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TOHRU KOIKE. Complexes of Histamine H2-Antagonist

Cimetidine with Divalent and雑onovalent copper Ions′

and Novel Synthesis and Complex Properties of

Macrocyclic Tetra-amine Appended with Phenol as an

Axial Donor. (Under the direction of EIICH工KIMURA)

Abstracts

Chapter I- 1:1 and 1:2 complexation constants of

histamine H--antagonist cimetidine (antiulcer drug)

with Cu(II) ion have been determined by pH-metric

technique. Relatively small stability constants with

respect to those of biological ligands (旦・旦　ammo

acids, peptides) suggest cimetidine立地旦unbound to
Cu(II) ion. However the Cu(I,II) redox potential E- of

+0.42　Vヱ旦NHE with cimetidine implies high chances of

biological reductants such as ascorbic acid and

hemoglobin. The E- value is comparable to those of blue

copper (type I) proteins and Cu-superoxide dismutase.

Copper-cimetidine complexes exhibit the highest super-

oxide dismutase-like activity hitherto known to copper

chelates with small molecular weight.

Chapter II-　A novel annelation method土s reported

for the synthes上s of the axial phenolate pendent cyclam

[5-(2-hydroxyphenyl)-1 ,4,8,ll-tetraazatetradecane] from

coumarin and 119-diamin0-3,7-diazanonane. This will be

useful　土n the synthesis of a variety of macrocyclic



polyamine alkaloid analogues. The X-ray crystal

structure of high-spin Ni complex with phenolate-

pendant cyclam as mono-perchlorate salt is reported,

with R factor of 0.047.　The nickel is surrounded in

square-pyram土dal arrangement by equatorial cyclam
O

nitrogens with mean Ni-N bond length of　2.07　A and an
O

axial phenolate with bond length of　2.02　A. The present

phenolate appended ligand can stabilize the high

oxidative metal ions o Nilll and FeIH. The phenoト

appendent cyclam Fen complex has similar visible

absorptions to those of tyrosine co-ordinating Fe

nonherae oxygenase.
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要約

I　ヒスタ　ミ　ンーH2-アンタゴニス下+　シメチジンの鋼(1,ll)錯体

ヒスタ　ミ　ンーH2-アンタゴニストと　して知られるシメチジンは、

ラットやモルモットの中枢神経のイミダゾールレセプターに結合

するO　その結合が、鋼(II)イオンの存在によ　り増強されることや、

アスコルビン酸などの還元剤がさ　らに鋼(II)イオンの作用を強め

ることから、シメチジン一朝(II)あるいは銅日)錯体が、レセプ

ター結合に関与す.る可能性が示唆されているO　著者は、水清液軒

でのシメチジンと鋼イオンとの相互作用やシメチジンの鋼錐体の

化学的性質および薬理活性との関連について詳細に検討した。

水溶液中でシメチジン(L)は、鋼(II)イオンと1:1および2:1

錯体形成するo　錯生成定数　K cu(II)LおよびK cu(II)L2の値は、

3.02　xlOォCM"1), 2.35　x lO*CM-')である。一方、シメチジン一朝

(I)錯体は、水溶液中では2:1以上の組成のものは確認されず、殆

ど1:1錯体と　して存在するo　その錯生成定数　K cu<I)Lは、鍋(I)

錯体と　しては異常な程大きく、 1.3　x 109(M-l)である。この事実

は、シメチジンー鋼(I)錯体がpH3以下の低いp・Hにおいても銅CI)

イオンを解離することなく　安定に存在すること　を示唆している。

シメチジンー鋼(II)錯体は、高い酸化還元電位　+0.42　V vs.NHE

を持ち、比較的弱い達元剤(アスコルビン酸等)により容易に遠

元されて1:1-シメチジンー鋼日)錯体になる。 +0.42　V　という電

位は、牛のCu-スーパーオキサイドジスムタ　ーゼ(SOD)中の銅イオ

ンや、ブルー銅(Type I)蛋白質の酸化還元電億に類似しており、

生物無機化学的に見ても大変興味深い値である。

シメチジン-鍋(I)鋸体のSOD活性の測定を行なったと　ころ、そ

の活性は,午-SODの1/50の活性で、これまで知られている低分子

鋼錯体の中で点も強いものであっ　た。ペニシラ　ミ　ンやアセチルサ

リチル酸などの銅鉾体は、牛-SODの1/100-1/1000の活性を持ち、
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その賭果強い抗炎症作用を表わすと考えられている。したがって、

シメチジンの骨格をさらに化学修飾することに去り、新しい抗炎

症剤や、鋼含有酵素モデル化合物の開発が期待される。

体内に分布する鋼イオンの大部分は、二価イオンとしてアルブ

ミンやアミノ酸などと箱合しているo　顛(II)イオンのキャリヤー

モデルとして確立されているダリシルグリシルヒスチジン(GGH)

及びシメチジンの鋼(II)イオンに対する親和性を生理pHで比較す

ると、 GGHの方が大きい。この事実は、シメチジン一朝(II)錯体と

して生体に投与しても、体内ですぐ銅(II)イオンを解離してしま

うことを示唆する。しかし,アスコルビン酸等の生体還元剤が存

在すると、シメチジンは銅(II)イオンを奪い安定な鋼(I)錯体を

形成するo　即ちシメチジンは、生体内で銅日)鎗体として存在す

ることが充分考えられるo　脳レセプターにおいて銅(II)イオンお

よびアスコルピン酸の添加によりシメチジン結合が強まるという

事実は、シメチジンー鋸日)鋸体が裾合活性種であることを示唆

しているが、本研究は,化学的にシメチジンが細目)鋸体として

生体内でも安定に存在しうることを証明したものであるO

II　アクシャル位にフェノール基の配位_した大環埠テトラアミン

金亀鑑庫

著者は、天然物として知られるクマリンを出発物質とする新合

成法を開発し,フェノール基を持つ14貞葬テトラアミン(Pbeno卜

cyclam)を合成した。その金属鎗体は, N4平面のアクシャル位に

フェノール酸素が配位した構造を持っているO　チロシン残基であ

るフェノールは、特に鉄イオンとの親和性が強く、プロトカテ車

ユエートー3,4-ジオキシゲナーゼや、　カタうーゼなどの活性中心

においても、鉄(Ill)イオンに配侵している.　著者は、 phenoト

cyclamの鉄(II,II日及びニッケル(II,III)錐体の物理化学的性質

フェノールのアクシャル配位効果、及び生体金属酵素と・の関連性
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について詳し　く検討したD

Phenol-c.yclamの構造は.大環状ポリアミンアルカロイドverト

ascen-eなどのホモログであるo Lたがって,この合成故は、

天然物アルカロイドあるいは、それらのホモログの合成という面

からも大変有用性に富む。

Nidiトphenol-cyclamlま、水溶液中でピンク色(/tinax=520　nm,

£=10)を呈し、 Nidiトhigh spin錯体(/(サ　=2.90, at　35"C)であ

るO　フェノール酸素は、アクシャル配位に最適の位置にあること

がⅩ錬解析の結果から分かった。その1:卜Ni(II)錐体生成定数は、

7.0 X 10?2　CM->)である　Pheno卜cyclam二、Ni日日錯体のフェノー

ルのpKeは、 6.30であるO　その値は　Pheno1-cyclam　のフェノ-ル

のpKa　8.86より小さいO　すなわち、ニッケル鎗体を形成すること

によってフェノールプロトンは、放出されやすくなっている。

cyclam-Ni(II)錯体は,比較的容易に酸化されてNKIII)銀体に

なるO　その　Ni(II/II日銀体の酸化還元電位は、 +0.50　V vs.SCE

である　　Phenoトeyelamの場合、フェノールプロトンの解離して

いない　pH5以下で旦　+0.50　V vs. SCEでeyeLamのニッケル錦体と

同じであるが、フェノラート酸素の配位した　pH7以上では+0.35

V vs.SCEとより低い電位で敢化されるO　すなわち、アクシャル位

にフェノラート基が酷使することによりニッケルイオンは、三価

の状態に酸化され易くなっている。ニッケルに配位したフェノラ

-トアニオンの酸化電位は、 +0.9　V vs.SCE　である。フェノール

の解離したPhenoトcyclam　の酸化電位は、 +0.5　V vs.SCE　である。

したがって、フェノール基は、ニッケル(III)イオンよって、逆

に安定化されているB

フェノール基を持たない　Cyclam　は、水溶液中では安定な鉄錯

体を形成することができない。一方、 pheno卜cyclam　は、 pH7　付

近でフェノ-ルプロトンを解離して環内に鉄(II)イオンを取り込

み、赤色の　high spin一銭(II)錯体(.fx b=5.19,九max=455　nn,

£=200)を形成する。その錯生成定数は、 7.9　101*　くM-1)であ

るo　この値を　Cyclamと比較すると約106倍大く、フ.ェノラート敢
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素が,秩(II)イオンといかに大きな親和性を持っているかが分か

る　　　Fe(II)-Pbenoトeyelam　のII/III酸化還元電位は、 -0.1GV

vs. SCE　である　Pheno卜cyclam　の鉄(II)鍵体は、容易に空気酸

化されて赤色(九max　=480　nm,£=2200)の鉄(Ill)錯体になる。そ

の錯生成定数は、 pH7において4,0 x 1026(M-1)であり、鉄(II)錯

体の場合よりもさらに大きい。　Phenoトeyelamの鉄(Ill)銀体の

分光光学的性質は、 non-heme酵素であるプロトカテキュエートー

3,4-ジオキシゲナーゼによく似ており、大変興味深い。したが

って、 Phenoトcyclam　は、新しいタイプの鉄イオン捕捉剤や、フ

ェノラートイオンの配位Lrたオキシダーゼやカタラーゼの活性部

位モデルとしてその応用が期待される。
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CHAPTER I

Complexes of Histaraine H2-Antagonist Cimetidine

with Divalent and糾onovalent Copper Ions

Introduction

Gimetidine(Tagaraetョ)isapotenthistamineE2-

receptorantagonist,whichinhibitsexcessiveacid

secretioncausedbyhistamine,andcurrentlyisin

world-wideclinicalusefortreatmentofgastric

1-"3
ulcer.JThedrugistakenorally,absorbedinthe

-testineandreachesH^-receptorsviatheblood

stream.Cimetidme,likehistamine,isapotential

chelatingagent.Sincemic二rOmOlarlevelsofloosely

boundCu(工工)Iionarepresentinbioodserum′4土tmay

bindtothedrug.

xH2CH2NH2

HNIN

H2-agonist

histamine

H3C-)-(CH2SCH2CH

H^N耕H3

NCN

H2 - antagonist

cimetid.i°e
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Earlier,apOlymeric1:2Cu(II)-cimetidineco【uplexwas

isolated(asgreencrystals)frompH7.0aqueous

solutionforanx-rayanalysis.OnthebasisoflHand

13CNMRstudiesofthe1:2complexinaqueoussolution,

thebindingsitesofcimetidinewereproposedtobethe

imidazole-Nandnitrile-Ndonors.DA1:1Cu(IIト

cimetid土necorciplexislikelytocoexistintlュe

solution,butithasnotbeenverified.Quantitative

studyonthecoppercomplexesofcimetid⊥nehasIIOt

beenreporteduntilnow.Especiallyinteresting,from

pharmacologicalpointofview′iswhethercimetidine

cancompeteforCu(II)ionagainstbiologicalligands

suchasserumalbuminorarninOacids.

RecentlyCu(II)ionwasdemonstratedtodramati-

callyincreasethecimetidinebindingtoimidazole

receptorslocated土nratbrain.6-Cu(工工)上onhasbeen

implicatedintheregulationofthecimetidinebinding

s土tes土nthebrain.Additionoascorb⊥cacidor

dithiothreitolfurtherenhancesthecimetid土ne

b土n
nding.Onehypo軸es土S土sthatCu(工工)inthecime-

t土dinecomplexmayundergoreductiontoCu(I)toacts

asamorepotentbindingpromoterthanCu(工I).:we

thereforefelt土timperativetodeterra土nethereduction

巨otentialoftheCu(II)-cimetidinecomplex.Ourstudy

hasrevealedthattheCu(I)-cimetidinecomplexis

indeedgeneratedinthepresenceofascorbicacid.Its

oxidationpotentialEOof+0.42VvsNHEisextremely

highandmoreinterestinglyisnearlythesameasthe

EOvalueofbovineCu-superox土dedismutase(SOD).,12

Thenwehavediscoveredthatthecopper-cimetddine

complexespossessthesuperoxidedismutase-1ike

8



activity much stronger than any previously reported

copper complex does.
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Experimental Section

Materxals. Cimetidine was purchased from Sigma

Chem. and purified by recrystallization from MeOH/MeCN.

A stock solution of Cu(工工)ion was prepared from

analytical grade Cu(II)[CIO4]2　and standardized by

titration with disodium salt of ethylenediaminetetra-

acetic acid (EDTA).13 Cu(I)[NCCH3]4CIO4 was freshly

prepared according to the literature method.14 Other

chemicals employed were of analytical grade and were

used without further purification.

Synthesis of 1:1 Cu(IトCimetidine Complex.

Treatment of Cu(I)[NCCH3]4CIO4 (16.4　mg) with two

equivalent cimetidine (25.2　mg) in 10 ml of　2%

CH3CN/H2O in Ar for one hour at 25　-C yields 1:1 Cu(I)-

cimetidine complex as white precipitates (19.5　mg).

Anal. Calcd for 0,OH.,6NgSCuCIO4'H20: C, 27.72; H, 4.19;

N, 19.39. Found: C, 27.92; H, 3.92; N, 19.49. The 1:2

cud工)-clmet⊥dine complex was prepared as descr土bed　⊥n

ref.　5.

Potentiometric Measurements.　The fortnation

constant of Cu(工工トcimetidine complexes were

determined by po亡ent土ometric acid-base titration (an

Orion Research　811 digital pH meter) of cimetidine with

a carbonate-free 0.200　M NaOH solution in the presence

of Cu(II) ion. The titration data was treated by

computer-aided Schwarzenbach method.15 The temperature

was maintained at　25.00　±　0.05　-C and the .ionic

strength was adjusted to 0.20 M with NaCIO4. -log【H+]

10



Values were estimated with a correction of　-0.13 pH

unit to the pH meter readings.16 All solutions were

carefully protected from air by a stream of argon

prepurified with an alkaline pyrogallol solution. The

electrode system was calibrated w土亡h pH 7.00 and 4.01

buffer solut土ons and checked by the duplicate

theoretical titration curves of 4.00 x 10-3 M HCIO4

with 0.200　M NaOH solution at　25-c and l=0.20　M

(NaCIO4)

Electrochemical Measurements- Cyclic voItammetry

and dc polarography were performed with a Yanaco

Polarographic Analyzer p-1100　system at　25.00　±　0.05-C

and　主-0.20　M (NaCIO4　0r NaNO3). A three-electrode

system was employed: a　3-mm glassy carbon rod (grade

GC-30, Tokai Electrode Company) or a Yanagimoto

dropping mercury electrode as the working electrode′　a

mercury pool as the counter electrode′　and a saturated

calomel reference electrode (SCE) with a potential of

+241 mV vJ NHE at 25-C. The cyclic voltammograms with

scan rates of 10-100 mVs 1 were evaluated graphically.

Spectrophotometric Measurements. uv spectra were

measured with a shimazu UV-200S spectrophotometer at

25.0　±　0.1-C and主-0.20 M (NaCIO4)I IR spectra (KBr

tablet) were obtained on a shimazu IR-408　spectro-

photometer.

Measurement of Superoxide Dismutase-like Activity.

The superoxide dismutase-like activity was examined by

a method of the xanthine-xanthineoxidase system of

m



Fridovich et al.17 The assay is performed in 3 ml of

0.05　M potassium phosphate buffer at pH　7.8　containing

lO　4 M EDTA in a 1-cm cuvette thermostated at 25.0 -C.

The reaction mixture contained 1 x 1 0 M ferri-

cytochrorae c (Sigma Chem.′　Type-工II), 1 x 10 M

xanthine, 300　Sigma units of catalase (sigma Chem., C-

100) and sufficient xanthine oxidase (sigma Chem.) to

produce a rate of reduction ferricytochrome c (550　nm)

at 0.025　absorbance unit per min. Under these con-

ditions, the concentration of copper complexes required

to halve the　土nitial (t土11 5　m土n) rate ls defined as

工C5Q. Since Cu(工トcimet土dine complex is very insoluble

in aqueous solutionJ the saturated solution was pre-

paredJ and its concentration was estimated from copper

content using an atomic absorption method with Shimazu

AA-646　flame spectrophotometer.
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Results and　工nterpretation

Copper(II) Complex Formation Constants. The poten-

tiometric titration curves for the cimetidine(L)*HCIO4,

1:1 and 1:ll Cu(IIトcimetidine'I王CIO^ are displayed in

Fig.1 (a), (b), and (c), respectively. The mixed

protonation cOnstant旦L defined by equation (1) was

calculated to be 107'20 at 25 -c and主=0.20 M (NaCIO4)∫

which well agrees with the reported value of 10 at

25-C and主=0.1 M (NaCl).18

aH+」HLIKL-[HL+.]/([L]*aH+)
^Hl (1)

工n the latter stage of the Cu(工工トcimetidine tiとrations

the green 1:2　complex5　started to precipitate, see

broken lines in Fig.1 (b) and (c).　For equilibrium

analysis, we have used the　土nitial stage of the

titration curve (c) 【0・1く旦く0・6, where　旦　土s moles of

base per moles of Cu(II) ion].　The data fit to

simultaneous equilibr土a (2) and (3).

CuII　　　　善　Cu11-!,,旦Cu^L　=[CuII-h】/(【Cull][L])

(2)

Cull-!, + L章CuII-L2・旦Cull!^蝣=[CuII-L2]/([CuII-L]-[L])

(3)

The buffer pH region of (c) is less than　5　and hence,

the hydrolysis of Cull is negligible in light of旦oH

= [Cu(OH)+]/HCuI:E]tOH-]) = io6-06　at　25-C.1　The

13



Fxgure 1

Potentiometric titration curves for cimetidine(L)・

HC104　土n the absence and presence of Cu(工工)ion at　25-C

and王=0.2 M (NaCIO4): (a) [total L]=2.0 x 10-J only,

(b) [total L]- [total Cu(II)]-　2.0　x 10-3 (M), (c)

[total L]=1.1 x 10-2 (M), and [total Cu(II)]=1.0 x 10-3

(M). <a for (a) is mole of base per mole of cimetidine.

旦　for (b) and (c) is mole of base*per mole of Cu(工工)

ion. The broken lines indicate precipitation of the 1:2

Cu(II)-cimetidine complex.

B



calculated 1:1 and 1:2　Cu(II)-cimetidine complexes

formation constants旦cuJIL and旦CuI]:L. at 25-C and

王=0.20M (NaCIO4) are (3.02± 0.05) x104M-1 and(2.35

ァ0.05) x 104 M 1, respectively.

Redox Propertxes.　A typical polarogram of the 1:2

Cu(工工トC土metidme complex in aqueous solution at pH　7.8

【cimet土d土ne was used ten times in excess to suppress

the cimet土dine dissociat土on　亡o the 1:1 complex】 showed

two step reduction waves [Fig.2 (b)].　The first step

at旦1/,- +0.ll V竺旦SCE represents a reversible one

electron reduct五〇n process for Cu(I工ト　to Cu(工ト

complex, which was checked by the log plot method.

The second reduction step at里子/,- -0.32 V is n。n-
reversible′　wh土ch represents Cu(工トcomplex to Cu--Hg.

The cyclic voltammogram [Fig.2 (c)] corresponding to

the first polarographic wave indicates a reversible

redox process on a glassy carbon electrode.　The

midpoint potential里l■/2 between the anodlc and cathodlc

peak is　+0.13　V vs SCE.　For reversibility test, we

have measured the cyclic voltammogram (E|'/2= +0.16 Vヱ旦

SCE) of Cu(I工) with five equivalent c土metidine at pH

7.0　at the scan range of　-0.20　V to　+0.50　V vs SCE and

the scan rates of 10 to 100 mVs-1J and proved that: the

cathodie and anodie peak separations are　58-65　mV; the

ratio of the two peak heights is un⊥ty; and the peak

heights are proportional to the square-roots of the

scan rates.

The旦1/ values on the polarogram were found to
shift to less positive potentials with an increase in

ratio of [cimetidine] to [Cull]: +0.102 (12:1), +0.079
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Fxgure　2

(a) Polarograra of 2.0 x 10 3 M cimetidine at pH 7.8,

25-Cand主=0.20 M (NaNO3). (b) Polarogramof 2.0 x 10-4

M 1:2　Cu(I工トcimetid土ne complex in the presence of　2.0

Ⅹ 10-　M cimetidine at pH　7.81 25-C and l=0.20　M

(NaNO3)一旦1/,-+0.ll.里子/,--0.32 (Vヱ旦. SCE).

(c) Cyclic voltammogram of　2.0　x 10 M 1:2　Cu(II)-

cimetidine complex in the presence of　2.0　x 10 M

cimetidine at pH 7.8, 25-C and主-0.20 M (NaCIO4).

EJ/2- +0-13 (Vヱ旦. SCE).
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(22:1), +0.075 (29:1), +0.064 (42:1) [V vs SCE] at pH

7.8, 25.0-C′　and王-0.20 M (NaNO3). The lowering of

[cimetidine] to 【Cull] raises the旦1/ value to -+0.15

V v_s_SCE (at 5:1) where the Hg oxidation wave merges.

These旦1/2 values were used to calculate the following

theoretical Cu(I)-cimetidine complex formation constant

至CuIL-

Copper(I) Complex Formation Constants.　The Cu(Iト

cimetidine equil土bria can be described by eqs.(4ト(6),

which along with eqs.(2) and (3), are incorporated into

the Nernst equation to obtain general formula eq. (7).

Cu-

CuI-L

CuI-L,　　^CuIL

CuI-L2'　旦cuIL-

CuI-Ln-1　　≠　CuI-Ln'　旦CuILn

旦1/2　=旦cu工・工工

・琴ln{

n J

1 +　∑

j=1 i:1 (乾uJL. 〔L〕'1

(7)

(4)

(5)

(6)

1+乾II-
uL〔L〕K-II-・
-CuLもII-
uLrCL〕2

Eq. (7) can be s土mpl土fied to eq. (8) at [cimetidine】 〉〉

【cu工工】l pH >6 and 25-C, S⊥nee the Cu(工工トcomplex土s

almost all in 1:2.

17



Lt^^^Ht

(8)

旦1/2 =2cul'11 + 0.059 log{

1 +　∑

j=1

i≡(K-IT

1-CuLi〔L〕'1
もII--K-IIT
uL-^CuL,〔L〕2

The rearrangement of eq. (8) gives eq. (9).

K- IIT蝣K- IIT 〔L〕2

antilog〔(旦CuI.II~旦1/2)/0.059〕

nJ
=K-I-(L)(1+j=2望QL-It

2-CuLi〔L〕)I1

=L,L
-^CuL〔LJ{1+AHL))>

(9)

with displacement of -0.079 V vs SCE for the旦CuI,II

term20 and the above values for旦CuI:rL and旦CuI]CL2'

plotof the left hand side against [L] of eq(9) gives a

linear line with zero intercept (Fig.3), which

indicates the A([L]) term to be negligibly small. That

is′　the 1:2 (or more) CuエーC土metidine complexes are

virtually negligible under the reaction conditions.

From the gradient of the linear line, we can obtain

KCuILof(1.3ァ0.2) x109M-1.

To get a support for this conclusion, we have

examined direct inとeractlon of Cu(I) ion with c土me一

tIdine (1:2　molar ratio) by a potentiometric acid-base

titration method (Fig.4).　Upon mixing Cu(I)[NCCH3]4'

C104 with clmetldine*HCIO4土n aqueous solutionl the

colorless 1:1 Cu(I)-cimetld土ne complex immediately and

18
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Plots of equation (9). The旦1/ values used for the

calculation were obtained by using the polarographic

method at pH　7 ∫ 25-C,主-0.20　M (NaNO3)∫ 【total
Cu(II)]=2.0xl0-4(M),and [total L]=2.4x10-　to8.4

xl0-3 (M).
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Figure　4,

Potentiometric titration curves for cimetidine(L)・

HCIO4 intheabsenceandpresenceof Cu(I) ion in 2v/v%

CH3CN at 25-C and王- 0.2 M (NaC104):

(a) [total L]=2.0　x 10-3 (M) only, (b) [total

Cud)]=1.0x 10 -3　and 【totalL]=2.0x10-3 (M)..主is

mole of base per mole of Cu(I) ion.

20



nearly quantitatively precipitated and at the same time

one equivalent of H+　was liberated [Fig.4 (b)]. Hence

the titration curve until a_　= 1 overlaps with the

t土trat土on curve of one equivalent H+ in the presence of

one equivalent cimetidine'H .　The break at　旦　= 1

(where all the liberated H completes neutralization)

and the subsequent buffer region until旦=2 where the

uncomplexed one equivalent cimetidine'H+ (pK　= 7.20)

is neutralized well illustrate the 1:1 Cu(I)-cimetidine

equilibrium of eq. (4).　The complex formation constant

旦cuIL with Cu(I) is apparently larger than旦CuIIL with

Cu(工工), as intult土vely understood from the more

depressed cimetidine buffer pH with Cu(I) 【Fig.4 (b)】

than with Cu(II) [Fig.1 (b)]. Because of the precipi-

ration problem, we were unable to evaluate the KcuIL

value from the Fig.4 (b) titration data.

The theoretical Nernst equation (10) for the 1:1

complex formation constants旦CuIL and旦CuI3:L allows to

assess a theoretical redox potential EO(1:1) of　+0.18　V

vs SCE (at　25-C) for the 1:1 Cu(I,II)-cimetidine

complexes.

E-(1:1) -旦CuI,II +　0.059 log
旦cu王L

K-II-
-^CuL

(10)

Isolation and Characterization of 1:1 Cu(I)-Cime-

tidine Complex. The Cul'll redox potential (+0.18 V vs_

SCE or +0.42 V vs NHE) suggests appreciable.stability

of the Cu(工トcimet土dine complex with respect to the

21



Cu(II) complex. In fact, we have succeeded in isolating

an analytically pure 1:1 Cu(I)-C土metidine complex

【Cu(c土metid土ne)(C104)'H?0】 (colorless) by treating

Cu(I)[NCCH3]4(CIO4)'15 with two equivalent cimetidine.

The same species precipitated on chemically reducing

1:2　Cu(II)-cimetidine complex (green, water-soluble)

with ascorbic acid or electrochemically applying 0 V vs

SCE at pH　7　and　25-C.　This is the first report of

isolation of a stable Cu(I)-cimetidine complex.　The

nitr土Ie absorption ln the　工R spectrum of 1:1 Cu(工ト

cimetidine complex occurs as a strong singlet band at

2230cm-1′ 30cm higher than that of the 1:2Cu(II)-

cimetidine complex.　The insufficient solubility of

the cuprous complex in any solvent tested precluded its

extensive characterization. Its maximum solubility in

0.05　M phosphate buffer at pH　7.8　and　25-c was

estimated at　3.4　x 10　5　M by atomic absorption

spectroscopic method.　The colorless cuprous complex is

gradually oxidized in air to green cupric complex at

room temperature.

Superoxxde′ Dismutase-like Activity of Cu(Iト　and

Cu(IIトcimetidine complexes. The IC50 0f 1:1 Cu(I)-
cimetidine complex was　4　x 10 ' M with additional

presence of 2.0 x 10-5 M of cimetid⊥ne at 25-C and pH

7.8.　Separately. we have confirmed that free cime-

tidine has no SOD-like activity. The IC5q of 1:2

Cu(II)-cimetidine complex was　4　x 10 M with presence

of4.0 x10 5M of cimetidine at25-C and pH7.8. In

order to assess those values′　we have measured工C50 0f

previous reported SOD-like complexes under the same

22



conditions:旦・里. Cu(II)-【旦-phenanthroline12'21 2 x 10-4

M Cu(IIトglycylglycine, 2　2　x 10　5　的　Cu(II)-

[salicylate]2,　4 x 10 4 M; and Cu(II)-macrocyclic

dioxo[12]N4′22 5 x 10-4 M.

23



Dxscussion

AffinityofCimetidinetoCu(工王).Analysisofthe

pH-metrictitrationcurve(c)inFig.1beforeprecipi-

tationofthe1:2Cu(II)-cimetidinecomplexhasestab-

lishedthecomplexingequilibriaof1:1(eq.2)and1:2

(eq.ヨ)inaqueoussolutionwithformationconstants

旦Cui:EL=(3.02±0.05)xlO*M-1and旦CuI]:L2=(2.35±

0.05)x104M1.Likeanearlierreport,5onlythe

veryinsoluble(polymeric)1:2cupriccomplexwas

isolatedfromain土xtureofCu(工工)[C104]2andcimetidine

in1:1to1:llmolarraとio.Wewereunabletoisolate

the1:1complex.Thecoordinationofcimetidineto

cud工)土nthe1:2complexinsolutionw土11occur

throughthetwoimidazolesandtwothioethersat

equatorialsiteandweaklyboundtwocyanoguan土d土ne(or

H20)ataxialpositions(incrystalsthecyano-Ngoes

toanaxialsiteofanadjacentmolecule).Forthe1:1

complexthe亡hreedonorsfromaclmetid土nemayoccupy

threeequatorials土とes.

ApparentlythecimetidinebindingtoCu(II)ion

isnotsostrongasthoseofrelevantphysiological

bidentatehistamine(旦cull!,=3.8x10M-1,旦CuI][L2=

3.0x106M-1),24histidine(KcullL=2.0x1010M-1,

旦cui:iL-=4.2x10M-1)∫orotheraminoacids(旦dL

withglycine;旦Cui:CL=2.4x10-M

8--1′旦CuIi:L.=7.4x

106M1)w25cimetidine-Cuislessstablethantetra-

dentateglycylglycylhistidine(GGHトCuthatisa

biomimeticmodelofCu(II)-bindingtoalbumin,6'27

whose1:1complexformationconstantatpH7.4is

calculatedat6.3xlO'2M-1′26approximately108times
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as great as the旦cuIIL value of the cimetidine complex.

This argument is supported by a qualitative test;

addition of 10 times excess of c土metidine to Cu(I工トGGH

complex (入max　525 nm) at pH　7.4　causes no visible

absorption spectral change to the 1:2　Cu(II)-cimetidine

(入max 606 nm>, indicating no occurrence of the ligand

exchange.　These主旦竺土地experiments taken together

can exclude an earlier conception that cimetidine

might be bound with Cu(II) in our body.

Redox Potential of Cu(IfIIトCi皿etidine.　The theo-

retical redox potential of 1:1 Cu(I,II)-cimetidine

complex is extremely high　+0.42　V vjs NHE at pH　7.8.

Presence of higher concentration of′C土met土dine with

respect to 【cu工工】 has lowered the potential to +0.31 V

vs NHE at　42:1.　This is interpreted that the higher

【cimetidine】 makes the s土Ⅹ　coordinate 1:2　complex more

favorable,　which contributes to stabilization of

Cu(工工).

The equilibrium mixture of 1:1 and 1:2　Cu(II)-

cimetidine complexes at pH　7.0　were readily and

quant土とatively reduced with ascorbic

ヱ旦　NHE at pH 7)28 and dithiothreitol

NHE at pH 7)29 to the colorless 1:1

complex. Thus formed Cu(I) complex

identical cyclic voltammogram to

initially with Cu(工工) complex (旦'1/2

acid (EO　= +0.22　V

(E- - -0.33 V竺旦・

Cu(I)-cimetidine

solution shows an

the one obtained

=　+0.40　V　ヱ旦　NHE,

at pH 7.0 and [cimetidine]/[Cull] = 5).

Most interestingly from physiological point of

view' Cu(II) tightly bound to GGH at pH 7.4 is rapidly

released to bind with cimet土dine in the presence of
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o琉o
Cun-GIyGlyH is

Ascorbic acid

No Ligand Exchange

Cir-Cimetidine

GlyGlyHis

ascorbic acid (10　mM) (the half life time旦旦　5 min′

when [Cu(II)-GGH] = 1 mM and [cimetidine] =　2mM) to

the insoluble 1:1 Cu(工トC土met土dine complex.　工n our

body,　there are other biological reductants that

possess less positive EO values than Cu工工′工-cimetidine;

生月⊥hemog`lobin (+0.17　Vヱ旦　NHE at pH 7), ubiquinone

(+0.10V at pH7)andglutathione (-0.23 V at pH7).28

These facts may suggest that the administered

cimetidine can interact with available copper lOn and

the resulting Cu(I)-cimetidine species precipitates on

tissues.　The present in vitro discovery might further

be relevant to a pharmacological fact that cimetidine

binding to "imidazole" receptors is greatly enhanced

土n the presence of Cu(工工) ion and ascorbic acid.9

Physiologically of further interest may be a facと　that

the Cu(I)-cimetidine complex is stable even at very low

pH region, as illustrated in Fig.4 (b), which suggests

that cimetidine could stay bound to cuprous complex ifi

digestive organs. In this connection our preliminary

test has revealed that the cimetidine activity to
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mhib土t the acid secreHon　土n rats is dramatically

enhanced by add土t土on of copper ion.　We are further

pursuing experiments for the effects of copper ion on

the cimetidine actlv土ties.

CxmetxdineasaBiomimeticLigandforlnter-

conversionofCu(I,II).The1:1Cu(I)-ciraetidine

complexformationconstant旦CuILOf1.3x10-M-1.

whichisgreaterthanthatforthe1:1Cu(II)-

cimetidmecomplex,isremarkablylargeforaCu(I)

complexinagueoussolution.Wedonotknowofsucha

thermodynamicallystableCu(I)complexinaqueous

solutionwithanyofthepreviouslyreportedligands

exceptformacrocyclictetrathioethers.30Allofthe

threedonorgroupsofcimetidine;主・旦imidazoleN,

thioetherS,andcyanoguanidineN,haveTC-donor

charactersandhencewouldprefersoftCu(I)ionover

hardCu(II)ion.TheIRspectrumofCu(I)-cimetidine

solidshowsastrongyq≡^at2230cm′-1
30cmhigher

thanthatforCu(II)-(cimetidine)2,suggestinga

stronger-CN-Cu(I)bonding.Uncomplexedcimetidinehas

vc三Nat2180cm1.Intetrahedral[Cul(NCCH3)4]CIO4

complex′vc三Noccursat2275and2300cm-114The

uniqueelectrochemicalpropertiesofcimetidinein

favorofCu(I)ionareobviouswhenitsE-valueis

comparedwiththoseofrelevantligandsystems;tetra-

imidazole(E--+0.04Vvs.NHE),31tetraammonia(E-=

+0.02Vヱ旦.NHE)′31bis2-phenanthroline(EO=+0.17V

ヱ旦. NHE),
32

Recently, copper complexes containing, thioether

and heteroaromatic nitrogen ligands are attracting much
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attention as models33 37 for type I copper proteins (E-

= +0.2 - +1.0　V vs. NHEIO) having electron-transfer

functions.　Typical model structures are shown below.
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Their reported EO values (ヱ旦NHE) are +0.9 V (for 1 in
4ヽtp

H2O),33 +0.47 V (for 2 inMeOH),34 +0.61 V.(for 3with
4ヽ.　　　　　　　　　　　　　　　　　　-ヽr

R=主-Butyl in MeOH).34　Cimetidine has a similar

structure to those' especially主with an additional

cyanoguamdme. The electronic absorption bands of the

possible square-planar (or octahedral) Cu(I工ト

(cimetidine)2 complex (Amax 344 and 615 nm in MeOH)5

and of square-planar Cu(II) in三(R-主-Butyl, 340 and

624 nm in MeOH/EtOH)33 are very close′ indicating a

similar ligand fields of cimetidine and 3. The more
4-

intense bands at -340　nm for both are assigned to S->Cu

charge transfer transitions. /34
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SuperoxxdeDismutase-likeActivitybyCu-Cime-

tidinecomplexes.TheE-valueof+0.42Vvs.NHEfor

cud′工工)-C土met土dineisespeciallyinterestinginits

s土m土1ar⊥tytothereportedEOvalueof+0.42Vllor

l/
+0.35V^vs.NHE(atpH7)forCu-superoxidedismutase

(Zn'Cu-SOD).WethereforehaveassayedtheSOD-like

activityoftheCu(I.工工)-cimetldinecomplexesto

coraparewiththeprevious.SOD-1ikecomplexesbythe

well-establishedxanthlne-xanth土neox土daseandferri-

17
cytochromecsystem.工nourearlierexperiments138

wehavefoundparallelO2scavengingactivitiesof

indirectly(fromxanthine-xanthineoxidase)and

directly(fromKO2)generatedO2byvariouscopper

complexes.

Theassayresultwasveryencouraginginthatthe

1:1Cu(Iトand1:2Cu(I工トcimetidinecomplexesare

extremelystrong02scavengers,whoseactivitiesare

muchhigherthananyofthepreviouslyrecognizedSOD-

likesubstances,Cu(II)-(旦Oi
-phenanthroline)^,Cu(IIト
glycylglycine・22Cu(II)-(salicylate)9,23Cu(II)-macro-

cyclicpolyamines.38Althoughthedetailedreaction

mechanismmustawaitmorep工蝣eciseexperiments.we

tentativelyconsidersimilarO2dismutationreactions

(ll)and(12)aswithSOD,inviewOfnearlythesame

E-valuesforCu工/工工

Cu(II)-cimetidine　+　02　-->　Cu(I)-cimetidine　+　02

11

cudトcimetidine + 0云+2H+ -> Cu(IIトcimetidine + H202

(12)
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The active species most likely is the 1:1 Cu-cimetidine

species (the 1:2　Cu(工工トcimetid土ne complex should

undergo prior dissociation to the 1:1 species), whose

distinct features may be (i) cimetid⊥ne is a tridentate

ligand and hence the remaining one coordination site is

open to incoming　02; (ii) cimetidine is a neutral

ligand and hence the complexes bear positive net

charges. ready to lnvlte the attack of negative

superoxide ion 02"' an<3 (iii) the Cu(I)辛.Cu(II)

conversion is nearly reversible without decomposition

of the complexes.工n the Cu-SOD,39 the Cu(工工) in the

active center is surrounded by four imidazole nitrogens

and one H->O that is tO be displaced by the incoming O云・

For further advantage the Cu-SOD has Arg 141 (bearing a

positive guanidinium cation, which help attract the

negative 05 to th.e H20 position.40

Recently, cimetidine has been reported to inhibit

the ox⊥dative metabo1⊥sms of steroid hormonesI41′42

drugs, 3　6 and other chemicals. 4 It was proposed

that cimetidme directly binds at the sixth ligand

position of cytochrome p-450.47′48　0ur present

findings may invoke a new explanation that the active

O2　species formed on p-450 may be scavenged by the Cu-

cimet土dine complexes before they reach substrates.　we

are planning to test this hypothesis. In this regard,

it may be recalled that Cu(I工) complexes of tyros土ne,

salicylates, etc having the SOD-like activities are

also reported to inhibit drug metabolisms by microsomal

cytochrome p-450.49'50　工n light of the recent report13

that a Cu(工エ) complex of　3′5-diisopropylsal土cylate

exhibiting a strong SOD-like activity is promising as

30



anti-inflammatory and anti-cancer agents,　the copper-

cimetidine complexes are certainly worthy of thorough

pharmacological investigations.
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CHAPTER II

Novel Synthesis and Complex properties of Macrocyclic

Tetra-amines Appended with Phenol as an Axial Donor

Introduc t ion

The significance of macrocyclic polyamine ligands

and their metal complexes is most obvious as　土t relates

to such natural products as metalloporphy工:ms′　Vltamin

B12　and metalloproteins. Cyclam J_ (1,4,8,ll-tetra-

azacyclotetradecane) is one of the most basic and well-

known compound in the macrocyclic polyamines. The

inclusion of metal ions (旦・旦・ CoII,III CuII Nil!,!!!)

within the saturated 14-membered macrocyclic tetra-

amine cavities has been well documented.　Howeverl

limited efforts^　have been made to attach axial donors

玩.ha　句
Cyclam

l
●l′

Phenoトcyclam Phe"-トcyclam -M■ヽ　　　　　　　　●　　　　　　　　　d■

Complex　3°一dl

M=NiもⅢ,Few
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that might dramatically affect the properties of the

tetra-amme complex. The critical roles of the axial

donors are most obvious in heme-iron systems of normal^

or abnormal4　hemoglobin and redox enzymes such as

cytochrome P-4505 and catalase. Herein, I report a new

one-step annexation method for a new tetra-amine macro-

cycle　2　bearing a potential phenolate donor for anここ`つ

axial position (Figure 1), and describe some of its

novel complexmg properties.

∈ぽHoHo

h'M'h

Coumann2,3,2-tet

4_至

reflux

in MeOH

園田昔[・jjjjj^^pl

in THF

呈

Figure 1.　　A novel recycles synthesis for

pheno1-pendent cyclam　2.
′lltp
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Experimental Section

Materials. AI0-　M stock solution of NiII on

was prepared from analytical grade NiIIsO4*6H-)O and

standardized by titration with disodium salt of

ethylenediaminetetraacetic acid (EDTA).7　0ther

chemicals employed were of analytical grade and were

used without further purification.

5- ( 2-Hydroxyphenylトl I 4, 8, 1 1 -tetraazatetradecane.主・

Refluxmg coumarin旦(10　g, 68.5 mmol) and 1,9-diamin0-

3,7-diazanonane　主(ll g, 68.7　mmol) in 1.5　L of dry

MeOH for two weeks afforded　7-(2-hydroxyphenyl)-

1,4,8,ll-tetraazatetradecane-5-one　6　as its tri一
一ヽp

hydrochloride (decomp. 185-C) in　20%　yield (5.7　g)

after purification by silica gel column chromatography

(eluant CH2Cl2-MeOH-28%aq.NH3, 100:5:1) and

recrystallization from EtOH-HCl. Reduction of　6*3HCl
4-

(5.7　g) with B2H6 in tetrahydrofuran (THF) yielded a

cyclam derivative呈(2 g, 6.8 mm01). The total yield of

2 based on the starting coumarin was l0%. The product一ヽ一

was purified by recrystallization from acetonitrile;

m.p. 142-143-C; M+peak竺/旦292 (些　292.43); 1HNMR (in

CCI3D, 35-C, Me4Si reference)S0-1.5 (br,iH. OH), 1.5-

2.1 (br,4H,C-6,13)　2.3-3.2　(br,18H C-

2,3,7,9,10,12,14, N-1.4.8,fl)′　3.7-4.0 (dd.1H,　-5),

i.6-7.2 (br,4H, Ar) [Figure　2]; 13c NMR (in CCl,D,

22.5-C, Me4Si reference) 6 157.8 (C-16), 127.9, 127.8

(C-18,20), 126.6 (C-15), 118.6 (C-17). 116.4 (C-19).

66.7 (C-5), 51.2, 50.9, 50.1, 49.6, 49.3, 49.2,　47.3

(C-2′3′7′9′10.12′14) 36.3 (C」6) 29.3 (C-13) tF土gure 3】.
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Anal.Calcd for C16H28N4O: C, 65.72; H, 9.65; N, 19.16.

Found: C, 65.68; H, 9.24; N, 19.10.

[NiI:C(呈H_-,)]C104'H2O orュ(M-NiIi:-). The phenol-

pendent cyclam呈(146 mg, 0.5 mm01) and Nii:EsO4-6H20
(131 mg, 0.5　mmol) were dissolved in　25　ml-of 0.5　M

NaCIO^　aqueous solution at　50　C and the mixture was

adjusted to pH　8　with　2　M NaOH olution for

complexation. The resulting purple solution was

filtered aiid the filtrate was stood for one week at

room temperature t。 Obtain purple crystals 。f呈(M-NiI]:)

(150 mg, 64　%). It was subjected to an X-ray analysis.

spectrophotomeric measurements.　H and C NMR

spectra were obtained on a JOEL JNM-FXIOOS FT-NMR

Spectrometer. UV spectra were measured with a Shimazu

UV-200S spectrophotometer at　25.0　±　0.1-C. The ESR

spectra were recorded on a JES-FEIX spectrometer

operating at　9300　MHz and equipped with a dual cavity.

A small sample of Mnll was placed in the reference

cavity. Two spectra were recorded for each sample,

wherein the field was swept alternatively in opposite

direction and the average旦values were taken. The旦

values were calculated by the approximation method of

Knenbuhl.8 The旦〃 values are accurate to ±0.05 and the

呈上values to　±0.01.

Potentiometric　拭easurements. The formation

constants of-Nl and Fe complexes of　3　were-

determined by a potentiometric acid-base t土trat土on

method with an Orion Research　811 digital pH meter. The
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titration data was treated by a Schwarzenbach method

programed for NEC PC-9801 personal computer. All the

measurements were performed at　25.00　±　0.05-C and l=0.1

M (adjusted with NaCIO4). Values of　-log[H+] were

estimated by applying a correction of　-0.08　pH unit to

the pH readings.　All solutions were carefully

protected from air by a stream of argon gas prepurified

through an alkaline pyrogallol solution. The electrode

system was calibrated with standard pH　6.86　and　4.01

buffer solutions and checked in duplicate by the the〇一

retical titration curve for 4.00 x 10-3 M HCIO4 with

carbonate-free 0.100　M NaOH under the same conditions.

Electrochemical Measurements.　Cyclic voltammetry

and dc polarography were performed with a Yanako

Polarographic Analyzer P-1100　system at　25.00　±　0.05-C.

A three-electrode system was employed: a　3-mm glassy

carbon rod (grade GC-30, Tokai Electrode Company) or a

Yanagimoto PIO-RE rotary glassy carbon disk electrode

as the working electrode, a Pt-wire as the counter

electrode. and a saturated calomel reference electrode

(SCE). The cyclic voltammograms with scan rates of 10-

100 mVs-1 and the dc polarograms with scan rates of 2-

10 mVs 1 were evaluated graphically.

Crystallographic Study. The lattice constants and

intensity data were obtained by the measurements on a

Philips PWllOO diffractometer. The crystal data and the

method of intensity measurement are summarized in Table

1- Structure determination and refinement process are

al so listed in Table 1.
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Table 1. Crystal data and summary of structure

deteterminat⊥on.

Compound Phenol-pendent NiII-comolex

cyclam・主　　　　　　　of呈
.- -　　　　　　　　　　　　　　　　　　　　　一一　　　　　　　　　　　　　　　　　一　　　　　　　　　一　　　　　　　　　　　　　一　　　　　　　　　　　　　▼　　　　　　　　　　　　　　　　　　　　　　　・

Chemical formula C1 6H28N4-

Formula weight

Crystal system

Space group

Celldimensions

O
旦(A)

0
旦(A)

0
旦(A)

メ(o)

u-3
(A3)

Dcalc(gcm 3)

292.4

Monoclinic

里21/a

15.335(8)

8.535(5)

13.331(7)

105.17(5)

1684

1.153

Jifor CuKよ(cm-1) 5.52

40

C1 6H27N4O.Ni

CIO4'H2O

467.6

Monoclmic

里21

16.203(9)

8.042(5)

7.995(5)

104.02(5)

1011

1.536

29.6



Crystal habit Rhombic thick plate prism

Color Colorless Reddish purple

specimen size (mm) Block of　〆=ca.0.3　　　0.1xO.2xO.4

Radiation

Scan speed (-9min　)

Scan number of repeat

2β range(-)

No. of reflections

Theoretical

Observed【I>2rf(I) 】

工n which symm.

equiv. reflection

R for symm.equiv.

reflection

115

Graphite monochromated CuKよ

6

2　for Iく3000c

6　- 156

2280

2286

133

0.026

Independent refl,

(used for str.det.)　2635

0.023

2153

Phasing Direct method Heavy atom method

Refinement Block-diagonal matrix least-squares method

No. of heavier atom

(anlsotropic)

No. of hydrogen atom

( isotropic)

F土nal R factor

21

28

0.061

41

28

29

0.047



Results and Discussion

Syntheticmethod.Thenovelfeatureofour

syntheticmethodistheuseofcoumarinasasourceof

thephenolappendantandatthesametimeproviding

reactivesitesfortheadditionOftetra-amineringsin

areactionthatsuccessivelyinvolvesMichaeladdition

followedbylactamformation.(Fig.1)Thisannelation

principlecanbeextendedtothepreparationofthe

analogue7frommethylcinnamate,whichhas
-1一
structuralresemblancetothemacrocycliespermine

ll
alkaloidverbascenine8.Thus,thisannelationsopen
4tヽ一
anewsynthetic工.OutenotOnlytometalchelating

agentsbutalsotovariousmacrocyclicpolyamine

alkaloidsandsuggestabiosyntheticpathwaytotheir

ringcyclization.

Q^.o

/-NNK

H^_JsC。CH=CH◎

8
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Properties of Phenol-pendent Cyclam 2. A signifi一
′ヽ一

cant effect of the directly bonded aromatic ring in 2
■-

xs that the motion of the phenolic group is frozenwith

the OH group held to the macrocyclic ring. The lH

n.m.r. spectrum of J in CCI3D shows an unusually high一-

chemical shift for OH (&0-1.5, H-D exchangeable) and a

wel1-resolved doublet of doublets for the benzyl土c

proton signal (S 3.7-4.0) owing to couplings with the

adjacent CH2　protons (see Fig. 2), suggesting that

there is an internal hydrogen bonding between the

phenolic hydrogen and some of the tetra-amine nitrogens

and tnat the resulting macrocyclic conformation is

fixed.

The deprotonation constants p旦　of　2　werelt■

determined pH-metrically at 25-c and王-0.10叫(NaCIO4)

to be ll.75, 10.84′　8.86, 2>, and l>. The p旦　of　8.86

is assigned to the phenol group, which is confirmed

spectrophotometrically (see Figure　4). In pH -9　aqueous

solution the deprotonated phenolate anion can shield

the two undissociated protons in the macrocycle. This

is concluded from their higher p旦　values than the

corresponding ones (10.70　and 10.06) for　7. These H一
一一▼一

bondings should certainly freeze the flexible

macrocyclic conformation (Figure　5).

The crystal structure of the phenol-pendent

cyclam 2_ is shown in Figure 6. The two imino hydrogen■ttp

atoms, HN4　and HNll (those attached to N4　and Nll,

respectively), turn inside the ring and hydrogen-bond

with N-j and Ng. Tne phenol hydroxy group also forms

intramolecular hydrogen bond to N4 with bond length
O

2.16　A.
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Figure 4. UV absorption spectra of 2 in 0.1 M NaCI04.ここ「

at　25-C.
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Figure　6.　The structure of phenol-pendent cyclam　2.
一-
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Nill Complex of　3.　　The structure of the axial
一ヽr

phenolate-pendant cyclam complex　3 is resolved by the′-

present X-ray crystal study. The correlation of high-

spin Ni ion size with the best-fit ring cavity or

with the conformation of the macrocyclic tetraamine

Hgands has been amply investigated.12-16 Howeverl the

present structural parameters of cyclam complex

affected by the apical phenolate coordination are　ヒhe

first of this kind to be reported. The crystal data of

the Ni complex ofユ(formula C16H27N4ONi*CIO4*H20)
O

are raonoclinic′　space group is　里21′　旦-16.203(9) A,
0　　　　　　　　　　　0

旦-8.042(5) A,旦-7.995(5) A,#=104.02(5) ′　旦-2,旦-1.536

gem　. The structure was solved by the heavy-atom

method and refined by block-diagonal matrix least-

squares method to an R value of 0.047. D土spersiOn

corrections for C,0,N,Cl, and Ni atoms were applied

taking a set of atomic coordinates which gave smaller R

value. Absorption corrections were not applied. The

resulting molecular structure is shown in Figure　8.

The five-coordinate, square pyramidal coordination

geometry around nickel is evident. The atoms N-j, N4,

No, and N-i*　are coplanar, and the nickel stays in this

planel . The phenolate oxygen 02i is almost at the apex

of the pyramid with the very short apical Ni-C^-] bond
O

distance　2.015(5) A.　The previous octahedral high-spin

Ni (cyclam)X2　complexes showed longer Ni-X axial
O　　　　　　　　-i n              O

bonds(2.492 A for X=C118, 2.169 A for X=NO316). More

significantly, the axial Ni-O2-|　bond length is shorter

than the equatorial N土IN bond distances ranging
O

2.051(5)-2.078(5) A. By contrast, the other axia.l Ni-
0

01(of perchlorate) distance is very long at 2.402(7) A,
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indicating a very weak coordinate bond between them.

This can be viewed as being a result of the phenolate

trans influence.　The observed Ni-N bond distances of
O

-2.07 A well Indicate high-spin Nill in an octahedral

complex of the 14-membered macrocyclic tetraam土ne to be

in high spin state.16 In the reported, octahedral high-

spin Nii:E(cyclam)X2 complexes (X=C118 or NO316), the
O

Ni-N bond lengths are a little shorter　2.05-2.06　A,

which were considered to be affected by the steric

lengthening of the Ni-X bonds.

The cyclam moiety in　3　takes the normal trans-工H
4ヽh▼

conformation (主・旦　the l′3-diaminopropane rings have a

chair conformation) as in the Ni工-cyclam (without the

pendant) complex.16'18　The axial nickel-oxygen-

aromatic carbon bond (Ni-021-C16) angle of 127.2(5)- is

another interesting structural feature.　The Dreiding

model of　3　indicates that the observed trans-III4dl一

O

configuration with Ni-O21 bond distance of 2.0 A and

the Ni-O21-C16　angle of 127-is the least strained

structure. This fact in turn suggests that the short

axial Ni-02-|　bond and the coplanar Ni position in the

N4　plane are determined mostly by the ligand steric

requirement. The strong axial interaction by the

phenolate should contribute to fix Nill in high-spin

state.2

From the pH-metric titration of　2 in the presence1-

of one equivalent of Nill at 25。C and主=0.1 M (NaC104)′

the 1:1 complexation constant　旦(Nill一之H_i) (-【Nill一

旦H_ォ] / [Niアx][呈H_|]) was determined to be 7.0 x 1022

M-1. This value isaimostthe sameasthatoftheNill-

cyclam (1.6 x 1022 M-1)19, where Nill一三H-1 denotes the
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phenolateformcomplex3.InaqueoussolutiontheNi
-t一
linヱ(入max520nm,elO)]remainshigh-spinat

jjieff=2.90jiB[byEvansmethod20at35-Cand主=0.1M

(NaCIO4)].WithouttheaxialphenolateJN土工工(土n

complexofJjisinhigh-spinandlow-spinequilibrium

withthep.effbeingloweredto2.35JtB

工tlsofinteresttoaddthattheprotonationof

thecoordinatedphenolateionin3s亡artstooccur
-1tp
belowpH6toyieldNiIIヱ・itspKbeingp

aotentio一

metricallydeterminedtobe6.30at25-Candl=0.1M

(NaC104).Uponprotonation,thependentphenolloses

thecoordinatingabilitywithNil.ThecomplexNiI]:-2

′tltF
exhibitstheNilll'llredoxpotentialof+0.50V竺SCE

[0.5MNa2SO4,pH-5.2,25-C,firstoxidationstepof

Figure10(c)],thesamevalueasNii:i--cyclam2.On

theotherhand,theNiII-phenolate-pendantcyclam3

iこニ`コ
showsasignificantlyloweredredoxpotential+0.35V

vsSCE[0.5MNa2SO4,pH=7.5,25-C,firstoxidation

stepofFig.10(b),andFig.10(a)]forNilll'll

sinceadditionoftentimesexcessofphenoltoNill-

cyclamunderthesameconditionsdoesnotchangethe

NiII/IIIre(joxpotential,thisisconcludedtobethe

effectofthedirectly(intramolecularly)bonded

phen。Iateani。n.Theュ(M-NiIi:E)wasobtainedby

oxidizing呈(M-Nill)withammomumperoi:odisulfateorby

electrochemicaloxidationat+0.5V竺旦.SCEatpH8and

25-C.Theュ(M-NiII]-)complexhasintensecharge

transferabsorptions[入max318nm,ぎ7xlOjand290

nm・ど9x103)].TheESRspectrumoftheュ(Nilll)in

frozensolutionat77Kwith旦⊥=2.18and旦/,-=2.03is

similartothatfoundfoNiII:c-cyclam.22Another
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Figure 10.

Voltammograms of Nii:[-2 and一旦H_-| complexes

(a) Cyclic voltammogram of 1 mM Nill受H_1
25-C and　王-1.5　M (Na2SO4).　Scan rate　-

旦1/ (NiII/III)= +Q.35 (v vs. SCE).

at pH　7.5′

50　mVs-1

(b)Polarogramof1mMNiII三H_1underthesame

conditionof(a).Scanrate土s10mVs-1at2000rpm.

旦1/l(NiII/III)=+o>35(V望SCE)・

(c)Polarogramof1mMNii:E-2atpH5.2,25-Cand

~~こ
孟=1.5M(Na2SO4).Scanrateis10mVs~1at,2000rpm.

1/2(NiIl/li:i:)=+0.50(Vvs.SCE).
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interesting fact is that upon coordination with nickel

inま(M-Nii:ri), the phenolate becomes robust toward

oxidationJ as shown by a shift of the phenolate

ox土dation pOtent土al from　-+0.5　V of uncoord土nated　2　at
一ヽr

25-C and pH 10 to-+0.9 Vヱ旦SCE ofユ(M-Nilll) [second

oxidation step of Fig. 10 (b)].

Iron complexes. In the co-ordination of　2
Jヽ一

with metal ions, an unusual characヒeristic of the axial

phenolate donor is the ability to dissolve an equ土molar

amount of insoluble Fe(OH)3 and form a-red 1:1 complex

(confirmed by atomic absorption spectroscopic

measurement) at neutral pH in aqueous solution. No

other saturated macrocyclic polyamine 【旦・望. cyclam] has

succeeded　土n taking up solid Fe工工工　土nto aqueous

solutions. From the pH-metric titration of　2 in the
一-

presence of one equivalent of Fei:rsO4 under Ar [25-C,

主-0.10 M (NaCIO4)】′　we have determined旦(FeIIヱH_-|)

(-[FeI]:一三H_1]/【Fell][三H_1】) value of 7.9 x 1014 M-1,

where Fe　蝣呈H_-|　denotes the phenolate form complex

ヱ(M-Fei:E) (Figure ll). The pheno1-free tetra-amine 1 is
4一tr

known to yield a six-coordinate, low-spin Fell complex

土n nonaqueous solutions. which　土s subject to rapid

oxidation in aqueous solution, resulting in Felll oxide

precipitation. The yellow #3(M=Fell) complex in aqueous

solution (入max 455 nm,牀200 at pH7.4) is high-spin,

/・eff = 5-19/tB at 35-c by Evans method,20 and is

oxidized immediately in air to give red (turning purple

on acidifying)ヱ(M-Felll) complex olution [入max 48-

(555) nm,　2200 (2300) at PH7.4 (4.3)]. An identical

Felll complexwas obtainedbymixingFelll with 2 or by■一P'
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/b

0

a(NaOH)

Figure ll.

Titration curves for旦at 25-C and王-0.1 M (NaC104);

主is moles of NaOH per mole of ligand.

Curve (a); 1mM旦・4HC104 alone.

Curve (b); 1mM旦4HC104 plus lmM FeSO4.

57



electrochemical oxidation (at 0 V vs. SCE) of the

3(M=Fe　) complex in aqueous solution. The red
′t一′

3(M=Fe　) complex can be reduced again to theiムここコ

呈(M-Fei:E) with Na9S云04 0r by electrochemical reduction

at -0.5 Vヱ呈. SCE. Theュ(M-Fell) coraplex shows a quasi-

reversible (one electron) cyclic voltammogram which

enabled us to determine the redox potentials for

FeIII/II as -O.16 V v_s_. S.C.E. (non-buffered at 7 < pH

<　9) (Figure 12). The separations of anodic and

cathodic peaks are less than　90　mV and the peak height

ratio are unit On the basis of the reversible

Fe工工工/工工redox behaviour′ we calculated the cond土と土onal

constant旦'(FeIII呈H-1) (-[Fein一之H_1]/[Fexll][」H_1])

at pH　7.0　to be　4.0　x 1025　M-1. Evidently, the

phenolate interaction should contribute to stabili-

zation of the Felll state with respect to the Fell

state.　This is understood by comparing its redox

potential with those for phenolate-free polyamine-Fe

complexes:生.旦　the 16-membered saturated penta-amine

macrocyclic complex (-0.04 V)23 or hemoglobin (-0.07　V

at pH 7).24 However, the value of -0.16 V is higher

than those for Fell -carriers such as a mugineic acid

ト0.34　V)′　　microbial hydroxamates (-0.59　t0　-0.69

v),25 and enterobactinト0.99　V).26

工n conclusion. the present phenolate appended

ligands may provide new types of macrocyclic NiIIサ111

and Fe　'　-sequestering agents and simplified models

for the study of phenolate c0-ordinat土ng effects ln

tyrosine co一〇rdinating Fe nonheme o耳ygenases (having

similar visible absorptions)　or axial phenolate co-
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ordinating hemes (having low Felll'll redox

potentials).6　Furthermore, the simplicity and

versaと土1土ty of the annelat土on method will be useful　土n

the synthesis of a variety of spermine and spermidine

alkaloid analogues.
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Conclusions

Chapter I. Compiexes of Histamine H2-Antagonist

Cxmetidine with Divalent and拙onovalent Copper Ions

The histamine H2-antagonist cimetidine (L) forms

1:1 and　2:1 complexes with Cu(II) ion in aqueous

solutions. The complexation constants旦culXL - (3.02 ±

0.05) x104M-1 and旦CuI]CL. = (2.35 ± 0.05) xlO' M-"j

are determined by the pH-metric titration method. By

coraparisOn with greater旦CuI:rL and旦cuI:EL. values of

otner biological ligands such as histamine and

peptides, it is concluded that cimetidine is unlikely

to bind with Cu(II)主旦竺担旦. The polarographic mesure-

raents have estimated the Cu(I,工工) redox potential Ec of

+0.42 V vs. NHE for the 1:1 cimetidine complex, which

implies likelihood of physiological reduction with

ascorbic acid or hemoglobin. Indeed, a stable 1:1

Cu(工トC土met土dine complex has been　土solated (as very

insoluble solid) on treatment of Cu(II)-cimetidine

complexes with ascorbic acid. The stability of Cu(I)-

cxmet土d土ne complex is enormous　土n that it can survive

in the presence of biological ligands. These results

may indicate an important role of copper ion　土n the

pharmacological activities of cimetidine as cuprous-

C土met土dine complexes　土n our body.

Since its E-　value of　+0.42　V vs. NHE is

comparable to those of blue copper (type　工) prote土ns

and Cu-superoxide disrautase, cimetidine is promising as

a new biomimetic ligand for interconversion of Cu(I)

and Cu(II). The Cu-cimetidine complexes exhibit higher
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superoxide dlsmutase-like activity than any previous

complex, suggesting great biochemical and drug poten-

tials of cimetidine as copper complexes.

Chapter II.　Novel Synthesis and Complex Properties

of Macrocyclic Tetra-amine Appended with Phenol

as an Axial Donor

A novel, one-pot annelation method that

llrecycles" coumarin with Hnear tetra-am土ne, 1/9-

dxamin0-3,7-diazanonan is discovered for the synthesis

of a pheno1-pendent 1 4-membered macrocycl土c tetra-am土ne

(cyclam). The simplicity and versatility of the

annelation method will be useful　土n the synthesis of a

variety of macrocyclic polyarnine alkaloid analogues.

The pendent phenolate strongly co-ordinetes, as an

intramolecular axial donor, with metal ions incorpo-

rated in the tetra-amine macrocycle below. This is

proved by an X-ray crystal analysis of the Ni(II)

complex. One remarkable effect of the axial phenolate

co-ordination is that this ligand can sequester Fe(III)

in aqueous solution. Another effect is the stabiliza-

tion of unusual oxidation state of Ni(III) in the N4

macrocycle. The Felll complex is appropriate for the

study of phenolate co-ordinat土ng effects　土n tyrosine

co-ordineting Fe nonheme oxygenase or axial

phenolate co-ordinat土ng hemes.
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