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Abstract 

Aerobic oxidation of mixtures of PrpepH (3), a 
peptide ligand that contains three of the five pro- 
posed donor centers of the metal-chelating portion 
of the antitumor drug bleomycin (BLM) and cobalt- 
(II) salts (ratio 2:l) in water or methanol affords the 
cobalt(II1) complex [Co(Prpep),] + which has been 
isolated as the perchlorate and the tetrafluoroborate 
salt. [Co(Prpep)z]C104*2.25H20 (5a) crystallizes in 
the orthorhombic space group Pbcu with a = 14.5.53- 
(S), b = 16.765(7), c = 21.745(g) a and Z = 8. The 
structure was refined to R = 6.2% by using 3273 
unique data (F,,2 > 2.50(Fo2)). The coordination 
geometry around low-spin Co(W) is octahedral with 
Co-N(pyrimidine) = 1.943(5), Co-N(imidazole) = 
1.93 l(5) and Co-N(amido) = 1.927(5) 8, respective- 
ly. The complex is isolated as the mer isomer. On 
reduction, [Co(Prpep)J+ yields a cobalt(I1) species 
that rapidly decomposes in solution. The solution 
structure of [Co(Prpep)z]+ has been explored with 
the aid of one- and two-dimensional ‘H and 13C NMR 
spectroscopy. 

Introduction 

Since the metal-ion-promoted DNA cleavage 
property of bleomycins (BLM, l), a family of 
glycopeptide antitumor antibiotics, is believed to be 
responsible for the drug action, the coordination 
chemistry of metallobleomycins (M-BLMs) and their 
interaction with DNA have been studied quite 
extensively [l-7]. Despite direct DNA cleavage 
activity [8], the coordination chemistry of cobalt- 
BLM chelates has been explored [l-7, 9-151 and 
Co-BLMs have found use in specific clinical applica- 
tions. For example, kinetically inert s7Co(III)-BLMs 
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accumulate selectively in the nuclei of certain types 
of cancer cells and hence are used as diagnostic agents 
in nuclear medicine [ 141. The recent report that 
Co(III)-BLM can cause DNA strand breaks following 
photoreduction by UV or visible light [16] has 
stimulated renewed interest in the chemistry of 
Co(III)-BLM and its interaction with DNA under 
illumination. As part of a systematic synthetic 
analogue approach [17] to M-BLMs, we have recent- 
ly reported [ 181 the structure and properties of a 
Co(II1) complex [Co(Pypep)2JC104.Hz0 (4) of a 
peptide ligand namely, N-(2-(4-imidazolyl)ethyl)- 
pyridine-2-carboxamide (2, PypepH). Since BLM 
contains a pyrimidine and not a pyridine ring in the 
metal-chelating locus of the drug, we have altered 2 
accordingly and have synthesized N-(2-(4-imidazolyl)- 
ethyl)pyrimidine4-carboxamide (3) as our new 
tailored fragment of BLM. This ligand contains three 
of the five proposed donor groups of BLM (boxed 
area in 1). Keeping up with our nomenclature, 3 is 
abbreviated as PrpepH; the dissociable H is the amide 
H. In this paper, we report the synthesis, spectral 
properties and the structure of a Co(II1) complex of 
3 of the formula [Co(Prpep),]C104*2.25H20 (5a)*. 
The solution structure of this synthetic analogue of 
Co(III)-BLM has also been established by two- 
dimensional NMR work. The complex 5a provides 
important structural and spectroscopic parameters 
pertinent to Co(III)-BLM. 

Experimental 

Preparation of Compounds 

Histamine (free base), 4-methylpyrimidine, 
selenium dioxide, lithium perchlorate, tetraethylam- 

*The other pyrimidine-based designed ligand namely, 
N-(2-(4-imidazolyl)ethyl)-2-methyl-5-bromopyrimidine-4-car- 
boxamide (PmpepH) [19] does not form a ‘bis’ complex of 
the type [Co(Pmpep)z] + presumably due to steric hindrance. 
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2 

PypepH (2) 

monium tetrafluoroborate and cobalt(H) chloride 
hexahydrate were procured from Aldrich Chemical 
Company. Cobalt(H) acetate tetrahydrate was pur- 
chased from Alfa Products (Morton Thiokol Inc.). 

R: terminal amine 

BLM (1) 

II ‘CHzYCH2>~ 

fipepH (3) 
Conversion of 4-methylpyrimidine to 4-pyrimi- 

dinecarboxylic acid was completed according to a 
published procedure [20]. A batch of 16 g (0.13 mol) 
of the acid was dissolved (small amount of the acid 
remained undissolved) in 200 ml of anhydrous 
ethanol and dry HCl gas was bubbled through the 
brown mixture for 5 h*. The temperature was 
maintained at 55 “C. Following removal of ethanol, 
the brown oil was distilled in vacua to collect 10 g 
(66 mmol, 51%) of ethyl4-pyrimidinecarboxylate. 
Next, 7.4 g (66 mmol) of histamine were added to 
the ester dissolved in 200 ml of benzene and the 
mixture was heated to reflux for 10 h. The reaction 
mixture was then cooled (0 “C) and the light cream- 
colored solid was filtered. PrpepH thus obtained (12 
g, 84%) was pure enough for syntheses of metal com- 
plexes. Recrystallization from methanol afforded 
off-white needles; melting point (m.p.) 196-197 “C. 
‘H NMR (300 MHz, (CD&SO, 313 K); 2.82 (t, J= 
7.2 Hz, 2H), 3.60 (q, J = 6.6 Hz, 2H), 6.87 (s, lH, 
Im (imidazolyl C-H)), 7.58 (s, lH,,Zm), 8.04 (d,J= 
4.8 Hz, Pm (pyrimidine ring C-H)), 9.07 (d, J = 4.8 
Hz,&), 9.10 (br, IH, peptide NH), 9.32 (s, lH,Pm), 
11.15 (br, lH, Zm NH). Selected IR bands (KBr 
pellet, cm-‘): 3360(m), 3200(m), 3000(m), 1665- 

*The reaction mixture became homogeneous within c. 2h. 

PrPePH (3) 

(vco, s), 1520(s), 1430(s), 1270(m), 1200(m), 1080- 
(m), 970(w), 820(m), 760(s), 710(s), 665(s), 615(s), 
480(w) and 410(m). 

Anal. Calc. for Cn,H1iNSO: C, 55.27; H, 5.11; N, 
32.25. Found: C, 55.40; H, 5.17; N, 32.34%. 

(Co(Prpep),]ClO,+-2.25H20 (Sa) 
A 450 mg (2 mmol) amount of Co(H) acetate 

tetrahydrate was dissolved in 30 ml of 1: 1 vol./vol. 
mixture of water and methanol. The resulting pink 
solution was slowly added with stirring to a solution 
of 900 mg (4.15 mmol) of PrpepH in 30 ml of water. 
The mixture immediately turned deep red. After 30 
min, a batch of 450 mg (4.3 mmol) of LiC104 in 5 ml 
water was added and the clear deep red solution was 
stored at 0 “C for 20 h. The dark red crystals were 
collected by filtration and dried in air. A batch of 
750 mg (59%) of dark red blocks was obtained; m.p. 
255-257 “C (dec.). Presence of water molecules was 
confirmed by X-ray crystallography and NMR 
spectroscopy (vide infra). When the reaction was per- 
formed in anhydrous methanol, dark red crystals 
(needles) of [Co(Prpep),]C104.CH30H were isolated 
in 52% yield. Presence of methanol in the crystals was 
revealed by NMR spectroscopy. Selected IR bands 
(KBr pellet, cm-‘): 3200(br, s), 2960(s), 161O(voo, 
s), 1500(s), 1400(s), 1280(m), 1240(m), 1120(voto4, 
vs), 840(m), 690(m), 630(m) and 5 1 O(w). 

Anal. Calc. for CzoH24.5NloOs.zsCoC1: C, 38.05; 
H, 3.91; N, 22.18. Found: C, 37.90; H, 3.93; N, 
21.98%. 

The tetrafluoroborate salt [Co(Prpep),]BF4*2Hz0 
(5b) was isolated from a reaction mixture of 
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TABLE 1. Summary of crystal data, intensity collection and structure refinement parameters for [Co(Rrpep)2]Cl04.2.25H@ 

(5a) 

Formula (molecular weight) 

a (A) 

b (A) 

c (A) 
Crystal system 

v (A? 
Z 

&ale (g/cm? 
D obs k/cm3) 
Space group 
Crystal dimensions (mm) 

Radiation 
Absorption coefficient, p (cm-‘) 

Scan speed (“/min) 

28 limit (“) 

Scan range (“) 

Background/scan time ratio 

Transmission factor range 

Data collected 

Unique data (Fo2 > 2.50(Fo2)) 

No. variables 

Goodness of fit 

Rb (%I 
R,vC (%) 
Temperature (K) 

Largest A/a in refinement 

Maximum (e/A3) 

CzoH24.sNroOa.asCoCL (631.37) 
14.553(5) 

16.765(7) 

21.745(8) 
orthorhombic 

5305(3) 

8 

1.581 

1 .60(l)a 
Pbca 
0.23 x 0.32 x 0.63 

MO Kol (h = 0.7 1069 A) 

10.19 

3-6 

4.0 < 2e < 55.0 

(w) symmetrically over 1 .O 

about Kor.2 maximum 

0.5 

0.78-0.84 

6091 (+h, +k, +I) 
3273 

462 

1.85 

6.2 

6.9 

298 

0.008 
0.81 

*Determined by the neutral buoyancy technique in CHCls/CHBrs. bR = ZZIIF,I - IF,II/~IF,,I. ‘R,= [~w(lF,,l - lFc02/ 
CwlFJ]‘“; w = l/o(lFol)2. 

CO(CH~COO)~-~H~O and PrpepH (ratio 1:2) in 
aqueous methanol following addition of Et,NBF,. 
The dark red blocks thus obtained were characterized 
by IR, NMR, and absorption spectroscopy. 

AnaZ. Calc. for C20H24N1004C~BF4: C, 39.09; H, 
3.94; N, 22.81. Found: C, 39.15; H, 3.89; N, 22.71%. 

(Co(Prpep)2]+ from CoCl2~6H~O 
A solution of 238 mg (1 mmol) of cobalt(I1) 

chloride hexahydrate in 5 ml of water was added with 
stirring to a solution of 450 mg (2.1 mmol) of 
PrpepH in 12 ml of 1: 1 aqueous methanol. The color 
of the reaction mixture turned to deep red as the ad- 
dition continued. After 30 min, a batch of 260 mg 
(2.5 mmol) of LiC104 in 3 ml of water was added and 
the deep red solution was stored at 0 “C for 15 h. 
Dark red needles of 5a were isolated in 60% yield. 

Physical Measurements 
Infrared spectra were obtained with a Nicolet MX- 

S FTIR spectrometer. Absorption spectra were mea- 
sured on a Perkin-Elmer Lambda 9 spectrophotom- 
eter. ‘H and 13C NMR spectra were recorded on a 
General Electric 300 MHz GN-300 instrument. 
Samples were dissolved in (CD3)2SO (99.5% D). 

Multiplicities of 13C NMR peaks were determined 
from APT or DEPT data. Standard pulse sequences 
[21] were used to obtain ‘H-‘H and ‘H-“C two- 
dimensional scalar correlated NMR spectra. Experi- 
mental detail has already been published [ 181. 
Electrochemical measurements were performed with 
standard Princeton Applied Research instrumentation 
using a Pt or glassy carbon (GC) electrode; potentials 
were measured at -25 “C versus a saturated calomel 
electrode (SCE) as reference. Elemental analyses were 
completed by Atlantic Microlab Inc., Atlanta, GA, 
U.S.A. 

X-ray Data Collection and Reduction 
Dark red blocks of [Co(Prpep),C104*2.25H20 

(5a) were obtained by slow evaporation of an 
aqueous solution of the complex. Intensities were 
measured using MO Kar radiation on a Syntex P2 dif- 
fractometer equipped with graphite monochromator. 
Table 1 summarizes the crystal data and data collec- 
tion parameters. The orientation matrix and unit cell 
parameters were determined by using 24 machine- 
centered reflections in the region 15” < 20 < 30”. 
Intensities of four check reflections were recorded 
every 96 reflections to monitor crystal and instru- 
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ment stability. The intensities were corrected for 
Lorentz and polarization effects and absorption. 

Solution and Refinement of the Structure 
The structure was solved by the direct-methods 

program SHELX [22] with Es > 1.2. The E map 
revealed atoms of the cation, anion and one water 
molecule. The structure was refined isotropically by 
least-squares method to an R value of 0.242. A dif- 
ference Fourier map at this stage revealed another 
water molecule as well as the fact that the four oxy- 
gens of the perchlorate were disordered. The oc- 
cupancy of the primary positions as well as secondary 
positions were refined with the total occupancy of 
the pair being kept at 1 .O. The refined occupancies of 
the primary and secondary positions were 0.65 and 
0.35, respectively. The R factor at this stage of refine- 
ment with isotropic thermal parameters had a value 
of 0.125. A difference Fourier map at this point 
further revealed a partial water molecule whose 
occupancy refined to 0.25. Continuing least-squares 
refinement with anisotropic thermal parameters for 
non-hydrogen atoms (except the partial water mole- 
cule) reduced R to 0.070. At this stage, all the hydro- 
gen atoms belonging to the cation and the two fully 
occupied water molecules were located from the dif- 
ference map and refined with isotropic thermal 
parameters to R value of 0.062. The refinement was 
based on F, and the quantity minimized being X:w- 

(Fo -Q2, where w = ~/u(F,)~. A total of 3273 
unique data (Fo2 > 2.5o(F,‘)) was used in the refine- 
ment. Scattering factors for nonhydrogen and hydro- 
gen atoms were taken from literature tabulations 
[23]. Atomic positional parameters are listed in Table 
2. Selected bond distances and angles are presented 
in Table 3. See also ‘Supplementary Material’. 

Results and Discussion 

Oxygenation of mixtures of cobalt(I1) salts and 
the peptide ligand PrpepH (3) leads to formation of 
the cobalt(II1) complex [Co(Prpep),]+ which has 
been isolated both as the perchlorate (Sa) and the 
tetrafluoroborate (5b) salt. Since coordination of the 
deprotonated amido N to cobalt appears to be a key 
step toward oxidation of the metal center, syntheses 
of the peptide complexes of tervalent cobalt are 
usually performed in basic (pH - IO) solutions 
[24-261. In the present case however, no base is 
required to promote the deprotonation of the amide 
group of 3 in either aqueous or methanolic solution; 
[Co(Prpep)z]+ has been synthesiztd starting from 
both cobalt(H) acetate tetrahydrate and cobalt(IL) 
chloride hexahydrate. The characteristic deep red 
color of [Co(Prpep),]+ is observed immediately after 
cobalt(I1) chloride and 3 (ratio 1:2 .I) are mixed in 
water. The aerobic oxidation step is extremely rapid 

in water and no brown coloration due to oxygenated 
(superoxo or binuclear peroxo) intermediate(s) [27] 
is observed. That oxygen is the oxidizing agent in 
these syntheses has been confirmed by the facts that 
under strictly anaerobic conditions, the reaction mix- 
ture of 1 eq. of cobalt(I1) acetate tetrahydrate and 
2.1 eq. of 3 remains orange (vide infra) and changes 
to deep red only when exposed to air. When 
anhydrous cobalt(I1) chloride is allowed to react with 
3 (ratio 1:2.1) in anhydrous methanol, a brown 
coloration (indicating the formation of oxygenated 
complex) is observed; the mixture turns to deep red 
within a few minutes, however. Addition of LiC104 
to the deep red solution affords crystals of Sa in good 
yield. As reported earlier 1181, formation of [Co- 
(Pypep)2]+ requires the presence of a base in the reac- 
tion mixture; with PrpepH, no base is needed. Clean 
oxidation to Co(II1) and formation of the desired 
‘bis’ complexes of PypepH and PrpepH suggest that 
the deprotonated amido Ns stabilize tervalent cobalt 
and Co(III)-BLM is likely to contain amido N in the 
first coordination sphere of the metal. 

Structure of [Co(Prpep),]C104-2.2.5H20 (Sa) 
The crystal structure of [Co(Prpep)2]C104*2.25- 

Hz0 (5a) consists of discrete cations, anions and wa- 
ter molecules of crystallization. The water molecules 
are involved in extensive hydrogen bonding. Selected 
hydrogen bonding distances include OW(l)-H--O(l) 
[2.736 a], OW(l)-H--N(2) [2.821 a], OW(2)-H-- 
OW(l) [2.769 .&I and OW(2)-H--N(7) [2.805 A]. 
An ORTEP drawing of the cation and the atom- 
labeling scheme is shown in Fig. 1. The cobalt(II1) 
center is in an octahedral environment of six N donor 
centers of two tridentate anionic ligands. The coor- 
dinated pyrimidine and the imidazole N atoms of 
each ligand are trans to one another. The two de- 
protonated amido N atoms are also tram to one 
another. The complex is therefore the mer isomer. 

Both [Fe(Pypep)z I+ and [Co(Pypep),]+ have been 
isolated as the mer isomer. Clearly, ligand frameworks 
of the type 2 and 3 prefer to coordinate in a plane 
and this in turn suggests that analogous portion of 
BLM (boxed are in 1) is likely to be ligated to the 
metal ions in the basal plane. 

Selected interatomic distances and angles for 5a 
are listed in Table 3. The Co(III)-N,, (pm = pyrimi- 
dine) distance (1.943(5) a) is close to the average 
Co(III)-N,, distance of 1.979(5) A in the fat isomer 
of tris(4,6-dimethylpyrimidine-2-thionato)cobalt(III) 
[28]. In bis(acetylacetonato)(nitro)(2-aminopyrimi- 
dine)cobalt(III), where the pyrimidine ligand is 
monodentate, the Co(III)-N,, distance is longer 
(2.019(7) A) [29]. The CO(III)-Ni, (im = imidazole) 
distance in 5a (1.931(5) a) is comparable to that ob- 
served in histidinato (His) complexes like [Co(N02)- 
(L-His)2]*H20 (1.958(10) A] [30] and [Co(en)Cl- 
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TABLE 2. Atomic coordinates (X 104) and equivalent isotropic displacement parameters (A’ X 103) for Sa 
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Atom X Y 

co 
O(1) 
O(2) 
Ml) 
NW 
N(3) 

N(4) 

N(5) 

N(6) 

N(7) 

N(8) 

N(9) 

N(l0) 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

C(9) 

C(10) 

C(l1) 

C(l2) 

C(l3) 

C(14) 

C(15) 

C(l6) 

C(l7) 

C(l8) 

C(l9) 

C(20) 
Cl 

0(3)[0.65] 

0(4)[0.65] 

0(5)[0.65] 

0(6)[0.65] 

O(7QO.35 ] 
0(8)[0.35] 

0(9)[0.35] 

0(10)[0.35] 

owl) 

OW(2) 
OW(3)[0.25] 

75388(6) 

6015(3) 
9050(3) 

6914(3) 

6472(4) 

6568(3) 

8063(3) 

9209(4) 

8190(3) 

8601(4) 
8513(3) 

6972(3) 

5744(4) 

6302(5) 

6028(5) 

6992(5) 

6008(6) 
5774(5) 

6607(4) 

7494(5) 

7741(5) 

8607(6) 

8892(5) 

8794(4) 

9056(5) 

8088(4) 

9117(5) 

9339(5) 

8457(S) 

7528(5) 

7195(5) 
6285(6) 

6124(5) 
8682(2) 

4006(14) 

3116(17) 

3440(16) 

4595(9) 

2560(13) 
3488(33) 

3938(36) 

3707(33) 

10866(3) 

3697(4) 

6560(10) 

19483(4) 

1322(3) 

85 3(3) 

2704(3) 

3384(4) 

1984(3) 

1190(3) 

332(3) 

2813(3) 

3712(3) 

1797(3) 

1084(3) 

264(4) 

3273(4) 

3691(5) 

2796(4) 

3329(5) 
2532(5) 

1440(4) 

995(3) 

449(4) 

137(4) 

85 2(4) 

3316(4) 
3887(4) 

3063(4) 

3168(4) 

2289(4) 

1139(4) 

783(3) 

208(4) 
-24(4) 

810(4) 

3027(l) 

3125(18) 

3667(16) 

2291(13) 

3164(8) 

2793(13) 

3674(24) 
2917(35) 

2363(22) 

767(3) 

771(3) 

3280(9) 

66597(3) 

8122(2) 
5377(2) 

6136(2) 

5345(3) 

7263(2) 

7239(2) 

7650(3) 

7053(2) 

7715(3) 

6072(2) 

6202(2) 

5880(3) 

6334(3) 

5838(4) 

5529(3) 

6982(3) 
7256(3) 

7714(3) 

7706(2) 

8142(3) 

8093(4) 

7236(3) 

6765(3) 

7172(3) 

7630(3) 

6128(3) 

6019(3) 

5721(3) 

5760(3) 

5357(3) 
5429(4) 

6242(3) 
4221(l) 

1377(11) 

609(9) 

587(10) 

407(5) 

1019(8) 
482(20) 

1404(19) 

440(14) 

5699(2) 

1060(2) 

8832(7) 

U(ecP 

270) 
W2) 
47(2) 
310) 
48(2) 

32(2) 

28(2) 

48(2) 

30(2) 

44(2) 

30(2) 

31(2) 

54(2) 

37(2) 

52(3) 

37(2) 

45(3) 

44(3) 

35(2) 

31(2) 

42(2) 

52(3) 

400) 

30(2) 

420) 
37(2) 

400) 

36(2) 

34(2) 

34(2) 

45(3) 

53(3) 

43(3) 
81(l) 

71(7) 

86(7) 
137(10) 

119(6) 

93(8) 
105(18) 

98(15) 

129(18) 

43(2) 

67(2) 
50 

The numbers in brackets give the refined occupancy factors. Parameters for the cobalt atom were multiplied by 10’. %quiva- 

lent isotropic U defined as one third of the trace of the orthogonalized Lru tensor. 

(His)]Cl (1.946(3) A) [31]. The Co(III)-N(amido) 
bond in 5a is 1.927(5) a long. Very similar lengths 
for the Co(M)-N(amido) bond have been reported 
with (NH4)[Co(gly-gly)a] *2H20 (1.92 a) [32], 
Ko(H,O)el ]Co(gly-gly)21,.12H20 (1.87 A) ]331 
and [Co(NH&(L-ala-gly-gly)] (1.869(6) A) [34]. 
For the sake of comparison, in [Co(Pypep)2]’ [18], 
the Co(III)-N,, (py = pyridine), CO(III)-Ni, and 
Co(M)-N(amido) bond lengths are 1.937(5), 1.952- 

(5) and 1.933(3) A, respectively. In 5a, significant 
deviation from 90” is observed with N(amido)-Co- 
N nrn angles (ave. 82.6(2)“) presumably due to forma- 
tion of five-membered chelate rings with extended 
conjugation. Similar shortening of N(amido)-Co- 
N,, angles (ave. 83.3(2)“) has been observed with 
[Co(Pypep)2]+ [18]. Thus the dimensions of the 
Co(III)Ne chromophore in [Co(Prpep)2]+ and 
[Co(Pypep)2] + are quite similar. 
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TABLE 3. Selected bond distances and angles in [Co(Prpep)z]+ 

M. Muetterties et al. 

Distances (A) 

Co-N(l) 
CO-N(~) 
CO-N(~) 
co-N(6) 
co -N(8) 
Co -N(9) 

0(1)-C(6) 
O(2)-C(16) 

N(l)-C(1) 
N(l)-C(3) 
N(2)-C(2) 
N(2)-C(3) 
N(3)-C(5) 
N(3)-C(6) 
N(4)-C(7) 
N(4)-C(10) 

N(5)-C(9) 
N(5)-C(10) 
N(6)-C(ll) 
N(6)-C(13) 

1.931(j) 
1.929(5) 
1.945(5) 
1.931(5) 
1.926(5) 
1.942(5) 
1.253(7) 
1.238(7) 
1.374(7) 
1.334(8) 
1.355(9) 
I .305(8) 
1.476(8) 
1.341(7) 
1.351(7) 
1.333(8) 
1.343(9) 
1.335(8) 
1.370(7) 
1.332(7) 

Angles (“) 

N(3)-Co-N(l) 92.0(2) 

N(4)-Co-N(l) 174.4(2) 

N(4)-Co -N(3) 82.4(2) 
N(6)-Co-N(l) 90.0(2) 
R(6)-CO-N(~) 92.1(Z) 
N(6)-CO-N(~) 90.7(2) 
N(8)-Co-N(l) 92.4(2) 
N(8)-h-N(3) 174.1(2) 
N(8)-CO-N(~) 93.1(2) 
N(8)-CO-N(~) 91.8(2) 
N(9)-Co-N(l) 89.3(2) 
N(9)-CO-N(~) 93.4(2) 
N(9)-Co-N(4) 90.6(2) 
N(9)-Co -N(6) 174.5(2) 
N(9)-CO-N(~) 82.8(2) 
C(I)-N(l)-Co 125.2(4) 
C(3)-N(l)-Co 128.2(5) 
C(3)-N(l)-C(1) 106.6(5) 
C(3)-N(2)-C(2) 108.7(6) 
C(S)-N(3)-Co 125.8(4) 
C(6)-N(3)-Co 116.5(4) 
C(6)-N(3)-C(5) 117.7(5) 
C(7)-N(4)-Co 113.8(4) 
C(lO)-N(4)-Co 129.1(4) 
C(lO)-N(4)-C(7) 117.1(5) 
C(lO)-N(5)-C(9) 114.7(6) 
C(ll)-N(6)-Co 125.1(4) 
C(13)-N(6)-Co 126.8(5) 
C(13)-N(6)-C(l1) 107.9(5) 
C(13)-N(7)-C(U) 10$.8(6) 
C(15)-N(8)-Co 125.6(4) 
C(16)-N(S)-Co 116.1(4) 
C(16)-N(8)-C(15) 117.9(5) 
C(17)-N(9)-Co II2.8(4) 
C(20)-N(9)-Co 128.6(5) 

N(7)-C(12) 
N(7)-C(13) 
N(8)-C(15) 
N(8)-C(16) 
N(9)-C(17) 
N(9)-C(20) 
N(lO)-C(19) 
N(1 O)-C(20) 

C(1)-C(2) 
C(l)-C(4) 
C(4)-C(5) 
C(6)-C(7) 
C(7)-C(8) 
C(8)-C(9) 
C(ll)-C(12) 
C(ll)-C(14) 
C(14)-C(15) 
C(16)-C(17) 
C(17)-C(18) 
C(18)-C(19) 

C(20)-N(9)-C(17) 
C(20)-N(lO)-C(19) 
C(2)-C(l)-N(I) 
C(4)-C(l)-N(1) 
C(4)-C(l)-C(2) 
C(l)-C(2)-N(2) 
N(2)-W-N(l) 
C(5)-C(4)-C(1) 
C(4)-C(5)-N(3) 
N(3)-C(6)-O(1) 
C(7)-C(6)-O(1) 

C(J)-(X6)-N(3) 
C(6)-C(7)-N(4) 
C(8)-W-N(4) 
C(8)-C(7)-C(6) 
C(9)-W-C(7) 
C(8)-C(9)-N(5) 
N(5)-C(lO)-N(4) 
C(12)-C(ll)-N(6) 
C(14)-C(ll)-N(6) 
c(14)-c(ll)-c(12) 
C(ll)-C(12)-N(7) 
N(7)-C(13)-N(6) 
C(15)-C(14)-C(11) 
C(14)-C(15)-N(8) 
N(8)-C(16)-O(2) 
C(17)-C(16)-O(2) 
C(17)-C(16)-N(8) 
C(16)-C(17)-N(9) 
C(18)-C(17)-N(9) 
C(18)-C(17)-C(16) 
C(19)-C(18)-C(17) 
C(18)-C(19)-N(lO) 
N(lO)-C(20)-N(9) 

1.386(8) 
1.332(8) 
1.463(8) 
1.343(7) 
1.354(7) 
1.320(8) 
1.347(9) 
1.327(8) 
1.347(9) 
1.475(9) 
1.503(10) 
1.490(9) 
1.367(8) 
1.369(9) 
1.358(9) 
1.483(9) 

1.527(9) 
1.480(9) 
1.389(8) 
1.388(10) 

118.4(6) 
115.8(7) 
107.6(6) 
122.1(6) 

130.2(6) 
107.2(6) 
110.0(6) 
112.7(6) 
112.4(6) 
126.7(6) 
121.6(6) 
111.6(5) 
114.8(5) 
121.5(6) 
123.7(6) 
116.4(7) 
124.3(7) 
126.0(6) 
108.4(6) 
121.8(S) 
129.6(6) 
105.8(6) 
109.0(6) 
112.0(6) 
111.0(S) 
128.2(6) 
121.0(6) 
110.7(6) 
115.8(5) 
119.8(J) 
124.3(6) 
117.2(7) 
122.6(7) 
126.2(7) 
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Fig. 1. ORTEP drawing of [Co(Prpep)a]+ showing 50% probability ellipsoids and the atom-labeling scheme. Hydrogen 

been omitted for clarity. 

atoms have 

Fig. 2. Absorption spectrum of [Co(Prpep)z]C104*2.25HaO (5a) in methanol (solid Iine). The 700-200 nm portion of the ab- 

sorption spectrum of the Co(U) species formed in reaction between 3 and cobalt(I1) acetate in methanol under anaerobic condi- 

tion is shown by the broken line. The latter complex exhibits another band with a maximum at 1070 nm (e = 9 M-’ cm-‘). 

Properties 
The dark red color of the [Co(Prpep)z]+ complex 

ion arises from a moderately strong band (E - 200 

M-’ cm-‘) around 500 nm (Fig. 2, Table 4). For low- 
spin octahedral Co(III), two d-d transitions, namely 
Alg -+ Tr, and ‘Alg + ‘TZg are expected. The Alg -+ 
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TABLE 4. Spectroscopic data for [Co(Prpep)z]C104-2.25HzO (5a)a 

M. Muetterties et al. 

Electronic absorption spectrum 

Solvent Ama, (um) (E) 

Water 490 (200), 325 (4900), 240sh (21000) 

MeOH 500 (220), 330 (4800), 240sh (21500) 

MezSO 506 (245), 345 (4400) 

‘H NMR spectrum ((CD3)2SO, 313 K, 6 from TMS) 

2.34 (t,J = 12 Hz, lH), 2.98 (d,J= 15 Hz, lH), 3.33 (Hz0 peak, br), 

3.63 (t,J= 12 Hz, lH),4.58 (d,J= 15 Hz, lH),7.10 (s, IH), 

7.71 (s, lH),8.01 (d,J=5 Hz, lH),8.75 (s, lH),9.04 (d,J=5 Hz, lH), 

12.82 (br, IH). 

13C NMR spectrum ((CD3)2SO, 313 K, 6 from TMS) 

24.40,41.82,115.20,120.20,137.14,137.87,157.84,161.39,161.51, 169.42 

aSpectral parameters for [Co(Prpep)z]BF4-2H20 (Sb) are practically identical to that of the perchlorate salt Sa. 

‘T1, transition gives rise to an absorption band in the 
region of 450-500 nm (E - IO-300 M-’ cm-‘) in 
complexes with the Co(III)N6 chromophore [3.5] 
while peptide complexes with the CO(III)N~O~ 
chromophore exhibit the same band at -520 nm 
(E - 250-400 M-’ cm-’ ) [24,26,34]. We tentative- 
ly assign the 500 nm band of [Co(Prpep),]+ to the 
IAl, + ‘Tlg transition. [Co(Pypep)2]+ also exhibits 
the same band at - 500 nm (E -200 M-’ cm-‘) 
[18]. The ligand field strength of PrpepH and 
PypepH thus appears to be very similar. In crystal 
field of high symmetry, the two d-d transitions in 
Co(II1) complexes give rise to two absorption bands 
of nearly equal intensity. However, with lowering 
of symmetry, as is the case with the peptide com- 
plexes, the intensity of the band due to ‘Al, + ‘TZg 
transition in the 390400 region drops. Clearly, the 
second absorption band of [Co(Prpep),]+ around 330 
nm (Fig. 2) is too strong for a d-d transition and 
arises from charge-transfer absorption. Following 
comparison with [Fe(Pypep),]+, the -330 nm band 
of [Co(Pypep)2]+ has been assigned to a ligand-to- 
metal-charge-transfer (LMCT) transition [18]. The 
same argument holds good in the present case and 
hence the -330 nm band of [Co(Prpep),]+ is as- 
sumed to be a LMCT band. It is interesting to note 
that a 324 nm band (E = 6500 M-’ cm-‘) in the ab- 
sorption spectrum of the Co(II1) complex of the 
pseudotetrapeptide of BLM has also been suggested 
to have a charge-transfer origin [lo]. Absorption in 
the -250 nm region by [Co(Prpep)z]+ is associated 
with the organic chromophore(s) of the peptide 
ligand. 

When done under dinitrogen, addition of 1 eq. of 
cobalt(H) acetate tetrahydrate to 2.1 eq. of 3 in 
anhydrous methanol produces an orange solution. 

The electronic spectrum of the orange solution is 
shown in Fig. 2. Absorption maxima at 1070 (E = 9 
M-’ cm-‘), 540 (E = 40 M-’ cm-‘), 500 (E = 70 Me1 
cm-‘), 300 (E = 5000 M-’ cm-‘) and 245 (E = 
13 000 M-’ cm-‘) nm suggest the presence of an 
octahedral Co(H) species in such a solution [24, 361. 
Since no EPR spectrum is observed with the orange 
solution at liquid nitrogen temperature, a high-spin 
configuration of the metal center is anticipated [37]. 
No further characterization of the Co(I1) species has 
been completed at the present time. 

The redox properties of [Co(Prpep)2]+ have been 
studied by cyclic voltammetry. In solvents like DMF 
and methanol, [Co(Prpep)2]+ exhibits a quasirever- 
sible one-electron redox process with half-wave 
potential (E,,,) values close to -0.50 V versus SCE. 

The Elf2 values for [Co(Prpep),] + are consistently 
less negative as compared to those for [Co(Pypep),]+. 
For example in DMF, the E1,2 values for [Co- 
(Prpep)2]+ and [Co(Pypep),]+ are -0.50 and -0.70 
V (versus SCE), respectively. This suggests that the 
+3 oxidation state of cobalt is more stabilized by the 
pyridine based ligand PypepH (2). 

Apart from shift in Eli2 values, the electrochemi- 
cal behavior of [Co(Prpep),]+ resembles that of 

[WPypep)21+ [I81 rather closely. In aprotic 
solvents like DMF, cyclic voltammograms at slow 
scan speeds (-50 mV/s) indicate that the Co(I1) 
species generated from one-electron reduction of 

[WW=p)2 I + undergoes subsequent reaction or de- 
composition near the working electrode since a much 
smaller anodic current is detected in the reverse scan. 
Variable-scanspeed-voltammetry at glassy carbon 
electrode reveals that the ratio of cathodic and 
anodic current (iJi,) approaches the value of 1 at 
high scan speed (over 200 mV/s). In protic solvents 
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Fig. 3. ‘H (lower trace) and 13C (upper trace) NMR spectra (300 MHz, 313 K) of [Co(Prpep)2]C104-2.2SHzO (Sa) in (CD&SO. 
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Signal assignments (see Fig. 6) are indicated. 

like methanol and water, reversibility is not observed 
even at scan rate of 2 V/s. Since deprotonated amido 
nitrogen is not a good donor center for Co(H) [25], 
we believe that the ligand is partially detached from 
the metal center as [Co(Prpep)s]+ is reduced. Further 
changes in the coordination sphere of the labile 
Co(I1) species are also possible. That such processes 
are indeed taking place in solution is evidenced by the 
small anodic current noted in the cyclic voltammetric 
studies. Overall, lability of the Co(H) species 
generated from simpler analogues like [Co(Prpep)s]+ 
(and [Co(Pypep),]+ [ 1 S]) indicates that precautions 
must be taken in assigning the solution structure of 
Co(II)-BLM. 

The ‘H and 13C NMR spectra of [Co(Prpep)z]- 
C104.2.25HsO (Sa) in (CD3)sS0 are shown in Fig. 3 
and the various peak positions are listed in Table 4. 
In Fig. 3 (and the following Figs.) the hydrogen and 
carbon atoms of the complex 5a have been labeled in 
accordance with Fig. 1 and only the numbers used for 
one ligand framework are shown, i.e. C4 is also C14, 
H8 is also H18, etc. The resonances in Fig. 3 have 
been assigned on the basis of ‘H-‘H and lH-13C 
COSY results (vi& infra) as well as APT and DEPT 
data. 

The proton resonances for two CHs groups of the 
free ligand 3 appear at 2.82 (a triplet) and 3.60 (a 
quartet) ppm in its ‘H NMR spectrum. [Co(Prpep)s]’ 

however, exhibits a doublet-triplet-doublet-triplet 
(dtdt) pattern in the CH? region (l-5 ppm from 
TMS, Fig. 3), i.e. in the cobalt(II1) complex (Sa or 
5b) the four H atoms are clearly distinguishable and 
give rise to four different peaks with structures due to 
mutual couplings. The lH-13C COSY spectrum (Fig. 
5) indicates that each CH2 group affords a set of one 
doublet and one triplet while the ‘H-lH COSY 
spectrum (Fig. 4) shows that all four H atoms are 
coupled to each other. No change in the ‘dtdt’ 
pattern is observed with change in temperature in the 
region of 296-360 K. Clearly, the four H atoms are 
rigidly held in space in [Co(Prpep)s]+. The same 
behavior has been observed with [Co(Pypep)s]+ [ 181. 
Coupling constant analyses for interactions among 
the four H atoms in [Co(Prpep),]+ have been com- 
pleted (see ‘Supplementary Material’). The water mol- 
ecules of 5a resonate at 3.33 ppm (Fig. 3); the peak 
disappears on addition of DsO. Resonances for the 
two imidazole protons H2 and H3 appear at 7.10 and 
7.7 1 ppm, respectively. These assignments rely on the 
peak positions for the same H atoms in [Co(Pypep)s]+ 
[ 181 and other histidinato [38] and imidazole (311 
complexes of tervalent cobalt. The NH peak shifts 
from 11 .15 ppm in 3 to 12.82 ppm in [Co(Prpep)a] + 
following donation of electron density by Nl to the 
metal center. Similar deshielding of the NH proton 
has been observed with [Co(Pypep)s]+. Interestingly, 
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Fig. 4. ‘H-‘H COSY spectrum of [Co(Prpep)~]C104.2.25H~O (5a) in (CD&SO. 

coordination of N4 of the pyrimidine ring to cobalt 

results in shielding of HlO and the HlO peak moves 
from 9.23 ppm in 3 to 8.75 ppm in [Co(Prpep)z]+. 
Peak positions for the other pyrimidine ring protons 
(H8 and H9) have been assigned on the basis of 
chemical shifts, multiplicities and the values of the 
coupling constants [39]. 

Ten distinct resonances for the ten carbon atoms 
of the ligand are observed in the 13C spectrum of 
[Co(Prpep)z]+ (Fig. 3). Assignments of peaks for the 
quaternary carbons (Cl, C6 and C7) and the two CH2 
groups (C4 and C5) rely on APT and DEPT data. The 
peak corresponding to the carbonyl group (C6) moves 
from 162.28 ppm in the free ligand (3) to 169.44 
ppm in the cobalt(II1) complex. Downfield shift of 
the ‘?C resonance of the carbonyl group due to coor- 
dination of the deprotonated amido nitrogen to 
Co(II1) has been observed before [18]. The ‘H-13C 
COSY spectrum of 5a (Fig. 5) and ref. 39 were used 
in the assignment of the resonances for the various 
ring carbons. 

Variable temperature ‘H and 13C NMR spectra of 

[Co(Prpep), 1 + indicate that in solution the ligand 
framework remains rather rigid around the metal 
center. We have therefore added hydrogen atoms to 
the framework shown in Fig. 1 and have come up 
with a solution structure of [Co(Prpep)2]+ which is 

shown in Fig. 6. This structure is supported by both 
‘H--l H and ’ H-13C COSY spectra (Figs. 4 and 5). It 
should be pointed out here that in Fig. 6 we only 
intend to show the connectivity of the atoms and 
the relative dispositions of the H atoms; the figure is 
not a result of energy minimization calculation of any 
kind. 

The ‘H-‘H COSY spectrum of 5a (Fig. 4) shows 
that the H atoms of the two CH2 groups of the ligand 
are strongly correlated. It also indicates that H4b is 
coupled to H2 of the imidazole ring. A vicind 
coupling constant of 12 Hz allowed us to draw H5b 
trans to H4b. The approximate orientations of the 
remaining C-H bonds are deduced from geminal 
coupling constant of 14-15Hz and vicinal coupling 
constant of 3-4 Hz (see ‘Supplementary Material’). 
The imidazole protons H2 and H3 are correlated. 
Unlike [Co(Pypep),]C104*Hz0 (4) where the water 
molecule is coupled to the NH group of the imidazole 
[18], in [Co(Prpep),]C104*2.25H20 (5a), no correla- 
tion between the water molecule(s) and NH group is 
observed. 

The present work provides structural information 
on a cobalt(II1) complex (5a) of a peptide ligand 
PrpepH (3) which mimics three of the five proposed 
donor functionalities of BLM (1). Therefore, the 
structural parameters of 5a and the NMR assignments 
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Fig. 5. ‘H-t3C (J = 140 Hz) COSY spectrum of [Co(Prpep)z]C104.2.25HzO (Sa) in (CD3)2SO. 
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bond distances and angles involving the H atoms 
(Table S3) and the structure factor table (Table S4) 
[total 16 pages] ; NMR data for 5a including coupling 
constants for the CH2 protons of the ligand (SS) are 
available from the authors on request. 

Fig. 6. Proposed solution structure of [Co(Prpep)z]CiOq* 

2.25H20 (Sa) in (CD&SO as indicated by the NMR data 

(see text). 

are expected to provide help in elucidation of the 
coordination structure of Co(III)-BLM. 

Supplementary Material 

Thermal parameters of the cation (Table Sl), 
positional parameters for hydrogen atoms (Table SZ), 
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