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Two new bleomycin analogues, 2-[((2-(4-imidazolyl)ethyl)amino)carbonyl]-6-[((2-amino-2-methylpropyl)amino)-
methyl]pyridine= L 3 and 2-[((2-(4-imidazolyl)ethyl)amino)carbonyl]-6-[((2-amino-1,1,2-trimethylpropyl)amino)-
methyl]pyridine= L4, were synthesized in order to create air-stable ligands of théi(awal Fé) complexes.

The protonation constants (Id¢,) of the ligands at 25C andl = 0.1 M NaNQ; were 9.9, 6.9, and 5.2 fdrs

and 10.0, 6.7, and 3.9 fdr,. The complexation of the triprotonatédy and L 4 with Cu' started at pH< 5 to

yield 4-coordinate [CY(H_;L)-H™]2" complexes4 and6, respectively, followed by formation of square-pyramidal
[CU'(H-1L)] T complexes5 and 7, with pK, values of 5.6 fo5 and 5.9 for7. The complexation constants, log
Ked'w o, were 8.9 for [CH(H-1L3)]*, 5, and 8.6 for [CH(H-_iL4)]*, 7, respectively. The structures of
[Cu"(H-1L3)]CIO4 (5:ClO4) and [CU'(H-1L4)]BF4 (7-BF4) were determined by X-ray crystallography. Crystal
data for5-ClO,; monoclinic, space group2:/n (No. 14),a = 13.978(6) A,b = 8.103(3) A,c = 18.037(5) A,

B =98.61(3), V=2019(1) B, Z=4,R= 0.053, andR,, = 0.044 for 2996 [ > 30(1)] reflections. Crystal data

for 7-BF4: monoclinic, space group2:/n (No. 14),a = 16.092 (4) Ab = 7.974(4) A,c = 16.819(2) A5 =
99.64(1y, V= 2127(1) B, Z= 4, R= 0.040, ancR,, = 0.025 for 1633 [ > 4o(l)] reflections. The coordination
geometry around the copper was a distorted square-pyranfidvinile that of 7 was the intermediate between

a trigonal-bipyramid and a square-pyramid. The distortion is influenced strongly by the number of the methyl
group. The EPR spectral data for both copper(ll) complexes were consistent with the retention of the solid-state
structure in frozen DMF/MeOH (1:1) solution at 77 K. The visible absorption spectra of 10% DMF/aqueous
solutions (pH 9.5) ob and7 atl = 0.1 M NaNQ; showed absorption maxima at 646 nm with a shoulder at ca.
900 nm for5 and at 658 and 888 nm fat. The red-shift of7 by ca. 12 nm relative t& reflects the distortion
toward the trigonal-bipyramidal geometry fn solution. Both complexes displayed irreversible redox behavior
in DMF atl = 0.1 M tetra@-butyl)ammonium tetrafluoroborate. The anodic and cathodic peak potentials obtained
by cyclic voltammetry forl5 and7 were—0.14 and—0.76 V for5 and—0.17 and—0.80 for7 vs Ag/AgClI. The
cathodic potentials of copper(ll) complexes were shifted toward the anodic direction by-e80 2@V compared

to the nonsubstituted 5-coordinate, [@Qd—3L)]" complex,16 (—0.82 V vs Ag/AgCl). The Cucomplexes ¢

and 10) are air-oxidized to the corresponding'Ceomplexes5 and 7, respectively.

Introduction degradation by the activated oxygen species has been proposed
to commence with abstraction of the C-Hydrogen of the
deoxyribose moiety of pyrimidine nucleotides adjacent to
guanosines.

More recently, the structures of the metal-chelating domain
of metallo-BLMs, such as zh?* Cd'> F€e! ¢ Fe'—CO, and

Since bleomycin (BLM), an antibiotic glycopeptide, has been
discovered and isolated as a copper(ll) complex f@inepto-
mycesverticillus in 1966, BLM has been used clinically for
squamous cell carcinoma, malignant lymphoma, and testistu-
mor?! BLM chelates F&ion and the resulting Pe-BLM reacts
with molecular Q to generate an activated oxygen species,
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Cd" 2 and the interaction with oligonucleotide DNAncluding Chart 1

binding, recognition, and regiochemistry have been determined

in detail, using NMR spectroscopic methods in conjunction with

molecular dynamics calculations. Morever, attempts to elucidate

the fundamental role of the individual building block of the

BLM molecule have also been made by semisynthetic ana- l
logued® and simplified synthetic analogué’s. i "f) / CONH,

Although recent electrospray mass spectrometry (EREs)d
X-ray absorption spectroscopy (XAS)studies suggested the
activated BLM is a ferric hydroperoxide complex, the question
of whether a high-valent iron complex, such as a ferryl

(FEV=0) or a perferryl (Fé=0), exists in the oxidative
pathway or not remains to be answered conclusively.
i i i H nH NH CHa

IZ

Previously, we have synthesized BLM model ligardsand N

L, (see Chart 1), on the basis of the X-ray crystal structure of j‘CHS Igng

the CUd' complex of BLM P3A, a biosynthetic precursor of 7 CH N"%H,

BLM,* and determined their pHcomplexation behaviors with N» H 8 Hy

Cu' and Fé¢ in aqueous solutio®® Comparison betweeh H

and L, revealed the essential role of the carbamoyl group in Ls Ly

(7) (a) Akkerman, M. A. J.; Haasnoot, C. A. G.; Hiblers, C. Bar. J. the L, molecule. In the case df;, for example, precipitation

E'?%Cﬁméln?f ge‘sz_lji'lég)r?k(':‘ewagém eAI‘ \JN Rﬂlmgﬁérﬁ- \évo' CJ of iron oxide was observed above pH 7 upon complexation with
109q 112 7462. T T 777 Fe'. On the other hand, , formed a 1:1 F&—L, complex at

(8) (@) Xu, R. X.; Nettesheim, D.; Otvos, J. D.; Petering, D. H. physiological pH.

Biochemistryl 7. - ., Sugi H.; i
kadome, K., Saito, | Wang, A HEur. . Bioshem199% 244 | \WWe have also reported the preparation offRa(CN)(L2-
81s. o ' T diamine)] using 1,2-diamines, such as ethanediamixe,
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Experimental Section

Materials and General Procedure.The UV—visible absorption

Otsuka, M.; Masuda, T.; Haupt, A.; Ohno, M.; Shiraki, T.; Sugiura measurement was performed on a Shimadzu UV-2200 spectrophotom-

Y. Maeda, K.J. Am. Chem. Sod99q 112, 838. (c) Tan, J. D.; eter, using 1-cm quartz cells. TREl NMR spectra (270 MHz) were
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Natrajan, A.; Hecht, S. MJ. Biol. Chem.1994 269 10899. (f)
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tometer. EPR spectra of the frozen DMF/MeOH (1:1 v/v) solutions at
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77 K were recorded on a JEOL TE-200 spectrometer, usingddped
MgO powder as a referencgs(= 2.034 andgs = 1.981). Cu(CIQ),

6H,0 was obtained from Katayama Kagaku and 2-methylpropane-1,2-

diamine and tetratbutyl)Jammonium tetrafluoroborate (TBABFwere
obtained from Tokyo Kasei. 2-[((2-(&¢Triphenylmethylimidazolyl))-
ethyl)amino)carbonyl]-6-chloromethylpyriding,*> and 2,3-dimeth-
ylbutane-2,3-diaminl@ were prepared according to the published
methods. Thin-layer chromatography (TLC) and column chromatog-
raphy were carried out on a Merck Art. 5567 TLC plate (silica gel 60
F2s4) and Wakogel C-300 (silica gel), respectively. Anion-exchange
column chromatography was carried out on Amberlite IRA-400.
Ligand Syntheses. 2-[((2-(4N-Triphenylmethyl)imidazolyl)-
ethyl)amino)carbonyl]-6-[((2-amino-2-methylpropyl)amino)methyl]-
pyridine (2). A solution of1 (6.04 g, 12.30 mmol) and 2-methylpropane-
1,2-diamine (10.25 g, 116.28 mmol) in 100 mL of THF was heated at

Kurosaki et al.

5-ClO4-1.5H,0, Method B. A solution of L3 (16 mg, 0.05 mmol)
and Cu(ClQ),:6H,O (19 mg, 0.05 mmol) in 30 mL of water was
adjusted to pH 9.0 with 0.1 M aqueous NaOH. The mixture was filtered,
and the filtrate was allowed to stand for 2 weeks at room temperature.
Blue microcrystallines-ClO,-1.5H,0 was obtained in 49% yield. Anal.
Calcd (found) for GgH23N6O-Cu(ClOy)-1.5H,0: C, 38.02 (37.85); H,
5.18 (4.79); N, 16.63 (16.23).

[Cu"(H-1L 4)]BF4-0.5H,0 (7-BF4-0.5H,0). To a solution ol_4 (174
mg, 0.051 mmol) in methanol (10 mL) was slowly added a solution of
Cu(OAc)-H,0O (100 mg, 0.50 mmol) in methanol (30 mL), and the
mixture was stirred fo3 h atroom temperature. A methanolic solution
(4 mL) of NaBFR (55 mg, 0.50 mmol) was added, and the resulting
mixture was kept at room temperature. Light blue blocks were deposited
within 24 h and were collected by filtration, washed with methanol,
and dried in vacuo. Recrystallization from a pH 9 aqueous solution

reflux for 4 days and concentrated in vacuo. The remaining residue afforded light blue crystals 6f-BF,-0.5H:0 in yield of 53% (135 mg).

was purified by chromatography on silica gel (eluent, 10:2:6.20:

1:0.1 CHCH/CH;OH/28% aqueous N¥jito obtain2 (2.44 g, 37% based

on 1) as a colorless powdetHd NMR (CDCls): ¢ 1.08 (s, 6H), 1.69

(br, 3H), 2.44 (s, 2H), 2.87 (1] = 6.8 Hz, 2H), 3.75 (qJ = 6.3 Hz,

2H), 3.93 (s, 2H), 6.63 (s, 1H), 7.2@.30 (m, 15H), 7.39 (s, 1H),

7.45 (d,J = 7.6 Hz, 1H), 7.78 (ddJ = 7.6 Hz, 1H), 8.04 (d) = 7.6

Hz, 1H), 8.69 (br, 1H).
2-[((2-(4-Imidazolyl)ethyl)amino)carbonyl]-6-[((2-amino-2-meth-

ylpropyl)amino)methyl]pyridine (L 3). To a solution o (2.44 g, 4.37

mmol) in 100 mL of CHOH was added 1 mL of concentrated HCI

dropwise. The solution was heated at reflux #h and concentrated

in vacuo. The residue was dissolved in 0.5 M HCI (3 mL) and washed

with CH,Cl, (50 mL). The aqueous layer was evaporated to dryness.

The residue was neutralized by Amberlite IRA-400 resin, and the eluate

was concentrated to yield; as a brown solid (1.11 g, 82%X NMR
(CDCly): 0 1.13 (s, 6H), 2.47 (s, 2H), 2.88 (br, 3H), 2.94Jt= 6.3
Hz, 2H), 3.74 (tJ = 6.3 Hz, 2H), 3.94 (s, 2H), 6.85 (s,1H), 7.39 (d,
J=7.9 Hz, 1H), 7.58 (s, 1H), 7.78 (dd,= 7.6 and 7.3 Hz,1H), 8.04
(d, J = 7.3 Hz, 1H), 8.48 (br, 1H). IRvc=0, 1660 cnT.
2-[((2-(4-(N-Triphenylmethyl)imidazolyl)ethyl)amino)carbonyl]-
6-[((2-amino-1,1,2-trimethylpropyl)amino)methyl]pyridine (3). A
solution of1 (12.81 g, 26.09 mmol) and 2,3-dimethylbutane-2,3-diamine
(14.31 g, 123.4 mmol) in 150 mL of THF was heated at reflux for 8

IR: vc—o, 1575 cmt. Anal. Calcd (found) for GH27NgO-Cu(BF,)*
0.5H,0: C, 43.00 (43.08); H, 5.61 (5.52); N, 16.71 (16.45).
[Cu" (H-1L 4)]ClO 4+0.5H,0 (7-Cl04-0.5H,0). A procedure similar
to that of the method B was employed using 0.061 mmol of Cugz10
6H,0 andL 4 to yield blue microcrystalling-ClO,-0.5H;0. Yield, 10
mg (32%). IR: vc—o, 1575 cn1t. Anal. Calcd (found) for GgH27NgO-
Cu(Cl0y)-0.5H,0: C, 41.94 (41.77); H, 5.48 (5.39); N, 16.30 (15.88).
[Zn" (L3)](ClIO 4)2*H20 (11:(ClO4)2*H20). A solution ofL 3 (100 mg,
0.316 mmol) and Zn(Clg),-6H,0 (118 mg, 0.316 mmol) in 15 mL of
water was adjusted to pH 6.0 with 0.1 M aqueous HCI. The mixture
was allowed to stand for 10 days at room temperature. Colorless
microcrystalline11-ClO,-H,O was obtained in 57% vyield (108 mg).
IR: vc—0, 1642 cnil. Anal. Calcd (found) for GH24NsO-ZNn(CIOy),
‘H,0: C, 32.10 (31.76); H, 4.38 (4.20); N, 14.04 (13.66).
[Zn"(H-1L3)]CIO4H0O (12:ClO4-H;0). A solution of 11-ClO,4*
H.O (100 mg, 0.167 mmol) in 10 mL of water was adjusted to pH 9.8
with 0.1 M aqueous NaOH. The mixture was filtered, and the filtrate
was allowed to stand for 4 days at room temperature. Colorless
microcrystalline12-ClO4-H,O was obtained 18% vyield (15 mg). IR:
vc—o, 1569 cn1t. Anal. Calcd (found) for GH23NsO-Zn(ClOy)-H,0:
C, 38.57 (38.31); H, 5.06 (5.03); N, 16.87 (16.46).
Caution! Perchlorate salts of metal complexes with organic ligands

days and concentrated in vacuo. The residue was purified by chroma-are potentially explosive. Only small amounts of material should be

tography on silica gel (eluent, 20:1:0-% 10:1:0.1 CHCI./CH;OH/
28% aqueous N to yield 3 as colorless needles (8.17 g, 53% based
on 1). 'H NMR (CDCl): 6 1.06 (s, 6H), 1.14 (s, 6H), 1.64 (br, 3H),
2.87 (t,J = 6.9 Hz, 2H), 3.75 (gJ = 6.9 Hz, 2H), 3.89 (s, 2H), 6.62
(s, 1H), 7.16-7.27 (m, 15H), 7.38 (s, 1H), 7.55 (d,= 6.9 Hz, 1H),
7.78 (dd,J = 7.6 and 6.9 Hz, 1H), 8.03 (d,= 7.6 Hz, 1H), 8.53 (br,
1H).

2-[((2-(4-Imidazolyl)ethyl)amino)carbonyl]-6-[((2-amino-1,2,2-tri-
methylpropyl)amino)methyl]pyridine (L 4). To a solution of3 (8.17
g, 13.92 mmol) in 60 mL of CEDH was added 3 mL of concentrated
HCI dropwise. The solution was heated at reflux foh and then

prepared, and these should be handled with care.

Crystallographic Studies. A blue crystal of [Cl(H-1L3)]CIO4, 5
ClOs4 (0.20 x 0.20 x 0.30 mm) and a light blue crystal of
[CU'(H-1L4)]BF4, 7°-BF4 (0.30 x 0.06 x 0.03 mm), were selected and
mounted on a glass fiber. All measurements were performed with a
Rigaku AFC 7R diffractometer with graphite-monochromated Mo K
radiation for5-ClO, and with graphite-monochromated Ca Kadiation
for 7-BF.. Cell constants and orientation matrixes were obtained from
a least-squares refinement, using 25 reflections in the range°32.98
20 < 35.76 for 5:ClO, and 52.38 < 26 < 56.4Y for 7-BF,. Data
were collected with they—26 scan technique. The intensities of three

concentrated in vacuo. The residue was dissolved in 0.5 M HCI (5 reflections were monitored in every 150 reflections, and no decay was
mL) and washed with CKCl,. The agueous layer was evaporated to observed. The data were corrected for Lorenz and polarization effects.
dryness. The residue was neutralized by anion-exchange resin, and the - All the calculations were performed with the teXsan crystallographic
eluant was evaporated to yield; as a yellow oil (2.57 g, 54%)H software package (Molecular Structure Corp.) on an lIris Indigo
NMR (CDCl): 6 1.11 (s, 6H), 1.17 (s, 6H), 2.94 @,= 6.6 Hz, 2H), workstation of Silicon Graphic Institut@8The structures were solved
3.14 (br, 3H), 3.75 (1) = 6.6 Hz, 2H), 3.91 (s, 2H), 6.83 (s, 1H), 7.48 by the direct method, and all the non-hydrogen atoms were located by
(d,J= 7.9 Hz, 1H), 7.55 (s, 1H), 7.78 (dd,= 7.9 and 7.6 Hz, 1H), Fourier methods and refined by full-matrix least squares. The scattering
8.03 (d,J = 7.6 Hz, 1H), 8.42 (br, 1H). IRwc—o, 1663 cnr™. factors were taken from ref 21. FBrClO,, non-hydrogen atoms were
Preparation of Copper(ll) Complexes. [CU'(H-1L3)]CIO4 (5 refined anisotropically. All the hydrogen atoms were located from the
ClOy4), Method A. To a solution ofl 3 (30 mg, 0.09 mmol) in methanol  final difference Fourier map but were not refined. FBBF,, non-
(1 mL) was added dropwise a methanolic solution (1 mL) of Cu@@lO  hydrogen atoms were refined anisotropically, and all the hydrogen atoms
6H,0 (35 mg, 0.09 mmol) at room temperature. 1-Methylimidazole were included in the models at their calculated positions but were not
(30 mg, 0.37 mmol) was added to the solution, and the resulting blue refined. Crystallographic data are presented in Table 1. Atomic
solution was evaporated to dryness at°8) Methanol (3 mL) was  positional parameters are given in Tables 2 and 35f@10O, and 7-
added to dissolve the residue. The solution was allowed to stand for aBF,, respectively. Additional material available from the Cambridge
month, and the resulting blue crystals ®CIO, were collected (22

mg, 49%). IR: vc—o, 1575 cn1. Anal. Calcd (found) for GH23NgO*
Cu(ClOy): C, 40.17 (40.44); H, 4.85 (4.88); N, 17.57 (17.84).

(19) Sayre, RJ. Am. Chem. Sod.955 77, 6689.

(20) teXsan: Crystal Structure Analysis Package. Molecular Structure
Corporation (1985 & 1992).

(21) Cromer D. T.; Waber, J. Tinternational Tables for X-ray Crystal-
lography, Kynoch Press: Birmingham, 1974; Vol. 4.
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Table 1. Crystallographic Data for [C{{H-1L3)]ClO4, 5:-ClO,, and

Inorganic Chemistry, Vol. 38, No. 12, 1992827

Table 3. Positional Parameters amlq (A?) for [Cu'(H-1L4)]BF,

[CU'(H-1 L4)|BF4, 7-BF, 7-BF4
5:ClO4 7-BFs atom X y z Bq

formula CuGeH23N6O:Cl CuCigH2NOBF, Cu 0.18095(6) 0.1175(1) —0.03474(5) 2.57(2)
fw 478.39 493.80 B(1)  1.0199(6) 0.326(1) 0.3581(6)  4.3(3)
cryst color, habit blue, prismatic blue, prismatic F(1) 0.9972(3) 0.1671(5) 0.3388(3) 6.4(1)
a A 13.978(6) 16.092(2) F(2) 0.9519(3) 0.4149(6) 0.3782(2)  6.4(1)
b, A 8.103(3) 7.974(4) F@3) 1.0840(3) 0.3303(6) 0.4218(3)  9.1(2)
¢ A 18.037(5) 16.819(2) F(4) 1.0428(3) 0.4048(6) 0.2922(3)  7.3(2)
B, deg 98.61(3) 99.64(1) O(1) 0.1054(2) —0.3699(5) —0.0409(2)  3.0(1)
z 4 4 N(1)  0.1592(3) 0.2140(6) —0.1473(3)  2.4(1)
cryst syst monoclinic monoclinic N(2) 0.0960(3) 0.3360(6) —0.2575(3) 2.9(1)
space group P2:/n (No. 14) P2:/n (No. 14) N(3) 0.1603(3) —0.1185(7) —0.0748(3) 2.5(1)
vV, A3 2019(1) 2127(1) N(@4)  0.1165(3) 0.0332(6) 0.0442(3)  2.2(1)
T,°C 20+1 20+1 N(5)  0.1847(3) 0.3291(6) 0.0401(3)  2.4(1)
2 A 0.71069 (Mo Kx)  1.54178 (Cu k) N(6)  0.3157(3) 0.1401(7) —0.0060(3)  2.9(1)
Peaisy § CNT3 1.573 1.541 C(1)  0.1181(4) 0.3500(8) —0.1769(4)  2.7(2)
F(000) 988.00 1020.00 C(2)  0.1257(4) 0.1848(8) —0.2807(4)  2.9(2)
abs coeff ¢), cnmt 1255 19.70 C(3)  0.1646(3) 0.1089(9) —0.2127(3)  2.2(1)
R 0.053 0.040 C(4)  0.2110(4) —0.0525(8) —0.2018(4)  3.1(2)
R 0.044 0.025 C(5)  0.1736(4) —0.1837(8) —0.1517(4)  2.9(2)
AR = J||Fol = Fll/ZIFol. R = [IW(IFol — IFc)?/3WIFol7"2 w SE% 8:1(2)‘1%23; _8:%2%8 Od?gfgé?%) 2223%)

= (o*(Fo)) ™ C(8)  0.0657(4) —0.2027(8) 0.1036(4)  3.0(2)

;?C?IIS 2. Positional Parameters ar, (A2) for [Cu'"(H-1L3)]CIO,, gg%) ggggg((i)) 000833(1%) ooliggga) 23982()2)

4 C(11)  0.0962(4) 0.1354(8) 0.1011(3)  2.4(1)
atom X y z Bq C(12) 0.1151(4) 0.3151(8) 0.0873(4) 2.7(2)
Cul)  016711(5)  0.08873(8) —0.03854(3)  2.93(1) €1 0aae  oer®  oosna 210
Cl(1) 0.0623(1) 0.3258(2) 0.33916(9)  4.88(4) C(15)  0.2844(d) 0.2084(10) 0.1590(4)  4.2(2)
O(l)  01137(3) —0.4023(4) —0.0339(2)  4.11(9) C(i6)  0.2842(4) 0.5168(9) 0.1287(4)  4.3(2)
0(2) 0.1275(4) 0.3600(8) 0.4031(3)  11.1(2) C7)  0.4297(4) 0.3047(9) 0.0758(4)  4.4(2)
O(3)  0.0941(4)  03880(7)  0.2746(3)  8.2(2) C(i8)  0.3301(4) 04373(9) —-0.0351(4)  4.1(2)

0(4) 0.0499(4) 0.1522(6) 0.3331(3) 8.9(2) : : : :
O(5) —0.0298(3) 0.3995(6) 0.3452(2) 5.0(1) _ _ _
N(1) 0.1333(3) 0.1847(5) —0.1404(2) 3.1(1) Electrochemical Experiments. Cyclic voltammetry (CV) was
N(2) 0.0776(3) 0.3321(6) —0.2388(2) 4.2(1) performed with a BAS-50W electrochemical analyzer in DMF at 25
N(3) 0.1440(3) —0.1424(5) —0.0749(2) 2.21(10) + 0.1°C, and the dissolved oxygen in solution was purged with argon.
N(4) 0.1379(3) —0.0148(5) 0.0528(2) 1.98(10) A three-electrode system was employed: glassy carbon, GC (1 mm
N(5) 0.1864(3) 0.2926(5) 0.0367(2) 2.39(10)  diameter), Ag/AgCI (saturated KCI), and Pt plate as working, reference,
N(6) 0.3276(3) 0.1165(5) —0.0288(2) 3.5(1) and auxiliary electrodes, respectively.
c(1) 0.0951(4) 0.3287(6) —0.1636(3) 3.4(1)
c(2) 0.1063(4) 0.1842(7) —0.2649(3) 4.1(1) - -
C(3)  01416(4)  00923(7) —0.2041(3)  3.3(1) Results and Discussion
c(4) 0.1857(4)  —0.0752(7)  —0.1994(3) 4.1(1) Preparation of Ligands. The synthetic procedures fdrs
S(S) 0.1390(4) ~ —0.1990(6)  —0.1520(3) 3.8(1) andL4 are illustrated in Scheme 1. The compourdand 3
(6) 0.1301(4) —0.2502(6) —0.0238(3) 2.6(1) ; . \

c(?) 0.1330(4) —0.1777(6) 0.0522(3) 2.2(1) were_syn_thesmed by Fhe reaction bfwith 2_-me_thy|propan§-
c(8) 0.1282(4) —0.2631(7) 0.1168(3) 4.0(1) 1,2-diamine and 2,3-dimethylbutane-2,3-diamine, respectively,
C(9) 0.1282(5) —0.1746(8) 0.1833(3) 4.6(2) in THF. Removal of the trityl group o2 and3 by HCI/MeOH
g&% 8-%2%22 —0608%%7()7) 061513%236)3) 4-3352()1) yieldedL 3*3HCI andL 43HCI, followed by neutralization with

. . . . i _ H 0,
c(12) 0.1335(4) 0.2572(7) 0.0989(3) 3.9(1) ﬁ\;tézrgt: III'-\I;AS4OOt (OI|—<TBform|?. tTh(caﬁtotaldyl/_leldhwas Otlza:[ 30%
C(13)  0.2899(4)  0.3067(7)  00651(3)  3.4(1) , - IR spectra (KBr pellets) df s andL , showed strong
C(14) 0.3534(4) 0.2812(7) 0.0066(3) 3.6(1) amide G=0 stretching bands at 1660 and 1663 énrespec-
C(15) 0.4588(4) 0.2843(8) 0.0427(3) 5.6(2) tively. Characterization of the compounds was accomplished
C(16) 0.3359(4) 0.4137(7) —0.0543(3) 4.4(1) using™™ NMR spectroscopy.

Crystallographic Data Centre comprises H-atom coordinates, thermal
parameters, and remaining bond distances and angles.
Potentiometric pH Titrations. The protonation constants for ligands
L; and L, and complexation constants of Ciwcomplexes were
determined by potentiometric pH titration of 50 mL samples. The ligand
concentration was ¥ 102 M with the ratio of metal to ligand of 1:1.
pH Values were read with a HORIBA F-7Sll pH meter. The
temperature was kept at 250 0.1 °C, and the ionic strength was
adjusted to 0.1 M with NaN@® All the solutions were carefully
protected from air by a stream of humidified argon. The protonation
constantX, are defined as [KL]/[H »-:L][H *], and the 1:1 complex-
ation constantscy'n_,.) as [CU (H-1L)][H T1/[Cu"][L]. p Ka (which is
the —log K») and logKcy'_,. were calculated by the method described
previously??

(22) Kodama, M.; Kimura, EJ. Chem. Soc., Dalton Tran&979 326.

Preparation of 5-Coordinate Copper(ll) Complexes The
reaction ofL 3 with an equimolar amount of Cu(Clp-6H,0
in methanol yielded blue crystals of [€iH_1L3)]CIO4, 5:ClOy,
upon addition of 1-methylimidazole. The reaction lof with
an equimolar amount of Cu(OAeH,O in methanol gave
[CU'(H_1L4)]BF4, 7:-BF4, by addition of NaBE. The reaction
of Lz or L4 with Cu(CIOy)2°6H,0 in water (adjusted to pH 9)
gave also the corresponding copper(ll) complexes described
above. The IR spectra of these complexes showed bands at 1575
cm! lower by ca. 90 cm! than both of acid-free ligands,
indicating a deprotonation of the amide group. The elemental
analyses of all the copper(ll) complexes were consistent with
the composition of [CY(H_3;L)]X where H_;L denotes the
deprotonated amide of the ligand and=XCIlO, for L3 and X
= CIO4 or BF4 for La.
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Scheme 1
1
Ay N fee 7
(o] \N R3 (@] . '
H HN""qe  H H R
N cl R N N g2
Hs
N N N %4
/ r) Iy H R
\ N
Tr Tr= 'C(CsHs)a Tr
1 2;R'=R%=H,R®=R*=CHs
3;R'=R2=R®=R*=CH,
4
(0] \N 1
i) HCI-MeOH HN nH 5R2
ii) Anion exchange iRs
N N R4
4 Y H
N
H

Ly;R'=R?=H,R®*=R*=CHj,
Ls;R'=R?=R3=R*=CHj,3

Table 4. Comparison of Protonation Constants and Complexation
Constants of L, Ly, Ls, and L with Cu' at 25°C andl = 0.1 M
NaNOs®

L. Lo L3 La
log K1 9.8 7.8 9.9 10.0
log K2 7.3(mp  6.9(mpP 6.9(mp 6.7 (Imp
log K3 5.6 3.7 5.2 3.9
Cu', logKcyin_,. 8.7 7.0 8.9 8.6

aAt 25 °C andl = 0.2 (NaClQ) from ref 15.°Im = imidazole.
¢ Ked o = [CU"H-4L][H *FJ/[Cu"][L].

Protonation and Copper(ll) Complexation Constants for
L3 and L4. The protonation constant&() of L3 andL4 were
determined by potentiometric pH titration of 1.0 mM-3HCI
andL43HCI at 25°C andl = 0.10 M NaNQ@. The titration
curves of the ligandl. 3 andL 4 are shown in Figures la and 2a,
respectively. The titration data were analyzed for equilibri&1
The mixed protonation constarks—Kjz are defined as follows.

L+H"'=HL K, = [HLY/L][H ] (1)

HL + HY =H,L K, =[H,LV[HLIH T (2)

H,L +H"=H,L Ky =[HoLV[H,LIH']  (3)

The obtained protonation constants (g are listed in Table
4 and compared witK, values forl ;> andL ».*> For L 3:3HCI,
the inflection occurred a = 2, while the inflections occurred
ata= 1 and 2 forL 4-3HCI. The computed lo¢, values were
9.9, 6.9, and 5.2 fok3 and 10.0, 6.7, and 3.9 fdrs. The log

Kurosaki et al.

Scheme 2

[CU"(H.1L)~H+]2+
4:R'=R2=H,R3=R*=CHj3
6:R'=R?= R3=R*=CHj,

[cu' 1401

5:R'=R2=H,R®=R*=CHj,4
7:R'=R?= R®=R*=CHj,4

The binding constants for the binding of Cwith L3 andL 4
were determined by potentiometric pH titration of the tripro-
tonatedL33H" or Lg3H" (1 mM) in the presence of an
equimolar amount of Cuat 25°C andl = 0.10 M NaNQ.

For the triprotonated 4.and Ly, the smooth buffer curves (8

a < 3) shown in Figures 1b and 2b indicate the neutralization
of the ligand accompanied with €womplexation to form
4-coordinate [CU(H_1L)-H™]2" complexes4 and 6. In this
buffer region, HiL-H* stands for the species in which the
deprotonated amide is coordinated while the primary amine kept
protonated and uncoordinated. Analogous species has been
reported for Cli complex ofL 1, [Cu'(H—_1L1)-H*]2", 8, which

was isolated as perchlorate saft&In the second buffer region

at 3 < a < 4, the loss of one proton from the primary amine
yields 5-coordinate [ClH_;L]* complexes5 and 7, with pK,
values of~ 6 (see Scheme 2). These final products were isolated
from the pH-titration solutions as blue prisms of [Qid_1L 3)]-
ClO4:1.5H,0 (5-ClO4+1.5H,0) and [Cl (H-1L4)]CIO4+0.5H,0
(7-Cl0O4:0.5H,0). Their IR spectra and elemental analysis (C,
H, N) agreed with those of the copper(ll) complexes isolated
from a solution ofL3 or L4 in the presence of an equimolar
amount of Cu(Cl@)2-6H,0 in water at pH 9.0.

HaN?

nH

[Cu'l(H.Ly)H P
®

From the analysis of the titration data at< 4, the Cd
complexation constant&éy'n_,. = [Cu'(H—1L)][H T)/[Cu"][L])

Ki and log K, values were almost the same as those for for Lz andLs, log Key'w . = 8.9 forLz and 8.6 forl 4, were

unsubstituted. ;1> however, the lods for L4 was smaller than
those forl ;1% andL 3 due to the substituent effect of two methyl

determined (Table 4). The loi§cy'w_, values forLs andL4
are almost the same as that for.2®

groups adjacent to the secondary amine group. The substituent_!Nteraction of Cu'—L zand —L . Titrations for 1:1 Cti(from

effect of the lowering on acidity closely parallels those on the
observed acidities of 1,2-ethanediamine (7.6 and 10.7), 2-me-
thylpropane-1,2-diamine (6.5, 10.1), and 2,3-dimethylbutane-

2,3-diamine (6.0 and 10.2§.

CU(CH3CN)4ClO4)—L3 or —L4 were performed in a 5% G

(23) The protonation constant&) for diamines were determined by a
potentiometric pH-titration of the corresponding diamine dihydro-
chloride salts (5 mM) with = 0.10 M NaNQ at 25°C.
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Scheme 3 121
5 A
R2 R_» R4 10k (a)°°o°°°°3°° °"
Rt%NHz i 0" o K
L~.3HCI pH +8 HN—_ | PN stk o a, °oo°° x
e = Gu—N"_NH 5| goilaessossssfi (0
— o of X
L4-3HCI 3+ )N 6 ,.,ee“‘ffpuu““"”(’g) 20
— N [,998% " Sl
H Y o? ,‘xxx"
(0] 4% o »OORRX
[Cu'L)* Bxx0000000000 (b)
9:R'=R?=H,R%®=R*=CH, 2 —_ : y
0 1 2 4
10:R'=R?= R3=R*=CHj,4 a(OH)
Figure 1. pH Titration curves of triprotonated ligandsslH in the
Scheme 4 absence and the presence of equimolaf, @, or Fé' at 25°C and
HaC CHg | = 0.1 M NaNGQG. Key: (a) 1.0 mM L3-3HCI; (b) (@) + 1.0 mM
N CuSQ6H,0; (c) (a)+ 1.0 MM Cu(CHCN),-CIO;; (d) (8)+ 1.0 mM
pH<6 |\, —N FeSQ-7H,0; (e) (a)+ 1.0 mM Zn(NQ),*6H0.
ot HN—znlliZ
Lg3HCI + zn! / Scheme 5
+3H* )N Ny oH
— HsC
o 3(( N y
[Zn”(La)]2+ pH~8 %N/
11 -4H*
Lg-3H* + Fe' =
HA CH, +4H
NH2 Il ° +
pKa=73 , [Fe'(H.1L4)]
-H 13
+H*
HaN?! CHs

CHz  H

[Zn"(H.,Ly) 2" pH~9 HSC"“Z;Hs N

1L3 aH* HN //
12 Lye3H + Fe!l = S

CN aqgueous solution. The titration curves shown in Figures 1c
and 2c showed no break afOH~) = 3, being quite different
from those of the corresponding aomplexes Cl—L3 and
Ly (a(OH™) = 4). These results suggest that formation of
4-coordinate Cicomplexes with un-deprotonated amideand 4G CHa
10 (see Scheme 3). To substantiate this claim, the isoelectronic 3G
Zn'' complexes were employed for the pH titration withdnd pKa=~105 Hao\(<
L4. The titration curves with § and Ly, shown in Figures le -H*
and 2e, showed two inflections afOH~) = 3 and 4 as those +H*
for CU'. In L, colorless crystals were separated from the titration
solution at pH~ 6 (i.e.,a(OH™) = 3), which are different from (Fe'(H_,Ly)T*
the crystals isolated from the medium of pH&QH™) = 4) 15
of which the crystal study showed that the''Zzenter has the
trigonal-bipyramidal structurd,2.18 Belcause the fo_rmer crysta_lls stable [F&(H_1L3)]*, (13), as shown in Scheme 5, which is
showed an amidec— of 1642 cnt " and the microanalysis analogous to the 5-coordinate'Fe_, complex!® In Fe'—L,,
agreed with the formula [Z.5](ClO4)-H,O, the Zrf complex the titration curve shows two inflections afOH") = 1 and 4.
should have the tetrahedral 4-coordinated structlife(see . . TN .

S - The first buffer region (pH< 7) until a = 3 is ascribed to the
Scheme 4). These findings strongly support the formation of a loss of the three protons to form a 4-coordinate (FesLg)-H]2*
tetrahedral Cucomplex with Ls or L4 since Cliand Zd' are (14, The secon% buffer region at 3 a < 4 repiegents the
isoelectronic and the less positive charge of €hwuld decrease removal of one proton to form the 5-coordinate [fé gL4)]*

the ability for the deprotonation of the amide. (15 with a pK, value of 10.3. These results show the

After Ox-bubbling oxidation o and 10, their UV—visible troducti £ tw f thl to th b {
spectra in 5% CKCN aqueous solution are identical to those introduction ot two or four methy! groups to the carbon atoms
of the ligand significantly stabilizes the 'Fecomplexes at

of the corresponding 5-coordinate 'Ccomplexes5 and 7. ) !

pH Titration of Fe " with L ; and L. Moreover, we have  Physiological pH.
investigated the pH titrations oflor L, with Fe' at 25°C and Description of the Structures. Crystal Structure of
| = 0.1 M NaNQ; (see Figures 1d and 2d). It is remakable that [Cu" (H-1L3)]ClIO4 (5:ClOy4). The blue crystals suitable for
their complexation reactions are quite different from that of the X-ray diffraction study were obtained by slow evaporation of a
Fe'—L; complex. Interaction of Lwith Fé' is so weak that methanolic solution. The crystal structure ®CIO, consists

0o
[Fe''(H.1La)}H'IP*
14

the complex does not survive above neutraldihile Lz and of discrete five-coordinate [(¢H-,L3)]", 5, and a perchlorate
L4 could form stable Fecomplexes even at pH 10. The titration ion. The ORTEP drawing of the cationic part is shown in Figure
curve for L with F€' shows one inflection aa(OH™) = 4, 3, and bond distances and angles are listed in Table 5. The

indicating that loss of the four protons is required to form a coordination geometry around the central Cu(ll) atom is a
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12¢ Table 5. Selected Bond Distances (A) and Angles (deg) for
L o o0 [CU”(H_ng)]C|O4, 5‘C|O4
10r (:},)oo°°°3§x"xxx o bond distances
0°® oX a Cu(1)-N(1) 1.986(4) Cu(1yN(3) 1.994(4)
T 8f ° () o™ Cu(1)-N(4) 1.946(4) Cu(1yN(5) 2.130(4)
s | gm0t o o Cu(1)-N(6) 2.235(4) O(1)-C(6) 1.262(6)
ol I 6% (c) e N(1)—C(1) 1.324(6) N(1}-C(3) 1.390(6)
| B 10000009 o0 N(2)—C(1) 1.342(6) N(2)}-C(2) 1.370(7)
4 §850°°° e N(3)—C(5) 1.456(6) N(3)}-C(6) 1.305(6)
one®8” o) N(4)—C(7) 1322(6)  N(4rC(11) 1.313(6)
me““" N(5)—C(12) 1.461(6) N(5)C(13) 1.465(7)
%5 ] 5 5 Y N(6)—C(14) 1.500(7) c(2yC(3) 1.355(7)
a(OH") C(3)-C4) 1.488(7) C(4yC(5) 1.528(7)
Figure 2. pH Titration curves of triprotonated ligandslH in the gggg_ggg igg?gg gg;gg%)) igggg))
absence and the presence of equimolat, Qui, or Fé' at 25°C and C(10)-C(11) 1'396(7) C(1BC(12) 1'511(7)

FeSQ-7H,0; (e) (a)+ 1.0 mM Zn(NQ).-6H;0.
bond angles
N(1)—Cu(1)-N(3) 93.4(2) N(1rCu(l»-N(@4)  154.3(2)
N(1)-Cu(1}-N(5)  106.0(2) N(1)}-Cu(1)-N(6) 97.5(2)
N(3)—Cu(1)-N(4) 80.2(2) N(3)-Cu(1-N(5)  159.5(2)
N(3)—Cu(1)}-N(6)  103.4(2) N(4¥-Cu(1)-N(5) 79.5(2)
N(4)—Cu(1)-N(6)  108.2(2) N(5%-Cu(1)-N(6) 80.9(2)
Cu(1)-N(1)—C(1) 131.7(4) Cu(®N(1)-C(B)  121.0(3)
C(1)~N(1)-C(3) 107.1(4) C(1XN@2)-C(2) 108.1(5)
Cu(1)-N(@3)-C(5) 126.3(3) Cu(BN(@3)-C(6)  115.5(3)
C(5)~N(3)—C(6) 118.2(4) Cu(IyYN(4)—-C(7)  116.1(4)
Cu(1}-N(4)-C(11) 120.5(4) C(AN@)-C(11)  122.9(5)
Cu(1-N(5)-C(12) 107.8(3) Cu(BYN(5)—C(13) 107.9(3)
C(12)-N(5)—C(13)  109.4(4) Cu(BN(6)-C(14) 107.4(3)
N(1)-C(1)~-N(2) 109.9(5) N(2}-C(2)-C(3) 107.1(5)
N(1)—C(3)-C(2) 107.9(5) N(1}C(3)-C(4) 122.0(4)
C(2)-C(3)-C(4) 130.1(5) C(3)}C(4)-C(5) 115.0(5)
N(3)—C(5)-C(4) 111.4(4) O(1)}C(6)-N(3) 126.5(5)
O(1)-C(6)-C(7) 119.9(5) N(3)-C(6)-C(7) 113.6(4)
Figure 3. ORTEP diagram of [Cl(H-iL3)]", 5, illustrating the N(4)—C(7)-C(6) 113.4(5)  N(4yC(7)-C(8) 120.5(5)
; D eni 0 C(6)-C(7)-C(8 126.1(5) C(AHC(8)-C(9 118.6(5
numbering scheme. The thermal ellipsoids are drawn at the 50% level. C%8§—C§93—CE1%)) 119.8((6% c((gj;cgléyé()n) 117.7((6))
. . . N(4)—C(11)-C(10 120.5(5) N(4)yC(11)-C(12 113.1(5
distorted square pyramidal witt?* = 0.087 (@ = 154.3(2) Cgl%)—é(lg—é(l%) 12&4%53 NggCElZ)tcgllg 109_4%4%
andf = 159.5(2}). Four nitrogens from the imidazoyl N(1), = N(5)—C(13)-C(14) 113.7(4) N(6YC(14)-C(13) 107.1(4)
deprotonated amide N(3), pyridyl N(4), and the secondary amine N(6)-C(14-C(15)  110.7(5) N(6)}C(14)-C(16)  108.4(4)
N(5) make the basal plane with the terminal primary amine N(6), C(13)-C(14)-C(15) 109.6(5) C(13}C(14)-C(16) 111.3(5)
occupying the apical position. The N(1), N(3), N(4), and N(5) C(15-C(14)-C(16)  109.7(5)

atoms !ie —~0.149(4), 0.206(4),-0.218(4), and 0.185(4) A, glycyl-L-histidylglycine?® (1.93-1.98 and 1.931.99 A, respec-
reSpeCUVely, out of the |east'squares plane through them; thetlvely) The CU_N(4) (pyrldlne) bond distance of 1946(4) A

Cu atom is displaced 0.242 A above the mean basal plane ©Ofor 5'is similar to that of17 (1.930(3) A)1% The Cu-N(5)

the direction of the axial N(6) atom. The largest deviation from (secondary amine) distance of 2.130(4) A &dis also close to

the ideal geometry is manifested in the N{Du—N(4) angles 3¢ of 2 099(3) A for 725 The axial Cu-N(6) (primary amine)
of 154.3(2), which reflects the N(4yCu—N(6) bite angle of g gistance of 2.235(4) A is a little shorter than that of

108.2(2). n _ _ 2.319(3) A for17.1%> The difference is probably due to the
The Cu-N(1) (imidazole) and CttN(3) (amide) distances stronger amine basicity fd than that for17.15b
for 5 are 1.986(4) and 1.994(4) A, respectively, and are within The pyridyl and imidazoyl rings are planar (rms deviations

0.0094 and 0.0031 A, respectively). The dihedral angle of the
pyridyl and imidazoyl rings is 26.62and is a little smaller than
those of 33.68for 17.150

The amine hydrogens show close contacts to the oxygen
atoms of the perchlorate ion, indicating hydrogen bonds (N(2)
H(2)---O(5), 1.85 A, N(5%-H(21)--O(1), 1.97 A, and N(6)
H(23):-0(5), 2.28 A). The oxygen atom O(1) of the amide
group is also hydrogen bonded to the hydrogen atom of N(5)
of a neighboring complex cation: NGH(21)---0(1), 2.31 A,

Crystal Structure of [Cu'"(H-1L 4)]BF4 (7-BF4). The blue
crystals suitable for X-ray diffraction study were obtained by
slow evaporation of a pH 9 aqueous solution. The crystal
(24) Addison, A, W.. Rao. T. N.; Reedijk, J.: Rijn. J.: Verschoor, GJC structure of 7-BFs consists of discrete. five-coordinate

Chem. Soc., Dalton Trand984 1349. T ' [CUu'(H-1L4)]", 7, and a tetrafluoroborate ion. The ORTEP

(25) Blount, J. F.; Fraser, K. A.; Freeman, H. C.; Szymanski, J. T.; Wang,
C.-H. Acta Crystallogr.1967, 22, 396. (26) (a) de Meester, P.; Hodgson, DAtta Crystallogr.1977 B33,3505.

HoNOG,

[Cu"(H.4Ly)T* [Cu'(H.1Lo)]*
(16) a7)

the range noted for [Cl§H-1L2)]*, 17 (1.953(3) and 1.993(3)
A), 182 and for copper(Il) complexes of glycinehistidine? and
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Figure 4. ORTEP diagram of [CUH-iL4)]", 7, illustrating the
numbering scheme. The thermal ellipsoids are drawn at the 50% level.

Table 6. Selected Bond Distances (A) and Angles (deg) for
[CU”(H—lLA]BF4, 7’BF4

bond distances

Cu(1)}-N(1) 2.019(5) Cu(1yN(3) 2.007(6)
Cu(1y-N(4) 1.937(5) Cu(1yN(5) 2.100(5)
Cu(1)-N(6) 2.149(4) O(1)-C(6) 1.245(7)
N(1)—C(1) 1.323(7) N(1)C(3) 1.397(7)
N(2)—C(1) 1.346(7) N(2)-C(2) 1.378(7)
N(3)—C(5) 1.443(7) N(3)-C(6) 1.318(7)
N(4)—C(7) 1.353(8) N(4y-C(11) 1.338(7)
N(5)—C(12) 1.482(7) N(5)-C(13) 1.540(7)
N(6)—C(14) 1.500(8) C(2YC(3) 1.351(8)
C(3)-C4) 1.484(8) C(4yC(5) 1.529(8)
C(6)—C(7) 1.496(8) C(HC(8) 1.355(8)
C(8)-C(9) 1.394(8) C(9yC(10) 1.372(9)
C(10)-C(11) 1.381(8) C(1yCc@12) 1.491(8)
C(13)-C(14) 1.567(8) C(13yC(15) 1.555(9)
C(13)-C(16) 1.526(9) C(14C(17) 1.543(9)
C(14)-C(18) 1.520(8)
bond angles
N(1)—Cu(1)}-N(3) 92.9(2) N(1}Cu(1)y-N(4) 138.3(2)
N(1)—Cu(1)-N(5) 103.8(2) N(1)-Cu(1)-N(6) 100.9(2)
N(3)—Cu(1)}-N(4) 80.1(2) N(3)3Cu(1)-N(5) 160.2(2)
N(3)—Cu(1)-N(6) 105.0(2) N(4)-Cu(1)-N(5) 80.4(2)
N(4)—Cu(1)-N(6) 120.7(2) N(5)-Cu(1)-N(6) 82.6(2)
Cu(1-N(1)—-C(1) 131.5(4) Cu(L}N(1)-C(3) 119.0(4)
C(1)-N(1)—-C(3) 106.7(5) C(1yN(2)—C(2) 108.1(5)
Cu(1)y-N(3)—C(5) 126.7(4) Cu(LyN(3)—C(6) 116.1(4)
C(5)—N(3)—C(6) 116.9(5) Cu(LyN(4)—C(7) 117.0(4)
Cu(1-N4)—C(11) 120.1(4) C(HN@)—-C(11) 122.6(5)
Cu(1y-N(5)—C(12) 108.2(4) Cu(ZyN(5)—-C(13) 108.6(3)
C(12y-N(5)—C(13) 114.9(5) Cu(HyN(6)—C(14) 108.9(4)
N(1)—C(1)—N(2) 110.1(5) N(2)-C(2)-C(3) 106.6(5)
N(1)—C(3)-C(2) 108.5(6) N(1)C(3)-C(4) 121.3(5)
C(2)-C(3)-C(4) 130.1(6) C(3yC(4)-C(5) 115.1(5)
N(3)—C(5)-C(4) 112.3(5) O(1)yC(6)—N(3) 127.7(6)
O(1)—-C(6)—-C(7) 119.2(6) N(3)-C(6)—C(7) 113.1(5)
N(4)—C(7)—C(6) 112.7(5) N(4xC(7)—-C(8) 119.5(6)
C(6)—C(7)—-C(8) 127.7(6) C(73C(8)—C(9) 119.1(6)
C(8)—C(9)—-C(10) 120.6(6) C(99C(10y-C(11) 118.5(6)
N(4)—-C(11}-C(10)  119.7(6) N(4rC(11-C(12) 113.2(5)
C(10y-C(11)-C(12) 127.1(6) N(5rC(12y-C(11) 110.4(5)
N(5)—C(13)-C(14) 106.5(5) N(5rC(13-C(15) 110.0(5)
N(5)—C(13)-C(16) 108.9(5) C(14yC(13)-C(15) 109.8(6)
C(14y-C(13)-C(16) 112.4(6) C(15)C(13)-C(16) 109.2(5)
N(6)—C(14-C(13) 107.2(5) N(6)yC(14>-C(17) 108.9(5)
N(6)—C(14)-C(18) 107.7(5) C(13)C(14)-C(17) 112.6(6)
C(13y-C(14)-C(18) 112.0(5) C(1AHC(14)-C(18) 108.3(6)

drawing of the cationic part is shown in Figure 4, and selected
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Figure 5. Electronic spectra 05 (solid line) and7 (broken line) in
10% DMF—water, containind = 0.1 M (NaNQ).

Table 7. Comparison of Visible and EPR Spectra for''Cu
Complexes

visible? Lmax, EPR (77 K,
compound nm () A/mT
Cu'(H-1L1) (16} 600 (120) 17.9
CU'(H-4L,) (17F 595 (120) 17.9
Cu'(H-1L3) (5) 646 (149), 900sh (68) 16.5
Cu'(H-1L4) (7) 658 (166), 888 (116) 145
BLMd 595 (120) 18.3

aln H,O (pH 9); € in M~ cm™L, ¢ From ref 15.9 From ref 29.

The Cu-N(1), —N(3), —N(4), and —N(6) bond distances

(average 2.016 A) are close to those of [@41-1L3)]* complex,

5 (average 2.014 A), while the GtN(6) distance of 2.149(4)

A is slightly shorter than that d& (2.235(5) A). The distortion
from the ideal square-pyramidal geometry is much larger than
in 7, with the greatest deviation being the N(Qu—N(4) of
138.3(2)°, which is due to the N(4)Cu—N(6) angle of 120.7-

(2) °, reflecting steric repulsion between the substituted methyl
C(15) and the L skeleton. The atoms forming the base plane,
i.e. N(1), N(3), N(4), and N(5), deviate 0.240(5), 0.308(4),
—0.390(5), and 0.273(5) respectively, from the least-squares
plane through them, the Cu atom lying 0.380 A above this plane
to the direction of N(6) atom. The torsion angle of the pyridyl
and imidazole ring is 51.97 The torsion angle between the
least-squares planes of two successive five-membered rings
defined by Cu-N(4)—C(11)-C(12)-N(5) and Cu-N(5)—
C(13)-C(14)-N(5) is 65.90.

Thus, the introduction of the methyl group leads to distortion
from a square pyramidal toward a trigonal bipyramidal geom-
etry. There are several intermolecular contacts between the
amine hydrogens and the fluorine atoms of the counterion:
N(2)—H(2):*F(2), 1.93 A; N(6)-H(26)---F(3), 2.24 A; N(2)-
H(2)-+F(4), 2.21 A. In analogy witls, the oxygen atom O(1)
of the amide group is hydrogen bonded to a hydrogen atom of
neighboring cations N(6): N(5H(13)-+-O(1), 2.05 A.

Electronic Absorption Spectra. The absorption spectra of
5and7in 10% DMF—water (pH 9.5) at = 0.1 M NaNQ; are
shown in Figure 5 and the absorption maxima are summarized
in Table 7 together with the data for the related compounds.
The visible spectra fob and 7 exhibited absorption maxima
Amax at 646 nm é = 149) with a shoulder at ca. 900 nrm €
68) for 5 and atlmax 658 nm € = 166) and 888 nme(= 116)
for 7, respectively. The absorption maxima at 646 and 658 nm
and the shoulder bands around 900 nm are assigned tg;the d
dy, — de-y and the ¢, — d-y transitions, respectively, on

bond distances and angles are listed in Table 6. The geometrythe basis of the assignment of K[Cu(Mk|(PFs)s,%” which has

around the copper center iy however, is the intermediate
between a square pyramid and a trigonal bipyramid wAth=
0.37 (@ = 138.3(2) andf = 160.2(2)).

a typical square-pyramid complex cation and exhibts only two

(27) Hathaway, B. J.; Tomlinson, A. ACoord. Chem. Re 197Q 5, 30.
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Figure 6. X-band EPR spectra (77 K) & (top) and7 (bottom) in
DMF/MeOH (1:1 viv).

L
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bands at 667 and 877 nm. The spectral feature of five-coordinate
copper(ll) complexes with square-pyramidal or distorted square-
pyramidal geometries generally is a band in the range of about
550-670 nm (allowed g, d, — de-?), while trigonal
bipyramidal copper(ll) complexes usually exhibit a maximum
at >800 nm (dy, de-y — d2) with a higher energy shoulder
(spin forbidden ¢, de-» — d2).28 The d—d transition bands
for 5 and 7 were significantly shifted to longer wavelengths
(ca. 50 nm) compared with those for the copper(ll) complexes
of BLM (Amax 595 nm}°P-29and the synthetic analogueknfx
600 nm for Cll—L1, 16,*® Aax 595 nm for Cll—L,, 17,15 see
Table 7). The remarkable red shifts observedfand7 indicate
a weak in-plane field strength compared with other"Cu
complexes. Moreover, the red shift 6by 12 nm compared to
5 suggested that its geometry is further distorted toward trigonal
bipyramidal than that o6 in solution. Thus, these spectral data
of 5and7 are consistent with the degree of deviations found in
their crystal structure.

EPR Studies.The EPR spectra d& and7 in DMF/MeOH
(1:1 v/v) at 77 K are shown in Figure 6. The EPR spectrum of
5 was typical to axially symmetric copper(ll) complex wigh
> go(g) = 2.21,g0 = 2.04,A; = 16.5 mT for5) and a ¢k
ground-state doublet. On the other hand, the spectrurmafs
different from that of5 and displayed some rhombical distor-
tions. The feature of the EPR spectra, common to the two series
5 and7, is the marked reduction if as the number of the
methyl group increases. The smallg values suggest that
assumes a more distorted square-pyramidal structurestfidme
lower A, values observed 5 and 7 suggest the off-planar
distortion is greater than the related'Cecomplexes? These

(28) (a) Hathaway, B. J.; Dudley, R. J.; Nicholls,J?>Chem. Soc. A969
1845. (b) Hathaway, B. J.; Procter, I. M.; Slade, R. C.; Tomlinson, A.
A. J. Chem. Soc. A969 2219.

(29) Otsuka, M.; Yoshida, M.; Kobayashi, S.; Ohno, M.; Sugiura, Y.;
Takita, T.; Umezawa, HJ. Am. Chem. Sod.981, 103 6986.

(30) Miyoshi, K.; Tanaka, H.; Kimura, E.; Tsuboyama, S.; Murata, S.;
Shimizu, H.; Ishizu, KInorg. Chim. Actal983 78, 23.
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Figure 7. Cyclic voltammograms of 0.1 mM Ciicomplexes in DMF
containing 0.1 M TBABE on GC electrode§ = (6 &+ 0.5) x 1073
cn?) at 25+ 1 °C. Scan rate= 50 mV st
results have been also confirmed by the crystal structures of
complexesb and7.

Electrochemistry. The effects of introducing a methyl group
are also reflected in the redox properties of thél Complexes.
The redox properties of compoun8sind7 have been studied
by cyclic voltammetry in DMF at 25C andl = 0.1 M TBABF,
as shown in Figure 7. A reduction wave was observeehat
—0.76 for5 and—0.80 V for 7 vs Ag/AgCI. The cathodic peak
currents i were proportional to the square root of the potential
scan ratesy (20 < v < 200 mV s?), for 5 or 7, indicating a
diffusion-controlled process with a diffusion coefficiei)(of
(25 £ 1.0) x 106 cn? s by assuming a one-electron
reduction. These reduction potentials ®and 7 are shifted
anodically by 26-60 mV relative to nonsubstituted 5-coordinate
Cu'—L, complex, [CU(H-1L1)]", 16 (Epc = —0.82 V vs Ag/
AgCl), indicating that the Clcomplexes generated by electro-
chemical reduction are stabilized.

0.0

Conclusion

We have synthesized two synthetic bleomycin analogugs, L
and Ly, to protect the oxidation of ligands from air. Their'Cu
complexes have been isolated and characterzed by X-ray
crystallogphy. X-ray crystallography revealed that the successive
replacement of hydrogen atoms by methyl groups on the carbon
atoms changed the values offrom 0.087 to 0.37, i.e. the
coordination geometry around Cuchanged from square-
pyramidal toward the intermediate between trigaonal-bipyra-
midal and square-pyramidal. Moreover, the EPR and electronic
data suggested that the geometry of @omplexes were held
in solution as well as in the solid state.

Finally, we demonstrated that the introduction of a methyl
substituent into ethylene carbon atoms afdould modulate
the geometry, spectroscopic, and electronic properties of copper
center, which are different from those of nonsubstituted
[CU'I(H_lLl)]+, 16.
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