalide complexes by Kaden 
et al." and Kato and Akimotols have also revealed that the 
major contribution to the Faraday effects is derived from the 
C term. From the temperature-dependent MCD study on 
[Co1412- in the charge-transfer region by Bird et al., it has been 
also suggested that the major contribution to the Faraday 
effects in the charge-transfer transition is derived from the C 
term.23 Considering the tetrahedral geometry of the Co(I1) 
complexes of simple thiolates, 1 and 2, and similarity of MCD 
spectral patterns among the Co(I1) thiolate complexes and the 
well-defined tetrahedral Co(I1) c o m p l e ~ e s , " - ~ ~ ~ ~ ~  we presume 
that the major contribution of the Faraday effects of the 
mononuclear complexes, 1 and 2, in the whole region probably 
arises from the C term. In order to obtain precise information 
on the origin of the Faraday effects, however, the measurement 
of temperature-dependent MCD spectra will have to be done. 
In the case of the cluster complex, 3, intramolecular spin 
coupling makes the assignment of the origin of Faraday effects 
more difficult. 

Thus, MCD spectral differences between mononuclear and 
polynuclear Co( 11) complexes of simple thiolate ligands have 
been clarified although more detailed studies such as quan- 
titative evaluation of the Faraday parameters are to be done. 
The differences are related to differences in the number of 
terminal thiolate-Co(I1) and bridging thiolate-Co(I1) bonds 
involved in the Co(I1) complexes. These MCD spectral 
characteristics will provide a diagnostic to identify the 
structures of Co(1) complexes of cysteine-containing peptides 
in solution as discussed in the next section. 

Co( 11) Complexes of Cysteine-Containing Peptides. The 
tetrapeptide sequences Cys-X-Y-Cys are frequently found for 
most metal thiolate proteins: Fe protein, Clostridium pas- 
teurianum rubredoxin, Cys(6)-Thr-Val-Cys(9) and Cys- 
(39)-Pro-Le~-Cys(42);~~ Zn protein, horse liver alcohol de- 
hydrogenase (E chain), Cys(97)-Gly-Lys-Cys-Arg-Val-Cys- 
( 103),25 and Escherichia coli aspartate carbamoyltransferase, 
Cys( 137)-Lys-Tyr-Cys( 140).26 Conformational restriction 
due to the steric effects caused by side chains of two amino 
acid residues interposed between the two cysteine residues may 
contribute to the formation of chelate rings and determination 
of geometry around the metal ion. Previously, we reported 
spectral studies of Fe(II1) complexes of Z-Cys-X-Y-Cys-OMe 
(X = Y = Ala, X = Pro, and Y = Leu) as rubredoxin models 
to obtain the basic inf~rmation. '~,~'  

For the model studies of isomorphous Co(I1) replacement 
for metalloenzymes containing cysteine thiolate coordination, 
we have studied absorption, MCD, and CD spectra of Co(I1) 
complexes of Z-Cys-Ala-Ala-Cys-OMe and Z-Ala-Cys-OMe 
over the range from 300 to 2000 nm where d-d transitions 
within the Co(I1) ion and S - -  Co(I1) charge-transfer bands 
are expected. 

First, we discuss the absorption and MCD spectral char- 
acteristics of the Co( 11) complexes of Z-Cys-Ala-Ala-Cys- 
OMe and Z-Ala-Cys-OMe. The absorption and MCD ex- 
hibited those of typical tetrahedral Co(I1) complexes with four 
thiolate groups as shown in Figures 3 and 4. Similar spectral 
patterns were observed for Co(I1) complexes of Z-Cys-Ala- 
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Ala-Cys-OMe and Z-Ala-Cys-OMe in DMF. In the near-IR 
region (Figure 4), the distinct MCD bands attributable to the 
4A2(F) - 4T1(F) transition, which resembled those of model 
complexes 1 and 2, could be observed with a reliable signal- 
to-noise ratio under the conditions ([Co(II)] 2.0 X M, 
cell length 0.1 cm, magnetic field strength 1.4 T, room tem- 
perature). This result suggests that a substantial amount of 
mononuclear Co(I1) complexes or terminal thiolate-Co(I1) 
bonds in the Co(II)/Cys-containing peptide systems exists even 
under the conditions of thiolate-to-metal ratio of 4. Thiolate 
ligands such as the thiophenolate anion have been known to 
form polynuclear complexes with bridging thiolate.* The 
formation of polynuclear complexes for a system containing 
Co(I1) and cysteine with bridging thiolates was also reported 
by Garbett et a1.** For the case of Z-Cys-Ala-Ala-Cys-OMe 
and Z-Ala-Cys-OMe as ligands, mononuclear Co(I1) com- 
plexes were found to form in thiolate-to-metal ratio of 4. This 
is presumably caused by the steric hindrance of the peptide 
side chains. Positive Faraday effects at 615 nm (see Figure 
3b) corresponding to an absorption maximum at 610 nm for 
the peptide complexes also support the presence of mononu- 
clear species. 

On the other hand, in the charge-transfer region (300-600 
nm), the absorption and MCD spectra of the Co(II)/Cys- 
containing peptide complexes are similar to those of polynu- 
clear complex 3. Presence of a broad absorption tailing be- 
tween 500 and 600 nm is indicative of coexistence of terminal 
and bridging thiolates from the similarities of absorption and 
MCD spectra between the peptide complexes and 3 in the 
charge-transfer region (Figures 1 and 3a,b). The higher energy 
S - Co(I1) charge-transfer bands at 314 nm of the Co(I1) 
complex of Z-Cys-Ala-Ala-Cys-OMe and at 326 nm of that 
of Z-Ala-Cys-OMe have molar extinction coefficients t of 4270 
and 4470 M-' cm-', respectively. The S - Co(I1) charge- 
transfer bands due to the Co(I1)-SCH,-moiety have been 
known to have molar extinction coefficients in the range of 
900-1 300 M-' cm-l per Co(I1)-S b ~ n d i n g . ~ - ~ " . ~ ~ J ~  The 
presence of the [CO~~(C~S-S) , ]*-  core is apparent according 
to the above criteria while the presence of a small amount of 
polynuclear cluster with bridging thiolate cannot be ruled out. 
The absorption maxima at 386 nm are due to a charge-transfer 
transition from thiolate to Co(I1). The MCD bands between 
400 and 500 nm also arise from the charge-transfer transitions 
from bridging thiolate to Co(I1). 

As mentioned above, the Co(I1) complexes of Z-Ala-cys- 
OMe and Z-Cys-Ala-Ala-Cys-OMe seem to have rather 
complicated core structures. To our disappointment, despite 
close examination of absorption and MCD spectra, we could 
not state definitely the core structures of Co(I1e complexes 
of cyteine-containing peptides. However, at least, some 
spectral evidence, especially MCD spectra in the near-IR 
region and positive MCD bands at 6 15 nm, allows us to infer 
the peptide complexes have a substantial amount of Co- 
(11)-terminal thiolate bonds, probably more than in the case 
of 3. 

In Table IV are also listed the optical electronegativities of 
cysteine-containing peptides, from the lowest energy charge- 
transfer bands and ligand field parameters (see later). The 
xL value of 2.2 for both peptides is smaller than that of 2.40 
for cysteine t h i ~ l a t e , ~ ~ , ~  which indicates the presence of bridging 
thiolates. 

Next, let us consider the CD spectra of the Co(I1) complexes 
of Z-Cys-Ala-Ala-Cys-OMe and Z-Ala-Cys-OMe. Although 
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the absorption and MCD spectra of Co(I1) complexes of the 
peptides did not show significant differences between the 
dipeptide and the tetrapeptide complexes, the CD spectra 
exhibited very different spectral patterns (Figures 3 and 4). 
The CD spectra of these Co(I1) peptide compexes are more 
highly structured than the absorption and the MCD spectra. 
Therefore, the CD spectra have more structural information 
about the orientation of the asymmetric carbons in the peptide 
ligands among probabilities of the conformers of the peptide 
ligands around the central metal ion. In the charge-transfer 
region, the tetrapeptide complex shows much stronger Cotton 
effects than the dipeptide complex. 

From the comparison of di- and tetrapeptide complexes, a 
macroring chelate structure is proposed for Co( 11) complexes 
of Z-Cys-Ala-Ala-Cys-OMe: 

Nakata et al. 

[Fe(SH),]-/2- as a model complex for the rubredoxin active 
site and examined several different sets of S-FeS-H dihedral 
angles and have found that the energy separation of the d-d 
transitions is sensitive to the dihedral angle of the Fe-S and 
S-H bonds. Their calculations have revealed that the changes 
of the dihedral angles altered 5E - ST, transition energies 
within 6% for their reduced rubredoxin models. Therefore, 
the Co(I1) complexes of cysteine-containing peptides may have 
different ligand field parameters from each other. 

For the purpose of meaningful comparison, the ligand field 
parameters A, and B for Co(I1) complexes of cysteine-con- 
taining peptides were calculated from the estimated values of 
v,(~A,(F) - T,(F))  and V~(~A,(F)  - 4T1(P)). The data are 
presented in Table 111. The calculated values for A, of 4520 
and 4620 cm-' of the Co(I1) complexes of Z-Cys-Ala-Ala- 
Cys-OMe and Z-Ala-Cys-OMe, respectively, indicate the 
presence of the weak ligand field of the cysteine thiolate groups 
and agree with the values found for Co(I1) complexes with 
simple thiolate ligands.' When we consider the case of Co(I1) 
complexes of B~c-(Gly-Cys-Gly)~-NH~~~ (Table 111), the 
differences among them are roughly consistent with the results 
of the calculation by Bair and G~ddard .~ ,  Thus, the identity 
of the amino acid residues interposed between two cysteine 
residues is important in regulating the electronic state of the 
central ion. 

Core Structures in the Co(I1) Complexes of Cysteine-Con- 
taining Peptides and Co(II) Metallothioneins. Interest lies in 
the striking similarities of the absorption and MCD spectral 
features between Co(I1) complexes of cysteine-containing 
peptides and Co(I1)-substituted metalloproteins. Native 
metallothioneins contain seven Zn(I1) and/or Cd(I1) ions per 
molecule. It has been postulated that the minimum metal- 
binding unit generally consists of three cysteine thiolate ligands 
per metal ion.34 The Il3Cd NMR studies have given strong 
evidence that these units are forming polynuclear metal 
clusters, with some thiolates serving as bridging ligands.35 
Recently Va%k and his co-workers have reported spectroscopic 
studies of Co(I1)-substituted metallothioneins including MCD 
and CD spectra and revealed that Co(I1) ions are organized 
in  cluster^.^,^^ 

The MCD spectra of Co(I1) metallothioneins are as follows: 
Co(I1)-substituted horse kidney metallothionein exhibited 
positive Faraday effects at 615,420, and 253 nm and negative 
ones at 762, 687, 330, and 280 nm;6a (Co(I1) rabbit liver 
metallothionein, positive ones at 628, 425, and 250 nm and 
negative ones at 757,690,373, 342, and 300 nm.6b From the 
comparison with the Co(I1) complexes of cysteine-containing 
peptides (Table 11), close similarities between them are ap- 
parent. These facts suggest strongly that similar core struc- 
tures of Co(I1)-cysteine thiolate complexes are present in 
Co(I1)-reconstituted metallothioneins and Co(I1) complexes 
of cysteine-containing peptides and that a substantial number 
of Co(I1)-terminal cysteine thiolate bonds exist in the Co(I1) 
metallothioneins. Further, the appearance of positive MCD 
bands at 615 and 628 nm of both Co(I1) metallothioneins 
suggests that the Co(I1)-thiolate clusters organized in Co(I1) 
metallothionein have more Co(I1)-terminal thiolate bonds than 
the cluster complex, 3, has. This speculation is consistent with 
a recent finding by lI3Cd NMR techniques that rabbit me- 
tallothionein possesses two types of clusters.35b 

The Z-Cys-Ala-Ala-Cys-OMe and Z-Ala-Cys-OMe complexes 
should have the same intrinsic chiralities, that is, L configu- 
ration around the a-carbons. The Cotton effects in the 
chargetransfer region originate from the chiral charge transfer 
from thiolate to Co(I1) induced by the asymmetric carbons 
and are crucial for determining the CD spectral features. 
Monodentate coordination through cysteine thiolate is reflected 
in the CD spectra by the chiral effects averaged by thermal 
motion of the asymmetric center. Thus, the Z-Ala-Cys-OMe 
complex exhibits only weak Cotton effects. On the other hand, 
chelate ring formation with a bidentate ligand as Z-Cys- 
Ala-Ala-Cys-OMe restricts the thermal motion and, therefore, 
the orientations of the chiral centers are fixed in space. In 
such a case, large Cotton effects are expected. The chelate 
ring formation with Z-Cys-Ala-Ala-Cys-OMe is also supported 
by the fact that the tetrapeptide complexes of Fe(I1) and 
Fe(II1) exhibit CD spectra similar to that of native rubredoxin, 
in which two tetrapeptide Cys-X-Y-Cys units serve as bi- 
dentate chelates with cysteine thiolate coordination to the metal 
ion.24,3 I 

The CD spectra of Co(I1) complexes of the tetra- and di- 
peptide in the region of the ligand field transition, 4A2(F) - 
4Tl(F) and 4A2(F) - 4T1(P), were significantly different 
(Figures 3c and 4c). The intensities of the Cotton effects in 
these regions, however, did not exhibit the differences shown 
in the charge-transfer transition regions. Very interestingly, 
the CD pattern of the Co(I1) complex of Z-Cys-Ala-Ala- 
Cys-OMe is entirely opposite in sign when compared with that 
of Z-Ala-Cys-OMe in the near-IR region. The different CD 
spectral propertie of Co(I1) complexes of cysteine-containing 
peptides are explained by the difference of the orientations of 
dipole moments toward the central Co(I1) ion between the 
tetra- and dipeptides. These CD differences also may be 
caused by subtle distortion of geometry around the Co(I1) ion 
resulting from different coordination environments due to the 
peptide ligands. 

For theoretical models of iron sulfur proteins, Bair and 
Goddard have studied the electronic properties of the active 
site of rubredoxin by ab initio methods.32 They have used 
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Cluster A Cluster B 

,s 's, 
Similarities of the absorption and MCD spectra between 
Co(I1) complexes of cysteine-containing peptides and Co(I1) 
metallothioneins suggest the presence of a similar type of 
cluster, postulated by Otvos and Armitage35b for the Co(I1) 
complexes of cysteine-containing peptides. 

The calculated ligand field parameter A, (4780 cm-I) for 
Co(I1)-substituted rabbit metal l~thionein~~ is comparable to 
those of 3 and Co(I1) complexes of cysteine-containing pep- 
tides, indicating cluster formation (Table 111). Using the 
ligand field parameters (At = 4780 cm-' and B = 624 cm-I) 
and the lowest charge-transfer energy (uObsd = 17 240 cm-I) 
estimated from the MCD band at 580 nm for rabbit metal- 
lothionein,6b we obtained the optical electronegativity, xL, of 
cysteine thiolate (terminal and bridging) for the metallo- 
thionein as 2.1. This value is in agreement with those of 3 
and Co(I1) complexes of Z-Cys-Ala-Ala-Cys-OMe and Z- 

Ala-Cys-OMe (Table IV) and is significantly smaller than the 
xL value, 2.40, for terminal cysteine thiolate previously re- 
ported.5b This fact also indicates the presence of bridging 
thiolates. 

Next, let us consider CD spectra of Co(I1) metallothioneins 
in comparison with those of Co(I1) complexes of cysteine- 
containing peptides. Much stronger Cotton effects have been 
observed in the charge-transfer transition region for Co(I1) 
metallothionein than in the 'A,(F) - 4Tl(P) transition re- 
gion.6b This is consistent with the CD spectral feature found 
for the Co(I1) complex of Z-Cys-Ala-Ala-Cys-OMe shown 
in Figure 3c. These are presumably due to the chelating effects 
of Cys-X-Cys and/or Cys-X-Y-Cys units on the metal ion 
since the Co(1I) complex of Z-Ala-Cys-OMe exhibited weak 
Cotton effects at the charge-transfer region. 

Finally, we have demonstrated through this work that the 
combination of CD and MCD spectroscopies is superior to sole 
utilization of absorption spectroscopy for elucidation of the 
geometry around the metal ion and that CD spectra provide 
interesting information about the dynamic contribution of 
ligand conformations to the electronic states of metal ions. The 
model studies using optically active peptide ligands are im- 
portant to the understanding of active site structures of me- 
talloenzymes. 
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A new EDTA complex of Cr(II1) is described, Na3[Cr(Y)(CN)2(H20)].4H20, where Y denotes ethylenediaminetetraacetate 
or EDTA. The EDTA ligand is terdentate in this complex, three of the carboxyl groups being uncoordinated. The complex 
undergoes pH-dependent aquation of the cyano groups, the rate-determining step being the reaction of Cr(YH)(CN)2(H20)2-, 
followed by rapid loss of the second cyano group. The acid dissociation constant of the YH complex is 2.55 X 10" M 
at 20 "C and 1 M ionic strength, and the rate constant at  20 "C and activation parameters for the slow step are 2.55 X 

M-I s-l, AH"' = 18.9 kcal mol-', and ASo*  = -1.4 cal mol-' K-I. It is suggested that internal hydrogen bonding 
of the protonated carboxyl group in Cr(YH)(CN)2(H20)Z- may assist the aquation. The complex Cr(Y)(CN)2(H20)3- 
undergoes photoaquation of cyanide with a quantum yield of 0.018 at 20 OC and pH 7.6, with 514-nm excitation. The 
pH dependence of 4 indicates that the protonated form cannot be significantly more photoactive than the unprotonated 
one. Emission from aqueous solution is weak and of lifetime less than 15 ns at  10 "C. The photochemical and emission 
behavior is compared with expectations from the photochemistry and emission rules for Cr(II1) complexes. 

Introduction 
A complex of Cr(II1) and EDTA, ethylenediaminetetra- 

acetate or Y", was first reported by Brintzinger et al., in 1943. 
The complex was later shown not to be sexidentate but rather 
to have the formula Cr(YH)(H20),3 YH denoting the EDTA 
ligand with one of the carboxyl groups unattached and pro- 
tonated. Later, Hamm4 studied the acid-base equilibrium 
Cr(YH)(H,O) = Cr(Y)(H,O)-. That the water in Cr(Y- 
H)(H,O) is indeed coordinated has been confirmed by a 
crystal structure determinat i~n.~ Although the existence of 
the sexidentate complex has been proposed, Thorneley et a1.,6 
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in an extensive study of acid-base and related equilibria, were 
unable to find evidence for the Cry-  species. 

The EDTA complexes of Cr(II1) are interesting because 
of the several states of partial coordination that are found. 
Some of the associated equilibrium constants are given as 
follows: 

Cr(YH)(H,O) = CrY(H,O)- + H+ pKa = 3.1 (1)4 

Cr(Y)(H,O)- = CrY(OH)*- + H+ pK, = 7.5 (2)334 

Cr(YH2)(H20)2+ = Cr(YH)(H2O), + H+ 
pK, = 2.49 

Cr(YH)(H,O), = Cr(Y)(H,O),- + H+ 
pKa = 2.92 

(3Y 

( 4 s  
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