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pH-Dependent Coordination Mode of New Bleomycin Synthetic Analogues with Copper(II), 
Iron(II), and Zinc(I1) 

Eiichi Kimura,*J** Hiromasa Kurosaki,+*s Yasuhisa Kurogi,+ Mitsuhiko Shionoya,* and Motoo ShiroS 

Department of Medicinal Chemistry, School of Medicine, Hiroshima University, Kasumi 1-2-3, 
Minami-ku, Hiroshima 734, Japan, Coordination Chemistry Laboratories, Institute for Molecular 
Science, Myodaiji, Okazaki 444, Japan, and Shionogi Research Laboratories, Shionogi Company Ltd., 
Fukushima-ku, Osaka 553, Japan 

Received January 24, 1992 

The new simplified bleomycin (BLM) mimic ligands L1 and LZ (=a carbamide-attached L1) have been synthesized 
to study pH-dependent coordination chemistry. Comparison of the protonation constants for L1 (9.8,7.3, and 5.6 
at 25 OC, I = 0.2 (NaC104)) and L2 (7.8, 6.9, and 3.7) reveals the significance of the carbamide group which is 
applied to the primary function of the corresponding carbamide of the 8-aminoalanine portion in BLM. The 
pH-dependent complexation behaviors of LI and LZ with Cu", Fe", and ZnlI were studied with pH-metric titrations. 
With L1, CuI1 forms 4-coordinate, square-planar [ C U ~ ~ ( H - ~ L ~ ) H + ] ~ +  (11) at pH < 5, where H-lLH+ is an amide- 
deprotonated ligand and the terminal NHz is protonated, and 5-coordinate, square-pyramidal [Cul*(HILI)]+ (12) 
at pH > 6, where the terminal NHz (unprotonated) binds axially with CuII. Both of these were isolated and 
characterized as perchlorate salts. With L1, ZnlI yields 4-coordinate, tetrahedral [ZnI1L1]2+ (17) at pH < 6 and 
5-coordinate [Zn1I(H_,LI)]+ (18) at pH > 8. Both 17 and 18 were isolated as perchlorate salts, the first finding 
in support for the possible 4- and 5-coordinate structures of ZnILBLM at varying pH values. L1, however, does 
not form a stable complex with Fe", while LZ does a possibly stable 16. It is reasoned that the more basic amine 
donors of L1 prefer protons over Fe". Complexation of L2 with CulI occurs at pH > 3, to directly form the 12-like 
complex [CUII(H-~LZ)]+ (15). The X-ray crystal study of [CUII(H-~LZ)]+ (15) as a perchlorate salt proves the 
5-coordinate, square-pyramidal complex structure. Final R and R ,  values were 0.056 and 0.084, respectively: 
ClsH20N702CuC1O4-H20, triclinic, space group P1 with a = 9.566 (1) A, b = 13.760 (1) A, c = 8.504 (1) (A), and 
pc = 1.640 g ~ m - ~  for Z = 2 and V = 1035.4 (2) As. 

Introduction 
Bleomycins (BLM) are a family of glycopeptide antitumor 

antibiotics to be clinically used against certain squamous cell 
carcinomas and lymph~mas.l-~ The therapeutic and cytotoxic 
activities are attributed to cleavage of DNA,14 a process that 
requires the prior binding of Fe11,5 CUI: or Co".' The bound 
metal ions promote the DNA cleavage either by activated oxygen1 
or by light energy.8 Thecoordination structuresof thesecomplexes 
should naturally play a critical role for the biological activity. 
The 5-coordinate, square-pyramidal structure of CuII-BLM is 
often speculated on the basis of a preliminary X-ray structure of 
a 5-coordinate Cu11-BLM P3A: which has set a foundation for 
thinking about thecoordination chemistryof other metallo-BLMs. 
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Coordination site of Cu"-RLM P3A 
(deamido) BLM (R 5 L-alanine) 

Recently, the solution structure of the BLM-FeILCO complex 
at pH 71° has been reported as compared to those of the metal- 
free BLM" and Zn1I-BLM.lz However, the donors of the BLM 
ligands (see LO) and their arrangements in the metal complexes 
still remain controversial:' the pH dependency of the binding of 
the secondary amine, pyrimidine, and imidazole is extremely 
important in determining the solution structure required for the 
biological activity. The ligation of the B-hydroxyhistidine amide 
(as amide anion) and the roles of the primary amine of the 
8-aminoalanine are often in question. Meanwhile, the structure 
of CuLBLM (prepared from CUI and BLM) appeared to differ 
significantly from other BLM complexes.6 

Studies of synthetic analogues (e.g. L3-L7; see Chart I) of 
BLM haveextensively been conducted. Recently, Cu1LL5,I3 CuIL 
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Chart I 
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L, (X=Br, Y=CH3) 

L7,14 FeIILL6,lS and Cd1LLsI6 complexes have been characterized 
by X-ray crystal analyses. However, their structures in aqueous 
solution at various pH are extremely important in defining the 
possible pH-dependent structures in relevance to their biologically 
active structures. Independently, we had synthesized new BLM 
model ligands Ll and L2 a few years ago.17 Before our study, L3 
and L4 had been synthesized, but their pK, values as well as 
detailed coordination chemistry remained little s t ~ d i e d . ' ~ J ~  Our 
L1 has the simplest unit as a BLM mimic. L2 has an additional 
carbamide group and is a closer model to BLM (cf. Lo). In 
FeILBLM, the corresponding carbamide group of the b-ami- 
noalanine portion was shown to be essential for the antitumor 
activity, since the biological activity of deamido FeILBLM (cf. 
Lo) is only 1 / ~ ~  of that of BLM.20 By comparing LI and L2, we 
hoped to elucidate the chemical significance of the carbamide 
group in BLM. Previously, we have communicated preliminary 
results for LI and LZ with Cull and Fe11.17 Herein, we present 
a full account of LI and Lz, their pH-dependent complexing 
behaviors with Cull, Fell, and Zn", an X-ray crystal structure of 
the Cu1LL2 complex, and the structural relevance to the metallo- 
BLMs. 

Experimental Section 

ccaml Methods. All materials were obtained commercially and were 
used without further purification. Melting points were determined by 
usinga Yanacomicromeltingpoint apparatus. IH and t3CNMRspectra 
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were obtained on a JEOL GX-400 spectrometer using the sodium salt 
of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid in D2O and tetramethylsilane 
(MeSi) in CDCl3 or CD3OD as internal references. IR spectra were 
obtained on either a Hitachi I-3OOO or 270-30. Mass spectra were obtained 
on a JEOL JMS-OlSG-2. UV-visible spectra were recorded on a 
Shimadzu UV-3000 or a Hitachi U-3200 doublebeam spectrophotometer 
at 25.0 f 0.1 OC using matched quartz cell of 2- or IO-" path length. 
ESR spectra, both at 25 'C and 77 K, were recorded on a JES-FElX 
spectrometer using Mn'l-doped MgO powder as a reference ( g 3  = 2.034 
and g4 = 1.981). Thin-layer chromatography (TLC) and column 
chromatography werecarriedout on a Merck Art. 5554 TLC plate (silica 
gel 60 F ~ Y )  and WakogelC-300 (silica gel), respectively. Anion-exchange 
column chromatography was carried out on Amberlite IRA-400. 

pHtitrationswerecarriedoutat25.0iO.l OCand I=0.20(NaC104). 
The preparation of the test solutions and the calibration of the electrode 
system (Orion pH meter 81 1) were described earlier.21 The calculation 
methods for the protonation constants and complexation constants are 
the same ones as determined earlier.22 

Ligand Synthesis. General procedures are depicted in Schemes I and 
11. 

24 (( 2-(4-ImidPzolyl)ethyl)amiao)cr~nyl)-6-(methoxycrrbonyl)py- 
ridine (1). To an ice-cooled DMF solution of 2,6-pyridinedicarboxylic 
acidmonomethylester (9.00g,49.7mmol), histamine(5.53g,49.7mmol), 
and diethyl phosphorocyanidate (DEPC, 8.10 g, 49.7 mmol) was added 
a solution of Et3N (5.03 g, 49.7 mmol) in 10 mL of DMF. The solution 
was allowed to warm to room temperature, stirred overnight, and then 
concentrated in vacuo. The residue was purified by chromatography on 
silica gel (eluent, 200:lO:l CH2C12/CHsOH/28% aqueous NH,) to give 
1 as colorless prisms (13.63 g, 46%): Mp 138.5-139.0 OC; IR (KBr 
pellet) vc-0 1732,1652 cm-I; IH NMR (CDCl3/CD3OD) 6 2.95 (2 H, 
t, J = 3 Hz), 3.69 (2 H, t, J = 3 Hz), 4.03 (2 H, s), 6.84 (1 H, s), 7.54 
(1 H, s), 8.02 (1 H, t, J = 8 Hz), 8.20 (1 H, dd, J = 8, 1 Hz), 8.34 (1 
H, dd, J = 8, 1 Hz), 9.51 (1 H, br); MS (M+) m / z  274. 

24 (( 2-[4-( ~-Tr i~Umidrzdy l )~hy l )a~o)cr~y l ] -6 (metboxycrr -  
b0nyl)pyridine (2). ATHFsolutionof trityl (ntriphenylmethyl) chloride 
(9.30 g, 33.4 mmol) was added dropwise to an ice-cooled solution of 1 
(6.10 g, 22.0 mmol) and Et3N (3.38 g, 33.4 mmol) in 100 mL of THF/ 
CH2CI2 (1:l) for 15 min at room temperature. The solution was stirred 
at 50 OC for 2 h and concentrated in vacuo. The residue was dissolved 

(21) Kimura, E.; Koike, T.; Nada, H.; Iitaka, Y. Inorg. Chem. 1988, 27, 
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in CH2C12, washed with water, dried over Na2S04, and concentrated in 
vacuo. The resulting crude solid was recrystallized from CH3CN/CH3- 
OH (5:l) to give 2 as a colorless microcrystalline solid (5.10 g, 44%): 
IR (KBr pellet) YC+ 1748,1680 cm-I; IH NMR (CDCl3) 6 2.89 (2 H, 
t, J = 7 Hz), 3.76 (2 H, q, J = 7 Hz), 3.91 (1 H, s), 7.10-7.40 (15 H, 
m),8.00(2H,t,J=8Hz),8.22(1H,dd,J=8,1Hz),8.36(1 H,dd, 
J = 8, 1 Hz), 8.73 (1 H, br). Anal. Calcd (found) for C32H~~N403: 
C, 74.40 (74.01); H, 5.46 (5.56); N, 10.85 (11.07). 

2-[( (2-[+(NTritylimidPzolyl)Jethyl)amlw)carboayl](hydroxyme- 
t hy l )py r ih  (3). A solution of 2 (5 .00  g, 9.68 mmol) and NaBH4 (1.80 
g, 47.9 mmol) in 100 mL of CH3OH was refluxed under Ar for 3 days 
and concentrated in vacuo. The residue was purified by chromatography 
on silica gel (eluent, 200:lOl CH2C12/CHoOH/28% aqueous NH3) to 
give 3 as colorless prisms (2.40 g, 50%): IR (KBr pellet) YC+ 1652 cm-I; 
IH NMR (CDC13) 6 1.88 (1 H, br), 2.83 (2 H, t, J = 6 Hz), 3.72 (2 H, 
q , J =  6 Hz), 4.27 (1 H, br),4.77 (2 H, s),6.64 (1 H,s), 7.11-7.30 (15 
H, m), 7.40 (2 H, d, J = 8 Hz), 7.47 (1 H, s), 7.82 (1 H, t, J = 8 Hz), 
8.10 (1 H, d, J = 8 Hz), 9.42 (1 H, br). Anal. Calcd (found) for 

2-[( (2[4(KTrity~midazdyl)Je~yl)ami~)carbonyl]-~(chlorometh- 
yl)pyridhe (4). Thionyl chloride (640 mg, 5.38 mmol) was added to 3 
(2.24 g, 4.47 mmol) in 50 mL of CH2C12. The mixture was refluxed for 
1 h and concentrated in vacuo to 4 as a brown oil, which was used for 
the next step without further purification. 

24 ( (2444 ~-Tritylimi&zolyl)Jthyl)amlw)carbonyl]-~[~- (2-amino- 
ethy1)a~methyllpyrldhe (5). A solution of 4 (2.32 g, 4.47 mmol) in 
930 mL of THF was added to an ice-cooled solution of ethylenediamine 
(2.15 g, 35.8 mmol) in 50 mL of THF. The mixture was heated at 50 
OC for 3 h and then concentrated in vacuo. The residue was purified by 
chromatography on silica gel (eluent, 200:lO:l - 200:15:1 CH2Cl2/ 
CHsOH/28% aqueous NH3), followed by recrystallization from CH3- 
CN to give 5 as colorless needles (1.61 g, 66% based on 4): IR (KBr 
pellet) Y C ~  1669 cm-I; IH NMR (CDCI3) 6 2.00 (1 H, br), 2.66 (2 H, 
t, J = 6 Hz), 2.77 (2 H, t, J = 6 Hz), 2.86 (2 H, t, J = 6 Hz), 3.74 (2 
H,q,J=7Hz),3.91 (2H,s),6.64(1H,s),7.1&7.12(15H,m),7.40 
(1 H, s), 7.42 (1 H, d, J = 8 Hz), 7.79 (1 H, t, J = 8 Hz), 8.05 (1 H, 
d, J = 8 Hz), 8.82 (1 H, br). 

24 ((2- (4-Imi~o~l)ethyl)amlw)ca~yl~6-[~-( 2-amiaoethyl)ami- 
"ethyllpyridiw (LI). A 2-mL amount of concentrated HCl was added 
dropwise to an ice-cooled solution of 5 (1.1 1 g, 2.07 mmol) in 10 mL of 
CH3OH under Ar. The solution was stirred for 3 hat room temperature. 
A 5-mL volumqof distilled water was added to the reaction mixture, and 
the solvent was removed by evaporation in vacuo. The residue was poured 
into a 0.1 M HC1 aqueous solution and extracted with several portions 

C31H28N402: C, 76.21 (75.93); H, 5.78 (5.79); N, 11.47 (11.49). 

of CH2C12. The aqueous layers were combined and evaporated to dryness. 
The residue was recrystallized from 2-propanol/H20 (1:l) to obtain the 
L1.3HCl salts as colorless needles (770 mg, 79%): IR (KBr pellet) vc-0 
1678 cm-I; 'H  NMR (D20, pD 3) 6 3.12 (2 H, t, J = 7 Hz), 3.49-3.60 
(4 H, m), 3.80 (2 H, t, J = 8 Hz), 4.56 (2 H, s), 7.28 (1 H, s), 7.67 (1 
H, d, J = 7 Hz), 8.03 (1 H, d , J =  7 Hz), 8.09 (1 H, t , J  = 7 Hz), 8.61 
(1 H, s); 13C NMR (D20, pD 3) 6 27.2, 38.6, 41.2, 47.0, 53.9, 119.2, 
125.1, 128.8, 133.7, 136.1, 142.6, 151.2, 153.5, 169.3. Anal. Calcd 
(found) for C14H23N601C13: C, 42.28 (42.08); H, 5.83 (5.88); N, 21.13 
(2 1.19). 

6-(methoxycarbonyl)pydhe (6). A solution of methyl 6-formylpyridine- 
2-carboxylate (1.56 g, 9.46 mmol), 3-amino-2-((tert-butoxycarbonyl)- 
amino)propionamide (1.92 g, 9.46 mmol) and activated molecular sieves 
(3 A) in 50 mL of CH3CN was stirred for 10 h at room temperature. 
Molecular sieves were filtrated off, and the filtrate was concentrated in 
vacuo to give the crude 6 as a brown oil, which was used for the next step 
without further purification. 

2-[ ( (24  (tert-Butoxycarbonyl)amho)-2-carba~ylethyl)amlw)~th- 
yl]-6-(metboxycrrbonyl)pynh (7). A solution of 6 in 30 mL of CH3- 
OH was hydrogenated over 5% Pd-C (165 mg) for 20 h at room 
temperature under an H2 atmosphere. The Pd-C catalyst was filtrated 
off, and the filtrate was concentrated in vacuo. The residue was purified 
by chromatography on silica gel (eluent, 10:3 CH2C12/CH3OH) to give 
7 a s  a y e l l o w  o i l  ( 1 . 2 0  g ,  3 6 %  b a s e d  o n  m e t h y l  
6-formylpyridine-2-carboxylate): IH NMR (CDCI,) 6 1.41 (9 H, s), 
2.13 (2 H, br), 2.79 (1 H, dd, J = 12, 8 Hz), 3.17 (1 H, dd, J = 12, 4 
Hz), 4.00 (3 H, s), 4.04 (1 H, dd, J = 8,4  Hz), 4.18 (1 H, br), 5.67 (1 
H, br), 5.78 (1 H, br), 7.50(1 H , d , J =  8 Hz),7.82 (1 H, t , J =  8Hz),  
8.02 (1 H, d, J = 8 Hz); MS (M+) m / z  486. 

2-[ (( 2- (( fert-Butoxycarbonyl)amino)-2-carbamoylethyl)car~ben- 
zoxyamino)methyl)-6-(methoxycarbonyl)pyridhe (8). A solution of 
(benzy1oxy)carbonyl chloride (645 mg, 3.78 mmol) in 2 mL of THF was 
added dropwise to an ice-cooled solution of 7 (1.10 g, 3.15 mmol) and 
Et3N (379 mg, 3.78 mmol) in 10 mL of THF. The mixture was stirred 
for 3 h at room temperature and concentrated in vacuo. The residue was 
purified by chromatographyon silica gel (eluent, 15:l CH2C12/CH3OH) 
to give 8 as a yellow oil (1.45 g, 95%): 'H NMR (CDC13) 6 1.41 (9 H, 
s), 3.52-3.55 (1 H, m), 3.84 (3 H,s), 4.00-4.10 (1 H, m), 4.36-5.11 ( 5  
H, m), 5.34-5.43 (1 H, br),6.17 (1 H, br), 6.93 (1 H, br), 7.17-7.36 (4 
H, m), 7.46 (1 H, d, J = 8 Hz), 7.71 (1 H, t, J = 8 Hz), 7.82 (1 H, t, 
J = 8 Hz), 7.94 (1 H, d, J = 8 Hz), 7.99 (1 H, d, J = 8 Hz); MS (M+) 
m / z  487. 

6-[ (( 2 4  (tert-Butoxycarbonyl)amino)-2-carbamoylethyl)carboben- 
zoxyamlw)methyl]pyrididiw-2-carboxylie Acid (9).  A solution of 8 (1.45 
g, 2.98 mmol) and LiOHqH20 (125 mg, 2.98 mmol) in 30 mL of CH3- 
OH/H2O (1:l) was stirred for 30 min at 0 OC and for 2 h at room 
temperature. The solvent was evaporated in vacuo, and the residue was 
poured into 30 mL of 1 M HCl aqueous solution and extracted with 30 
mLof CH2CI2. Theorganiclayersweredriedover NazS04andevaporated 
invacuo to give 9 as a colorless solid (1.16 g, 82%): IH NMR (CD3OD) 
B 1.56 (9 H, s), 3.85-3.93 (2 H, m), 4.40-4.49 (1 H, m), 4.69 (2 H, br), 
5.04-5.16 (2 H, br), 7.07-7.52 ( 5  H, m), 7.78-8.85 (3 H, m). 

24 ( (2- (~ImidPzolyl)ethyl)amlw)carbonyl]-6-[ ( (2- ( ( tert-butoxycar- 

A solution of 9 (1.16 g, 2.45 mmol) and N,N'-carbonyldiimidazole (CDI, 
397 mg, 2.45 mmol) in 50 mL of THF was stirred for 2 h at 0 OC. A 
solution of histamine (272 mg, 2.45 mmol) in 10 mL of THF was then 
added, and the reaction mixture was stirred for 3 h at 0 OC and for 12 
h at room temperature. The solvent was evaporated in vacuo. The residue 
was purified by chromatography on silica gel (eluent, 40:2:1 CH*C12/ 
CH3OH/28% aqueous NH3) to give the crude 10 as a brown oil, which 
was used for the next step without further purification. 

2-[( (2-(4-Imidazolyl)ethyl)~mlw)carbonyl]-C[( (2-amino-2-cubam- 
oylethy1)amino)methyI~yrih (b). A solution of the crude 10 (1.1 g) 
in 10 mL of 25% HBr/AcOH was stirred for 3 h at rwm temperature 
and concentrated in vacuo. The residue was neutralized by anion-exchange 
chromatography, and the solvent was evaporated in vacuo. The residue 
was purified by chromatography on silica gel (eluent, 20:4:1 CH2C12/ 
CH30H/28% aqueous NH3) to give colorless amorphous L2 (200 mg, 
6% based on 9) .  The amorphous L2 was crystallized from concentrated 
HCl/CHoOH to obtain the L2.3HCl salts as colorless needles: IR (KBr 
pellet) VC+ 1666 cm-I; IH NMR (CD30D) 6 2.74 (1 H, dd, J = 11,7, 
Hz) ,2 ,88 (1H,dd , J=  1 1 , 5 H z ) , 2 . 9 3 ( 2 H , t , J = 7 H z ) , 3 . 4 8 ( 1 H ,  
dd, J = 7, 5 Hz), 3.68 (2 H, t, J = 7 Hz), 3.96 (2 H, s), 6.89 (1 H, s), 
7.52(1H,dd,J=8,1Hz),7.90(1H,t,J=8Hz),7.96(1H,dd,J 

2[( (24 ( t ~ - B ~ t 0 ~ y c l v b o o y l ) r ) - 2 ~ ~ y ~ ~ y l ) ~ ) ~ y l ~  

b o n y I ) P m i a o ) - 2 c y ~ ~ y l ) ~ ~ r ) ~ ~ ~ ~  (IO). 
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120.0,121.5,126.7,136.6,139.6,149.3,158.5,167.6,179.6. AnaLCalcd 
(found) for C I S H ~ O N ~ O ~ C I ~ :  C, 36.41 (36.81); H, 6.11 (5.93); N, 19.82 
(19.54). 

[C@(H-I)H+](C~O~)Z.HP (11(~04)z.H20). Ll.3HCI (15 mg, 0.04 
mmol) and Cu1I(C10&6H20 in 5 mL of H2O was adjusted to pH 4 with 
0.1 M NaOH aqueous solution. The reaction mixture was filtrated, and 
the filtrate was allowed to stand for 6 days at room temperature. Purple 
needles of ll(C104).H20 were obtained in 35% yield: IR (KBr pellet) 
YC-0  1 5 8 6  cm-1. A n a l .  C a l c d  ( f o u n d )  fo r  C14Hl9- 

(14.65). 
Preparation of [CIP(H-~L~)ICIO~.O.~H~~ (12(ClO4).O.SH20). A 

solution of LI.3HCI (20 mg, 0.05 mmol) and Cu11(C104)~6H20 (19 mg, 
0.05 mmol) in 5 mL of H20 was adjusted to pH 8 with 0.1 M NaOH 
aqueous solution. The mixture was filtrated, and the filtrate was allowed 
to stand for 4 days at room temperature. Blue microcrystalline 
12C104.0.5H20 was obtained in 10% yield: IR (KBr pellet) v- 1584 
cm-I. Anal. Calcd (found) for C ~ ~ H ~ ~ N ~ O C U C ~ ~ ~ . O . ~ H Z O :  C, 36.61 
(36.49); H, 4.39 (4.20); N, 18.30 (18.23). 

[CunH-&&lO+HzO (IS(ClO4)*H20). An aqueous solution of L2 
(HCI salts were freed by anion-exchange chromatography, 100 mg, 0.3 
mmol) and CuYSO4.5H20 (70 mg, 0.3 mmol) in 50 mLof 0.5 M NaC104 
was adjusted to pH 9 witha 0.1 M NaOH aqueous solution. Thereaction 
mixture was filtrated, and the filtrate was allowed to stand for 4 weeks 
at room temperature. Blue prisms of 15(C104).H20 were obtained in 
37% yield: IR (KBr pellet) YC-O 1682 (carbamide), 1582 (amide anion) 
cm-1. Anal. Calcd (found) for C I ~ H ~ O N ~ O C U C ~ O ~ - H ~ O :  C, 35.23 
(34.99); H, 4.34 (4.26); N, 19.17 (19.02). 

Prepantion of [ZnnL1](CIOd)z.HzO (17(ClO4)2*H20). A solution of 
Ll.3HCI (20 mg, 0.05 mmol) and Zn11(C104)r6H20 (16 mg, 0.05 mmol) 
in 50 mL of water was adjusted to pH 6 with 0.1 M NaOH aqueous 
solution. The reaction mixture was filtrated, and the filtrate was allowed 
to stand for 24 h at room temperature. Colorless microcrystalline 
17(C104)2.H20 was obtained in 50% yield: IR (KBr pellet) YC+ 1647 
cm-I. Anal. Calcd (found) for C14H20N6O.Zn(C104)2.H20: C, 29.47 
(29.44); H, 3.89 (3.68); N, 14.73 (14.43). NMR could not be measured 
because of the insolubility in D2O. 

[Z~"(H-~LI)ICIO~.H~O (lS(CIO4).H20). A solution of L1.3HC1(10 
mg, 0.025 mmol) and Zn1I(C104)~6H20 (8 mg, 0.025 mmol) in 5 mL 
of water was adjusted to pH 9 with 0.1 M NaOH aqueous solution. The 
reaction mixture was filtrated, and the filtrate was allowed to stand for 
2 wceks at room temperature. Colorless needles of 18(C104).H20 were 
obtained in 25% yield: IR (KBr pellet) vc-0 1586 cm-I; IH NMR (D20, 
pD 8) b 2.53-3.30 ( 5  H, m), 3.40 (1 H, t, J = 11 Hz), 3.61-3.73 (1 H, 
m), 4.0-4.5 (2 H, m), 7.18 (1 H, s), 7.60 (1 H, d, J = 8 Hz), 7.96 (1 
H,~,J=~HZ),~.~~(~H,S),~.~~(~H,~,J=~HZ);~~CNMR(D~O, 
pD 8) b 29.1, 41.6, 46.9, 53.0, 117.3, 122.8, 127.0, 138.8, 141.9, 144.9, 
152.1,157.2,167.6. Anal. Calcd (found) for C ~ ~ H I ~ N ~ O Z ~ C ~ O ~ H Z O :  
C, 35.76 (35.29); H, 4.50 (4.54); N, 17.87 (17.80). 
Electrochemical Measurements. Electrochemical experiments were 

performed with a Yanaco P-1100 system at 25.0 0.1 OC and I = 0.10 
(NaC104) in 5 mM phosphate buffer (pH 7.0) for [CU~~(H-ILI)]+ (12) 
and [CU~~(H- IL~) ]+  (15) (by cyclic voltammetry on a hanging-mercury- 
drop electrode and polarography on a dropping-mercufi electrode) and 
[Fe11(H-1L2)]+(l6) (by cyclicvoltammetry ona glassy-carbonelectrode). 
The saturatedcalomel reference electrode (SCE) wascheckedperiodically 
against the Nilll/Nill couple (E112 = +0.495 V) of the NiIkyclam 
complex in 0.5 M Na2S04 aqueous solution at 25 OC.23 

Cryrtnllopphic Study. A blue crystal with dimensions 0.07 X 0.1 X 
0.3 mm3 of [ C U ~ ~ ( H - I L ~ ) ] C I O ~ ~ H ~ O  was used for data collection. The 
lattice parameters and intensity data were measured on a Rigaku AFC-5 
diffractometer with graphite-monochromated Cu Ka radiation at room 
temperature. The structure was solved by the heavy atom method and 
refined anisotropically by using absorption-corrected data to give R = 
0.056 and Rw = 0.084 for 2813 independent observed reflections. The 
crystal of [CU~~(H- IL~) ]CIO~-H~O is triclinic, space group PI  with two 
molecules in the unit cell of dimensions a = 9.566 ( I ) ,  b = 13.760 ( I ) ,  
and c = 8.504 (1) A. All hydrogen atoms could be located in a difference 
electron density map. The ORTEP drawing and crystal data are shown 
in Figure 4 and Table I, respectively. Selected bond distances and bond 
angles are shown in Table V. Fractional coordinates and equivalent 

= 8, 1 Hz); "C NMR (D20, pD 8) b 26.9,40.1,52.6, 53.6,54.5, 117.8, 

N~OC~C104HC104*H20: C, 29.56 (29.65); H, 3.90 (4.02); N, 14.77 
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Table I. Summary of Crystal Data and Intensity Collection and 
Refinement Parameters 

(23) Kimura, E.; Machida, R.; Kodama, M. J .  Am. Chem. SOC. 1984,106, 
5491. 

formula 
fw 
cryst system 
space group 
cryst color 
cell dimens 

a, b, c (A) 
v (A3) 

Pes g cm-3 

P (cm-I) 
20- (deg) 
refinement 

no. of measd reflcns 
no. of indep reflcns (POI > 3a(F0)) 
R 
RW 

Z 

cryst dimens (mm) 
radiation (A) 

C ~ ~ H ~ ~ N ~ O ~ C U C I O ~ * H ~ O  
511.4 
triclinic 
P1 
blue 

9.566 ( I ) ,  13.760 ( I ) ,  8.504 (1) 
1035.4 (2) 
2 
1.640 
0.07 X 0.1 X 0.3 
Cu Ka (A = 1.541 78) 
32.023 
120 
block-diagonal least-squares 

3075 
2959 
0.056 
0.084 

method 

isotropic temperature factors, bond distances, and bond angles are provided 
as supplementary material. 

Results and Discussion 
Ligand Synthesis. The procedures for L1 and L2 are depicted 

in Schemes I and 11, respectively. 
Condensation of 2,6-pyridinedicarboxylic acid monomethyl 

ester with histamine provided the amide ester 1 (yield 46%). The 
imidazole group of 1 was protected with trityl (=triphenylmethyl) 
chloride to give 2 (yield 44%). Reduction of the methyl ester 2 
with NaBH4 afforded the corresponding alcohol 3 (yield 50%). 
Chloromethylation of 3 by excess SOCl2 proceeded smoothly to 
give 4. Further reaction of 4 with 6 equiv of ethylenediamine 
afforded 5 (yield 66%). Deprotection of the trityl group of 5 by 
HCl/CH3OH yielded the desired ligand L1-3HCl as colorless 
needles (yield 79%). 

Condensation of methyl 6-formylpyridine-2-carboxylate with 
3-amino-2-( (tert-butoxycarbonyl)amino)propionamide provided 
the imide ester 6. Reduction of the iminomethyl group of 6 with 
Pd-C/H2 afforded thecorresponding aminomethyl 7 (yield 50%). 
The secondary amineof 7 was protected with (benzy1oxy)carbonyl 
chloride to give 8 (yield 95%). Hydrolysis of the methyl ester 
of 8 with LiOHoH20 afforded the corresponding carboxylic acid 
9 (yield 82%). Condensation of 9 with histamine provided the 
amide 10. Deprotection of the tert-butoxycarbonyl and car- 
bobenzoxy groups of 10 by 25% HBr/AcOH yielded the desired 
ligand L2.3HBr, which was freed by anion-exchange resin 
(Amberlite IRA-400) and finally purified as the HC1 salt (yield 
6%). 

Protonation Co~tantS for L1 and b. The acid-base equilibria 
were determined by potentiometric titration of 1 .O mM LI.3HCl 
and L2-3HC1 (Figures l a  and 2a) at 25 OC and I = 0.2 (NaC104). 
The computed log values of the protonation constants K1, K2, and 
K3 are compared with the reported log K values for BLM24 in 
Table 11. The protonated ligand structures (Scheme 111) were 
assigned on the basis of the lH NMR study for LI, Le. pH- 
dependent chemical shifts for the 8-aminoalanine moiety and 
imidazole (Table 111). It is reasonable to assume that the pyridyl 
N is an extremely weak base (i.e. log K4 < 2) under the influence 
of the neighboring secondary NH2+ group. 

The primary (log KI) and secondary amines (log K3) in L2 are 
significantly less basic than the corresponding amines in LI, for 
which the electron-withdrawing effect of the adjacent carbamide 
group should be responsible. A further support for the electron- 
withdrawing effect by the carbamide group is given by the 
comparative 13C NMR study for Ll and L2. The CH and 
especially CH2 groups adjacent to the carbamide moiety in L2 

(24) Sugiura, Y.; Ishizu, K.; Miyoshi, K. J. Anribior. 1979, 32, 453. 
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pH I 

7 7 1 

1 2 3 4 
a (OH) 

Figure 1. pH titration curves of triprotonated ligand LI in the absence 
and the presence of equimolar Cull, Fell, or Zn" at 25 OC and I = 0.2 
(NaC104). Key: (a) 1.0 mM L1.3HC1; (b) (a) + 1.0 mM C U ~ ~ S O ~ ;  (c) 
(a) + 1.0 mM Fe11S04; (d) (a) + 1.0 mM Zn%04. 

1 2 3 i 
a (OH') 

F g v e  2. pH titration curves of triprotonated ligand L1 in the absence 
and thepresenceofequimolarCd1,or Fellat 25 OCandZ= 0.2(NaC104). 
Key: (a) 1.0 mM Ly3HC1; (b) (a) + 1.0 mM CU~~SOI; (c) (a) + 1.0 
mM Fe%04. 

Table 11. Comparison of Protonation Constants and Complexation 
Constants of LI, L2. and BLM with Cull, Fe", and Zn1I at 25 OC 
and I = 0.2 (NaC104) 

L, L, BLM' 

log KI 9.8 7.8 7.7 
log Kz 7.3 (imidazole) 6.9 (imidazole) 5.0 (imidiazole) 
log K3 5.6 3.7 2.9 
CU": log KC~H-IL' 8.7 7.0 9.0 

Zn? log KZ~H-IL' 2.3 4.2 
Fe": log KF~H-IL' b 2.3 2.0 

At 20 OC and I = 0.1 (KN03), from ref 24. No complexation. 

are dramatically shifted downfield (A6 = + 14.3 ppm) from those 
of L1. The log K1 values are almost the same for L2 and BLM 
(see LO), but log K2 and log K3 values are smaller for BLM due 
to the neighboring substituent effects. It is of interest to note 
that in deamido-BLM (the corresponding carbamide is hydrolyzed 
to COz-; see Lo) the log K1 value is raised to 9.420 and nearly to 
9.8 for LI. It is concluded that a role of this carbamide group 
in BLM is to lower the overall basicities of the amine donors, 
which in the case of complexation with a relatively weak'acid, 
FelI or Cul, becomes a decisive factor for these amines to bind 
with the metal ion over the competing protons. The protonation 
constants for similar ligands L3-L, have not been reported. 

pH Titrations for LI pnd & with Cu" md Isolation of CULL 
Complexes. The 1:l L1.3HC1/Cu1I titration curve is shown in 
Figure lb, where two inflections occurred at a (OH-) = 3 and 
4. The first buffer region (pH < 5) until a (OH-) = 3 might 
immediately be thought to correspond to the loss of the three 
acidic protons from the imidazolyl N, secondary amine, and 
primary amine. Then, together with the pyridyl N, these donors 
would yield a 4-coordinate complex [CuIIL,]2+. A complex 

KMH-IL = [MH-IL~H/[M][LI. 

Table 111. 'H NMR Data for LI in D20 
6 in ppm (splitting pattern, coupling const J in Hz)" 

PD Ha Hb HC Hd H. 
~~~ 

4 8.55 (s) 7.27 (s) 4.40 (s) 3.41 (m) 3.41 (m) 
5 8.55 (s) 7.26 (s) 4.39 (s) 3.40 (m) 3.40 (m) 
6 8.49 (s) 7.24 (s) 4.29 (s) 3.31 (m) 3.31 (m) 
7 8.28 (s) 7.17 (s) 4.13 (s) 3.05 (t,6.6) 3.23 (t,6.6) 
8 8.06 (s) 7.09 (s) 4.07 (s) 3.02 (t, 6.6) 3.18 (t, 6.6) 

10 7.68 (s) 6.95 (s) 3.94 (s) 2.85 (t, 6.5) 2.75 (t, 6.5) 

The proton numbering H,H, follows the structure shown as follows: 

H 

Scheme IV 

+ 3H* 
vc.0 1678 Em*' 

NH: 

1 1  1 2  
[CU"(H.IL~)H']~ '  [Cu"(H.lL1)IC 

vc-0 1584 Em.' 

Xmnx 600 nm (E 120) 

vc.0 1586 cm.' 
X,,, 585 nm (E 100) 

precipitated from the pH 4 solution as purple needles, whose 
formula fits that of [CuIILl]2+ on the basis of elemental analysis. 
Further characterization of the purple crystals by use of the d-d 
transition and IR spectrum, however, indicated a more appropriate 
formula [CUII(HILI)H+)]*+ (11) (Scheme IV), which has a 
4-coordinate square-planar structure containing the deprotonated 
amide coordination, with the terminal primary amine remaining 
protonated (and hence not coordinated). In the IR spectrum 
(KBr pellet) of 11, thestretching frequencyfor thisamidecarbonyl 
(uc-0) occurs at 1586 cm-1, remarkably lowered from u c - 0  of 
1678 cm-1 for L1.3HCI. As described below, the completely 
deprotonated complex [CUII(H_IL~)]+ (12) with a 5-coordinate, 
square-pyramidal structure retains the same U C ~  at 1584 cm-l. 



Bleomycin Synthetic Analogues 

Table IV. Comparison of UV-Vis and ESR Data for Cu" 
Complexes 

ESR (77 K)" vis' 
compd Amax, nm (0 81 gl 4 G 

Cu"(H-lLlH+ (11) 585 (100)b 2.20' 2.05' 185' 
CU"(H-ILI) (12) 600(120) 2.20 2.05 179 
Cu"(H-lL2) (15) 595(120) 2.21 2.06 179 
CU"(H-I Ls)' 579 (140) 2.21 2.05 179 
Cu"(H-I L4)' 588(110) 2.23 2.05 171 

Cu"-BLM' 603 2.22 2.06 179 
C~"(H_lL5)~(13) 612 (130) 2.?1 2.05 184 

(1 In H20 (pH 7); c in M-I cm-I. b In H2O (pH 4). From ref 18. 
d From ref 13a. From ref 34. 
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The d-d absorptions (A,,, 585 nm (e 100) for 11 and 600 nm (t 
120) for 12) are within a range anticipated for the N4 square- 
planar ligand field (Table IV). Thus, it is concluded that in the 
LI interaction with CuII the deprotonation of the (generally less 
acidic, pK, - 14) amide hydrogen precedes the neutralization 
of the (generally more acidic, pK, - 10) protonated primary 
amine because of the strong propensity of CuI1 to take a stable 
square-planar geometry. In this connection, it should be recalled 
that the pK, values of the amide hydrogen of several dipeptides 
of histidine lie in the range 5-7 in the presence of Cu11.z5 This 
special L1 complexation sequence with CuII is in good contrast 
to that with Zn"; see below. 

The further pH titration of 11 with 0.1 M NaOH (Figure lb) 
showed removal of a proton (a break at a (OH-) = 4) to form 
12withapK,valueof 5.6(at 25 OC,Z=0,2M(NaCl04)),which 
is assigned to the deprotonation product from the protonated 
primary amine to weakly bind with CuI1 from an axial position. 
This final product was precipitated from a pH 8 titration solution 
as blue prisms of [Cu11(H1LI)]C104 (12(C104)), which was 
correctly characterized by elemental analysis and an IR spectrum 
featuring uc-0 for the coordinated amide anion at 1584 cm-I. 
The complexation constants obtained by resolution of the titration 
data are summarized in Table 11. 

The transformation of 12 - 11 was achieved by placing the 
crystalline n(ClO4) in pH 4 (adjusted with 0.1 M HC104) 
aqueous solution. Thereby, the initial blue color changed to purple. 
Addition of excess NaC104 in H2O and slow evaporation 
precipitated purple needles of ll(ClO4), which was identified by 
elemental analysis and an IR spectrum. 

It is of interest to point out a recent report with LS that Cu" 
forms a similar 5-coordinatecomplex [CU~~(H-~L~) ]+  (13) (UC-O 
1600 cm-I) at pH 713, but at pH 4 yields a different type of 
complex where the amide nitrogen remains protonated and does 
not take part in coordination. Comparison of LI with L2 supports 
the interpreted Cu'LBLM interaction mode; i.e., with LI 
coordination of the peptide nitrogen (deprotonated) of the histidine 
residue first occurs at pH 2.5 to form a 4-coordinate, square- 
planar complex (like 11) and subsequently the apical ligation of 
the a-amino nitrogen of 8-aminoalanine occurs around pH 3.z6 
The reason for L1 to require slightly higher pH's than BLM for 
these coordination steps is due to the aforementioned higher pKa 
values of the amine donors (9.8, 7.3, and 5.6 for LI vs 7.9, 5.0, 
and 3.0 for BLM24). 

In the titration of L2-3HCl with CUI[ (Figure 2b) such a discrete 
break at (I (OH-) = 3 did not occur until a (OH-) = 4, implying 
Occurrence of almost the simultaneous formation of the 4-co- 
ordinate 14 and the 5-coordinate 15. This difference for CulLLl 
and -L2 is due to the above mentioned fact that the proton affinity 
of the primary amine in L2 (pK, = 7.8) is much lower than that 
of thecorresponding one in L1 (pK. = 9.8), so that its deprotonation 
for the axial coordination with CuI1 occurs at lower pH, i.e. the 
same pH buffer region as the amide deprotonation for L2. The 

CuILL, pH titration curve is parallel to the CuILBLM case 
(Figure 3b),24 where the inflection did not occur till u (OH-) = 
4. 

The 5-coordinate 15 was separately prepared by mixing CUI* 
and L2 at pH 9, which was crystallized as 15(C104). Its IR 
spectrum (KBr pellet) shows uc-0 for the metal-bound amide 
group at 1582 cm-', almost identical to those for 11 and 12 with 
LI. The d-d absorption spectra for 12 and 15 are nearly the same 
as that for CuILBLM (see Table IV). These facts indicate similar 
coordination structures for 12, 15, and the BLM complex. 

Thus, the comparative study of the L1 and L2 complex properties 
has provided extremely useful information on the CuILBLM 
coordination mode. Finally, the 5-coordinate, squarepyramidal 
structure for 15 was confirmed by the following X-ray analysis. 
Unlike 11, 14 has not been isolated as a solid. 

X-ray Crystal Structure of [C~~*(HIL~)]CIOI.H~O (15- 
(C104).H20). The blue prisms suitable for the X-ray diffraction 
study were obtained from slow evaporation of a pH 9 aqueous 
solution containing excess NaC104. Crystals of 15 are made up 
of unit cells each containing two [CUII(H-~L~)]C~O~.H~O. The 
ORTEP drawing of the cationic complex part (Figure 4) and 
crystal data (Table I) are shown. Selected bond distances and 
bond angles around the CuII are given in Table V. 

The coordination geometry of CuI1 in 15 is distorted square- 
pyramidal. Four nitrogens from the imidazole (N1), deprotonated 
amide (Ns), pyridine ( N I ~ ) ,  and the secondary amine (Nl4) 
constitute the basal plane of coordination, while the terminal 
primary amine (Nz3) occupies the axial position. The CUI[ atom 
is displaced 0.224 A above the mean basal plane toward the 
direction of the axial N23 atom. The mode of binding and the 
orientation of the ligand L2 are quite analogue to those of Gly- 
His,Z7 BLM-3 P3A? or Ls (see 13).13 The Cu-Nl(imidazo1e) 
and Cu-N8(amide) distances are 1.99 and 1.95 A for L2, 1.93- 
1.99 and 1.93-1.98 A for Gly-His,27 and 1.93 and 1.97 A for 13, 
respectively.13a The Cu-NIl(pyridine) bond distance of 1.93 A 
for 15 is similar to the Cu-N(pyridine) bond of 1.97 A for 13.13a 
The Cu-N(secondary amine) distance of 2.10 A for 15 is also 
close to that of 2.13 A for 13.13, Theaxial Cu-N(primaryamine) 
bond distance of 2.32 A for 15 is a little longer than that of 2.23 
A for 13.13, The difference probably is arising from the weaker 
amine basicity for L2 than that for Ls. The structural similarities 
for the Cu1LL2,15, and CuII-Ls (13)13 complexesare remarkable, 
as are those for CuI1-L2, 15, and CuII-BLM P3A.9 

pH Titration of F@ with LI and L2. The pH-titration curve 
for the amide-free ligand L1 with FeI* (Figure IC) implies a very 
weak interaction between them (up to u (OH-) = 2), and above 
pH 7 precipitation of iron oxide predominates over the anticipated 
FeII-Ll complexation. This fact means that the FeILLI complex 
is too unstable to be sustained even in neutral pH solution. 

On the other hand, the titration curve for FeILL2 (Figure 2c) 
shows inflections at u (OH-) = 1 and 4. The buffer region at 1 
< u < 4 (pH 6-7) represents the simultaneous loss of the four 
protons from the imidazolyl N, secondary amine, primary amine, 
and possibly amide NH to form a stable [Fc~~(HILz) ]+  (16). 
which probably is isostructural with the 5-coordinate, square- 

~~~~ ~~ ~ 

(25) Sigel, H.; Martin, R. B. Chem. Rev. 1982, 82, 385. 
(26) Albertini, J.-P.; Suillereot, A. G. J.  Inorg. Biochem. 1985, 25, 15. 

(27) Blount, J. F.; Fraser, K. A.; Freeman, H. C.; Szymanski, J. T.; Wang, 
C.-h.; Gurd, F. R. N. J .  Chem. Soc., Chem. Commun. 1966, 23. 
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Table VI. 13C NMR Data for LI and IZn1VHILI)1+ (18) in D7O 

I 
1 2 3 4 

a (OH) 
Figure 3. Reported pH titration curves of triprotonated BLM in the 
absence and the presence of equimolar CUI, Cu", Fe", or ZnII at 20 OC 
and I = 0.1 (KNOo). Key: (a) 1.0 mM BLM; (b) (a) + 1.0 mM CuII; 
(c) (a) + 1.0 mM Fell; (d) (a) + 1.0 mM Cu1(CH3CN)4C104; (e) (a) + 1 .O mM Znl1. Data are from ref 24 for 3 H+, Cu", Fell, and Zn" and 
from ref 6 for CUI. 

23 

Figure4. ORTEPdiagramof [CU~~(H-IL~)]C~OPH~O (15(C104).H20), 
illustrating the numbering scheme. The thermal ellipsoids are drawn at 
the 50% level. 

Table V. Selected Bond Distances and Bond Angles around the Cull 
Ion of 15 

Cu-N(1) 
Cu-N( 11) 
Cu-N(23) 

Bond Distances (A) 
1.953 (3) Cu-N(8) 1.991 (3) 
1.930 (3) Cu-N( 14) 2.099 (3) 
2.319 (3) 

Bond Angles (deg) 
N( l)-Cu-N(8) 94.3 (1) N(l)-Cu-N(l1) 159.9 (1) 
N(l)-Cu-N(14) 101.2 (1) N(l)-Cu-N(23) 102.3 (1) 
N(8)-Cu-N(11) 81.4 (1) N(8)-Cu-N(14) 162.1 (1) 
N(8)-Cu-N(23) 105.7 (1) N(ll)-Cu-N(14) 81.0 (1) 
N(l l)-Cu-N(23) 97.8 (1) N( 14)-C~-N(23) 79.9 (1) 

0 
H,N-C" 

pyramidal [CUII(H-~L~)]+ (15). In Fe11LL6, the deprotonated 
amide participates in the coordination.I5 However, we could not 
succeed in isolation of 16 as crystals and hence the structure 16 
could not be confirmed. The Fell complex 16 (at pH 9) shows 
a visible absorption maximum at 473 nm (c 280), almost the 
same as the 1:l FeII-BLM (A,,, 475 nm, c 380).5a The pH 
titration for FeILBLM (Figure 3 ~ ) 2 ~  gave almost the parallel 
curve (with inflections at a (OH-) = 1 and 4) except for the lower 
pH (-5) buffer region for the formation of Fell(H-IBLM). 
Sugiura earlier assigned the 16-like structure to Fell( HI BLM).20 

~~ 

6 (ppm)a 
Ca cb cc cd ce Cf 

Ll.3HClb 142.6 119.2 47.0 169.3 27.2 41.2 
138.8 122.8 46.9 167.6 29.1 41.6 

a The carbon numbering C,-Cf follows the structure shown: 

The most important fact here is that at physiological pH, LI 
does not as strongly complex with FelI as L2 does, the observation 
implicating the important role of the carbamide group in BLM. 
As mentioned above, the presence of the carbamide in L2 weakens 
the donor amines' proton affinities. As a result, complexation 
with FeI1 overcomes the weakly competing protonations. It is 
thus speculated that the much weaker biological activity of FeIL 
deamido-BLM LO ( 1 / 1 ~  of FelLBLM)*O may be traced to the 
same chemical origin. 

[ Fe11(H-,L2)]+ (16), like FeILBLM, exhibits a quasi-reversible 
FelI + FelI1 redox behavior with 100 mV of peak separation at 
a scan rate of 50-100 mV s-I on a cyclicvoltammogram. However, 
i tsElp value is more positive (+0.36 V vs NHE) than thereported 
values for FeILBLM (+O. 13 V vs NHE2** and -0.08 V vs Ag/ 
AgCIZBb). 

pH Titration of Zn*I with LI. ZnlI complexes with BLM in 1 :1 
stoichiometry, as mainly studied by NMR.12,29 However, its 
structure remains unidentified and postulated to possibly have a 
tetrahedral geometry. The previous pH titration result for ZnlL 
BLM (Figure 3e),24 which showed no break at a = 3 like CuL 
BLM (Figure 3d) but only the first break at a = 4, had not been 
paid due attention. No pH-metric study on models had been 
reported. We thus have investigated the pH titration of L1 with 
ZnlI (Figure Id). The titration curve looked like the one for 
CulLLI (Figure Ib), where the first break occurred at a = 3 and 
the final break at a = 4. Fortunately, from the titration solution 
before the first break (at pH - 5) crystals precipitated out, whose 
elemental analysis agreed with formula [Zn11LI](C104)2. The 
IR spectrum (KBr pellet) showed the amide v- of 1647 cm-I, 
supporting the complex structure 17 with the protonated amide. 
From the mixture of ZnlI and L1 after a = 4 at pH 9, other 
crystals precipitated as perchlorate salts. The 5-coordinate 
structure of [Zn1I(H-lLI)]+ (18) was established by elemental 
analysis, an IR spectrum (with V C ~  of 1586 cm-I) similar to that 
of [Cull(HIL~)]+ (12), and I3C NMR data (Table VI): It is 
remarkable that with LI, the ZnlI coordination mode (Scheme 
V) takes adifferent path from theCuIIcoordination mode (Scheme 
IV), although the pH titration curves are similar. 

The deprotonation of the amide occurred with pK, values of 
7.3 with simultaneous coordination to Zn". We have recently 
discovered quite a similar mode of ZnII complexation with a 
potentially pentadentate (like L1 or BLM) 16-membered mac- 
rocyclic pentaamine 19 containing an amide donor; see Scheme 
VI.30 We conclude that [ZnI1(H-~BLM)]+, as indicated by the 
break at a = 4 in the ZnILBLM titration curve (Figure 3c), 
assumes a 5-coordinate structure similar to [Zn1I(H1L1)]+ (18). 

In the I3C NMR spectrum of [Znll(H-ILI)]+ (18) (in pD 8), 
the chemical shift of the deprotonated amide Cd is at 167.6 ppm, 
slightly changed from that (169.3 ppm) of the protonated amide 

(28) (a) Melnyk, D. L.; Horwitz, S. B.; Peisach, J. Biochemistry 1981, 20, 
5327. (b) Van Atta, R. B.; Long, E. C.; Hccht, S. M .  J .  Am. Chem. 
Soc. 1989, I l l ,  2722. 

(29) Lenkinski, R. E.; Dallas, J. L. J .  Am. Chem. Soc. 1979, 101, 5902. 
(30) Kimura, E.; Koike. T.; Shiota, T.; Iitaka, Y .  Inorg. Chem. 1990, 29, 

4621. 
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Ag/AgC1),13a the cyclic voltammograms for 12 and 15 under the 
same conditions also exhibited quasi-reversible waves at the E112 
potentials, -0.07 and -0.11 V, respectively. In all the earlier 
studies they were all attributed to a reversible le- redox process 
for CuIIlCuI. However, the reduction of our CuIIcomplexes 12 
and 15 does not seem to be a 1 e- process but nearer to a 2e- 
process, by reference to the same polarographic wave height as 
that for the 1: 1 Cu'kyclam complex under the same conditions, 
which was established to involve a 2-electron reduction (to CuO 
+ cyclam).33 

Summary and Conclusion 
The following are the principal results and conclusions of this 

investigation: (1) Synthetic analogues LI and L2 (=a carbamide- 
attached L1) of the metal-chelating portion of the antitumor drug 
bleomycin (BLM) (Lo) have been synthesized. (2) The pH- 
metric titrations of L1 and L2 have been conducted to determine 
their protonation constants and pH-dependent complexation 
behavior with CUI[, Fe", and ZnII. (3) Comparison of protonation 
constants for LI and L2 has disclosed the significant effect of the 
carbamide, which may be applied to the significance of the 
corresponding carbamide of BLM in its complexation. (4) At 
pH < 5 ,  L1 and CUI[ form a 4-coordinate, square-planar 
[ C U ~ ~ ( H ~ L ~ H + ) ] ~ +  (11) complex, where theamideisdeprotonated 
for coordination and the terminal NH2 is protonated. At pH > 
6, the terminal NH3+ is deprotonated for axial coordination to 
yield a 5-coordinate, square-pyramidal [CUII(H-ILI)]+ (12) 
complex. Both 11 and 12 were isolated for characterization, 
offering evidence in support of the 4-(square-planar) and 
5-coordinate (square-pyramidal) structures of CuILBLM. ( 5 )  
L1 and Zn" produce the 4-coordinate, tetrahedral [ZnIILI]2+ (17) 
complex (where the amide is not deprotonated) at pH < 6 and 
5-coordinate, square-pyramidal [Znll(HILI)]+ (18) complex 
(where the amide is deprotonated for coordination at the basal 
position) at pH > 8. Both 17 and 18 were isolated, and they 
provide implications for the coordination mode of the ZnILBLM 
complex. (6) CUI* and L2 give the 5-coordinate, square-pyramidal 
[CUI~(H-~L~)]+ (IS), whose structure is very similar to those of 
CuILBLM P3A and CuILLs (another BLM model) as shown by 
X-ray crystal analysis, d-d absorption spectra, and ESR pa- 
rameters. (7) Electrochemical measurements of our models 12 
and 15 have demonstrated that only irreversible 2e- reduction (to 
Cuo + L) is possible at the potentials -0.07 and -0.11 V, 
respectively. 
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of LI.3HC1 (in pD 3); see Table VI. In the ZnILBLM complex, 
a similar observation was reported.31 These facts indicate that 
the 13C NMR data need to be carefully interpreted for assignment 
of the ZnILBLM ~tructure .~~Jl  

The titration of Lr3HC1 with Zd1 was not pursued due to 
Occurrence of precipitation. 

ESR Spectra of Cum Complexes 12 and 15. The ESR spectra 
of [CulI(HILI)]+ (12) and [CuII(H1L2)]+ (15) in7:3 (v/v) H20/ 
glycerol (pH 7) at 77 K are typical of monomeric tetragonal CUI[ 
complexes with a dxi-yl ground-state doublet. The ESR param- 
eters of 12 and 15 are quite similar to those of BLM and the 
related compounds, indicating all 5-coordinate, square-pyramidal 
structures in aqueous solution at physiological pH (Table IV). 
A similar effect of the carbamide group in the axial coordination 
of the terminal NH2 was reported in the ESR parameters of the 
Cull complexes with L3 and L4.I9 

The Allvalueof [CUII(H-~LIH+)]~+ (11) (185 G) islarger than 
that of [ C U ~ ~ ( H - ~ L ~ ) ] +  (12) (179 G). This fact indicates that 11 
has a stronger basal ligand field in the absence of the axial 
coordination of the terminal NH2. 

Polarography of Cu' Model Complexes. The redox properties 
of 12 and 15 in aqueous phosphate buffer (pH 7.3) have been 
studied by polarography on a dropping-mercury electrode and 
cyclic voltammetry on a hanging-mercury-drop electrode. As 
reported for CuILBLM (-0.33 V vs NHE),32 CuILL3 (-0.32 
V vs NHE),19 CuILL4 (-0.06 V vs NHE),I9 and 13 (-0.24 V vs 

(31) Dabrowiak, J. C.; Greenaway, F. T.; Grulich, R. Biochemistry 1978,17, 
4090. 

(32) Ishizu, K.; Murata, S.; Miyosbi, K.; Sugiura, Y.; Takita, T.; Umezawa, 

(33) Kodama, M.; Kimura, E. J .  Chem. Soc., Dalton Trans. 1977, 1473. 
(34) Freedman, J. H.; Horwitz, S. B.; Peisach, J. Biochemistry 1982, 21, 

H. J .  Antibiot. 1981, 34, 994. 
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