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Abstract 

Two new series of ligands, SAPH (l-3) and 
DAPHS (4-6) related to the metal chelating portion 
of the anti-tumor drug bleomycin (BLM) have been 
synthesized and evaluated. These series differ from 
the related simplified models, PYML and AMPHIS by 
modifications of the primary amine of PYML and 
AMPHIS to a thio functionality (-SR) (R =CH3, 1; 
R = CH2C6H40CH3, 2; R = H, 3) in the SAPH (l-3) 
series and by the additional change of the secondary 
amino functionality of SAPH to an amido unit in the 
DAPHS (4-6) compounds. SAPH (l-3) and DAPHS 
(4-6) ire, therefore, potentially five-coordinate N4S 
donor ligands possessing imidazole, amide, pyridine, 
amine, and sulfhydryl moieties for SAPH-3 and 
imidazole, amide, pyridine, amide, and sulfhydryl for 
DAPHS-6. 0ne:one metal:ligand complexes were 
prepared with Cur*, Fe” and Fe”‘. Frozen glass ESR 
spectra and electronic spectra at room temperature 
of the Cu” complexes show that the resultant coor- 
dination geometry and choice of ligand donor set is 
strongly influenced by pH. Cu”(SAPH-3) exhibits 
imidazole, pyridine, amine and sulfhydryl (N3S) coor- 
dination in a trigonal bipyramidal complex at 2.80. 
The coordination changes to imidazole, deprotonated 
amide, pyridine and amine (N4) at pH> 5.80; the 
ESR spectra require rhombically distorted square- 
planar coordination similar to Cu”(AMPHIS) and 
Cu”(BLM) in thi s range. Cu”(DAPHS-6) exhibits 
ESR spectra indicative of 2N (imidazole, pyridine), 
3N (imidazole, first amide, pyridine) and 4N (imida- 
zole, pyridine, and both amides) coordination at pHs 
of 3.18, 5.62 and 8.00, respectively. Sulfhydryl coor- 
dination for Fe”‘(SAPH-3) is indicated by the 
presence of charge transfer bands (>400 nm) which 
are absent for the SCH3 analog, Fe”‘(SAPH-l), and 
by the electrochemical behavior of Fe”(SAPH-3) 
above pH 6.9 where N4S coordination is observed. 
Fe”(SAPH-1) reacts with molecular O2 but possesses 
one-tenth the activity of Fe”(AMPHIS), in forming 
HO. or HOz - radicals which escape the solvent cage 
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of the Fem complex for trapping by DMPO or PBN 
spin-trap scavengers. Fe”(SAPH-3) shows no free 
HO. trappable by DMPO during autoxidation, indica- 
tive of 2e- reduction steps. Fe”(SAPH-3) exhibits no 
reversible le- electrochemical wave from -0.64 to 
+1.24 V for forms having sulfhydryl coordination, 
but the same complex reacts r;$dly with 2e- chemi- 
cal oxidants (O,, HzOz, Ru ). Diamide analogs 
(DAPHS) also lack HO. or 02- generating activity. 

Introduction 

Bleomycin (BLM) is a clinically useful anti-cancer 
drug composed of a mixture of glycoproteins of 
related structure [l]. The drug is employed in the 
treatment of Hodgkin’s lymphoma, carcinomas of the 
head, skin and neck and tumors of the testis and 
ovaries. A variety of approaches have been employed 
to determine the molecular mechanism of action [2] 
as well as to analyze the factors contributing to the 
pulmonary toxicity of the drug [3]. The chemistry 
of BLM has been recently reviewed by Hecht [4]. 

Bleomycins possess two significant structural 
features: a DNA binding component which differs in 
the bithiazole region and cationic terminus of the 
molecule of each BLM, and a coordination area which 
chelates metals by the same functional groups for all 
BLMs. Upon chelation of reducing metals such as 
Fe(H), Cu(1) and Co(II), the coordination center of 
the drug then binds dioxygen and reduces the mole- 
cule to an ‘activated’ species of oxygen, which then 
cleaves the proximately bound DNA. The activated 
oxygen may be in the form of several types of free or 
bound radicals or ion radicals (O,-, HO*., O-atom 
and HO*) [2d, 51 which in turn may also contribute 
to damage in the lung [3]. Overall, the chelation of 
transition metals, binding and reduction of dioxygen 
by BLM resembles the enzymology of peroxidase 
enzymes, including cytochrome P-450 [4-61. 

A number of model compounds related to BLM 
have been synthesized in order to study the struc- 
tural characteristics required in the mechanism of 
action. Among the simplified analogs of BLM are 
PYML [7] and AMPHIS [8]. Both of these substances 
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bind Fe11’111 and Cu’/‘I, mediate the formation of 
active oxygen and thus serve as simplified models for 
the chelating portion of BLM. A synthetic structural 
analog of the BLM metal binding region, Cu”(PMA)+, 
was recently described by Brown et al. 191. The par- 
ticipating ligands in the chelate of the models consist 
of five nitrogen donors, i.e. imidazole, amide, pyri- 
dine (or pyrimidine in PMA-), secondary amine and 
primary amine. Based primarily on the studies of 
Sugiura et al. [7] and Henichart et al. 181 the 
illustrated structure serves as a representative chelate 
of PYML and AMPHIS. This coordination geometry 
is found for Cu”(PMA)+ [9]. With four nitrogen 
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donors participating in-plane and the primary amine 
in an apical position, a sixth ligand may participate 
in the second axial position. This remaining site may 
be occupied by O2 which eventually becomes reduced 
to a more chemically reactive species. The primary 
amino group which has been postulated to participate 
at an axial position of the Fe”(BLM) complex, plays 
an important role for generation of active oxygen. 
Acetylation of this amine in bleomycin results in a 
substance devoid of oxygenation activity [lo]. One 
of our chief goals in this research was to study the 
effect of replacing the amino function with a bioiso- 
steric sulfhydryl group. Cytochrome P-450 possesses 
a thiol functionality in an axial position of an iron- 
octahedral complex. A sulfhydryl group built into the 
bleomvcin model enables comparisons with both the 
drug and the enzyme. Replacement of an -NH2 by 
SH, is a well established approach in medicinal 
chemistry for studying structure-activity relation- 
ships. 

In light of the above discussion, the syntheses of 
compounds l-3 (SAPH series) and 4-6 (DAPHS 
series) were undertaken in order to determine both 
structural characteristics and ability to generate 
activated oxygen. We chose not to incorporate the 
terminal amide group of PYML nor the ester found in 
PYML or AMPHIS as these groups do not appear to 
participate as donors to the metal. If the thiol (--SH) 
or thiolate (-S) moieties bind to the metal, then dif- 
ferences might be expected when comparing 1 versus 
3. In addition to exploring the effect of -NH2 vems 
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-SH and -SH versus -SMe, compounds 4-6 were 
prepared to determine what changes would occur in 
further altering the ligand characteristics of the model 
analogs. Replacement of the secondary amino by the 
amide alters both the stereochemistry (sp3 versus sp’) 
and the donating properties of the ligand. 

Results and Discussion 

Synthetic Approach 
Scheme 1 illustrates the syntheses of compounds 

1-3 (SAPH series) from the known aldehyde 7. 
Reductive amination with the cysteamine analog 
N2NCH2CH2SR in the presence of sodium cyano- 
borohydride [ 111 afforded good yields of the amino 
esters 8 or 9. Reaction of histamine with 8 or 9 at 
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Scheme 1. For (i), (ii), (iii) or (iv) see legend to Scheme 2. 
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Scheme 2. (i) HaNCHaCHaSR, NaCNBHs/MeOH, pH 6. (ii) 
Histamine/MeOH. (iii) HF, 0 “C. (iv) HzNCHaCHaSR, DCC, 
HOBT/DMF or dioxaneCH@a. (v) FsCCOaH, 85-90 “c. 

room temperature for several days proceeded smooth- 
ly to give 1 and 2, respectively. With the eventual 
aim of producing a free thiol moiety viz. 3 (or 6) the 
4-methoxybenzyl (MBz) derivative was chosen to 
protect the thiol from forming a thiazolidine ring 
during the reductive amination reaction [ 121. The 
MBz group could be readily removed in the last reac- 
tion steps without affecting the other functional 
groups in the final products. Compound 2 was then 
treated with either HF [12, 131 at 0 “C or FsCCOaH 
at 85-90 “C to afford 3 in excellent yield. Compound 
3 was isolated as the trihydrochloride as indicated by 
NMR chemical shift data. Attempts to shorten the 
route to 1 by methylation of 3 were unsuccessful. 

The preparation of diamide analogs 4-6 (DAPHS 
series) are described in Scheme 2. Condensation of 
the acid-ester 10, with the appropriate derivatized 
cysteamine provided the intermediate amide esters 11 
or 12. Similar to the procedure in Scheme 1, reaction 
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with histamine gave the desired diamides 4 or 5. Re- 
moval of the methoxybenzyl group from 4 was easily 
accomplished using FsCCOaH yielding 6 in quanti- 
tative yield. The majority of new compounds were 
oils which strongly retained water or even volatile 
solvents, e.g. alcohols, ether, etc. Salts of the final 
products were prepared in most cases and were 
utilized in the spectroscopic evaluations described 
below. 

Cu(II) Complexes of the SAPH and DAPHS Series 
(13and4d) 

Cu(II) derivatives of the ligand series SAPH (l-3) 
and DAPHS (4-6) were prepared at 1: 1 stoichiome- 
try as determined by spectrophotometric titration 
[14]. No evidence for a 2:l interfering complex was 
observed. The extent of chelation by the ligands was 
examined as a function of pH by obtaining ESR 
spectra of the complexes in 50:50 DMSO:HaO frozen 
glasses at 123 K*. Complementary ligand field spectra 
were recorded between 800 and 350 nm at room 
temperature. The spin Hamiltonian ESR parameters 
and the d-d transition spectral maxima are recorded 
as a function of pH in Table 1. 

The intent of the study of the Cu(I1) derivatives of 
l-3 and 4-6 was to elucidate how the SAPH and 
DAPHS series coordinate to Cu(II) as a comparison 
with available data for the BLM, PYML and AMPHIS 
Cu(I1) complexes [ 151. PYML and AMPHIS have not 
been studied over a wide range of pH and the study 
of BLM is incomplete at low pH [16]. Cu(II) com- 
plexes may adopt a variety of coordination geome- 
tries which are dependent on the number and type of 

*Binuclear Cu(I1) species would also be evident by line 
broadening to a single derivative in the ESR spectra; such 
broadening was absent. 

TABLE 1. Spin Hamiltonian and Ligand Field Parameters for Cu(I1) Complexes of the SAPH and DAPHS Seriesa 

Cu(II)-Ligand PH Type of ESRb max (nm) A 11 (C) gll g1 AICu 

SAPH-1 3.00 A 561 144 2.20 2.09 
6.25 RDA 561 130 2.16 2.03 

8.30 RDA 567 122 2.16 2.01 

SAPH-3 3.00 R-tbp 600,695s.h 140 c 2.11 58 
5.80 RDA 570 139 2.15 1.95 

8.60 RDA 561 144 2.10 1.96 

DAPHS-5 6.70 RDA 242 2.18 1.98 

DAPHS-6 3.80 A 612,700sh 129 2.36 2.02 
6.00 R-tbp 598 c c 2.16 160 
8.00 RDA 545 200 2.12 2.00 

aESR spectra were obtained in SO:50 volume percent DMSO: water frozen glasses at 123 K; pH adjustment was made at room 

temperature prior to freezing. bA = axial, R-tbp = reserve trigonal bipyramidal, RDA = rhombically distorted axial. CIn- 

tensity is too low for accurate measurement. 
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available ligand donors. With multidentate chain-like 
ligands such as the SAPH and DAPHS series, both pH 
and stereochemical constraints will be important for 
the ultimate solution structure of a complex in a 
given pH regime. The coordination of the deproto- 
nated amide is anticipated only with pH > 6 [17]. 
The imidazole and pyridine donors are anticipated 
to be coordinated even in a more acidic region (pH = 
3 of this study) while the amine functionality of 
SAPH (l-3) is likely to be protonated and removed 
from coordination in acidic solutions. For example, 
a crystal structure of a Cu(II) complex possessing a 
protonated pendant ethylenediamine while retaining 
coordinated axial pyridine units, two chloride donors 
and an in-plane amine, has been resolved by Mandel 
and Douglas [IS] for the bis(2-pyridylmethyl)N,N- 
ethylenediamine complex which is isolated from acid 
solutions (pH< 2). Related pH controls on the 
geometries of the Cu(II) complexes of SAPH and 
DAPHS have been observed in this work. 

Cu(II) complexes commonly are found in geome- 
tries of one of the tetragonal forms whose local site 
symmetries are close to D+, or Cd, (Jahn-Teller dis- 
torted octahedral, square planar and square pyramidal 
species and rhombically distorted modifications of 
these or the trigonal bipyramidal coordination with 
site symmetry near Dsh) [19]. The tetragonal forms 
exhibit one of several characteristic ESR patterns for 
Cu(II) complexes which are termed tetragonal, axial 
or rhombically distorted axial depending upon the 
extent of splitting of gXX, g,, and g,, transitions 
[19-211. The trigonal bipyramidal complexes with 
a smaller ligand field than Ddh or C,, give rise to the 
reversed ESR pattern in which gl transitions appear 
at energies either below or overlapping gll transitions. 
The electronic transitions for a trigonal bipyramidal 
complex of the same set of ligand donors also reside 
lower in energy than those of a tetragonal complex 
for the same ligand field reasons. Therefore, the d-d 
transitions will provide supporting evidence for struc- 
tures which are implicated by an ESR spectrum [ 191. 

A number of solution structural arrangements are 
possible for the Cu(I1) derivatives of l-3 and 4-6. 
The ligands with terminal sulfhydryl groups, SAPH3 
and DAPHS-6, gave particularly interesting results. In 
the pH 7 to 8 range, the species share the rhombically 
distorted axial ESR patterns of PYML and AMPHIS 
derivatives [8b, 151 but below pH 7 more unique 
spectra, characteristic of five-coordination, appear 
which has not been explored for PYML or AMPHIS. 
The ESR spectrum of Curr(DAPHS-5) at pH = 6.70 
is shown in Fig. 1. Nine N-shf lines (AN = 15 G) 
appear on the low-field side of the gl component of 
a rhombically distorted axial (tetragonal) spectrum. 
A distorted square-planar geometry with four N 
donors is required. This implicates two deprotonated 
amide donors as well as the imidazole and pyridine 
groups of DAPHS-5. 

Fig. 1. ESR spectrum of CuI’(DAPHS-5) in Me#O/water 
glass at 123 K: pH = 6.70, 9.088 GHz, 12.5 G m.a., 4 X lo3 

r.g., 20 mW, 4.0 min scan, 1 .O s time constant, [Cu(II)] com- 

plexes = 4.43 x 10e3 M. 

Fig. 2. ESR spectra of Cu”(SAPH-3) in Me.$ZO/water glass at 

123 K: (A) pH = 2.80, 9.090 GHz, (B) pH = 5.80, 9.008 

GHz, (C) pH = 9.70, 9.090 GHz; all other settings as in 

Fig. 1. 

Fig. 3. ESR spectra of Cu1’(DAPHS-6) in Me$O/water 
glasses at 123 K: (A) pIf = 3.18, 9.090 GHz, 2.5 X IO3 r.g. 

(B) pH =5.62, 9.088 GHz, 6.3 x IO3 r.g. (C) pH = 8.00, 
9.09 GHz, 5.0 X IO3 r.g.; all other settings as in Fig. 1. 

ESR spectra for the Cu(I1) complexes of SAPH-3 
and DAPHS-6 as a function of pH are shown in Figs. 
2 and 3, respectively. Cu(II) complexes of tripeptides 
and metalloproteins have shown that the Cu(II) will 
assist the deprotonation of amide hydrogens in the 
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physiological pH range of 6 to 8 [17, 221. The 
influence of amide coordination is observed in the 
changes in both the ESR and visible spectra of the 
SAPH3 and DAPHS-6 complexes; the amide donors 
of these ligands which are present between the imida- 
zole and pyridine functionalities do not begin to 
coordinate until the pH is increased to approximate- 
ly 4.5. The second amide donor in DAPHS-6 becomes 
coordinated in the vicinity of pH 8.0. The changing 
structural chelation of Curr(SAPH-3) is shown in 
Fig. 2. At low pH (2.80), a reversed ESR pattern is 
observed with a regular progression of four lines 
spaced 58 G apart (A, Cu) for the line. A background 
set of transitions are also observed with All spacings 
of 140 G. These are denoted by (*) on Fig. 2A. As 
the pH is increased to 5.80 the spectrum changes to a 
tetragonal pattern (Fig. 2B). These features are re- 
tained at higher pH (9.70) with only a slight change 
in 811. Spectra 2B and 2C are very similar to the one 
reported by Henichart et al. for Cu(AMPHIS) [8]. 
Concomitant with the changes in the ESR spectra are 
the changes in the visible spectra of Cu(SAPH-3). A 
broad double band with maxima at 600 nm and a 695 
nm shoulder (pH = 3.0) is replaced with a more sym- 
metric band absorbing at 570 nm (pH = 5.80) fol- 
lowed. by a slight shift to 567 nm (pH > 8.60). The 
major spectral change occurs where amide deprotona- 
tion is common and occurs with a redefinition of a 
strong ligand field (R-tbp + RDA). The smaller 
spectral shift probably involves deprotonation of an 
axial Hz0 donor; however, reinvolvement of the sulf- 
hydryl group at high pH p9.70) might also be ac- 
commodated by the data. The coordination of the 
sulfhydryl in the low pH regime is established from 
a parallel study of the S-CHa derivative, SAPH-1, 
which is described later. Since the related Cu(DAPHS- 
4) complex also establishes amide coordination in the 
pH 6 range, the structure of Cu(SAPH-3) is assigned 
as shown below. 

pH> 5.5 

0% 5 
H 

The gl region of the Cu(SAPH-1) complex is 
shown in Fig. 4. The SCHa derivative shows a severe- 
ly rhombic ESR pattern at pH = 6.25 which changes 
to a more regular RDA spectrum at pH = 8.30. An 
alternate interpretation may be made, that the 
features change due to the absence of anomalous lines 
at high pH [21]. In either case, a structural change is 

/A 
3ZOOG A 

‘W 1 
& 

; 

Fig. 4. ESR spectra in the gl region of Cun(SAPH-1) in 
MexSO/water glasses at 123 K: (A) pH = 6.25, 9.089 GHz, 
2.0 X lo3 r.g. (B) pH = 8.30, 9.085 GHz, 2.0 X lo3 r.g.; all 
other settings as in Fig. 1. 

implied. Spectra of the same two types are observed 
for the S-MBz derivative, Cu(SAPH-2) at pH 3.0 and 
8.80, respectively. The pH 8.30 spectrum of 
Cu(SAPH-1) is similar to Cu(SAPH-3) at pH = 8.60. 
Under these conditions both Cu(SAPH-1) and Cu- 
(SAPH-3) have a matching visible spectrum indicating 
the same coordination at pH 8.3. The poor donor 
ability of S-CH3 compared to water or DMSO 
assures that the S-CH3 group is pendant; therefore, 
the -SH group must also be free at pH 8.3 as indi- 
cated previously. The additional distortion exhibited 
in Fig. 4A for Cu(SAPH-1) at pH = 6.25, suggests 
three strong donors which do not adopt a strictly 
planar arrangement. This may be produced by a 
minor buckling of chelate rings formed by imidazole, 
pyridine and amine donors. This ESR pattern is inter- 
mediate between normal RDA and R-tbp spectra; 
thus the complex has a structure intermediate be- 
tween tetragonal and trigonal bipyramidal limiting 
forms. This out-of-plane distortion or anomalous line 
feature is removed when amide coordination forces a 
more regular in-plane ligand field (Fig. 4B). In addi- 
tion, the ESR pattern of Cu(SAPH-1) at pH 6.25 
(Fig. 4A) is sufficiently different from the reversed 
trigonal bipyramidal coordination exhibited by Cu- 
(SAPH-3) at pH 2.80 to require that a different total 
number of donors is bound for Cu(SAPH-3) at pH = 
2.80 and Cu(SAPH-1) at pH = 6.25. Yet both would 
possess the imidazole, pyridine and amine coordina- 
tion. Since it is very unlikely that the S-CH3 donor 
can compete with water or DMSO for coordination 
at Cu(II), and the remainder of the ligand structure 
would be identical for SAPH-1 and SAPH-3, we con- 
clude that the sulfhydryl group of SAPH-3 is coor- 
dinated at pH 3 to 5 as shown above. This conclusion 
is further supported by the differences observed in 
the d-d transitions at 567 nm for Cu”(SAPH-1) 
versus 600 nm for Cu”(SAPH-3) although both 



104 

complexes should have the same three N-donors. 
Presence of the sulfhydryl group coordinated to 
Cu(I1) should weaken the ligand field due to the 7r- 
donor ability of an RS group, compatible with the 
lower energy transition for CurI(SAPH-3). 

When the deprotonated amide unit forces the 
change in coordination from trigonal bipyramidal to 
rhombically distorted axial at pH > 5.8 the pendant 
sulfhydryl will become protonated by solvent. A 
similar observation with protonation of a displaced 
sulfhydryl group even though the pH is increased to 
coordinate another ligand donor, has been described 
for a copper redox metalloprotein of the cytochrome 
oxidase complex [23]. 

Related changes for the Cu(II)(DAPHS-6) complex 
are shown in Figs. 3A-3C. The axial ESR spectrum 
3A at pH 3.18 shows very weak N-shf suggesting two 
Ndonors which are most probably the imidazole and 
pyridine moieties. This species converts at about pH 
5.6 to a complex of trigonal bipyramidal coordina- 
tion and the relevant ESR spectrum 3B is of the re- 
versed type. A related ESR pattern was observed for 
Curr(IMEPH)*+ where 7 N-shf lines are also de- 
tectable, indicative of three N donors in a trigonal 
bipyramid [24]. The Cu”(IMEPH)*+ complex shares 
the identical coordination chain linkage of DAPHS-6 
up through the pyridine donor moiety. At pH 8.00, 
a rhombically distorted tetragonal spectrum is ob- 
tained (3C). These various changes are consistent with 
imidazole and pyridine donation at pH 3.80 which 
changes to three N donors coordinated at 6.00 (first 
amide coordination) and four N donors at 8.00 
(second amide) as shown below. These major changes 
in structure are also supported by a progressively 
stronger ligand field producing d-d transition maxima 
at 612 and 700 nm for the axial complex with 2N 
donors, 598 nm for the trigonal bipyramidal species 
with 3N donors and 545 nm when 4N donors (two 
coordinated deprotonated amides) are implicated by 
ESR. 

The parameters of several Cu(I1) complexes of the 
present series are compared to literature values for 
Cu(I1) derivatives of bleomycin (BLM), AMPHIS, 
PYML, and PMA- in Table 2. There are minor dif- 
ferences between the present series and those of the 

TABLE 2. ESR Data for 01” BLM and Simplified BLM Models 
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other complexes which may be due to the absence of 
a common frozen glass medium for all of the data. 
Overall the agreement is reasonable. The Cu(SAPH-3) 
and Cu(DAPHS-6) species at pH = 8 will lack an axial 
N donor which is present in BLM, AMPHIS, PYML 
and PMA-. 

This is observed with a greater variability in All 
for the SAPH and DAPHS series than in the related 
cases where the axial coordination of an N donor is 
assured. A,, is seen to be nearly constant at 180 G for 
the N5 cases. The average splitting between gll and gl 
is also slightly smaller, being ca. 85% for SAPH and 
DAPHS of the systems having five N donors. 

Fe(II) and Fe(M) Complexes of SAPH-I and SAPH-3 
Samples of Fe”(SAPH-1) and Fe”(SAPH-3) 

(2 .O X 1 OM3 M) were prepared by addition of limiting 
amounts of Fe(NH4)2(S04)2.6Hz0 to the respective 
ligand solution (3.0 X 10e3 M) under Ar. The solu- 
tions appeared colorless below pH = 3.5, but changed 
to give a bright yellow solution for Fe”(SAPH-1) and 
a reddishorange solution for Fe”(SAPH-3) above pH 
5.7. The intensity appeared to be fully developed at 
pH 7, but again became more red in the pH > 9 
range. The spectra from 800 to 350 nm and the 
related first pH change are similar to those observed 

Complex A 11 (G) 811 g1 Reference 

Cu(SAPH-3) (pH = 8.6) 144 2.10 1.96 this work 

Cu(DAPHS-6) (pH = 8.0) 200 2.12 2.00 this work 
Cu(SAPH-1) (pH = 8.3) 122 2.16 2.01 this work 

Cu(BLM) 183 2.21 2.06 15 

Cu(AMPHIS) 111 2.21 2.05 8 

Cu(PYML) 179 2.21 2.05 15 

Cu(PMA)+ 184 2.210 2.052 9 
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with Fe”(BLM) as a control. Appearance of the red- 
orange colors of the d-d type (with an LMCT con- 
tribution causing higher extinction coefficients) 
indicates the amide deprotonation with at least the 
N4 in-plane donor set for SAPH-1 or SAPH3. The 
high-spin d6 configuration should then possess a weak 
LMCT transition involving the Fe”-amide func- 
tionality. The spectra of the Fe” complexes are 
similar in the visible region with respective LMCT 
transition maxima and extinction coefficients as 
follows: Fe”(BLM), 476 nm, 380 M-’ cm-‘; Fe”- 
(PYML), 465 nm, 300 M-r cm-‘; Fe’r(SAPH-3), 475 
nm, 190 M-r cm-’ [15, 271. The pH dependent 
spectral changes which are observed for Fe”(SAPH-3) 
and Fe”(SAPH-2) are related to those identified pre- 
viously for Fe”(HAPH) [25]. The changes in the solu- 
tion species as indicated by five color changes for the 
FeI’(SAPH-3) complex and four color changes for 
Fe’I(SAPH-2) in the pH range of 3 to 9 suggest the 
following species in solution as a function of pH 
(Scheme 3). An interpretation of the coordination 
geometries and electrochemical behavior for Fe”- 
(SAPH3) is supported by prior studies of the 
Fe”(HAP) and Fe”(HAPH) complexes [25]. The 
electrochemical behavior for the Fe”(HAP) and 
Fe”(HAPH) complexes is quasi-reversible and allows 
proper assignment of the number and type of N 
donors for the Fe”(HAPH) complex [25]. The 
ligands HAP and HAPH are similar to the SAPH series 
as shown below. 

NH 

1: ? 
HN 

QN 
c 
‘N 

HNJ 

HAPH HAP 

The solution colors and suggested ligand field 
donor set compatible with the pH-dependent changes 
are listed in Table 3. Based on the color changes 
observed for the Fe”(SAPH-3) complex, we estimate 
the sulthydryl pK, in species 2A to be ca. 4.0, the 
amide proton with coordinated suhhydryl in 2B’ of 
ca. 5.7, while the amide with the dissociated sulf- 
hydryl group (2B) at 6.5. The latter form (2B) has an 
identical pKa observed for species 1B of the Fe”- 
(HAPH) complex of 6.50 + 0.05 [25]. The sulfhydryl 
pK, of species 2B appears to be ca. 7.5 while the 
analogous deprotonation of the pendant imidazolium 
moiety of Fe”(HAPH) occurs at ca. 8.0 [25]. 
Kimura ef al. [26] have recently prepared the related 
ligands L, and L1 (see p. 106). 

TABLE 3. pH-Dependent Color Changes of Fel’L Complexesa 

light yellow, N303 

yellow, Ns(OH3 

PH Fe’I(SAPH-3) Fe”(SAPH-2) Fell(HAPH)b Fe”(H AP) b 

2.10 

3.00 

4.10 

4.87 

5.01 

5.29 

5.74 

6.01 

6.53 

6.86 
6.94 

7.00 

7.33 

7.71 

8.10 

8.13 

8.20 

8.70 

light yellow 

yellow -orange, N$- 

light pink-orange, N&S- 

(no dep. amide) 

orange-pink 

orange-red 

reddish-range, N4S 

(dep. amide) 

reddish-orange 

reddish-brown, N&OH-) 

colorless 

pale yellow, Nq(SR) 

yellow -orange, N4(SR) 

(dep. amide) 

orange, Nd(SR)(OH-) 

dirty pink 

dusty rose, NQ 

(no amide) 

orange, N4 

(dep. amide) 

orange, N4 
(dep. amide) 

dark orange, Ns 

(both imidazoles) 

reddish-brown, Na(OH-) 

aM = 0.10 NaC104, T = 22 “C. bRef. 25. 
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These ligands are quite similar to AMPHIS 181. 
Kimura et al. [26] report species corresponding to 1B 
and 1C or 2B and 2C for the Lz case. Presumably the 
amide adjacent to the terminal amine lowers the pKa 
of the terminal amine to promote competitive 
binding by Fe” versus H+ for L in the ph siological 
range. Y Therefore Fe”(HAPH) [25], Fe’ (SAPH3) 
and Fe”(La) [261 all exhibit species documented for 
structures of the N4(OHz) and N4(axial base) coor- 
dination which changes in the pH 6.5 to 8.5 range. 

The behavior of Fe”(HAPH) [25] and Fe”(La) [26] 
in this range was crucial to the assignments of coor- 
dination changes given in Scheme 3. The uniquely dif- 
ferent electrochemical behavior of Fe”(SAPH-2) and 
Fe”(SAPH-3) is also important in these assignments. 
Taking the orange species of Fe”(HAPH) which has 
an imidazole, deprotonated amide. pyridine and 
secondary amine in-plane donors at pH - 7.0 as a 
basis, the additional reddish contribution in the Fe”- 
(SAPH-3) complexes is indicative of sulfhydryl coor- 
dination which allows for additional LMCT bands 
due to the ndonating sulfhydryl anion. The Fe”- 
(SAPH-2) species at similar pH are more yellow; this 
is compatible with the poorer ndonating thio ether in 
competitive coordination with water in the fifth 
position. All species of Fe”(SAPH-3), Fe”(SAPH-2) 
and Fe”(HAPH) exhibit a change to reddish-brown 
or dark orange at pH - 9.0 indicative of hydroxide 
coordination. Demetallation occurs above pH 10. 

Admission of Oa to Fe”(SAPH-I) yields a yellow 
solution which demetallates as Fe(OH)s, hydrated 
FeaOs, in about 25 min. The hydrated Fe,Os was 
isolated and characterized by infrared against an 
authentic sample. Addition of O2 changes Fe”- 
(SAPH-3) in 10 s to a yellow-green solution, 
followed by olive green at 15 s, yellow at 20 s, and 
then a slow demetallation forming Fe(OH)s in 10 min 
atpH8to9,or30minatpHlI. 

Authentic Fe”‘(SAPH-3) prepared under Ar 
showed that the Fe”’ complex is metastable at pH = 
10.3; demetallation occurred with fr,a = 20 min. The 
Fe”(SAPH-3)/O* solution after 20 s has the same 
spectral features as Fe”‘(SAPH-3) prepared via 

Fe” ( HAPH 1 1361 

pH = 4, dusty rose 

1A 

pH = 7 , orange 

1B 

pH 3 8.5, dark orange 

1c 

pH, 10, reddish-brown 

1D 

Scheme 3. 

Fe” (SAPH -3 1 

i-l 
pH 4, yellow-orange 

2A 

pH 5, pink-orange 

2B’ 

\ 
SH 

pH 6.9, orange (trace of 2c ) 

2B 

pH 7.5 , reddish-orange 

2c 

pH>9, reddish-brown 

2D 



Simplified Antilogs of Bleomycin 107 

Fe(NOs)s solution and adjusted to pH = 8. It is 
known from substitution reactions with polyamines 
that reattachment of a dissociating base chain is 
favored unless reformation is blocked by protonation 
of the leaving group or hydrolysis of the metal center 
[28]. These studies su gest 

P 
that the slow demetal- 

lation reactions of Fe” (SAPH-1) and Fe”‘(SAPH-3) 
probably occur with a rate limiting rupture of the 
Fe(III)-pyridine-N bond, followed by rapid loss of 
the hydrolyzed Fe(II1) center. 

The slower rate at high pH for Fe”‘(SAPH-3) de- 
metallation suggests additional coordination of the 
sulfhydryl group which slows the kinetic aspects of 
the dissociation, but not the thermodynamic favor- 
ability of Fe(OH)s formation. A spectrophotometric 
titration of Fe”‘(SAPH-3) also implicates sulfhydryl 
coordination as described in a subsequent section. 

The presence of the greenish intermediate in the 
autoxidation of Fe”(SAPH-3) may be explained by 
a bound peroxo complex which has an LMCT transi- 
tion (OsH -+ Fe”‘) at ca. 700 nm for the transient 
species or oxidation of the thiolate group. Spin 
trapping studies indicate the absence of trappable 
oxygen reduction radical products (O,-, HO.) as 
described later; this is compatible with immediate 
formation of bound peroxo species by a 2e- path. 
However a similar intermediate is observed with RuIV 
as the oxidant (see below). 

_ 

Electrochemical Studies of Fe”(SAPH-series) 
Complexes 

The electrochemical behavior of Fe”(SAPH-I), 
Fe”(SAPH-2) and Fe”(SAPH-3) were evaluated at a 
glassy carbon electrode versus an SCE reference by 
means of the differential pulse (DP) procedure at 
5 mV/s sweep and a 50 mV pulse and by cyclic 
voltammetry (CV) at 50, 100 and 200 mV/s. The 
solutions were scanned from -0 56 to + 1.24 V versus 
NHE. Fe”(SAPH-I) exhibits its wave at +0.102 V 
versus NHE with a width of 80 mV similar to Fe”- 
BLM (E” is to.13 V versus NHE) [15], but Fe”- 
(SAPH-3) exhibited a positive shift to 0.22 V versus 
NHE. It was shown by CV studies that this species is 
species 2B’ as axial coordination by sulfhydryl 
and the amide rendered the complex 2C electro- 
chemically inactive (proven below). 

The cyclic voltammetric study of the Fe”(SAPH- 
2) complex at I_C = 0.10 NaC104, T = 22 ‘C is shown in 
Fig. 5. The free ligand was shown to be electrochemi- 
tally silent up to an irreversible oxidation at ca. +1.14 
V (curve 5A). 2.0 M CHaOH is present in solution to 
achieve solubility of the free SAPH-2 ligand at 6.69 X 
10m3 M. Addition of Fe(NH4)2(S04)2.6Hz0 and 
adjustment to pH = 6.94 yielded the cyclic voltam- 
mograms of 6.60 X 10v3 M Fe”(SAPH-2) in Fig. 5C. 
Curve 5C-1 shows the scan at 50 mV/s. The dotted 
curve 5C-2 shows the fourth repetitive scan at 288 s 
after scan 5C-1. The dashed curve 5C-3 was obtained 

‘1 3,’ 
\ 

\.. ’ 
I I I I I I I , I I I I I It I t I 
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E vs SCE 

Fig. 5. Cyclic voltammograms of Fe”(SAPH-2) system: (A) 
STAPH-2 free ligand at 6.67 X 10d3 M, pH = 7.0. (B) Fe”- 
(SAPH-2) at 6.60 X10w3 M, pH = 7.71, curve 1, 100 mV/s; 
curve 2, 200 mV/s; curve 3 restirred and scanned at 200 
mV/s. (C) FeI’(SAPH-2), pH = 6.94, curve 1,50 mV/s; curve 
2, fourth scan at 50 mV/s; curve 3, 200 mV/s; SCE reference. 

at 200 mV/s. These data implicate a very irreversible 
wave at ca. 0.28 V for the pale yellow form of Fe”- 
(SAPH-2) and that demetallation of the Fe”‘(SAPH- 
2) complex results in a decrease in signal amplitude 
as in curve 5C-2. The faster 200 mV/s sweep rate 
shows increasing irreversible character in the oxida- 
tion wave. The important result of this study is that 
curve 5C-1 is identical to the first pH = 5.90 wave 
for Fe”(SAPH-3) in Fig. 7B; the meaning of this fact 
will be discussed below. The data at pH = 7.71 for 
Fe”(SAPH-2) is given in Fig. 5B. The initial scans and 
decrease in amplitude at 100 and 200 mV/s are 
similar in kinetic behavior to the data at pH = 6.94, 
however the color change to yellow-orange impli- 
cates the amide deprotonated form of SAPH-2 for 
the species at pH = 7.71. This is further supported by 
a negative shift of 0.25 V for the reduction wave 
relative to the pale yellow (pH = 6.94) form. Unusual 
behavior for Fe”(SAPH-2) was observed during 
50 mV/s repetitive scans in the pH range of 7.7 1 to 
8.50. The pH 7.71 data is shown in Fig. 6. The first 
scan of Fig. 6C is the same as Fig. 5B. With each 
subsequent cycle, which requires 72 s at 50 mV/s, a 
growth of a new species with two oxidation waves 
and two highly irreversible complementary reduction 
waves grows in with time. The solution appears 
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Fig. 6. Polymeric iron cyclic voltammogram: (A) [Fe- 
(HZ0)h2+]i = 6.60 X 10e3 M, pH = 8.23, Fe(OH)2 precipitate 
present; (B) [Fe(H20),2’]i =6.60 X 10M3 M, pH = 6.72, no 
precipitation; (C) [Fe(SAPH-2)]i = 6.60 X 10e3 M, pH = 
7.7 1, scans l-8 at 50 mV/s; SCE reference. 

yellow-orange and no precipitation was detected. 
The precipitation effect would produce a current 
decrease in Fig. 6C which is not observed. The waves 
detected for the longer time scans in the Fe”(SAPH- 
2) system is similar to the hydroxy polymeric Fe” 
species which are observed for Fe(H20)62+ alone, 
adjusted to pH 8.23, in Fig. 6A. These waves are 
clearly different from mononuclear Fe(H20)62+ at 
pH = 6.72 shown in Fig. 6B. Also, precipitation of 
green Fe(OH)2 is in evidence in the bulk solution at 
pH = 8.23 (Fig. 6A) when no SAPH-2 is present. 

The observation of loss in signal amplitude at pH = 
6.94 (Fig. SC) requires unwrapping of the coordina- 
tion of SAPH-2 from the Fe” complex, competitive 
with the rereduction on the cathodic sweep. The 
growth of the polymer in Fig. 6C at pH values greater 
than or equal to 7.71 can be explained by the forma- 
tion of a dimeric iron complex with partial coordina- 
tion of the SAPH-2 ligand (Scheme 4). The dimeric 
product, induced by oxidation at the glassy carbon 
electrode, exhibits two oxidation and two reduction 
waves (at ca. +O.lO and -0.34 V) which suggests 
retention of the core structure throughout the 
electrochemical changes of this species. 

The results obtained for Fe”(SAPH-2) by cyclic 
voltammetry are most important in regards to the 

J 
LFe(OH),FeL or polymer 

(3.3) 

11 
(3.2) 

11 
(2.2) 

Scheme 4. 

differing electrochemical behavior of Fe”(SAPH-3). 
The free ligand SAPH-3 is easier to oxidize with in- 
creasing pH, but all waves are irreversible: pH 3 .OO to 
4.87, no wave; pH 6.96, E1,2 -0.89 V; pH 10.05, 
E 1,2 -0.75 V. The free ligand cyclic voltammogram 
of SAPH-3 (pH = 6.96) is shown in Fig. 7A at 6.67 X 
10m3 M, p=O.lO NaC104, T=22 “C. When Fe” is 
added and the pH is adjusted upward to achieve coor- 
dination, the orange-pink form (pH = 5.70 to 5.90) 
shows a reversible wave (Fig. 7B-1) with El,, = 0.22 
V in agreement with the differential pulse experi- 
ment. This species corresponds to 2B’ in Scheme 3. 
Upon increasing the pH to 6.90 which induces de- 
protonation of the amide moiety, forming species 2B, 
a rapid scan within 45 s of pH adjustment reveals 
cyclic voltammogram 7B-2. A repetitive scan shows 
loss of this signal (scan 7B-3). The decay of the signal 
is not due to demetallation because restirring of the 
solution to replace the glassy carbon monolayer solu- 
tion with the bulk, followed by scan 7B-4 shows the 
absence wave at ca. 0.14 V for species 2B. These 
changes could be repeated by adjusting the solution 
pH below 5.90 followed by readjustment to pH 6.90. 
In this way the decay of the wave 7B-2 was shown to 
involve the sulfhydryl ring closure with k = 9.6 X 
10e2 s-l. This process converts species 2B into 2C in 
Scheme 3. 

It is of importance to note that axial coordination 
of the sulfhydryl group of SAPH-3 produces an 
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Fe”(SAPH-3) complex in form 2C was shown to be 
chemically oxidizable by two electron oxidants. 
Either O2 or RuIV rapidly oxidizes Fe”(SAPH-3) 
with a subsequent (<60 s) demetallation to hydrated 
FesOa. The Ru Iv oxidant was produced by localized 
addition of concentrated NaOH. Ru(NHs)e3+ is 
known to disproportionate into Ru(NH~)~*+ and Ru- 

(NH~)G~+ under these conditions. A dark green 
oxidation product of Fe”(SAPH-3) was seen in the 
high OH- region near the syringe tip for addition of 
NaOH as when Fe”(SAPH-3) is oxidized by 02. 

in the cases of Fe”(HAPH) and Fe”(BLM) the 
addition of CO produces the Fe”(HAPH)CO and 
Fe”(BLM)CO complexes. These have been shown to 
have electrochemical waves at 0.822 and 0.937 V, 
respectively [25]. The large positive shifts on coor- 
dination of CO is readily understood on the basis of 
the rr-acceptor ability of the CO ligand stabilizing a 
low-spin Fe” complex. Admission of CO for 25.0 
min at 1 .O atm produced the anticipated yellow 
Fen(SAPH-3)C0 complex [25,29]. Again no de- 
tectable cyclic voltammetric waves were observed for 
the Fe”(SAPH-3)C0 complex. It may be inferred 
that the sulfhydryl donor is axially coordinated in 
the Fe”(SAPH-3)C0 complex because the Fe”- 
(HAPH) and Fe”(BLM) chromophores with axial N 
donors or H20 yield reversible waves for their CO 
adducts. This requires an axial sulfhydryl chromo- 
phore to alter the electrochemical behavior. 

Studies of the Fe’“(SAPH-series) Complexes 
In the physiological pH range, the coordination of 

SAPH-1 and SAPH-3 to Fe(III) is anticipated to 
possess the imidazole, deprotonated amide, pyridine 
and amine donors as reported for Fe”r(BLM) and 
Fe”‘(AMPHIS); this is further borne out by the 
spectral results which are described below. Sulfhydryl 
group binding was detected for Cu”(SAPH-3) only in 
the pH range of about 3.5 to 5.5. An Fe(W) complex 
would be expected to participate in sulfhydryl coor- 
dination over a wider range due to the higher positive 
charge. Sulfhydryl coordination could occur even 
when the deprotonated amide is already present as a 
donor. The FeI”(SAPH-I), complex was titrated 
spectrophotometrically as shown in Fig. 8A. Spectra 
were recorded rapidly to avoid turbidity due to the 
slow demetallation. A feature suggestive of an LMCT 
charge transfer band at h,,, = 340 nm, is observed at 
pH 3 where cationic Fe(III) complexes with coor- 
dinated Hz0 are well-known to undergo hydrolysis. 
Using the reasonable assumption that imidazole, pyri- 
dine and possibly the amine donors of SAPH-I are 
coordinated at pH 3, either an octahedral complex or 
trigonal bipyramidal species would possess three or 
two waters available for hydrolysis. The pH depen- 
dence and spectral changes that occur at ca. pH 5 to 
6 are consistent with amide deprotonation as shown 
in the earlier section for Cu(I1). Incorporation of this 

I I I I I I , I I I I I 1 I I I I I 
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Fig. 7. Cyclic voltammograms of Fe”(SAPH-3) system: (A) 
SAPH-3 ligand alone, pH = 6.96, (B) [Fe”(SAPH-3)] i = 
6.60 x 10e3 M; curve 1, pH adjusted to 5.90 scanned twice; 
curve 2 pH adjusted to 6.90 and scanned at less than 45 s 
delay at 50 mV/s; curve 3, second scan at 50 mV/s of solu- 
tion in curve 2; curve 4, bulk solution stirred and rescanned; 
curve 4 was displaced from curve 3 for visualization, but it is 
nearly the same. (C) Fe=(SAPH-2) system at 6.60 X 10e3 M, 
pH =4.95 with 6.60 X10e3 M [Ru(NH&]a3 added; 
current amplitude was suppressed 2.5~ to record the re- 
versible Ru”~~‘~’ couple. 

electrochemically inactive complex for Fe”(SAPH-3) 
above pH 6.90. Therefore upon coordination of the 
sulfhydryl moiety no simple one electron oxidation 
process is obtained. This implies a strong mixing of 
orbitals from Fe” and the axial sulfhydryl donor. 
Thus the axial Fe-S bond of Fe”(SAPH-3) is much 
more covalent than the axial Fe-N (imidazole) bond 
of Fe”(HAPH) which exhibits a reversible wave 
(Er,, =0.092 V) [25]. The absence of an electro- 
chemical wave from -0.64 to + 1.2 V versus NHE 
prompted a concern that adsorption of the complex 
or ligand on the glassy carbon surface could be the 
cause of the absence of a signal. This possible com- 
plication was ruled out by the addition of 6.60 X 
10e3 M Ru(NH~)~C~~. The easily distinguished signal 
of the reversible Ru(NH~)~~+~+ couple in the pres- 
ence of the Fe”(SAPH-3) complex was obtained (Fig. 
7C). Ru(NH~)~~+ did not act as a chemical mediator 
for the Fe”(SAPH-3) complex with the glassy carbon 
electrode; no other waves were observed. The 
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Fig. 8. UV-Vis spectra of 0.8 mM SAPH-1 or -3 containing 

an equimolar amount of Fe(ClO& in aqueous solution. (A) 

SAPH-1 (-SMe) (B) SAPH-3 (-SH). pH was adjusted by 

addition of aqueous HCI or NaOH. Curves obtained at pH 7, 

8 and 9 (not shown) were intermediate between pH 6 and 

10. 

strong ligand donor should shift the ligand field tran- 
sitions to higher energy. The negative charge of the 
deprotonated amide will reverse the ability of Fe(II1) 
to acidify coordinated water. Thus, the LMCT as- 
sociated with charge transfer from OH- to Fe(II1) is 
lost with amide coordination. These spectral changes 
(Fig. 8A) infer the changes in coordination at Fe(III) 
shown for SAPH-I 

0% 

Fe = Fe111 
%I+, 

In contrast to Fe “‘(SAPH-I), the Fe”‘(SAPH-3) 
shows an increase in absorbance from pH 3 to pH 10 
(Fig. 8B), and the initial intensity at 340 nm is less 
than for Fe”r(SAPH-1). The increase in absorbance 
throughout the pH range of 7 units is not accom- 
modated by a single pHdependent change such as 
amide coordination. SAPH-3 has three potentially 
ionizable groups: imidazole, amide and sulfhydryl. 
The pK, of the imidazole functionability is above 10 
for Felrl(BLM) and Co”‘(BLM) [30]. The pK, of 

imidazole groups with cationic metal centers of t3 
charge are all above 10 except for Ru(II1) [31] and 
Cr(III) [32]. It is reasonable to conclude that imida- 
zole formation is not responsible for any of the 
changes observed for Fe”‘(SAPH-3). This is because 
the amide deprotonation step should occur near pH 
5 or 6 as seen for the identical ligand except for the 
S-CHs blocking group in SAPH-1. Amide coordina- 
tion will lower the ability of the Fe”‘(SAPH-1) com- 
plex to ionize imidazole; thus the imidazole/imida- 
zolate equilibrium will shift by at least 2 pK, units 
above 10. Therefore, only the amide and sulfhydryl 
moieties need be considered as contributors to the 
changing ligand field implied by the spectrum in 
Fig. 8B. 

Abbreviating the amide and sulfhydryl titratable 
groups of SAPH-3 as LHSH, one can write at least 
four contributing, overlapping equilibria that are sug- 
gested by Fig. 5 B. Based on the ESR observations of 

Fe”‘(LHSH)3+ % Fe”‘(LHS)‘+ t H30+ (1) 

Fe”‘(LHSH)3+ ??? Fe”‘(LSH)*+ t H30+ (2) 

Fe1r1(LHS)2+ 3 Fe”‘(LS)+ t H30+ (3) 

Fe”‘(LSH)*+ 2 Fe”‘(LS)+ t H30+ (4) 

the Cu”(SAPH-3) complex, an estimate of K1 = 10e3 
M can be made. The related spectral results for Fe”‘- 
(SAPH-1) allows K2 to be estimated as IO-’ M. This 
is ca. 1.5 log units lower than for the Fe” complex of 
HAPH and is consistent with the greater charge on 
Fe”‘. Presence of an anionic sulfhydryl should 
reduce the ability of Fe(II1) to assist amide deproto- 
nation, thus, the value of K3 should be between two 
and three orders of magnitude lower than K2, e.g. 
K3 = 5 X 10e8 M. Likewise, presence of an anionic 
coordinated amide should lower the ability of Fe(II1) 
to assist deprotonation of the free sulfhydryl. The 
last equilibrium is probably close to the value to 
ionization of the free SAPH3 ligand (K4 = lo-” M). 
These overlapping equilibria provide a fraction of 
total Fe(II1) as a complex with a bound sulfhydryl 
group, species Fe(LHS)*+ and Fe(LS)‘, over the entire 
pH range because the equilibria pKas of ca. 3.0, 5.0, 
7.3, 10.0 are not sufficiently far apart that only one 
species is dominant. However, amide coordination or 
sulfhydryl coordination, present in all forms except 
Fe(LHSH)3+, protects the complex against hydrolysis 
of coordinated Ha0 and explains the absence of an 
LMCT transition as seen in the Fe”‘(SAPH-I) case. 

Additional evidence for the presence of coordi- 
nated sulfhydryl is given by the longer wavelength 
components, h > 400 run, which implicates an LMCT 
transition from a ligand more readily photooxidized 
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than OH-. This is logically the RS chromophore of 
the deprotonated SAPH3 ligand. The scheme below 
illustrates the coordination changes required to 
obtain a gradual increase in absorbance from 300 to 
500 nm over pH range of 3 to 10. 

Fe = Fe”’ 

41 
pHa3 

II 11 pH-9 

?‘+2 

Spin Trapping Studies 
Spin trapping studies were carried out using the 

well-known PBN and DMPO traps for HO., HO*., 
Os-, and organic radicals derived from them in the 
presence of ethanol as a mediator. The technique has 
been reviewed by Janzen [33] and by Evans [34]. 
The experimental procedures and a discussion of the 
use of mediators has been presented in prior 
manuscripts [35-371. The mechanism of attack on 
DNA strands by the Fe”(BLM) system may involve a 
ferry1 oxygen (Fe”’ -O-atom) complex under condi- 
tions of low available Fe” [4, 5a]. At higher con- 
centrations (ca. 1 .O X 10e3 M in vitro) Fe”(BLM)/Os 
generates copious amounts of HOs. and HO* which 
are trapped by DMPO [29]. The ability of the synthe- 
sized Fe”(SAPH1-3) and Fe”(DAPHS4-6) com- 
plexes to activate 0s at the higher in vitro concentra- 
tions was deemed a useful test of their oxygen radical 
generating activity in comparison with Fe”(BLM) 
and Fe”(AMPHIS). This method would not detect 
Fe”‘-0 atom intermediates which would be rapidly 
reduced by additional Fe” at higher concentrations 
above the intercellular level. 

The Fe”(AMPHIS) complex was prepared under 
Ar in aqueous solution from weighed amounts of 
AMPHIS and Fe(NH4)2(S04)2*6Hz0. When O2 was 
bubbled through a solution of ca. 1 .O X 10e3 M 
Fe”(AMPHIS) in the presence of 1 M ethanol with 
PBN at ca. 1 .O X lo-* M, a radical characteristic of 
[CHsCHOH] was trapped; (aN = 16.4 G, an = 3.5 G) 
[36, 371. This confirms the report by Henichart et al. 

[8] that the Fe”(AMPHIS) complex reacts with 0s 
to produce HO.. The presence of ethanol acts as a 
scavenger for HO. to yield the trappable [CH3CHOH] * 
species. When Fe”(SAPH-1) was treated in an 
identical manner, the same radical adduct of PBN was 
trapped, but at one tenth of the signal amplitude 
produced by Fe”(AMPHIS)/02 [38]. 

Attempts to trap radicals from the O2 oxidation 
of Fe”(SAPH-3) did not result in detectable radical 
signals after 30 s reaction and 30 additional seconds 
ESR tuning time for either PBN or DMPO radical 
traps at ca. 0.24 M. A free Fe1/DMP0/02 blank 
yielded no radicals at these concentrations [37]. 
Identical conditions resulted in OH. being trapped 
with Fe”(BLM)/Os or Fe”(HAPH) with O2 [29]. 
Since both of SAPH3 and DAPHS-6 possess oxi- 
dizable sulfhydryl groups, it is possible that the -SH 
chrome 
the Fe 8 

hore suffers a concerted 2e- oxidation with 
center or attack by HO., 02- or another 

oxygen-centered radical prior to the dissociation of 
the radical from the solvation cage of the Fe”‘- 
(SAPH-3)02- or Fe”‘(DAPHS-6)02- intermediate. 
This explanation is in keeping with observable reac- 
tivity for the Fe”(SAPH-1) complex which carries a 
protected -SCH3 moiety and the green intermediates 
observed visually during autoxidation of Fe”(SAPH- 
3). It has been reported elsewhere that sulfhydryl 
containing compounds such as dithiothreitol (DTT) 
will successfully quench radicals produced by the 
autoxidation of Fe”(edta)*- [36, 371. The presence 
of the peroxo complex, Fe”‘(edta)(O,H)*-, is in 
evidence from the product spectrum, thus the inter- 
mediate superoxo complex, Fe”(edta)02-, is rapidly 
reduced by DTT faster than it can form secondary 
radicals which are trapped by DMPO in the absence 
of DTT [37]. Therefore the presence of the terminal 
sulfhydryl group is ultimately detrimental to oxygen 
radical production by Fe” complexes, either intra- 
molecularly with Fe”(SAPH-3) or intermolecularly 
with Fe(edta)*- and DTT. 

When Fe”(SAPH-3) was oxidized by H20s in the 
presence of DMPO, no radical adduct HODMPO. was 
observed. Copious amounts of HODMPO. (aN = aH = 
15 .O G) were detected for the Fe(edta)*-/H202/ 
DMPO system on the same date of study and a com- 
parable level of HO. is formed with Fe”(HAPH) 
[29]. Therefore Fe”(SAPH-3) produced no trappable 
radicals from either O2 or H202 oxidation. Since the 
H202 one-electron reduction product must form 
HO., the HO. species must be immediately reduced 
before it escapes the reaction cage. The only logical 
explanations are the attack of HO. on the sulfhydryl 
ligand or the transfer of two electrons together from 
the Fe”sulfhydryl chromophore. Thus Fe”(SAPH-3) 
acts as essentially a 2electron reagent toward either 
O2 or H202. In addition, sulfhydryl coordination in 
Fe”(SAPH-3) renders this complex chemically inert 
to a le- oxidation at glassy carbon up to +1.24 V. 
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Conclusions 

Substitution of the primary amino group by the 
thio function almost eliminates the ability to generate 
diffusable oxygen radicals in these simplified models 
of BLM. Visible spectra and electrochemical data 
indicate the sulfhydryl group is bound, depending 
on pH, to Fe(I1) and Fe(III). The ESR data indicates 
that for the Cu(I1) complexes of the SAPH and 
DAPHS series, there are significant departures from 
the octahedral structures proposed for PYML and 
AMPHIS outside the physiological pH range. Similar 
species of lower ligation are observed for CurrBLM by 
CD spectra [ 161. The main factor in the impairment 
in the ability to mediate formation of diffusable 
oxygen radicals appears to be a direct 2e- oxidation 
of the Fe”-SR unit or that if free radicals are 
formed they are quickly extinguished by the nearby 
SH groups. The thiol function in SAPH-3 or DAPHS- 
6 is somewhat in a susceptible position for attack by 
free radicals, unlike the SH group of cytochrome 
P-450 where a massive organic layer covers the sulf- 
hydryl moiety. Thus in an ‘unprotected’ molecule 
(e.g. SAPH-3 and DAPHS-6), the -SH group may 
undergo rapid oxidation. The identical unit, save for 
the replacement of SH by imidazole is quite active 
[29]. The -SH or -S-donor may also compete with 
water molecules for coordination of the central metal 
and the dissociated form may have a lower reactivity 
as observed for Fe”(SAPH-1)/O*. In either case, the 
ability to mediate active oxygen would suffer. Hydro- 
phobic groups apparently are important in increasing 
the active oxygen ability of a number of recently 
synthesized analogs of PYML [38]. In fact, t-butyl 
esters of some substituted PYML analogs have shown 
active oxygenation capability approaching that of 
BLM [38b]. It should be noted that the 2e- reduc- 
tion of Oa by Fe”(SAPH-3) certainly parallels the 
2e-activation of Oa by the P-450 enzyme. 

Experimental 

Melting points were determined on a Thomas- 
Hoover apparatus and are uncorrected. IR spectra 
were recorded with a Perkin-Elmer 267 Grating 
Infrared Spectrophotometer or a Digilab FTS 15/80. 
W-Vis spectra were obtained with a Varian DMS 
100 W-Vis spectrophotometer or Varian-Cary 118C 
spectrophotometer. ‘H and i3C NMR spectra were 
obtained with a Jeol FX90Q Fourier transform 
spectrometer operating at 89.55 and 22.50 MHz 
respectively, with TMS as a reference. High resolution 
mass spectral analysis were conducted on a V6 70-G 
double focusing mass spectrometer. Low resolution 
mass spectral analyses were conducted on a Finnigan 
3200 mass spectrometer at 70 eV. Microanalyses were 
performed for synthesized compounds at Galbraith 

Laboratories, Inc., Knoxville, TN. Analytical thin- 
layer chromatography was conducted with Kodak 
silica gel precoated plastic chromatogram sheets 
impregnated with a fluorescent indicator. Preparative 
thin-layer chromatography was performed on 
Analtech silica gel GF (1000 microns in thickness). 
Column chromatography utilized Mallinckrodt 
analytical grade silicic acid powder. 

Methyl 6-[[[2-(methylthio)ethyl]amino]methyl]-2- 
pyridinecarboxylate (8) 

To a solution of S-methylcysteamine (260 mg, 2.9 
mmol) in methanol (10 ml) was added two drops of 
the indicator dye bromocresol purple (1% in 
methanol). The pH was adjusted to 6 with the addi- 
tion of 5 M HCl in methanol, as indicated by a 
yellow-green color. Size 3A molecular sieves were 
then added to the flask. The solution was then com- 
bined with a solution of the aldehyde 7 (430 mg, 2.6 
mmol) in methanol (10 ml). This mixture was stirred 
for 1.5 h at which time sodium cyanoborohydride 
(130 mg, 2 .O mmol) was added. The solution was 
then stirred for an additional 15 h. Afterwards, 
saturated NaHC03 solution (10 ml) was added to the 
reaction mixture. The basic solution was then 
extracted with CHC13 (3 X20 ml). The organic frac- 
tions were combined and dried over MgS04. Subse- 
quent evaporation of solvent yielded a green oil. The 
oil was purified by preparative TLC (MeOH- 
CHaCla = 7.5: 100) to yield the product 8 (440 mg, 
70% yield): ‘H NMR (CDC13) 6 8.1-7.4 (m, 3H, 
PyrH), 4.07 (s, 2H, PyrCHaN), 4.00 (s,3H,COOCH3), 
3.0-2.5 (m, 4H, SCHaCHaN), 2.10 (s, 3H, SCH3); 
i3C NMR (CDC13) S 165.8 (COOCHs), 160.6 (PyrCa), 
147.6 (PyrC,), 137.4 (PyrC,), 125.6 (PyrC,), 123.6 
(PyrCs), 58.4 (PyrCHaN), 52.8 (COOCH3), 47.7 
(SCHaCHaN), 34.5 (SCHaCHaN), 15.3 (SCH3); IR 
(CHC13) v cm -’ 3390 (br, N-H), 1718 (ester C=O); 
MSm/z,240(M+),193,179(100%),165,151. 

Methyl 6-/i/2-l/(4-methoxyphenyl)methyl]thioJ- 
ethylJamino]methyl]-2-pyridinecarboxylate (9) 

Analogous to the procedure described above for 
8, compound 9 was prepared from the aldehyde 7 
(0.98 g, 4.97 mmol), S-(4-methoxybenzyl)cysteamine 
(820 mg, 4.97 mmol) and soldium cyanoborohydride 
(250 mg, 4.0 mmol) in a total volume of 25 ml of 
methanol. After workup the blue oil was purified by 
column chromatography (silicic acid, MeOH- 
CHzClz = 2:98) to yield the desired product 9 (1.12 
g, 65% yield): ‘H NMR (CDC13) 6 8.1-7.3 (m, 3H, 
PyrH), 7.0 (dd, 4H, ArH), 3.98 (s, 5H, COOCHa and 
PyrCHaN) 3.80 (s, 3H, ArOCHa), 3.67 (s, 2H, SCHa- 
Ar), 2.9-2.4 (m, 4H, SCH,CH,N), 2.4-2.1 (br s, I H, 
NH); r3C NMR (CDCls) 6 165.8 (ester C=O), 160.6 
(PyrCa), 158.7 (ArC,), 147.6 (PyrC,), 137.4 (PyrC,), 
130.3 (ArCi), 129.9 (Arcs and Cs), 125.5 (PyrC,), 
123.5 (PyrCs), 114.0 (ArCa and C,), 55.3 (ArOCH3), 
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54.7 (PyrCHsNH), 52.8 (COOCHa), 48.1 (SCHaC’Hs- 
N), 35.6 (SC’H,Ar), 31.6 (SCI-IsCHsN); IR (CHCls) v 
cm-’ 3400-3200 (N-H), 1718 (ester C=O); MS, 
m/z 346 (M+), 225, 193, 179 (100%); HRMS, m/z 
346.1321 (C1aHzzNzOsS requires 346.1351). 

A hydrobromide was made by passing HBr gas 
into a MeOH-Et,0 solution of 9. The resulting solid 
was filtered, washed with ether, then acetone, and 
dried: melting point (m.p.) 114-115 “c; ‘H NMR 
(DsO), 6 8.2-7.9 (m, 2H, PyrH), 7.6 (dd, lH, PyrH), 
7.0 (dd, 4 H, ArH), 4.34 (s, 2H, PyrCHaN), 3.98 (s, 
3H, COOCHs), 3.73 (s, 3H, ArOCHa), 3.68 (s, 2H, 
SW&), 3.2-2.9 (m, 2H, SCHzCHaN), 2.9-2.6 (m, 
2H, SCHsCHaN). 

N-[2-(1H-Imidazol-4-yl)ethyl]-6-(~[2-(methylthio)- 
ethyl]amino]methy2/-2-pyridinecarboxamide 
(SAPH-I) 

The ester 8 (700 mg, 2.9 mmol) was dissolved in 
10 ml of MeOH and treated with an excess of hista- 
mine (1.2 g, 10.4 mmol). The reaction was stirred at 
room temperature for eight days. The methanol was 
then evaporated from the solution to give a green oil 
which was purified by preparative TLC [silica gel GF, 
CHaNHs (40% aq soln)-MeOH-CHCla = 10:10:80]. 
The pure product was recovered as a brown oil (550 
mg, 59% yield): ‘H NMR (CDCla) 6 8.7-8.2 (br t, 
lH, CONHCHa),8.1-7.1 (m,4H,PyrHand ImidCaH), 
6.85 (s, lH, ImidCaH), 3.97 (s, 2H, PyrCHsN), 3.9- 
3.5 (m, 2H, CONHCHa), 3.1-2.4 (m, 6H, SCH,CH,N 
and ImidCHa), 2.08 (s, 3H, SCHa); i3C NMR (CDCla) 
6 164.5 (CONH), 158.2 (PyrC,), 149.4 (PyrC,), 
137.8 (Pyr&), 135.2 (Imid&+), 134.9 (ImidCs), 
124.7 (ImidCs), 120.4 (PyrC,), 116.7 (PyrCs), 53.9 
(PyrCI-IaN), 47.4 (SCHaCHzN), 39.4 (CONHCHs), 
34.4 (SCHsCHsN), 27.2 (ImidCHa), 15.3 (SCHs); IR 
(CHC13) v cm-’ 3250 (broad, N-H), 1660 (amide 
C=O); HRMS, m/z 319.1487 (C1sH2rNsOS requires 
319.1484). 

The bis dihydrogen oxalate of 1 was made and re- 
crystallized from aqueous methanol: m.p. 194-195 
“C; ‘H NMR (DzO) 6 8.55 (d, lH, ImidCaH),8.1-7.8 
(m, 2H, PyrC3- and CsH), 7.7-7.5 (m, lH,PyrCbH), 
7.25 (s, lH, ImidCaH), 4.50 (s, 2H, PyrCHaN), 3.8- 
3.7 (m, 2H, CONHCHaCHa), 3.40 (t, 2H, ImidCHz- 
CHa), 3.55 (t, 2H, SCHsCH,N), 3.4-3.1 (t, 2H, 
SCHaCHaN), 2.05 (s, 3H, SCH3); Anal. Calc. for 
C,aH2sN509S: C, 45.69; H, 5.04; N, 14.02; S, 6.42. 
Found: C,46.13; H, 5.15; N, 14.50; S, 6.76%. 

N-[2-(IH-Imidazol-4-yl)ethylJ-6-///2-[//4- 
methoxyphenyl)methylJthio]ethyl]amino]methyl]- 
2-pyridinecarboxamide (SAPH-2) 

Similar to the procedure for the preparation of 1, 
the ester 9 (900 mg, 2.6 mmol) was dissolved in 
methanol (10 ml). To this solution a four molar 
excess of histamine (1.2 g, 10.4 mmol) was added. 
The reaction was stirred at room temperature for six 

days. The methanol was then evaporated from the 
solution to give a brown oil. The oil was dissolved in 
chloroform and washed with Hz0 (4 X 10 ml), to 
facilitate the removal of excess histamine. The chloro- 
form layer was dried over MgS04 and evaporated. 
The resulting oil was purified by column chromato- 
graphy (silicic acid, MeOH-CHaCls = 10: 100). Alter- 
natively, small quantities were purified by preparative 
TLC [silica gel GF, CH3NHz (40% aq soln)-MeOH- 
CHC13 = 5:7:140]. The pure product was recovered 
as a brown oil (660 mg, 60% yield): ‘H NMR (CDCla) 
6 8.8-8.3 (br t, lH, CONHCH2), 8.2-7.3 (m, 4H, 
PyrH and ImidCsH), 7.3-6.6 (m, 5H, ArH and 
ImidCaH), 3.93 (s, 2H, PyrCHsN) 3.80 (s, 3H, 
ArOCH3) 3.65 (s, 2H, SCH&), 3.8-3.6 (m, 2H, 
CONHCHs), 3.1-2.4 (m, 6H, SCH#H2N and 
ImidCH,); 13C NMR (CDC13) 6 164.5(CONH), 158.6 
(PyrC,), 158.4 (ArCa), 149.3 (PyrC,), 137.7 (PyrC& 
135.2 (ImidCJ, 134.9 (Imid&), 130.1 (ArCi) 129.8 
(Arc3 and C,) 124.6 @mid&), 120.3 (PyrC3), 116.7 
(PyrC,), 113.9 (ArCa and C,), 55.2 (ArOCH3), 54.0 
(PyrCHsN), 47.8 (SCHsCHaN), 39.2 (CONHC’Ha), 
35.6 (SCHsAr), 31.6 (SC’H&HaN), 27.2 (ImidCHa); 
IR (CHC13) v cm-’ 3400-3200 (b, N-H), 1650 
(amide C=O); MS, m/z 426 (M+ l+), 425 (M+), 304, 
272,258 (100%). 

A dihydrogen oxalate of 2 was prepared and re- 
crystallized from aqueous methanol: m.p. 183-184 
“C; ‘H NMR (DaO) 6 8.55 (d, 1 H, ImidCsH), 8.2-8 .O 
(m, 2H, PyrC3- and CsH),7.65 (t, lH, PyrChH), 7.16 
(s, lH, ImidCsH), 7.2-6.7 (dd, 4H, ArH), 4.35 (s, 
2H, PyrCH2N), 3.75 (s, 3H, ArOCH3), 3.8-3.6 (m, 
2H, CONHCH,), 3.65 (s, 2H, SCHaAr), 3.2-2.7 (m, 
6H, ImidCHa and SCH,CHZNH2). Anal. Calc. for 
C26H31N5010S: C, 51.56; H, 5.16; N, 11.57; S, 5.30. 
Found: C,51.97;H,5.23;N,11.53;S,5.66%. 

Nj2-(lH-Imidazol-4-yl)ethyl]-6-/l(2-mercaptoethyl)- 
aminojmethyll-2-pyridinecarboxamide trihydro- 
chloride (SAPH-3) 

Method A /12] 
In a teflon reaction chamber the S-protected 

amine 2 (650 mg, 1.53 mmol) was combined with 
anisole (660 mg, 6.12 mmol). Liquid HF (5 ml) was 
then condensed into a preliminary teflon vessel which 
contained CoF3 (0.5 g) as a drying agent. The HF was 
then distilled into the reaction chamber. The mixture 
was stirred for 0.5 h at 0 “C. Afterwards, the HF was 
removed with a water aspirator and the reaction con- 
tainer was placed under high vacuum (0.6 mmHg) 
for a 12 h period. Subsequently, the oil remaining 
in the reaction chamber was dissolved in CH2C12 (5 
ml) and extracted with 1 N HCl (3 X5 ml). The 
aqueous fractions were combined and lyophilized. A 
hygroscopic solid found to be the trihydrochloride of 
2 was recovered (5 10 mg, 80% yield): ‘H NMR (DaO) 
6 9.02 (s, lH, ImidCsH), 8.6-8.2 (m, 2H, PyrCs- and 
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CsH),8.2-7.9(m,1H,PyrC~),7.70(s,lH,ImidCs- 
H), 4.98 (s, 2H, PyrCHaN), 4.2 (m, 2H, CONHCHa- 
CHa), 3.84 (t, 2H, ImidCHaCHa), 3.6-3.1 (m, 4H, 
SCHaCHaN); 13C NMR (DaO) 6 167.0 (CONH) 
151.3, 149.5 (PyrCa and C,), 140,9 (PyrC,), 134.4, 
132.0 (PyrCa and Cs), 127.4 (Imid&), 123.3 
(Imid&), 117.4 (Imid&), 51.2, 50.9 (PyrCH,NHa+- 
CH*), 39.4 (CONHC’Ha), 25.4 (ImidCH*), 21.2 
(SCHaCHaN); IR (KBr) v cm-’ 3425 (N-H), 1640 
(amide C=O); MS m/z, 30.5 (w), 272 (loo%), 258, 
245. 

Method B 
The S-protected amine 2 (590 mg, 1.4 mmol) was 

dissolved in trifluoroacetic acid (10 ml). Anisole (600 
mg, 5.6 mmol) was then added to the reaction flask. 
The mixture was heated under condenser and drying 
tube for 1 h at 90 “C. Subsequently the acid was 
removed under water aspirator and a brown oil re- 
mained in the flask. The oil was dissolved in CHaCla 
(5 ml) and extracted with 1 N HCI (3 X5 ml). The 
aqueous fractions were combined and freezedried 
to yield a hygroscopic solid found to be the trihydro- 
chloride (490 mg, 85% yield). The spectral data was 
identical to that of method A. The free base of 3 was 
prepared by placing the hydrochloride over a Bio-Rad 
AG 50 W-X8 analytical grade cation exchange resin. 
Elution with Ha0 was followed by 1% aqueous am- 
monia while bubbling argon gas through the eluates. 
Lyophilization of collected fractions produced a 90% 
recovery of the free base of 3: ‘H NMR (CDC13) 6 
8.8-8.3 (br t, lH, CONHCH*), 8.2-7.0 (m, 4H, 
three PyrH and ImidCaH), 6.83 (s, lH, ImidC,H), 
3.93 (s, 2H, PyrCHaN), 3.8-3.3 (m, 2H, ImidCHa- 
CHa), 3.1-2.3 (m, 6H, SCH&?HaN and CONHCHa); 
HRMS, m/z 305.1313 (C14Hi9N50S requires 
305.1317). 

Treatment of 3 with ZnClz gave a precipitate 
which was recrystallized from methanol to yield 
white crystals: m.p. 212-214 “C; NMR data was 
identical to that for the trihydrochloride of 3. Anal. 
Calc. for C14Hz~C13Ns0S~0.75ZnClz*0.75HzO: C, 
31.57; H, 4.46; N, 13.15; S, 6.02; Zn, 9.21. Found: 
C, 31.49; H,4.42; N, 12.96; S, 6.33; Zn, 8.94%. 

Methyl 6-[(/2-(methyIthio)ethylJaminoJcarbonyl-2- 
pyridinecarboxy2ate (II) 

To a solution of the acid ester 10, (1.81 g, 0.01 
mol) in 25 ml of dioxane was added a solution of 
HOBT (2.29 g, 0.015 mol) in 25 ml of dioxane fol- 
lowed by a solution of DCC (2.06 g, 0.01 mol) in 20 
ml of CHaCla. After stirring for 1 h at O-5 “C, the 
precipitate was filtered and washed several times with 
CHzClz. The filtrate was then evaporated to ca. 50 
ml, and S-methyl cysteamine (0.91 g, 0.01 ml) added. 
The reaction mixture was then stirred overnight at 
room temperature, filtered to remove solid, washed 
with 10% aq NaHC03 (2 X 15 ml), Hz0 (1 X 15 ml), 

and finally dried (Na,S04). Removal of solvent in 
vacua produced 2.29 g of a reddish-brown oil. TLC 
revealed predominantly product but small amounts of 
impurities were also detected. Further purification 
was achieved by chromatography on a 4 cm X66 cm 
column containing 225 g of silicic acid. Elution with 
CHaCla -MeOH = 99: 1 gave 1 .16 g (46%) of product 
sufficiently pure for ensuing reactions. An analytical 
sample was prepared by collection of samples eluted 
from an HPLC column (C-18 reverse phase; CH3CN- 
Hz0 = 20:80) and evaporation of solvent to give 11 
as a yellow oil. ‘H NMR (CDC13) 6 8.6-8.4 (br s, lH, 
CONH), 8.4-7.8 (m, 3H. PyrH), 3.98 (s, 3H, 
COOCH3), 3.65 (dd, 2H, CONHCHaCHa), 2.78 (t, 
2H, SCHaCHaN), 2.16 (s, 3H, SCH3). i3C NMR 
(CDC13) 6 164.7 (ester C=O), 163.4 (amide C=O), 
150.1 and 146.7 (PyrC, and PyrC,), 138.5 (PyrC,), 
127.2 and 125.3 (PyrC, and Ca), 52.7 (COOCH3), 
38.6 (CONHCHa), 33.7 (SCHaCHaN), 15.3 (SCH3); 
IR (CS,) v cm-’ 3480 and 3375 (N-H), 1730 (ester 
C=O), 1680 (amide C=O); MS, m/z 254 (M+), 239, 
223, 207, 193, 181, 164, 136. Anal. Calc. for 
C1iHi4N203S.0.75HzO: C, 49.32; H, 5.83; N, 10.46; 
S, 11.97. Found: C, 49.50; H, 5.92; N, 10.23; S, 
12.06%. 

Methyl 6-///2-/f (4-methoxyphenyl)methyl] thio] - 
ethylJaminoJcarbonylJ-2-pyridinecarboxylate (12) 

A mixture of 905 mg (5 mmol) of 10 and HOBT. 
Ha0 (765 mg, 5 mmol) was dissolved in 5 ml of DMF 
and then cooled to 0 ‘C. A solution of DCC (1.030 g, 
5 mmol) in 1 ml of DMF was then added and the 
entire mixture stirred for l/2 h at 0 “C. During this 
time, a white solid appeared. A solution of S-(4- 
methoxybenzyl)cysteamine (985 mg, 5 mmol) in 1 
ml of DMF was added and the temperature main- 
tamed for an additional 0.5 h. The mixture was then 
allowed to warm to room temperature and stirred an 
additional 5 h. Solvent was removed at high vacuum 
(35 “C) and the residue taken up in 25 ml of CHaCla. 
The organic portion was washed with 10% aq. citric 
acid (4 X 10 ml), water (1 X 10 ml) and finally with 
a saturated NaCl solution (1 X10 ml). After drying 
(MgS04) and removal of the solvent, 1.80 g of an 
orange oil was obtained. TLC revealed three spots, 
but the major spot was the desired product. Further 
purification was achieved by chromatography on a 
4 X66 cm column containing silicic acid. Elution 
with 2% MeOH/CH2C12 gave 1 .Ol g of the product as 
a yellow oil and 0.60 g of additional material con- 
taining small amounts of impurities. Further workup 
of this latter fraction produced a sufficiently pure 
material which was combined with the yellow oil to 
give 1.56 g (86%) of 12. ‘H NMR (CDC13) 6 8.6-7.8 
(m, 3H, PyrH), 7.3-6.6 (m, 4H, ArH), 4.00 (s, 3H, 
COOCH3), 3.75 (s, 3H, ArOCH,), 3.70 (s, 2H, 
SCHaAr), 3.6-3.4 (m, 2H, CONHCHaCHa), 2.64 (t, 
2H, SCH,CH,N); i3C NMR (CDCla) 6 164.9 (ester 
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C=O), 163.4 (amide C=O), 158.7 (Arc,), 146.6 
(PyrC, and C,), 138.4 (PyrC,), 130.1 (ArCI), 129.9 
(Arcs and C,), 127.1 and 125.3 (PyrC, and Cs), 
113.9 (ArCa and C,), 55.2 (ArOCHs), 52.8 
(COOCHs), 38.8 (SCHaAr), 355 (CONHC’Ha), 30.8 
(SCH,CH,N); IR (CHCls) v cm-’ 3390 (N-H), 1728 
(ester C=O), 1670 (amide C=O); MS, m/z 360 (M+), 
239,164,136,121 (100%). 

N-[2-IH-Imidazol-4-yl)ethyl]-N’-[2{methylthio)- 
ethyl] 2,6-pyridine-dicarboxamide (DAPHS-4) 

In a stoppered flask, the ester 11 (508 mg, 2.0 
mmol) was treated with a solution of histamine (1 .O 
g, 10 mmol) in 10 ml of methanol. The mixture was 
stirred at room temperature for 5 days after which 
time TLC analysis indicated all of the starting 
material had reacted. Upon removal of the solvent 
in vacua, the oil was taken up in 5 ml of CHCla, 
which then was washed with water (3 X 3 ml) to 
remove the excess histamine, and finally with satu- 
rated NaCl (1 X3 ml). After drying (MgSOJ and 
evaporation of the solvent, 500 mg of 4 (75% yield) 
was obtained. An analytical sample was prepared by 
crystallization from CHsCN to given an egg-white 
solid, m.p. 147.5-149 “C. ‘H NMR (CDCls) 6 9.4- 
9.1 ’ (br t, 1 H, CONHCH& 8.9-8.6 (br t, lH, 
CONHCH*), 8.4-7.9 (m, 3H, PyrH) 7.62 (s, lH, 
Imid&H) 6.87 (s, lH, ImidCsH), 3.9-35 (m, 4H 
two CONHCH,CH,), 3.1-2.6 (m, 4H, ImidCHzCHz 
and SCH,CH2), 2.15 (s, 3H, SCHs). r3C NMR 
(CDC13) 6 164.0 (ester and amide C=O), 148.9 and 
148.7 (PyrC* and PyrC,), 139.0 (PyrC,), 136.1 and 
135.0 (ImidCa and C,), 124.6 (ImidCs), 116.3 (Pyr 
C3 and Cs), 39.8 and 38.9 (both CONHCH2CH2), 
33.6 (C&S), 26.8 (ImidC’Ha), 15.3 (SCH3). IR 
(CHC13) Y cm-’ 3290 (N-H), 1665 (amide C=O); 
MS, m/z 333 (M+), 318,286 (lOO%), 272,252,223. 
Anal. Calc. for CrsHraNsOaS: C, 54.03; H, 5.74; N, 
21.01; S, 9.62. Found: C, 54.16; H, 5.99; N, 20.69; 
s, 9.74%. 

N-f2-(IH-Imidazol-4-yl)ethyIj-N’-f2-~](4-methoxy- 
phenyl)methyl]thiol]ethyI]2,6-pyridinecarboxainide 
hydrobromide (DAPHS-5) 

Using the procedure described above for the 
amidation of 11, the ester 12 (1 .Ol g, 2.8 mmol) and 
histamine (1.24 g, 11 mmol) in 6 ml of MeOH were 
stirred for three days. The product 5 (1 .ll g, 90%) 
was obtained as an oil. A hydrobromide salt of the 
diamide was prepared by treating a portion of the oil 
with 10% aq HBr and setting the mixture in the re- 
frigerator overnight. Recrystallization of the egg- 
white solid from acetonitrile (containing a small 
amount of MeOH) and drying (PZO,) under high 
vacuum at 45 “C gave S.HBr, m.p. 181-183 “C. ‘H 
NMR (CD,OD) 6 8.78 (s, lH, Imid&H), 8.4-8.2 
(m, 3H, PyrH), 7.38 (s, lH, ImidCsH), 7.04 (dd, 
4H, ArH), 3.11 (t, 2H, ImidCHzCHz) 2.70 (t, 2H, 

SCH2CH2N). IR (KBr) v cm-’ 3450, 3320, 3280, 
3100, and 2870 (N-H), 1680 and 1655 (amide 
C=O). Anal. Calc. for CzzHZ6BrNs03S: C, 50.77; H, 
5.04; N, 13.46; S, 6.16. Found: C, 50.36; H, 5.28; 
N, 13.76; S, 6.39%. 

N-[2(IH-Imidazol-4-yl)ethylj-N’-(2-mercaptoethyl)- 
2,6pyridinedicarboxamide (DAPHS-6) 

To a 10 ml reaction-vial was added the diamide 5 
(44 mg, 0.1 mmol), anisole (54 mg, 0.5 mmol) and 
trifluoroacetic acid (1 .O ml). The vessel was stoppered 
and heated to 90-95 “C for 1 h, after which time the 
mixture was cooled and evacuated at the water 
aspirator (40 “C). Nitrogen gas was introduced into 
the vacuum line and was also bubbled into solutions 
during the ensuing workup. The residue after evapora- 
tion was taken up in distilled water (2-3 ml) and 
washed with CHaCla (3 X 1 ml). The aqueous solution 
was lyophilized to give 44 mg (quantitative yield) of 
6 as the trifluoroacetate, containing no detectable 
impurities. ‘H NMR (CD30D) 6 8.79 (d, lH, 
Imid&H), 8.4-8.0 (m, 3H, PyrH), 7.36 (d, lH, 
Imid&H), 3.9-3.4 (m, 4H, two CONHCH*), 3.10 
(t, 2H, ImidCFCHP), 2.75 (t, 2H, SCH,CH,N); IR 
(KBr) Y cm 3700-3200 (N-H and OH), 1674 
(C=O); MS, m/z 319 (M+), 301,286,272,238,191, 
181, 163; HRMS, m/z 319.1104 (Cr4Hr7N502S 
requires 319.1103). The free base of 6 could be ob- 
tained as an oil, or other acid salts as glasses could be 
made after passing the trifluoroacetate over a cation 
exchange resin and eluting with the appropriate 
reagents. Both the free base and the salt forms gave 
positive Ellman’s tests indicative of a sulfhydryl group. 

ESR Spectra 
Spectra of Cu(I1) complexes were recorded at 113 

K with a Varian E-4 EPR spectrometer at 20 mW 
power and 1.25 G modulation amplitude, tuned in 
the 9.07 GHz region. The details of sample prepara- 
tion and operation have been given elsewhere [20]. 

Electrochemical Studies 
Electrochemical measurements were performed 

using standard techniques on an IBM 225 Voltam- 
metric Analyzer [25]. 

Spin-trapping Studies 
N-Tert-butyliu-phenylnitrone (PBN) and 5,5- 

dimethyl-l -pyrroline-Noxide (DMPO) were obtained 
from Aldrich. All manipulations of Fe(I1) complexes 
were performed by weighing samples of Fe(NH4)*- 
(S0&*6H20 such that an excess of chelating ligand 
(ca. 20%) was available in the final solution to assure 
no free Fe(Hz0,jb2+ was present. Spin trapping proce- 
dures were the same as those of Myser and Shepherd 
[35, 371; these references should be consulted for 
procedural details and other pertinent aspects of the 
spin trapping experiments of this report. 
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