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All possible configurations of two different groups on the
four nitrogen atoms of cyclen were achieved using four
differently protected cyclen intermediates including the
novel mono-protected cyclen compound, mono-N-Cbz-cy-
clen.

Current interest in the regioselective N-functionalization of
1,4,7,10-tetraazacyclododecane (cyclen) stems mainly from
their complexes with radioactive metals for applications in
diagnostic (64Cu, 111In, 67Ga) and therapeutic (90Y) medicine,1
and with paramagnetic ions for magnetic resonance imaging
(Gd3+).2 Most recently, tetraazamacrocycles have found appli-
cations as anti-tumor3 and anti-HIV agents.4 Selective methods
for the N-substitution of cyclen is a crucial step in most
syntheses of cyclen-based ligands and bifunctional chelating
agents. In addition, mixing different pendent groups, especially
hydrophilic and hydrophobic groups, to give hetero-substituted
cyclen derivatives would be advantageous in many applications
for fine-tuning the compound’s physical properties.5,6 Small
changes in structure can result in huge differences in physio-
logical properties of medicinal agents. SARs (structure activity
relationships) based on selective modification of structure are
well known to be a powerful strategy in new drug development.
With coordination complexes of cyclen the number of acetic
acid groups (CH2CO2H) introduced onto the nitrogen atoms has
a huge effect on the coordination geometry and final formal
charge under physiological conditions, affecting both the
thermodynamic stability and kinetic inertness.7 The cyclen
derivatives DO3A (three acetates) and DOTA (four acetates)
are the most widely used cyclen-based compounds for medici-
nal applications.

To obtain different substitution patterns, we utilize a strategy
of regioselective protection/1st alkylation/deprotection/2nd al-
kylation (Scheme 1). Direct functionalization and cyclization of
N-alkylated precursors can be applied in some cases, but a
protection/functionalization/deprotection method is a more
reliable and efficient way in most cases.8 The protecting groups
used are required to be introduced regioselectively among the
four identical nitrogen atoms of cyclen in high yield and easily
cleaved in mild reaction conditions without attacking other
functional groups. Herein we report efficient synthetic methods
for all possible hetero-substituted cyclen isomers which could
be synthesized using two different pendent arms with at least
one acetic acid group. We also report a facile and effective way
to prepare mono-protected cyclen, which is a very useful
synthon for preparing DO3A derivatives, and the methylene
phosphonic acid (CH2PO(OH)2) analogs, DO3P derivatives.

Different numbers of cyclen’s nitrogens were protected
regioselectively to afford mono-, cis-di- and trans-di-, and tri-
nitrogen protected cyclen compounds. These protected species
were then reacted with 4-(tert-butyl)benzyl bromide to give the
alkylated products (1a–4a). The subsequent functionalization
with acetic acid groups was carried out after deprotection to
give final products which have two different pendent arms
(1–4).

A tri-protected cyclen compound was prepared by the
reaction of cyclen and chloral hydrate without difficuties.9
Triformylcyclen was reacted with the alkylating group, 4-(tert-
butyl)benzyl bromide in the presence of iPr2NEt in acetonitrile
to give the mono-alkylated product (1a), which was purified by
simple recrystallization in diethyl ether. Due to a restricted
rotation of the N–CHO bond, the 1H and 13C NMR spectra of
the triformylcyclen compound were more broad and compli-
cated than expected, and the compound was characterized by
elemental analysis and HR-MS. Deprotection utilizing base as
in the original paper9 was ineffective in our case. Treatment
with base (1 M KOH, 80 °C, 15 h) was found to give incomplete
removal of the formyl groups. Instead, deprotection of the
formyl groups was found to be easily accomplished using acidic
conditions (2 M HCl, 60 °C). Evaporation of the aqueous
solution gave the pure product as the HCl salt. Subsequent
introduction of tert-butyl bromoacetate was achieved using
iPr2NEt as base in acetonitrile similar to the first alkylation step.
Deprotection of the tert-butyl groups using hydrochloric acid (6
M) afforded the tri-acetate DO3A derivative (1). By choosing
different initial alkylating groups, many useful DO3A deriva-
tives for BFCs (bifunctional chelates) might be produced.10

Two disubstituted cyclen isomers, 1,4- and 1,7-dialkylated
cyclen derivatives, were prepared successfully in high yield
using diethyl oxalate and benzyl chloroformate as protecting
groups following literature methods, which led to the formation
of cyclenoxamide11 and 1,7-dibenzyloxycarbonyl-cyclen,12

respectively. Both cis- and trans-protected intermediates (with
respective to the relative positions of tertiary nitrogen atoms)

† Electronic supplementary information (ESI) available: spectroscopic data.
See http://www.rsc.org/suppdata/cc/b2/b212667b/

Scheme 1 i, Protection; ii, 1st alkylation ((4-(tert-butyl)benzyl bromide,
iPr2NEt, MeCN); iii, deprotection; iv, 2nd alkylation (BrCH2CO2tBu,
iPr2NEt, MeCN); v, deprotection.
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were alkylated in the same way as above (2a and 3a).
Subsequent deprotection and the second alkylation followed to
afford cis- and trans-DO2A derivatives (2, 3) in 25–26% overall
yield based on starting cyclen. The reaction products were
purified by either recrystallization (2a, 2 and 3) or column
chromatography (alumina, ethyl acetate for 3a).

To prepare trialkylated cyclen derivatives, we needed to
devise an effective way to differentiate one of the nitrogen
atoms of cyclen. Although there are a few reports describing
mono-N protection, these methods use an excess of relatively
expensive cyclen, followed by laborious chromatographic
separation of mono-protected cyclen from di- and tri-protected
cyclen compound mixtures which have very similar Rf values,6
or protect three nitrogen atoms first using N,N-dimethylforma-
mide dimethyl acetal,13 Ts13 or Boc5 followed by conversion of
these intermediates to mono-protected cyclen compounds. In
these methods, the overall yield of mono-protection based on
cyclen is in the range of 25–50% owing to the low yield of the
protection step and the requisite chromatographic purification
of cyclen compounds. Our method utilizes a one-pot reaction by
first protecting three nitrogens with identical protecting groups
followed by protection of the fourth nitrogen. The three
identical protecting groups are subsequently removed to give
mono-protected cyclen with an easily removable benzyl
carbamate group (mono-N-Cbz-cyclen) (Scheme 2).

Three of the four nitrogen atoms of cyclen were protected by
formyl groups by reaction with four equivalents of chloral
hydrate in ethanol.9 We have found that four equivalents of
chloral hydrate relative to cyclen is enough to protect only three
nitrogen atoms of cyclen selectively but does not produce other
possible isomers such as mono-, di- and tetra-protected cyclen
compound. After evaporation of solvent to dryness, the product
was further reacted with an excess of benzyl chloroformate
without any purification. The pH of the aqueous mixture was
continuously maintained in the range of pH 4–9 for complete
reaction. The crude product was extracted with methylene
chloride and simply recrystallized from diethyl ether to give
pure 1,4,7-triformyl-10-(benzyloxycarbonyl)-1,4,7,10-tetraaza-
cyclododecane‡ (5) in quantitative yield. Due to the hindered
rotation of three formyl groups, the peaks in the 1H NMR
spectrum are broad, and more resonances than expected are
observed in the 13C NMR spectrum.9 The compound, 5, was
also ascertained by TLC [Rf = 0.39 on alumina,
MeOH+CH2Cl2 (1+20)], elemental analysis and HR-MS. Mild
acidic treatment (1 M HCl, 50 °C) of 5 led to selective cleavage
of three formyl groups without attacking the Cbz group.
Elevated temperature and higher acidity could break the Cbz–N
bond to return to the starting cyclen itself. After complete
evaporation of the aqueous solution the crude product was
recrystallized from EtOH/Et2O to give the pure mono-protected
cyclen compound, 1-(benzyloxycarbonyl)-1,4,7,10-tetraazacy-
clododecane as the hydrochloride salt§ (6). The overall yield for
the two reactions based on cyclen is over 80%, which is much
higher than the previous mono-protection methods. The benzy-
loxycarbonyl group itself has advantages as a protecting group
for nitrogen atoms because it can be easily removed by catalytic
hydrogenation in addition to normal acidic hydrolysis.

The mono-protected compound 1-(benzyloxycarbonyl)-
1,4,7,10-tetraazacyclododecane was then alkylated using the

previously described method to give a mono-protected and tri-
alkylated cyclen compound (4a). Removal of the benzylox-
ycarbonyl protecting group by hydrogenation over Pd/C
afforded the tri-alkylated cyclen compound. The second
alkylation with tert-butyl bromoacetate, followed by deprotec-
tion of the tert-butyl group, led to theDO1A derivative (4). This
mono-protected cyclen also provides easy access to important
intermediates, DO3A–(OR)3 (R = tBu, Et, Bz) for the synthesis
of DOTA- and DO3A-based BFCs.14

In conclusion, all possible isomers with two different
pendents, DO1A, cis- and trans-DO2A and DO3A derivatives,
were synthesized by employing the same synthetic strategies. A
judicious choice of four different protecting groups was found
to be essential to the high-yield preparation of regioselective N-
alkylated cyclen compounds. All compounds are fully charac-
terized by 1H NMR, 13C NMR, and either elemental analysis or
high resolution mass spectroscopy. A mono-N-protected cyclen
compound, mono-N-Cbz-cyclen, was successfully prepared in
high yield without tedious chromatographic separation by one-
pot consecutive reactions of cyclen with chloral hydrate and
benzyl chloroformate and selective deprotection of the formyl
groups. All protection and deprotection steps are air-stable and
do not need harsh reaction conditions. Mono-N-Cbz-cyclen
could be used as a synthon in the preparation of a variety of
BFCs.

This work was supported by the United States Department of
Energy (DEFG02-087ER-60512).
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