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Abstract 

Nickel(H) complexes of certain dioxopentaazamacrocycles are known to react with dioxygen, but the reaction is highly 
ligand dependent, includes an induction period, and appears to require ligand oxidation concomitant with 0, uptake. 
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1. Introduction 

While nickel(I1) is well established as a re- 
dox active metal ion, the number of nickel(H) 
complexes capable of interaction with dioxygen 
are few. Examples include square planar and 
pentadentate complexes derived from such lig- 
ands as tri- and tetrapeptides [I], reduced salens 
[2] and thioether pendant salens [3], and other 
tetradentate Schiff base complexes [4,5]. 
Nickel(H) bis-acetylacetonate-type complexes 
are known to promote autoxidation of aldehydes 
[6,-J]. 

Of particular interest in the present study are 
the nickel@) complexes of a series of pentaaza- 
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macrocycles such as l(see Fig. 1) that have 
been reported by Kimura and coworkers to form 
stable and reversible 0, adducts [8] in aqueous 
or methanolic solutions. While 1 is capable of 
catalyzing the aerobic oxidation of benzene to 
phenol [9], nickel complexes of both 1 and 2 
mediate O,-dependent DNA cleavage [lo]. De- 
spite these intermolecular oxidations, one of the 
major products of reaction of this class of com- 
pounds with dioxygen is ligand oxidation, par- 
ticularly hydroxylation at C 15 [ 1 I]. In order to 
explore the utility of nickel pentaazamacrocy- 
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Fig. 1. Dioxopentaazamacrocyclic ligands for nickel(H) complex 
formation. 
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Fig. 2. Possible sites for appendage of DNA-binding substituents, 
a= Cl5 b= N7, c= C2, C12. 

cles in catalytic oxidation of organic and biolog- 
ical substrates, we have undertaken further 
mechanistic studies including the synthesis and 
characterization of additional members of this 
ligand class. 

The ability to append a DNA-binding sub- 
stituent to a metal chelate reactive with 0, 
would be appealing since it could then lead to in 
vivo applications [12]. Potential positions for 
introduction of such substituents include the 
polyamine backbone (such as C2), the amine 
nitrogens (such as N7), and Cl5 of the malonate 
portion of the ligand (Fig. 2). Macrocycles 3 
and 4 have already been reported as unreactive 
with 0, [lo] despite their relatively low E,,, 
values for the Ninl/ll couple. Thus, disubstitu- 
tion at Cl5 appears to prevent reaction with 

HcC4H --$?k.-w HccqMe 

L-CO,_” CqMe 

as-92% (7) 

dioxygen. Herein we report the synthesis of two 
new ligands, 5 and 6, bearing benzyl sub- 
stituents on the polyamine portion of the ligand, 
their nickel coordination properties and 0, reac- 
tivity. 

2. Results and discussion 

2.1. Ligand design and synthesis 

An ultimate goal is preparation of O,-reac- 
tive transition metal complexes with DNA-bind- 
ing substituents such as cations (lysine or argi- 
nine derived) or potential intercalants 
(tryptophan derived). Thus, we sought methods 
to incorporate amino acids or their sidechain 
analogs into the macrocycle synthesis. Use of 
diethyl fluoromalonate rather than diethyl mal- 
onate in the macrocyclization reaction with a 
pentaamine led to much greater yields [10,13]. 
Thus, one of the desired substituents at Cl5 is a 
fluoro group. The observation that ClS-di- 
substituted nickel complexes were unreactive 
with 0, suggested that the second substituent 
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Fig. 3. Synthetic scheme leading to macrocycle 5. 
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should be appended at a site other than C15. In 
terms of ease of synthesis, introduction of sub- 
stituents would be most readily accomplished 
through functionalization of a suitably protected 
diethylenetriamine fragment of the macrocycle. 
In addition, it was deemed desirable to first 
develop synthetic routes and study 0, reactivity 
with a simple substituent, for example, benzyl. 
As a result, synthetic pathways were developed 
to the target macrocycles 5 and 6 bearing a 
15-fluoro substituent and benzyl substituents 
elsewhere, and these are shown in Figs. 3 and 4. 

The N7 benzyl substituent required for 
macrocycle 5 was introduced at an early stage 
by benzylation of dimethyl iminodiacetate 7 to 
provide 8. Chain extension to 9 and borane 
reduction led to the appropriate pentaamine 10 
for macrocyclization. The synthesis of the 
2,12-dibenzyl macrocycle 6 proceeded along 
similar lines, but diamine 11 was chosen as the 

starting material so that the central nitrogen 
could remain unreactive as an amide during 
chain elongation with two equivalents of a suit- 
able derivative of phenylalanine. Phenylalanine 
was N-protected with a carbobenzyloxy group 
while the C-terminus was activated for coupling 
as the N-hydroxysuccinimide ester. Removal of 
the Cbz protecting groups and borane reduction 
again led to an appropriate pentaamine for 
macrocyclization. Although cyclization of 10 
with diethyl fluoromalonate was relatively effi- 
cient providing a 29% yield of 5 after a 24 h 
reaction time, the more hindered pentaamine 14 
required a 7 day reaction time to produce 6 in 
21% yield. 

2.2. Nickel complexation 

In general, the formation of a pentadentate 
nickel(H) complex with macrocycles l-6 occurs 
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Fig. 4. Synthetic scheme leading to macrocycle 6. 
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in a stepwise, base-dependent reaction (Fig. 5). 
Mixing methanolic solutions of the macrocyclic 
ligand and Ni(OAc), led to initial formation of 
a green complex (15 in Fig. 5). For 2 - Ni, the 
green complex has been identified as a six-coor- 
dinate complex with the three amine nitrogens 
and one car-bony1 oxygen occupying square pla- 
nar sites and two acetate ions in apical positions 
[14]. Treatment with two equivalents of base 
effected amide deprotonation leading to a five- 
coordinate complex that is purple (16 in Fig. 5). 
Double deprotonation is also a stepwise process, 
the second amide deprotonation being slower 
than the first [ll]. For the parent macrocyclic 
ligand (R = R’ = H), a crystal structure has been 
obtained of the purple complex, indicating 
square pyra@dal geometry with the nickel ion 
lying 0.224 A out of the plane formed by two 
amide and two amine nitrogens [15]. 

ligand. The 5 * Ni complex is purple in water, 
blue in methanol and green in CH,Cl,. 

Ligand 6 when allowed to complex with 
Ni(OAc), in methanol without base treatment 
showed features expected for coordination to 
the three amine nitrogens. The amide carbonyl 
absorption in the infrared spectrum was ob- 
served at 1700 cm-’ compared to 1668 and 
1678 cm-’ for the free ligand. After treating 
with base, a purple solution was formed with 
electronic absorbances at 358 and 508 nm. A 
solid precipitated that proved to be insoluble in 
most solvents. The infrared spectrum (carbonyl 
absorption at 1600 cm- ‘1 was consistent with 
the assignment of deprotonated amides in a 
five-coordinate complex. 

2.3. Dioxygen reactivity 

The complexation of ligand 5 with Ni(OAc), The new macrocyclic complexes 5 . Ni and 
displayed somewhat different behavior than the 6 . Ni behave similarly to the previously re- 
others. In this case, the pentacoordinate com- ported complexes 1 * Ni and 2 . Ni in their 0, 
plex was directly formed upon addition of Ni2+ reactivity. Specifically, when the purple aque- 
to 5 without the need for base treatment. The ous solution of 5 * Ni was exposed to air for 
infrared spectrum in methanol confirmed that 12-15 h, a slow color change to an orange 
the amide nitrogens are deprotonated; the car- solution with electronic absorbances at 310 nm 
bony1 stretch was observed at 1616 cm-’ in the (E= 1040 cm-’ M-l) and 486 nm (e=56 
complex compared to 1687 cm- ’ for the free cm-r M- ‘> was observed. The control solution 
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Fig. 5. Proposed mechanism of nickel coordination, 0, reaction, and ligand oxidation for ligand 2. Adapted in part from [lo]. 
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kept under anaerobic conditions remained pur- 
ple. Essentially the same results as the aerobic 
oxidation were obtained if dioxygen was bub- 
bled through the solution. Overall, this behavior 
is similar to that reported for the nickel(I1) 
complexes of 1 and 2, but the rate of 0, reac- 
tion is considerably slower when N7 of the 
macrocycle is substituted with a benzyl group. 

Complex 6 . Ni also appears to react with 
dioxygen, but the reaction is much more diffi- 
cult to characterize given the insolubility of the 
complex. When a suspension of crystals in 
methanol (or water) were exposed to air for 
24-48 h, the colorless solvent gradually turned 
brown with a UV absorption (of the filtrate) at 
310 nm (E= 1073 cm-’ M-l) during which 
time the purple crystals slowly dissolved. After 
an additional 24-48 h, the color of the solution 
changed to yellow and all of the crystals had 
completely dissolved. Thus, substitution of the 
macrocyclic ligand at C2 and Cl2 allows the 
nickel@) complex to retain 0, reactivity. How- 
ever, in the particular case of the dibenzyl-sub- 
stituted ligand, the insolubility of the complex 
prevented a detailed study. The oxygenated or- 
ange-brown complex is apparently much more 
soluble, perhaps because it provides additional 
hydrogen bonding sites to water or methanol 
solvent molecules. Nevertheless, the results sug- 
gest that this is a viable synthetic route allowing 
incorporation of two sidechains derived from 
amino acids onto the macrocyclic framework. 
Other analogs may provide greater solubility 
and the desired DNA binding ability. 

Kimura and coworkers have proposed that 
the brown complex formed upon exposure of 
the purple nickel(I1) complexes to air is a 
nickel(II1) superoxide complex, shown as 17 in 
Fig. 5 using ligand 2 as an example. Evidence 
for this type of structure includes potentiometric 
measurements of 1: 1 adduct formation, UV 
spectroscopy, electrochemical studies [8] and a 
preliminary report of ESR measurements [9]. 
Although the potentials of the purple, pentaco- 
ordinate nickel(I1) complexes are rather high for 
0, reaction (Table 11, the strength of the 

Table 1 
Dioxygen reactivity of nickel(H) complexes of dioxopentaaza- 
macrocycles 

R, R’ a El/2 02 Ref. 
(V versus SCE) reactive? 

H, H 0.24 yes IS1 
H, Et 0.24 yes ls1 
H, Bn (1 . Ni) 0.24 yes 181 
H, F (2 * Ni) 0.32 yes l101 
F, F (3 * Ni) 0.42 “0 [141 
F, Bn (4 * Ni) 0.34 “0 l101 
H, F (5 - Ni) 0.36 yes this work 
H, F (6 9 Ni) n.d. b yes this work 
Me, Me 0.17 no [ 161, this work 

d Substituents at the Cl5 position. Complex numbers given in 
parentheses refer to Fig. 1. 
’ Not determined due to insolubility. 

nickel-oxygen bond could be a driving force 
for formation of a Ni”‘-0, species. Interest- 
ingly, the brown intermediate is relatively long- 
lived, from minutes to nearly an hour depending 
upon the reaction conditions and the structure of 
the ligand. Despite support for structure 17, the 
accumulated evidence points to a role for a 
hydrogen atom at Cl5 in the process of oxygen 
uptake. Not all pentaazamacrocycles bearing a 
ClS-hydrogen are capable of 0, reaction, but in 
no case in this class of ligands have we or 
others seen O2 reactivity without a Cl5 hydro- 
gen. Thus, the hydrogen substituent, or the abil- 
ity to oxidize C 15, appears to be a necessary but 
insufficient criterion for 0, reaction, Kimura 
and coworkers have also shown through a thor- 
ough study of changes in the macrocyclic 
framework (ring size, donor type, and spatial 
arrangement of donors) that the malonate unit is 
essential for 0, reaction [8]. Placing the amide 
nitrogens in other positions in the macrocyclic 
deletes reactivity with dioxygen. 

These observations, taken together with the 
work of Chen et al. on hydroxylation of the 
ligands like 1 [I I], suggest ligand autoxidation 
as a requirement for nickel@)-0, reaction. To 
lend further support to this hypothesis, we at- 
tempted to determine the products of ligand 
oxidation with some of the new ligands. For 
compound 2, the dioxygen reaction ultimately 
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leads to formation of a yellow nickel@) com- 
plex after decomposition of the brown species. 
Mass spectral analysis suggests that hydroxyl- 
ation at Cl5 may have occurred, but that this is 
followed by loss of HF from the resulting fluo- 
rohydrin to produce a tricarbonyl compound 
(Fig. 5). A molecular ion (M + 1) in the FAB- 
MS spectrum at m/z = 329 is consistent with 
this interpretation. In addition, 19F-NMR studies 
indicated that more than one product is formed. 
Oxygenation of the N-benzylated complex 5 - Ni 
led also to a similar observation in the mass 
spectrum. In this case, we propose that ligand 
oxidation leads to debenzylation, perhaps in ad- 
dition to oxidation at C15. The insolubility of 
complex 6 - Ni prevented further characteriza- 
tion of its 0, reaction and products. 

2.4. Factors influencing the rate of 0, uptake 

Because of its ease of synthesis and conve- 
nient reaction rate with O,, complex 2 * Ni has 
been the subject of further mechanistic studies 
as well as applications to DNA cleavage chem- 
istry [lo]. Contrary to literature reports [8,11], 
complexes such as 1. Ni and 2 * Ni show a 

substantial induction period in their reaction 
with dioxygen. The dioxygen reaction can be 
monitored by an oxygen electrode, in which 
case a decrease in the response of the electrode 
is observed from an initial point representing 
air-saturated water that is 240 ,uM in 0, (borate 
buffer, pH 8.1). Data in Fig. 6 compare the 
decrease in [O,], presumably due to 0, uptake 
by the complex, and the formation of the brown 
species as monitored concurrently with 0, up- 
take at 312 nm in the UV spectrum for com- 
pound 2 . Ni. The nickel(I1) complex had been 
pre-equilibrated in buffer solution to insure 
complete formation of the purple, pentacoordi- 
nate species 16. An induction period of about 
12 min was observed before rapid reaction oc- 
curred. After that point, the rate of 0, uptake 
and formation of the brown species appear to be 
equal. 

The stoichiometry of 0, uptake by the fluori- 
nated complex 2 - Ni was never observed to be 
1: 1 as reported for the nickel complex of an 
analog of 1 in which R = R’ = H [8], but rather 
was approximately 30% of the nickel complex 
concentration. However, if oxidation at Cl5 is 
concomitant with 0, uptake, it should be pointed 
out that the difference could be due to the 
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Fig. 6. Optical density at 312 nm ( ??) and consumption of 0, as determined by an oxygen electrode (0) measured simultaneously as a 
function of time for purple complex 2 Ni (220 PM) in borate buffer (50 ITIM, pH 8.1, 25%). 
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number of oxidizable hydrogens at C15, two 
versus one in the present study. 

Also evident in Fig. 6 is an eventual decrease 
in the absorbance at 312 nm. This we attribute 
to a slow decomposition process leading to 
oxidized ligand complexes with lower extinc- 
tion coefficients at that wavelength. The final 
solution produced in all reactions is yellow in 
color. 

In order to gain further information about the 
induction period observed for aerobic oxidation 
of 2. Ni, the influence of pH and additional 
oxidants was studied. When the pH of an aque- 
ous buffered solution was increased in the range 
7.6-9.0, a decrease in the induction period was 
observed. At the same time, the rate of decom- 
position of the brown O,-adduct was increased 
at higher pH to the extent that the intermediate 
was not observed above pH 8.6, and only the 
final UV spectrum corresponding to oxidized 
ligand complex was obtained. 

Addition of one-electron oxidants to the sys- 
tem also diminished the induction period, but in 
this case had little effect on the rate of decom- 
position of the oxygenated intermediate. For 

2001 I 

0 5 10 15 20 

Amount of (Kl6)2- (mol%) 

Fig. 7. Three qualitatively reproducible experiments showing the 
effect of added Na,IrCl, on the induction period for 0, uptake 
by purple 2.Ni (160 PM) as measured by the time required to 
produce the maximum absorbance at 320 nm associated with the 
brown 0, adduct. 

example, substoichiometric amounts of Na,IrCl, 
(E,,* for Ir’“/“’ z 0.6 V versus SCE) in the 
range of 5- 10 mol% compared to 2 . Ni, dra- 
matically reduced the induction period. The ef- 
fect was qualitatively but not quantitatively re- 
producible as shown in Fig. 7. Essentially the 
same result was obtained by anaerobic electro- 
chemical generation of a nickel(II1) complex 
from the 2 . Ni purple species and addition to a 
separate, aerobic solution of 2 . Ni. Thus, the 
dioxygenation of 2 . Ni is autocatalytic in 
nickel(II1). 

3. Conclusions 

Accumulating evidence points to the involve- 
ment of ligand oxidation as an integral part of 
the 0, reactivity of nickel(I1) dioxopentaaza- 
macrocycles of the type l-6. It appears to be a 
co-requisite for reaction rather than simply an 
outcome in the absence of other oxidizable sub- 
strates. Clearly intermolecular oxidation can also 
occur; benzene oxidation and DNA oxidative 
strand breaks have been observed, although there 
has been no confirmation of turnover catalysis 
in this system. Attempts to direct the reactive 
intermediate formed upon 0, uptake toward 
intermolecular chemistry rather than intramolec- 
ular ligand oxidation through blockage of the 
redox active Cl5 position have not only failed 
to redirect the oxidation reaction, they have 
completely shut down the dioxygen pathway. 
While a component of this failure might be the 
somewhat higher nickel(III/II) reduction poten- 
tials observed with 15fluoro derivatives, this 
cannot account for the fact that the 15,15-di- 
methyl analog (Table 1) whose reduction poten- 
tial is the lowest in this series (0.17 V versus 
SCE) did not react with dioxygen. Furthermore, 
none of the 15,15disubstituted complexes tested 
were 0, reactive even in the presence of IrCli-, 
a species that acted as an initiator in most other 
cases. Thus, the intriguing question remains: 
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What is the structure of the brown intermediate 
formed upon dioxygen reaction with certain 
nickel(R) complexes? 

Many experimental observations must be 
taken into account in order to propose a mecha- 
nism of dioxygen activation in this system. (1) 
Dioxygen binding has been reported to be 1: 1 
and reversible for the parent nickel(R) complex 
(R = R’ = H) [8], but < 1: 1 and irreversible for 
2 * Ni. (2) The optimum pH for formation of the 
brown species is about 8.6. (3) Formation of 
Nir”, either by chemical or electrochemical oxi- 
dation, catalyzes the dioxygen reaction. (4) A 
redox active malonate unit bearing a Cl5 hydro- 
gen appears to be required. The nickel(II1) su- 

a P 

16 (purple) 

I 02 

peroxide structure 17 is consistent with some, 
but not all of the data. Specifically, it does not 
explain the role of the Cl5 hydrogen. It is not 
yet known if the non-hydrogen substituents at 
Cl5 play a role in anion or radical stabilization, 
but either type of reactive intermediate might 
account for some of the observations including 
the pH dependency and the catalysis by one- 
electron oxidants. The nickel ion certainly plays 
a role in the dioxygen reaction, but its binding 
to dioxygen (Fig. 8, path a) has not been con- 
clusively proven. On the other end of the spec- 
trum, one could propose intermediate 20, a per- 
oxymalonyl radical whose formation is assisted 
by electron transfer from a carbanion to a 

E 
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PI 
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Fig. 8. Mechanistic proposals for 3 alternative pathways of 0, uptake by 2 Ni. 



C.-C. Cheng et al. /Journal of Molecular Catalysis A: Chemical 113 (I9961 379-391 387 

nickel(II1) center followed by 0, quenching 
(Fig. 8, path c). This pathway would include 
transient formation of a nickel(II1) species, 19, 
requiring an induction period. This species is 
likely the brown complex that accumulates, but 
it then slowly decomposes by irreversible ligand 
oxidation at C 1.5. Mechanism c does not include 
oxygen uptake to produce the first brown species 
initially; however, 0, is required to complete 
the cycle in this autocatalytic mechanism and to 
generate the next molecule of 19 by reaction 
with 16. A compromise mechanism (Fig. 8, path 
b) would invoke rapid hydrogen atom abstrac- 
tion from C 15 by the nickel(II1) superoxide 
intermediate (17) to form a delocalized malonyl 
radical, 18. Carbon to nickel(II1) electron trans- 
fer and carbocation quenching by water would 
lead to the observed hydroxylated product and 
release H,O,. While pathway b is an attractive 
alternative, the stability of radical 18 may not 
be high enough to explain the observation of a 
relatively long-lived brown intermediate [ 171. 

While the identity of the nickel-dioxygen 
brown complex awaits further spectroscopic 
characterization, it is interesting to note the 
advantages and pitfalls of nickel catalysts for 0, 
activation. To date, there are no well character- 
ized examples of nickel-dioxygen complexes 
that do not also involve ligand oxidation as an 
apparent co-requisite for reaction. Nickel is a 
tempting target for dioxygen activation since its 
redox chemistry is highly dependent upon the 
ligand architecture, and therefore highly subject 
to chemists’ control. Furthermore, nickel is 
known to undergo redox processes in vivo lead- 
ing to oxidative DNA strand breaks and DNA- 
protein crosslinks in the chemical mechanism of 
nickel carcinogenesis [ 1 S]. Thus, the oxidative 
chemistry of nickel with amide/amine ligands 
provides a foundation for understanding biologi- 
cal processes. The oxidations studied here uti- 
lize O2 in an aqueous environment, conditions 
that are both biomimetic and industrially attrac- 
tive for catalytic oxidation. The ligand modifi- 
cations discussed herein have provided insight 
into the role of a redox active site on the ligand 

while demonstrating that substituents elsewhere 
that alter solubility, chirality and potentially 
DNA targetability, may be tolerated in the oxi- 
dation reaction. 

4. Experimental 

4. I. Materials and instrumentation 

Chemicals purchased from Aldrich Chemical 
and solvents (HPLC grade) from Fisher Scien- 
tific were used without further purification un- 
less otherwise noted. ‘H and 13C NMR spectra 
were obtained on a General Electric QE-300 
spectrometer at 300 and 75 MHz, respectively. 
Infrared spectra were recorded using a Perkin- 
Elmer 1600 Series FT spectrophotometer. High 
resolution and FAB mass spectra were obtained 
on a Kratos MS80RFA spectrometer using a 
nitrobenzyl alcohol matrix for FAB. UV-visible 
spectra were recorded on a Hewlett-Packard 
8452 diode array spectrophotometer equipped 
with a HP 89075C programmable multicell 
transport system. Elemental analyses were per- 
formed by Atlantic Microlabs. Electrochemical 
measurements were carried out on a Bioanalyti- 
cal Systems 1 OOB electrochemical analyzer. 
Cyclic voltammograms were obtained in aque- 
ous solutions containing 0.1 M Na,HPO, buffer 
at pH 9.2 using a glassy carbon working elec- 
trode, a platinum auxiliary electrode, and a 
Ag/AgCl reference electrode. Oxygen con- 
sumption was measured on a YSI model 53 
oxygen monitor equipped with a YSI 5331 oxy- 
gen probe. Oxygen concentrations were deter- 
mined by a literature procedure [ 191. 

4.2. Ligand syntheses 

4.2.1. Dimethyl iminodiacetate (7) 
Iminodiacetic acid (29 g, 0.218 mol) was 

heated to reflux in methanol (300 mL) with 
cont. H,SO, (40 mL) for 12 h. The solution 



388 C.-C. Cheng et al./ Journul of Molecular Catalysis A: Chemical I13 (1996) 379-391 

was concentrated, water (50 mL) was added, 
and the solution was rendered basic with solid 
Na,CO,. The aqueous solution was extracted 
twice with ethyl acetate. The combined organic 
layers were successively washed with water and 
brine, dried with MgSO,, and the solvent evap- 
orated, giving 29 g (80%) of a colorless liquid 
7. ‘H NMR (CDCl,): 1.97 (s, lH, -NH), 3.35 
(s, 4H, -N-CH,-), 3.61 (s, 6H, -OCH,); 13C 
NMR: 172.2, 51.7, 49.8. 

4.2.2. N-benzyldimethyl iminodiacetate (8) 
Benzyl bromide (5.88 g, 0.0345 mol) was 

added at room temperature to a CH,Cl, (50 
mL) solution of diester 7 (6.16 g, 0.0383 mol) 
and an excess of K,CO, (6.9 g). The solution 
was heated to reflux for 18 h, then filtered to 
remove the excess K&O,. Then, 5% aqueous 
HCl (100 mL) was added, and the solution was 
extracted twice with CH,Cl,. The combined 
organic layers were washed with water and 
brine, dried with MgSO,, and the solvent evap- 
orated. The residue was distilled (82-85”C/3 
mm Hg) under reduced pressure to remove the 
unreacted benzyl bromide, leaving 6.8 g (66%) 
of a yellow liquid 8. ‘H NMR (CDCl,): 7.2-7.5 
(m, 5H, -Ph), 3.90 (s, 2H, -CH,Ph), 3.68 (s, 
6H, -OCH,), 3.55 (s, 4H, -NCH,-). 13C NMR: 
171.6, 138.1, 129.1, 128.5, 127.5, 58.0, 54.1, 
51.5. 

4.2.3. 7-Benzyl-1,4,7,10,13-pentaazatridecan- 
5,9-dione f 9) 

N-Benzyl diester 8 (5.47 g, 0.0218 mol) and 
ethylenediamine (18 g, 0.30 mol) were heated to 
reflux in methanol (20 mL) for 18 h. The 
solvent was removed, and the residue kept un- 
der vacuum for 24 h to provide 6.69 g (97%) of 
a sticky oil, 9. ‘H NMR: 7.80 (t, lH, -CONH-), 
7.1-7.4 (m, 5H, -Ph), 3.65 (s, 2H, -CH,Ph), 
3.23 (dd, 4H, CONH,-), 3.15 (s, 4H, 
-COCH,N-), 2.73 (dd, 4H, -CH,NH,), 1.84 
(s, 4H, -NH,); 13C NMR: 171.0, 137.2, 129.1, 
128.4, 127.6, 59.6, 58.4, 44.1, 41.8. 

4.2.4. 7-Benzyl-1,4,7,10,13-pentaazatridecane 
(10) 

The diamide 9 (5 g, 0.0163 mol) was heated 
to reflux in 1.0 M borane-THF (200 mL, 0.20 
mol) for 48 h. Excess borane was quenched 
carefully with methanol (50 mL), and then the 
solvent was evaporated to leave a residue. The 
residue was heated to reflux with 6 M HCl(lO0 
mL) for 36-48 h. The solvent was evaporated 
leaving a white solid. Methanol (50 mL) was 
added, and the mixture was allowed to cool at 
0°C for 6 h. The solid was isolated by filtration 
and washed with cold methanol to afford a 
white solid 10 * HCl. ‘H NMR (D,O): 7.49 (m, 
5H, Ph), 4.48 (s, 2H, -CH,Ph), 3.2-3.6 (m, 
16H, -CH,NH-); 13C NMR (D,O): 131.2, 
130.9, 129.8, 59.3, 48.6, 44.8, 42.2. 

In order to obtain the free base, the pen- 
taamine hydrochloride was redissolved in water 
(20 mL), rendered basic with an excess of NaOH 
and allowed to stir for an additional 30 min. 
The solvent was evaporated to leave a mixture 
containing an oil and a white solid mixture. The 
mixture was stirred with methanol (80 mL), 
filtered to remove NaCl and the filtrate was 
evaporated to yield a sticky oil. This process 
was repeated again from the methanol stage 
giving 4.1 g (90%) of a colorless sticky oil 10. 
‘H NMR (CDCl,): 6.8-6.9 (b, 5H, -Ph), 3.24 
(s, 2H, CH,Ph), 2.1-2.4 (m, 16H, -CH,NH-), 
0.7-1.4 (b, 6H,-NH,); 13C NMR: 139.5, 128.6, 
128.6, 128.0, 126.7, 59.1, 54.0, 52.4, 47.2 41.6. 
Mass (m/z) = 206 (M-73), 134, 91. 

4.2.5. 7-Benzyl-1.5~fuoro-1,4,7,10,13-penta- 
azacyclohexadecan-14,16-dione (5) 

N7-benzyl pentaamine 10 (1.75 g, 6.27 mmol) 
and diethyl fluoromalonate ( 1.10 g, 6.18 mmol) 
were heated to reflux in anhydrous ethanol (300 
mL) for 24 h. Evaporation of the solvent and 
recrystallization from methanol-acetonitrile 
gave 0.53 g (24%) of a white solid 5. ‘H NMR 
(CDCl,): 7.1-7.4 (m, 7H,), 5.21 (d, J= 47.7 
HZ, lH, -CHF), 3.48 (m, 4H), 3.36 (m, 2H), 
2.55 (b, 12H), 1.57 (b, 2H); 13C NMR (CDCl,): 
165.4 (d, J= 6.8 Hz), 139.7, 128.8, 128.5, 
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127.0, 86.8 (d, J= 65.3 Hz), 59.3, 54.7, 48.7, 
47.1, 39.7; IR (KBr): 1688 (C=O), 1506, 1452 
cm-‘; FAB-MS (m/z) = 366 (M + 1); Anal. 
Calcd for C,,H,,NSO,F: C, 59.00; H, 7.98; N, 
19.11. Found: C, 59.24; H, 7.73; N, 19.15. 

4.2.6. N-(2-Aminoethylk2 aminoacetylamide 
(11) 

Glycine methyl ester hydrochloride (8 g, 
0.0637 mol) was added in batches to a neat 
ethylenediamine solution over 1 h at 90°C with 
continuous stirring. After complete addition, the 
reaction mixture was heated to 120°C for an 
additional 6 h. Excess ethylenediamine was re- 
moved by distillation under reduced pressure. 
The residue was treated with 4 M aqueous 
NaOH (25 mL) with stirring for 30 min. The 
solvent was evaporated, and the residue was 
extracted with methanol, repeating this process 
as mentioned for 10, and giving 7.4 g (95%) of 
a pale brown sticky oil, 11. ‘H NMR (D,O): 
3.2-3.4 (m, 4H, -NCH,CO-, CONCH,), 2.74 
(m, 2H, -CH,NH,); 13C NMR (D,O): 175.6, 
43.9, 41.5, 39.8. 

4.2.7. N,N’-Bis-(N-carbobenzyloxy-L-phenyl- 
alany&triazaheptan-3-one (12) 

A solution of diaminoamide 11 (2.08 g, 
0.0176 mol) in methanol (120 mL) was added 
to a DMF (50 mL) solution of N-carboben- 
zyloxy-L-phenylalanyl-N-hydroxysucciniimide 
ester (14 g, 0.0353 mol) at room temperature. 
The solution gradually turned to a cloudy sus- 
pension and was allowed to stir for an addi- 
tional 18 h. The mixture was filtered to collect 
the solid which was washed with methanol sev- 
eral times to provide 9 g (75%) of a pure white 
solid, 12: ‘H NMR (DMSO-d,): 8.33 (b, lH), 
8.12 (b, IH), 7.81 (lH), 7.60 (D, lH, J= 8.4 
Hz), 7.51 (lH, J = 8.4 Hz), 7.1-7.4 (m, 20H), 
4.93 (s, 4H, -OCH,Ph), 4.27 (m, lH), 4.17 (m, 
lH), 3.69 (b, 2H), 2.9-3.3 (m, 6H), 2.74 (dd, 
2H); 13C NMR (DMSO-d,): 174.1, 172.3, 172.1, 
169.3, 156.5, 156.3, 138.6, 137.5, 137.4, 129.7, 
128.8, 128.5, 128.2, 127.9, 126.7, 71.6, 65.8, 
65.7, 58.6, 58.5, 56.8, 56.7, 42.7, 25.6. 

4.2.8. N,N’-Bis-(L-phenylalanyl)-triazaheptan- 
3-one (13) 

A solution of the di-N-Cbz compound 12 (9 
g, 0.0132 mol) and 10% Pd on activated carbon 
(0.5 g) suspended in methanol (150 mL) was 
treated with H, (55 psi) at 50°C for 12 h. The 
solution was filtered through Celite, and the 
filtrate was evaporated to produce 5.44 g (100%) 
of a colorless sticky oil, 13. ‘H NMR (CDCl,): 
8.19 (b, lH), 7.92 (b, lH), 7.66 (b, lH), 7.1-7.3 
(m, lOH), 3.2-3.9 (m, 12H), 2.4-2.8 (m, 4H); 
13C NMR (CDCl,): 176.4, 175.1, 174.8, 170.0, 
137.7, 137.5, 129.3, 128.0, 126.9, 56.5, 56.3, 
42.9, 40.7, 40.2, 38.8. 

4.2.9. 2S,12S-Dibenzyl-1,4,7,10,13_penta- 
azatridecane (14) 

Triamide 13 (3.3g, 0.0108 mol) was allowed 
to react with 1.0 M BH,-THF (250 mL) as 
previously described for 10 to provide a hydro- 
chloride salt 14. lOHC1. ‘H NMR (D,O): 7.2- 
7.5 (m, lOH, -Ph), 3.97 (m, 2H), 3.4-3.6 (m, 
12H), 3.22 (d, J= 6.3 Hz, lH), 3.17 (d, J= 6.3 
Hz, lH), 3.02 (d, J= 8.4 Hz, IH), 2.98 (d, 
J= 8.7 Hz, 1H); 13C NMR (D,O): 134.2, 129.6, 
128.8, 50.1,49.3,44.0,44.65,44.50, 36.5. Anal. 
Calcd. for C,,H,,NS - 9HCl: C, 37.87; H, 6.36; 
N, 10.04. Found: C, 37.33; H, 6.06, N, 9.79. 

To obtain the free base, the previous proce- 
dure was followed producing 2.69 g (93% over- 
all yield) of 14 as a colorless oil. ‘H NMR 
(CDCl,): 7.14-7.30 (m, 12H), 3.05 (m, 2H), 
2.60-2.80 (m, 12), 2.46 (dd, J= 19.5 Hz, 8.7 
Hz, 4H), 1.292 (b, 3H, -NH); 13C NMR 
(CDCl,): 139.3, 129.3, 128.5, 126.2, 56.3, 52.7, 
49.7, 49.5, 42.9. 

4.2.10. 2S,12S-Dibenzyl-15-fluoro-1,4,7,10,13- 
pentaazacyclohexadecan-14,16-dione (6) 

Dibenzylpentaamine 14 (1.38 g, 3.74 mmol) 
and diethyl fluoromalonate (0.94 g, 5.2 mmol) 
were heated to reflux in anhydrous ethanol for 
one week. The solution turned yellow. Evapora- 
tion of the solvent and recrystallization from 
acetonitrile provided 350 mg (21%) of 6 as 
white needles. ‘H NMR (CDCl,): 7.1-7.3 (m, 
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llH), 6.77 (t, lH, CONH-), 5.02 (d, J = 47.4 
Hz, IH), 4.3-4.5 (m, 2H), 2.5-2.9 (m, 16H), 
1.37 (b, 3H); 13C NMR (CDCl,): 166.6 (d, 
J = 6.5 Hz), 163.0 (d, 6.8 Hz), 137.4 (d, J= 
17.7 Hz), 137.7, 137.0, 129.1, 129.2, 128.6, 
128.5, 126.8, 126.6, 53.6, 52.2, 50.4, 50.3, 49.3, 
49.0, 48.7, 48.3, 39.7, 39.3. IR (KBr): 1678, 
1668 (C=O), 1534, 1451 cm-‘; FAB-MS 
(m/z) = 455 (M + 1); Anal. Calcd. for 
C,,H,,N,O,F: C, 65.91; H, 7.52; N, 15.37. 
Found: C, 65.75; H, 7.59; N, 15.31. 

4.3. Nickel complexes 

4.3.1. 7-Benzyl-15jluoro-1,4,7,10,13-penta- 
azacyclohexadecane-14,16-dione nickel(II) ac- 
etate complexes (5 * Ni) 

Macrocycle 5 (67 mg, 0.184 mmol) dissolved 
in methanol (3 mL) was added to a methanol 
solution of nickel(I1) acetate (45 mg, 0.181 
mmol). The color of the solution changed to 
purple. After evaporation of the solvent, a gray 
powder was obtained in 54 mg (90%) of 5 * Ni. 
FAB-MS (m/z) = 421 (M + 1); UV/vis: A,,, 
(in water) 350 (E = 37 cm-’ M- ‘), 498 E = 29 
cm-’ M-l) nm; IR (KBr): 1616 (C=O),1576, 
1450 cm- ‘. After exposure to air for 24 h, the 
color of the nickel complex changed from pur- 
ple to orange. Evaporation 9f the solvent gave 
an orange powder with UV/vis A,, (H,O) 
310 (E= 1040 cm-’ M-l), 486 (E= 56 cm-’ 
M-‘) nm; FAB-MS (m/z> = 328 (M-Ph). 

4.3.2. 2S,12S-Dibenzyl-15fluoro-1,4,7,10,13- 
pentaazacyclohexadecan-14,16-dione nickel(H) 
complex (6 - Ni) 

The procedure was similar to that described 
above. A green nickel(I1) complex was pro- 
duced in methanol from ligand 6 and Ni(OAc), 
without base treatment. UV/vis: A,, = 372 
nm; FAB-MS (m/z) = 512 (M + l), IR (KBr): 
1700 (C=O), 1560 cm-‘. After treating with 
2.1 eq. NaOH, purple crystals of 6 . Ni were 
obtained from crystallization in methanol-water 
solution in 96% yield. Unfortunately, the com- 

plex formed was no longer soluble in solvents 
such as methanol, ethanol, water, CHCl,, DMF, 
and benzene. UV/vis (CH,OH): A,,, = 358 
and 508 nm ( ??not determined due to insolubil- 
ity); IR (KBr): 1600 (C=O), 1572, 1456 cm-‘. 
FAB-MS (m/z> = 512 (M + 1). Anal. Calcd. 
for NiC,,H32N502F. (1/2)H,O: C, 57.61; H, 
6.29; N, 13.45. Found: C, 57.86; H, 6.30; N, 
13.41. 
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