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We have identified a pair of structurally similar iron complexes in the oxidation state II that exist

in a low-spin and a high-spin electronic spin state in aqueous media, respectively. The low-spin,

diamagnetic complex (LS, 1) is mute in MRI while the high-spin, paramagnetic complex (HS, 2)

generates considerable contrast in MRI. These results demonstrate that iron(II) complexes,

hitherto neglected for contrast enhancement in MRI, have potential for the design of an MRI

probe that suffers passage from one state to the other under the influence of a targeted

biochemical activity and thus operates in an off–on mode. At 300 MHz (proton resonance

frequency at 7 T field strength) and in phosphate buffer, we found a longitudinal relaxivity (r1) of

1.29 mM�1 s�1 for 2 that, in light of the difference in unpaired electrons of the central metal

atoms (4 for FeII; 7 for GdIII), comes remarkably close to that of gadolinium(III)–DOTA

(2.44 mM�1 s�1), a commercialized MRI contrast agent. Since gadolinium complexes are always

paramagnetic and can therefore not be muted in MRI, the here presented Fe(II)-based system

offers an alternative strategy to develop responsive MRI probes.

Introduction

The field of molecular imaging is currently experiencing an

enormous expansion.1,2 Particular attention is being paid to in

vivo imaging methods in view of the enormous prospects of

these techniques for developmental biology, the phenomenon

of ageing, cancer research, or for the pharmacological profil-

ing of drug candidates.3,4 The in vivo monitoring of gene

expression is essential for all these endeavours.5

Magnetic resonance imaging (MRI) is widely recognized as

the soft-tissue imaging technique with superior spatial resolu-

tion (compared to positron emission tomography, PET) and

for its lack of any depth-penetration limits (compared to

optical imaging methods).3,4 Two further fundamental tech-

nological differences between MRI and PET shall be put forth

here: (a) MRI’s low signal intensity, which makes the applica-

tion of millimolar concentrations of (passive, high-relaxivity)

paramagnetic contrast agents desirable, while PET enjoys

excellent sensitivity at sub-micromolar tracer concentrations,

and (b) the intrinsic impossibility to design PET tracers that

pass from low to high signal intensity (or vice versa) upon

chemical modification.

A completely independent way of how signal intensity is

maximized in molecular and cell biology and biotechnology is

by the use of enzymatic amplification. Applications of this

strategy are numerous, but a few can be named here, such as

the use of reporter genes that encode for glycosidases, phos-

phatases or oxidoreductases, or of enzyme-linked binding

assays such as ELISA. Molecular probes for these enzymatic

activities usually generate an optical signal, either chromo-

genic or fluorescent. This precludes their application to one of

the most powerful tomography methods, MRI, for which the

image contrast is based on the variation in relaxation times

that water protons experience in different tissue types. Para-

magnetic MRI contrast agents are often intravenously admi-

nistered and passively bio-distributed according to various

tissue properties. By far the majority of these agents are

coordination complexes of the trivalent rare earth metal

(lanthanide) gadolinium6 that exhibits one of the highest

magnetic susceptibilities of all elements due to its seven

unpaired electrons and a favorable electronic relaxation time

that allows for efficient ‘‘communication’’ with water protons

and thus the effective enhancement of their relaxation rate.7

However, gadolinium complexes, as well as other well-estab-

lished types of contrast agents such as macromolecular iron

oxide clusters, do not lend themselves to the transformation

into an enzyme-responsive probe that does not influence the

relaxation time of its environment before encountering the
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enzyme. In effect, gadolinium(III)-containing compounds will

always generate a paramagnetic field due to gadolinium’s

seven unpaired electrons. A few attempts have been reported

to minimize this effect by judicious design of the multi-dentate

ligand.8,9 This ligand has to be susceptible to chemical/bio-

chemical modification and, in the process, should alter, to a

certain degree, the relaxation-modifying properties of the

central gadolinium atom.

It is however well established that a considerable fraction of

the observed relaxivity of any given Gd complex is due to a

phenomenon called outer-sphere relaxation, which cannot be

suppressed by any means of molecular design; ‘‘in no case can

the outer-sphere component be ignored. . .’’.10 Hence, any

enzyme-responsive agent based on gadolinium is necessarily

MRI active in the absence of the enzyme and will therefore

contribute to image contrast according to its passive bio-

distribution pattern. The actual image obtained would thus

be the result of the superposition of the former image with that

resulting from the activation of the probe according to the

distribution of the targeted enzyme. This will always risk

rendering the results ambiguous and difficult to judge by the

biologist or radiologist.

The phenomenon that certain transition metals can exist in

a low-spin (LS) or high-spin (HS) electronic state appears

therefore particularly attractive as a starting point for the

design of a bio-active MRI probe that changes its spin state

upon encounter of the enzyme.11 As has been long established,

manganese, iron and cobalt (among others) can exist in their

complexes either in the HS or LS state. However, only in the

case of iron has there been found a comparable number of

mono-nuclear coordination complexes in the LS and in the HS

state, respectively. And in particular, iron(II) LS complexes are

diamagnetic due to their even-numbered electron configuration

(d6), and thus should not, to any extent, alter the proton

relaxation properties of their environment.

Of course, such a design is not limited to the case of iron(II)

but may easily be envisaged for iron(III) as well, with the

important difference that the latter benefits from a longer,

more MRI-favorable electronic relaxation correlation time

(1–100 ps for high-spin Fe(III) complexes;12 for comparison:

100–1000 ps for Gd-based complexes;10 B1 ps for high-spin

iron(II)13,14) but may not exist in a low-spin, diamagnetic

configuration.

Although iron-based contrast agents are not new to the

MRI community,15 the real-world application of entities,

either molecular or particular, based on its oxidation state II,

have not yet surfaced. On the whole, mono-nuclear complexes

of iron(II) have been ruled out for their unfavorable electronic

relaxation time compared to gadolinium(III),16 iron(III) and

manganese(II). Iron(III) thus enjoyed and still enjoys some

attention for niche applications in MRI.12,17

In a very rare case has an iron(II) spin-crossover complex

been investigated for its T1-reducing properties in aqueous

(deuterated) solution.18 Studying a ternary iron(II) complex

containing two tris(triazolyl)borato ligands, the authors ob-

served an increasing tendency to reduce T1 with increasing

temperature of the aqueous sample, thus demonstrating the

awakening relaxivity resulting from a growing high-spin

population of the complex. However, in light of the closed

coordination shell provided by the two tris(triazolyl)borato

ligands its absolute r1 values must remain inferior to iron(II)

complexes with a water molecule in the first coordination

sphere.

Attempts to evaluate iron-based compounds in vitro for

their potential as a relaxation-enhancing agent in MRI include

(a) an Fe8 cluster ([(tacn)6Fe8(m3-O)2(m2-OH)12]Br8�9H2O) dis-

playing a high-spin ground state (S = 10),19,20 and (b)

polymeric particles of iron(II) with triazole/aminotriazole,

originally studied as spin-transition materials.21 The latter

have been proposed as T2-reducing thermosensible systems

exploitable in MRI.22 Since their polymeric structure is lost in

water, their in vivo application would necessitate coating as

seen in T2-reducing SPIO particle contrast agents.

Lately, metal-directed self-assembly, a widely used metho-

dology in supramolecular chemistry,23,24 has been applied to

the formation of high-molecular weight, high-relaxivity gado-

linum-based contrast agents.25 Specifically, the well-known

selectivity and intensity of self-assembly to an iron(II) bispyr-

idine quaternary complex has been exploited. This led to a

‘‘metallo-star’’ with significantly elevated relaxivity. It has to

be stressed that the iron aspect of such an approach is purely

structural and the resulting iron complex unit is low-spin and

diamagnetic.

Any ferrous or ferric system that could be envisaged to

allow the passage from a low-spin to a high-spin complex by a

simple chemical modification, such as triggered by an enzy-

matic activity, will require the use of high field-strength ligands

characterized by the almost exclusive presence of nitrogen

donor sites. The resulting FeII/FeIII redox couples of the

corresponding complexes are known to show rather positive

redox potentials (4+0.50 V).26,27 Entry into the cytoplasm

(the site of gene expression) of a low-spin iron(III) complex

containing an all-nitrogen ligand may likely trigger a redox

reaction in view of the established redox potential of � 0.20 to

� 0.24 V reigning in the cell.28 For these reasons, a system

based on iron(II) appears to be initially preferable.

A thorough literature search has identified the macrocyclic

iron(II) complexes [FeII(tptacn)](ClO4)2 126,29 and [FeII-

(dptacn)(Cl)](PF6) 2(Cl)
30 (Scheme 1) as promising candidates

for the design of a bio-active MRI contrast agent that does not

modify the relaxation properties of its environment before

encounter of the biochemical activity (off–on mode). However,

complexes 1 and 2 have only been systematically characterized

Scheme 1
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in the solid state as potential spin-transition materials.31,32–39

Their magnetic and relaxometric properties in solution,40

particularly in water, are thus not known. This article de-

scribes an improved synthesis of the ligand dptacn 5, its solid

state structure (X-ray) in its mono-hydrochloride form, and

the comparative magnetic, relaxometric, redox (UV-Vis), and

MRI characterization in various aqueous media of complexes

[FeII(tptacn)][BF4]2 1 and [FeII(dptacn)(H2O)][BF4]2 2(H2O).

Results and discussion

Synthesis

Tptacn was resynthesized according to a literature proce-

dure.29 For the synthesis of dptacn 5 two new routes were

explored since the published synthesis41 turned out to be low-

yielding and led to difficult-to-separate product mixtures.

Route 1 (Scheme 2, 3 - 4 - 5) starts from tri-tosylated tacn

3
42,43 by removing two tosyl groups with satisfactory selectiv-

ity using HBr in glacial acetic acid.44,45 Introduction of two

picolyl groups yields compound 4 that is purified to homo-

geneity by silica gel chromatography. The last tosyl group is

then removed by treatment with refluxing concentrated sulfu-

ric acid for 34 h (see for example ref. 46).

These extremely harsh and oxidative conditions lead to

extensive darkening of the sample, and after work-up a

dark-brown oil is obtained that contains 5. An attempt to

isolate 5 consists of the precipitation of the hydrobromide of 5

by bubbling gaseous HBr into a CH2Cl2 solution of the oil.

This procedure precipitates simultaneously a brown oily resin

and a light-brown powder. The latter can be separated, and

the free amine can be recovered by its treatment with

NaOH and toluene in a Dean–Stark apparatus. The yield of

this method starting from pure 4 is far from quantitative

(28% over 3 steps). However, by applying this purification

sequence we were able to obtain a sample so pure that

it crystallized from a benzene solution as the free penta-amine

5 (Fig. 1).

In view of the considerable amounts of this ligand required

for future studies (chemical and biological), we turned to

another method based on N,N,N-orthoacetal formation that

has been briefly described in 1987 for the formation of mono-

benzylated tacn.47 This elegant strategy of forming aminals for

selective introduction of alkyl chains has since been success-

fully applied to various macrocyclic systems bearing a number

of nitrogen atoms equal to and in excess of three (see for

example ref. 48–50). The synthetic sequence starts with the

generation of the free base from the hydrochloride of tacn 6.

This is accomplished by refluxing 6 in toluene in the presence

of conc. NaOH in a Dean–Stark apparatus. The pure tacn,

crystallizing at 4 1C, is then treated with the dimethyl acetal of

DMF to furnish N,N,N-orthoacetal 7. Compound 7 is intro-

duced into the first alkylation step without purification. Treat-

ment with picolyl chloride in THF over 7 days leads to the

precipitation of the ammonium salt. This salt is refluxed in

water in order to obtain the formylated mono-alkylated tacn

8. This product is introduced into the second alkylation with-

out further purification. The resulting formylated precursor of

dptacn is purified to homogeneity by silica gel chromatogra-

phy. It is obtained with a yield of 62% over four steps starting

from tacn hydrochloride 6. Finally, the formyl group is

removed by base hydrolysis over 24 h to furnish dptacn 5 in

95% yield. Optimization efforts for route 2 should lead to even

higher yields. We now apply this elegant method47 to the

synthesis of various tacn derivatives bearing two to three

different pendant arms with excellent results.

The use of a different counterion notwithstanding, FeII

complexes 1 and 2 were obtained through literature protocols

by precipitation upon addition of [Fe(H2O)6][BF4]2 to de-

gassed methanol and acetonitrile solutions of dptacn30 and

tptacn,26,29 respectively.

Scheme 2 (i) HBr 33% in AcOH, glacial AcOH, 90 1C, 30 h, then
NaOH; (ii) 2-picolyl chloride hydrochloride (2.2 eq.), K2CO3 (7.3 eq.),
MeCN, 50 1C, 36 h; (iii) H2SO4, 100 1C, 34 h then KOH, 0 1C until pH
= 12; (iv) H2SO4, 150 1C, 10 min then MeOH, H2O, 100 1C then HCl;
(v) NaOH, toluene, H2O, Dean–Stark; (vi) DMF dimethyl acetal (1
eq.), CHCl3–toluene, 70 1C, 1 h; (vii) 2-picolyl chloride (0.95 eq.),
THF, 0 1C, then 7 d at RT, then H2O and reflux for 5 h; (viii) K2CO3

(7.3 eq.), dry MeCN, 2-picolyl chloride hydrochloride (1.07 eq.), 3 d,
RT, (ix) KOH (3 eq.), EtOH, 110 1C, 24 h.

Fig. 1 Thermal ellipsoids plot of the asymmetric unit of 5 in its

mono-hydrochloride form (CCDC reference number 662473. For

crystallographic data in CIF or other electronic format see DOI:

10.1039/b715254j), with ellipsoids drawn at the 30% probability level.

The asymmetric unit also contains a water molecule.

430 | New J. Chem., 2008, 32, 428–435 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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Determination of magnetic moments in solution (Evans’ method)

Six-coordinate iron(II) complexes may be diamagnetic (1A1,

LS), paramagnetic, (5T2, HS), or exhibit a temperature-in-

duced LS 3 HS transition that depends on the relative

magnitude of crystal field strength of the ligand and the mean

electron-pairing energy.32–38 The magnetic moments of com-

plexes 1 and 2 were determined in solution by Evans’ meth-

od.51,52 In MeOH, MeCN and H2O, 1 was found to be

diamagnetic at room temperature (with a residual paramag-

netism due to the temperature-independent paramagnetism),

while 2 is paramagnetic in these solvents (Table 1). The

obtained magnetic susceptibilities prove that the high-spin

electronic state of 2 is preserved when passing from the solid

to the liquid state.

By contrast, and for comparison, iron(III) complexes of

these two ligands (3 and 4) show only a very slight difference

in magnetic susceptibility in the solid state. While paramag-

netic 4 shows a magnetic moment typical of low-spin iron(III)

(one unpaired d electron),26 3 was determined to be a spin-

crossover complex that exists at room temperature in a

thermal equilibrium of the high-spin and low-spin forms.53

Aside from the fact that such a feeble difference appears to be

of no interest for the design of bio-activatable contrast agents,

it should be stressed that the two here discussed penta- and

hexa-nitrogen ligands very likely give much more stable com-

plexes with iron(II) than with iron(III); in fact, a comparable

penta-nitrogen ligand complexed with iron(III), when dissolved

in acetonitrile and thus complexed with a sixth, high-field

strength, nitrogen ligand, turned out to oxidize the solvent in

order to attain the oxidation state +II !54 The stabilization of

the +II oxidation state of [Fe(dptacn)X] in an aqueous

environment should be less pronounced but is expected to be

sufficient under cytoplasmic redox conditions (see below).

Fig. 2 shows the proton NMR spectra in D2O of

[Fe(tptacn)](BF4)2 (at 300 K). The signals of the complex do

not show any appreciable variation from the habitual chemical

shifts, neither was any duplication of the solvent peaks ob-

served, which adds to the Evans data in confirming the

diamagnetic nature of 1. The ensemble of the multiplet signals

is in accord with spectra from other complexes with

tptacn.55,56 By contrast, and as expected, no spectrum in the

habitual chemical shift interval could be obtained for high-

spin complex 2.

Proof-of-concept: relaxivity and the ‘‘off–on’’ effect

The influence on the longitudinal relaxation time (T1) of water

protons was measured for samples of 1 and 2 at four different

concentrations (ranging from 0.5 mM to 4 mM) in pure water,

phosphate buffer (PB), phosphate-buffered saline (PBS), and

serum, respectively (Fig. 3). In all media tested (only water

shown), low-spin complex 1 showed no influence on T1. A

solution of high-spin complex 2 in pure water, adjusted to pH

7, shows relaxation times comparable to those in phosphate

buffer. In the (favorable) case of a concentration of 4 mM,

these may amount to just 10% of the T1 found for solutions

containing low-spin complex 1, or, in other words, the native

T1 value of the respective tissue under scrutiny (see also

Fig. 4). This value compares rather well with the 5% found

for Dotarem (Gd–DOTA) at the same concentration and

conditions. That metal ions with lower magnetic moments

than GdIII can compete astonishingly well with gadolinium-

based complexes has recently been demonstrated for MnII

(five unpaired electrons).57

Importantly, aqueous samples of 2 synthesized either in

MeOH or MeCN led to identical T1 values, thus indicating

that any coordinating acetonitrile molecule was replaced by

water. Significantly, in phosphate buffer containing consider-

able amounts of salt (NaCl), or in serum, longer relaxation

times were measured. This observation may be explained with

the elevated tendency of strongly cationic 2 to coordinate

chloride rather than water at the sixth coordination site and

thus reducing the T1-lowering capacity of 2. Consequently, the

T1 value found for Dotarem, itself being a gadolinium-based,

mono-anionic complex, does not suffer as greatly from the

Table 1 Magnetic moments in solution (determined by Evans’ meth-
od) and comparison to published values determined in the solid state

meff/mB (solvent) (295 K) meff/mB in the solid state (295 K)

1 0.9 (D2O) 0.20–0.63 [Fe(tptacn)](ClO4)2
26,29

0.9 (CD3CN)
0.9 (CD3OD)

2 5.5 (D2O) 5.04 [Fe(dptacn)(Cl)](PF6)
30

4.7 (CD3CN)
4.8 (CD3OD)

3 nd 3.58 [Fe(dptacn)(Cl)](PF6)2
53

4 nd 2.71 [Fe(tptacn)](ClO4)3
26

Fig. 2 1H NMR spectrum (D2O) of 1.

Fig. 3 Longitudinal relaxation times (T1/ms, room temperature) of

pure water (black), [Fe(tptacn)][BF4]2 (1), [Fe(dptacn)][BF4]2 (2), and

Dotarems as reference. A series of concentrations (4.0, 2.0, 1.0,

0.5 mM, from white to dark grey, respectively) was measured. Solu-

tions were prepared and measured under strictly anaerobic conditions.

The H2O solution of 2 was adjusted to pH = 7 by addition of 0.1 N

NaOH. PB and PBS solutions (pH 7.4) contain 10 mM phosphate

buffer and an additional 137 mM NaCl in the case of PBS.
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presence of high salt concentration. In order to test this

explanation, the synthesis of neutral analogues of 2, that will

however ensure establishment of the low-spin state in the

presence of a third arm, is currently underway in our laboratory.

Fig. 4 illustrates the difference in contrast obtained in an

MRI experiment of aqueous samples of the LS and HS

complex, contained in tubes placed in the research tomograph.

The image has been reconstructed with an IR-FISP sequence

(inversion-recovery fast imaging with steady-state precession)

with 1168 ms Tl.

Redox properties (UV analysis)

Low-spin complex 1 shows no spectral signs for oxidation

under air. Conversely, the spontaneous oxidation reaction of 2

under air can be conveniently followed by UV analysis, though

UV spectroscopy does not provide unequivocal proof for a

particular oxidation state (Fig. 5). During the reaction, the

band characteristic for 2 at 388 nm30 decreases in intensity,

while the only reaction product exhibits an electronic absorp-

tion spectrum with a major band at 303 nm including a

shoulder at 335 nm and a broad band between 490 and 560

nm. These bands do not correspond to the ones found for the

iron(III) complex [Fe(dptacn)(Cl)](PF6)2 in acetonitrile (530

(sh) (280), 428 (1760), 251 (12 070)).53 It should be noted,

however, that the oxidation of the central atom would have

resulted in only a shift of the wavelength of the absorption

bands with little change in the spectral structure or band

shape.58

Formation of oxo-bridged dinuclear species54,59–61 cannot

be ruled out in this oxidation reaction, but the cases of

pentadentate mono-nuclear iron species where this behavior

is absent may be explained with the steric crowding of the

ligand.62 y
The Fenton reaction,63,64 frequently evoked in the context of

the chemistry of iron complexes with free coordination sites, may

as easily be observed in iron(II) species ([FeII–EDTA] and

[FeII–DTPA]), as it is not ([FeII(MGD)2] and [FeII(DTCS)2]).
65–67

Any absence of a hydroxyl radical-generating capacity of complex

2 in vitro and in vivo thus remains to be determined.

An oxygen partial pressure-sensing complex based on the

EuII/EuIII redox pair has been reported.68 This system is

distinct from ours in that it behaves like an on–off system

(EuII - EuIII upon oxidation by O2) and not vice versa. Also,

the authors articulate their concern about stabilising the

oxidation state of the initial EuII complex (the actual contrast

agent, since EuIII shows poor relaxivity). Our LS complex 1

benefits from a closed ligand shell of particularly elevated field

strength which makes it stable to spontaneous oxidation even

during mixing with air. Another oxygen-sensing complex

based on the redox pair MnII/MnIII and the tpps ligand (tpps

= 5,10,15,20-tetrakis(p-sulfonatophenyl)porphinate) that was

introduced as not being oxidation-sensitive in its initial state,

actually exhibits a negligible difference in relaxivities when

going to field strengths of 1.5 T and beyond (current trend in

clinical tomograph design).69 In any case, these systems, with

potential merits in their own realm, do not compete with the

here presented system. Our system may serve for the design of

a complex whose ligand chemical constitution is altered by the

action of a hydrolytic enzyme while the europium- and

manganese-based complexes need to suffer oxidation of their

central metal ion for contrast change.

Conclusion

In conclusion, this paper presents a pair of low-spin and high-

spin ferrous complexes that are structurally so similar that

they may serve as the basis for the design of an enzyme-

responsive MRI probe with a true off–on nature.11 In light of

the fundamental differences with gadolinium-based systems,

the here presented alternative path merits further exploration.

The assessment of two independent candidates with the

potential for enzymatic activation is currently underway.

Experimental

Materials and methods

MRI acquisition was performed on samples of different con-

centrations of complexes 1 and 2 using a 7 T Biospec system

Fig. 4 T1-weighted MR images of tubes containing [Fe(tptacn)]-

[BF4]2 (1, LS), and [Fe(dptacn)][BF4]2 (2, HS), at a series of concen-

trations (4.0, 2.0, 1.0, 0.5 mM). Reference: tube containing pure water.

Fig. 5 UV-vis monitoring of the reaction of [Fe(dptacn)][BF4]2 with

dioxygen in water. Two isosbestic points at 471 and 370 nm are

observed.

y One may point out that in a number of cases this oxidation reaction
has been reported as the unsaturation of a nitogen–carbon bond and
that this could be the case here, too. In our opinion, however, the
absence of any possible conjugation of the newly formed double bond
with an aryl system (usually a pyridyl group) and the lack of any
literature precedent involving a tacn macrocyle do not concur with this
view.

432 | New J. Chem., 2008, 32, 428–435 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
1 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

52
54

J

View Article Online

http://dx.doi.org/10.1039/b715254j


(Bruker, Ettlingen, Germany) associated with a 32 mm inner

diameter bird cage coil (Rapid Biomedical, Würzburg, Ger-

many). The longitudinal relaxation time T1 was measured

with the IR-FISP sequence (inversion-recovery fast imaging

with steady-state precession). Imaging parameters were: TR/

TE= 4.2/2.1 ms, inversion times TI = (68+ i� 50) ms where

i = 0, 1, . . ., 32. Geometric parameters were: 40 � 40 mm2

FOV, 5 mm slice thickness and 256 � 192 matrix size. T1

values were obtained from multiple TI images by fitting a

mono-exponential function to the data.

LCMS analyses (see ESIw) were carried out on an

AGILENT 1100 LCMSD (VL) system using ChemStation

software, and a diode array detector (UV).

All reactions were conducted under an inert atmosphere

using Schlenk tubes and vacuum-line techniques. Picolyl

chloride hydrochloride and HBr (33%) in AcOH were ob-

tained from Alfa Aesar; N,N0-dimethylformamide dimethyl

acetal from Fluka.

1,4,7-Tris(p-toluenesulfonyl)-1,4,7-triazacyclononane

(tacn(Ts)3) 3 was synthesized according to a literature proce-

dure.42,43 THF and EtOH were freshly distilled, while AcCN,

DMF, and pyridine were used as purchased.

Syntheses

1-(p-Toluenesulfonyl)-1,4,7-triazacyclononane. A stirred so-

lution of tacn(Ts)3 3 (17.56 g, 29.7 mmol) and phenol (21.00 g,

223.0 mmol) is heated at 90 1C in 240 mL of HBr (33% in

glacial acetic acid) for 30 h. A white precipitate appears after

3 h of heating. The reaction mixture is allowed to cool to room

temperature and then filtered. The thus obtained hydrobro-

mide is washed with diethyl ether (2 � 80 mL), then dissolved

in 1 M NaOH until pH = 12 is reached, and finally extracted

with diethylether (8 � 50 mL). The combined organic phases

are dried with Na2SO4 and concentrated in vacuo to furnish a

white solid (7.36 g, 88%) that is introduced into the next step

without further purification. dH (200 MHz, CDCl3) 7.67 (d,

J = 8.2 Hz, 2H); 7.30 (d, J = 8.2 Hz, 2H); 3.37 (s, 3H); 3.18

(dt, J = 19.6 Hz, J = 2.0 Hz, 6H); 2.97 (s, 3H); 2.41 (s, 3H).

1-(p-Toluenesulfonyl)-4,7-di(picolyl)-1,4,7-triazacyclononane

(4). 2-Picolylchloride hydrochloride (4.30 g, 26.2 mmol) is

added to a stirred suspension of 1-(p-toluenesulfonyl)-1,4,7-

triazacyclononane (3.37 g, 11.89 mmol) and K2CO3 (12.00 g,

86.83 mmol) in 60 mL of dry acetonitrile under inert atmo-

sphere. After 36 h at 50 1C the residual solid is filtered, washed

with acetonitrile (2� 10 mL) and the combined organic phases

concentrated in vacuo. Purification of the crude product by

silica gel chromatography (CH2Cl2–MeOH 15 : 1 to 5 : 1) gives

the pure 1-(p-toluenesulfonyl)-4,7-di(picolyl)-1,4,7-triaza-

cyclononane as a yellow oil (2.80 g, 54%); dH (200 MHz,

CDCl3) d 8.49 (d, J = 4.8 Hz, 2H); 7.63 (m, 4H); 7.47 (d, J =

7.8 Hz, 2H); 7.26 (d, J= 6.2 Hz, 2H); 7.13 (t, J= 4.8 Hz, 2H);

3.90 (s, 4H); 3.19 (dd, J = 22.0 Hz, J = 6.4 Hz, 8H); 2.80 (s,

4H); 2.40 (s, 3H); dC (50 MHz, CDCl3) 159.8; 148.8; 142.8;

136.2; 135.8; 129.4; 126.9; 123.1; 121.8; 63.6; 55.6; 50.7; 21.3.

1,4-Di(picolyl)-1,4,7-triazacyclononane (dptacn) (5). 1-(p-To-

luenesulfonyl)-4,7-di(picolyl)-1,4,7-triazacyclononane (502 mg,

1.08 mmol) is dissolved in 5 mL of concentrated sulfuric acid

and heated for 32 h at 100 1C. The reaction mixture is cooled

to 0 1C and the pH adjusted to 12 by careful addition to a

freshly prepared solution of 50% NaOH. The resulting mix-

ture is extracted with chloroform (3 � 50 mL) and the

combined organic extracts are dried over Na2SO4 and con-

centrated in vacuo to give a dark brown oil (255 mg, 76%).

This crude dptacn (5) is then converted into its hydrobromide

by bubbling HBr into a stirred CH2Cl2 solution of the isolated

dark brown oil. The resulting suspension is concentrated on

the rotavap to give a residue that is reprecipitated in a

minimum amount of hot methanol to furnish a light brown

powder (156 mg, 30%). Liberation of dptacn 5 from this HBr

salt is achieved by refluxing its suspension in 1.6 mL of

toluene–water (80 : 20) in the presence of 80 mg of crunched

NaOH pellets in a Dean–Stark apparatus at 140 1C until

complete recovery of the initially introduced water. The

resulting suspension is filtered hot, the solid resuspended in 5

mL toluene in the presence of an additional 50 mg NaOH, and

stirred for 10 min at 140 1C in the Dean–Stark apparatus. This

suspension is again filtered hot, and the organic phases are

combined and evaporated to give dptacn (5) as an orange

dense oil (77 mg, 23% over three steps). dH (200 MHz, CDCl3)

8.57 (d, 2H); 7.53 (t, 2H); 7.15 (dd, 4H); 3.85 (s, 4H); 3.15 (t,

4H); 2.95 (t, 4H); 2.65 (s, 4H); dC (50 MHz, CDCl3) 157.2;

149.3; 136.7; 122.8; 122.5; 60.8; 52.6; 49.4; 45.2.

1,4,7-Triazacyclononane�3HCl (6). tacn(Ts)3 3 (15.00 g, 25.4

mmol) is added to 15 mL of conc. H2SO4 heated to 140 1C,

and stirred for 10 min at that temperature. After cooling to

RT, the viscous clear solution is added dropwise to 70 mL

MeOH and stirred overnight to yield a finely dispersed beige

solid. The solid is filtered, redissolved in 7.5 mL water heated

to 100 1C, and, after cooling, treated with 7.5 mL conc. HCl to

yield a white precipitate, which is washed two times with

EtOH, and subsequently two times with ether (5.00 g, 83%).

dH (200 MHz, D2O) 3.42 (s).

1,4,7-Triazacyclononane (tacn). To a solution of 6 (3.28 g,

13.7 mmol) and solid NaOH (1.44 g, 35.7 mmol) in 5.7 mL of

water is added a layer of 20 mL of toluene. This mixture is

heated to reflux in a Dean–Stark apparatus in order to remove

water completely. The toluene solution is decanted from the

resin-like residue and the latter is refluxed with another batch

of 4 mL of toluene and 775 mg NaOH for 2 h and then filtered

hot. The organic phases are combined and concentrated in

vacuo. The resulting oil is cooled to 4 1C overnight to give

hygroscopic crystals of tacn (1.61 g, 91%). dH (200 MHz,

CDCl3) 2.75 (m, 12H); 1.88 (s, 3H).

1,4,7-Triazacyclo[5.2.1.0
4.10

] decane (7). Tacn (500 mg, 3.9

mmol), dissolved in a minimum amount of CHCl3, is treated

with 5 mL of toluene and heated to 70 1C. N,N0-dimethyl-

amino-dimethylacetal (465 mg, 3.9 mmol) is added, and the

solution is stirred for 1 h at 70 1C. Solvents were evaporated

under reduced pressure to lead to 1,4,7-triazacyclo[5.2.1.04.10]

decane as a transparent oil (453 mg, 84%) that is introduced

into the next step without further purification. dH (200 MHz,

CDCl3)5.00 (s, 1H); 3.03 (m, 6H); 2.76 (m, 6H).
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1-Formyl-4-picolyl-1,4,7-triazacyclononane (8). Picolyl

chloride is obtained as a bright red oil by dissolving its

hydrochloride salt in dry AcCN at 50 1C for 4 h in the

presence of 4 eq. of NaOH, followed by filtration through a

pad of silica and removal of the solvent under reduced

pressure.

A solution of N,N,N-orthoacetal 7 (250 mg, 1.8 mmol) in

9 mL of THF is treated dropwise with a solution of picolyl

chloride (223 mg, 1.75 mmol) in 6 mL of THF and stirred at

room temperature for 7 days. The reaction is monitored by

taking up aliquots from the reaction mixture in a water–AcCN

mixture and analysing them by LCMS. In case, residual 7

remains an additional amount of picolyl chloride is added. The

solvent is removed in vacuo to give an orange oil that is

refluxed 5 h in 7 mL of water. Subsequently, THF is removed

on the rotavap and the aqueous solution is lyophilised to give

8 as a brown oil (406 mg) that is introduced into the next step

without further purification.

1-Formyl-4,7-dipicolyl-1,4,7-triazacyclononane. A stirred so-

lution of 8 (406 mg, 1.63 mmol) in 10 mL of dry AcCN is

treated with K2CO3 (1.81 g, 13.1 mmol) and picolyl chloride

hydrochloride (287 mg, 1.8 mmol). The reaction is monitored

by LCMS and is usually complete in 3 days. Evaporation of

the solvent and purification by silica gel chromatography

(CH2Cl2–MeOH 15 : 1 to 10 : 1) gives the desired product as

an orange oil (492 mg, 84%). dH (200 MHz, CDCl3) 8.53 (m,

2H); 8.05 (s, 1H); 7.67 (m, 2H); 7.43 (m, 2H); 7.17 (m, 2H);

3.87 (d, 4H); 3.40(m, 2H); 3.26 (s, 4H); 3.02 (m, 2H); 2.80 (m,

2H); 2.58 (m, 2H). dC (50 MHz, CDCl3) 163.5; 159.7; 159.5;

149.0; 148.8; 136.4; 136.2; 122.9; 122.7; 121.9; 63.7; 63.0; 57.8;

54.4; 54.2; 53.2; 50.3; 47.2.

1,4-Di(picolyl)-1,4,7-triazacyclononane (5). A stirred solu-

tion of 1-formyl-4,7-dipicolyl-1,4,7-triazacyclononane (110

mg, 0.32 mmol) in 3 mL of EtOH is treated with solid KOH

(560 mg, 10 mmol). The resulting mixture is heated to reflux

for 24 h, then neutralized by 1N HCl. The aqueous layer is

separated and extracted with CHCl3 (6 � 15 mL). The

combined organic extracts are dried over Na2SO4 and con-

centrated in vacuo to give dptacn 5 as a yellow oil (95 mg,

95%). (NMR data identical to compound 5 produced by

route 1.)

[Fe(tptacn)][BF4]2 (1). In a Schlenk flask [Fe(H2O)6][BF4]2
(0.454 g, 1.34 mmol) was dissolved in degassed MeOH (10

mL). To the resultant solution tptacn (0.541 g, 1.34 mmol) in

the same solvent (10 mL) was added dropwise at room

temperature. The resulting dark brown solution was stirred

for 1 h, then stored overnight at 0 1C. This gave brown

prismatic crystals that were collected in a filter, washed with

diethyl ether (10 mL) and dried in vacuum to afford 1 (0.634 g,

75%). UV-Vis lmax = 248 (3184) p - p*, 432 (11 970)

MLCT; Anal. calcd for C24H30N6Fe(BF4)2: C, 45.6; H, 4.8;

N, 13.3. Found: C, 45.5; H, 4.8; N, 13.2. Chromatographic

purity (LCMS) was proven by mass (ESI, LRMS) data and

UV (DAD) detection.

[Fe(dptacn)(MeOH)][BF4]2 (2). To 3 mL of a solution of

[Fe(H2O)6][BF4]2 (0.338 g, 1.0 mmol) in degassed MeOH was

added 4 mL of a methanol solution containing 0.311 g (1.0

mmol) dptacn. The resulting brown solution was kept

under an Ar stream for 24 h to concentrate the solution to

approximately a half of the initial volume to give brown

prismatic crystals of 2 which were collected by filtration,

washed with diethyl ether (10 mL), and dried under vacuum

(0.401 g, 74%, hygroscopic and air-sensitive). UV-Vis lmax =

237 (3179) p - p*, 329 (2870) MLCT. Chromatographic

purity (LCMS) was proven by mass (ESI, LRMS) data and

UV (DAD) detection.
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