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A New, Facile Synthesis of 1,4,7,10-Tetraazacyclododecane: Cyclen
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This report outlines a new and efficient synthesis of cyclen (1,4,7,10-tetraazacyclododecane, 1)
utilizing bis-imidazoline, 6 (1,1'-ethylenedi-2-imidazoline), with 1,2-dibromoethane. General condi-
tions were developed, allowing for the simple, three-step synthesis of 1 at the multigram scale
with an isolated overall yield approaching 65%. The cyclization of 6 produced by the condensation
of triethylene tetraamine (TETA) with N,N-dimethylformamide dimethyl acetal, gave the twelve-
membered, imidazolinium, cyclized intermediate bromide salt, 7 (2,3,4,5,6,7,8,8c-octahydro-1H-
4a,6a,8a-triaza-2a-azoniacyclopent[fglacenaphthylene), which hydrolyzed to 1 with the use of hot,
aqueous caustic. Hydrolysis of 7 under milder conditions formed the 1,4,7,10-tetraazabicyclo[8.2.1]-
tridecan-13-one (20). Mechanistically, the formation of 7 may be rationalized as involving a
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diaminocarbene that undergoes an intramolecular carbon—hydrogen insertion.

Introduction

Within the past decade, cyclen (1,4,7,10-tetraazacy-
clododecane, 1) has become an important intermediate
for the synthesis of diagnostic and therapeutic pharma-
ceutical agents.! One of the fastest growing medicinal
uses of cyclen is in the development of MRI contrast
agents.> More recently, advances in targeted cancer
agents such as antibodies and peptides have revived
interest in cyclen-based bifunctional chelating agents for
therapy.®

These new technologies are increasing the demand for
1 on both the commercial and research scale. Accordingly,
there is considerable effort being devoted to finding more
efficient synthetic strategies to this valuable intermed-
iate.4™°

The traditional literature procedure developed by
Richman—Atkins for the synthesis 1 involves the forma-
tion of tetra-N-tosylated cyclen from the macrocyclization
of tris-N-tosyl diethylenetriamine with N-tosyldiethano-
lamine ditosylate.’® A variety of procedures for the
detosylation have been reported such as treatment with
concentrated H,SO, and HBr/AcOH. Over the years,
modifications of this process have been reported to help
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increase the efficiency of this technique.''~'3 However,
even with modifications, the use of N-tosylates makes for
a very cumbersome process.

In an effort to avoid tosylate chemistry, several new
synthetic routes to cyclen have been reported.*~® Most
of the recent work has focused on utilization of the
tricyclic intermediate 3H,6H-ocathydro-2a,5,6,8a-tet-
raazacenaphthylene (2). Jazwinski and Kolinski initially
accomplished the preparation of 2 by treating triethyl-
enetetraamine (TETA) with glyoxal.'*

Several groups have taken advantage of 2 as a route
to 1, by treating 2 with either dichloro- or dibromoethane
to form the tetracyclic precusor 3.57%15 Hydrolysis of the
ethylene bridge has been performed using either a Br;
oxidation process or a primary amine hydrolysis process.
Use of the time-consuming (18 h) oxidation process forms
the dicationic, bromide salt (4), which can be hydrolyzed
under basic conditions (pH 14, autoclave), yielding 1 in
25% overall yield (based on TETA).®
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Hydrolysis of 3 with primary amines forms 1 in higher
yields and has the advantage of being performed in one
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step versus two. For instance, hydroxylamine and hy-
drazine have both been utilized to generate 1 in yields
of 45 and 50—65%, respectively (based on TETA).>” The
main disadvantage of this technique is the lengthy
reaction time (>20 h).

Weisman and Reed also addressed these issues con-
cerning the synthesis of 1 and reported a unique, non-
glyoxal route to 1.# Their approach focused on conversion
of TETA to a tricyclic bis-amidine (5) that underwent a
double reductive ring expansion with DIBALH, yielding
1in 57%. While this method clearly offers a significant
and novel approach to 1, there remain some drawbacks
when considering large-scale production. For instance,
the procedure required the use of dithiooxamide, which
leads to the generation of hydrogen sulfide and a time-
consuming reduction involving DIBALH. Typically, re-
gardless of the synthetic process utilized, final isolation
of 1 is achieved via precipitation from basic solution.

Over the past few years, we have also developed an
efficient process for the production of cyclen (1) from the
cyclization of bis-imidazoline (6)!® with 1,2-dibromo-
ethane that we now report.’” As in the Weisman—Reed
process, the use of bis-amidine chemistry was exploited
to perform the cyclization. However, the bis-amidine used
was the 1,1'-ethylenedi-2-imidazoline (6). Unlike the
rigid, tricyclic bis-amidine 5, bicyclic 6 does not possess
a covalent bridge at the unsaturated carbon of the
amidine rings.

Results and Discussion

The synthesis of 6 is performed by taking advantage
of the reactivity of formamide acetals (Scheme 1).1¢
Historically, such reagents have been used to efficiently
convert primary amines and primary amides to amidines
and acylated amidines, respectively.*®1° Using this tech-
nique, 6 was efficiently prepared under neat reaction
conditions in >90% yield following recrystallization.

The macrocyclization of 6 with a dielectrophilic sub-
strate such as 1,2-dibromoethane produced the monoim-
dazolinium compound 7 in >70% yield. However, ex-
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tended cyclization reaction times (24 h, DMF) resulted
in a new, highly symmetric product, determined to be
the dicationic oxamidinium 4. Compound 4 was also
prepared by treating 7 with a dilute aqueous H,0;
solution (Scheme 1). The structural nature of 4 was
determined by 2-D Hetcor NMR and the single-crystal
X-ray structure, with the center carbon framework
exhibiting carbon—carbon and carbon—nitrogen bond
distances of 1.43 and 1.30 A, respectively. Finally, the
structural analysis of 7 and 4 was further elucidated by
reducing both with NaBH, forming the known bis-
aminal, tetraamino ethane macrocycle (3). The 13C NMR
of 3 was in agreement with the literature values.*®

A possible stepwise mechanism for the generation of
7 is outlined in eq 1. Mechanistically, the initial step in
the formation of 7 was the alkylation of 6 with 1,2-
dibromoethane, producing the imidazolinium intermedi-
ate 8. Intermediates such as 8 are known to be efficient
diaminocarbene precursors, generating diaminocarbenes
that typically dimerize, yielding tetraaminoethylene
derivatives.?%2! In fact, Lappert has reported the syn-
thesis of endotricyclic tetraaminoethylene 13 (R = allyl;
n = 0, 1) via an intramolecular diaminocarbene dimer-
ization and demonstrated the ability of 13 to undergo a
[3,3]-sigmatropic rearrangement to form amidine inter-
mediate (14), which is similar to 7 (eq 2).??

ﬂ
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At first glance, a similar mode of mechanistic operation
seems plausible for the formation of 7. However, a
carbene dimerization mechanism analogous to that pro-
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posed for the formation of 13 is not probable here because
6 would have to form a 10-membered ring transition state
in the process of generating 13. A simple, and plausible,
alternative is that 8 loses HBr to form carbene 9, which
then undergoes an intramolecular, carbene carbon—
hydrogen insertion. Such a process will eventually lead
to the electronically neutral intermediate 10 (eq 1). The
neutral amidine intermediate 10 may then readily dis-
place the remaining bromide to form 7. This latter
sequence may be the key in trying to understand the
efficiency of the formation of 7. In contrast to the
Richman/Atkins methodology, which requires a 12-
membered transition state for the final macrocyclic ring
closure, the ring-closure reaction of 10 to 7 passes
through a conformationally favorable six-membered tran-
sition state.

Further investigation of this proposed mechanism was
performed by reacting 6 with ethylene carbonate, which
demonstrated that the new covalent bond was formed
prior to the formation of the macrocyclic ring. The use of
such a monoelectrophilic substrate prevents any macro-
cyclic ring closure but does allow the formation of a
tricyclic neutral amidine as discussed and shown in eq 1
(i.e., 10). Accordingly, upon heating a DMF solution of
ethylene carbonate and 6, we observed the observed
major product to be structure 15 (eq 3). The X-ray crystal
structure of 15 clearly identifies the bond distance of the
imidazoline double bond (C6—N10) and the new carbon
single bond (C2—CB6) as being 1.28 and 1.50 A, respec-
tively.
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After the preparation of 7, the next issue addressed
was the deprotection of 7 to yield free base cyclen (1).
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Various imidazolinium ions are known to be fairly stable
in acidic and neutral media, and some hydrolyze only at
elevated pH (>12.0).%8 Accordingly, the use of excess hot
alkali hydrolyzed 7 to 1 in >80% yield. The only observed
impurity was the urea form of cyclen (20), which was the
exclusive hydrolysis product of 4. Under milder condi-
tions, the formation of 20 was observed as the major
product. Typically, the isolated cyclization reaction mix-
ture was hydrolyzed without any purification of the salt
7. The isolation of 1 was achieved by allowing the
trihydrate form of 1 to precipitate from the caustic media.
Water and trace amounts of salts were removed via
azeotropic distillation followed by crystallization from
toluene to give 1 in free base form.

Mechanistically, the product distribution of cyclen (1)
and 20 depends on the partioning of 7 between hydroxide
addition to form alkoxide amine 16 and autoxidation to
4 (Scheme 2). Within the literature, the hydrolysis of
tetraarylalkylaminoethylenes with strong alkali is known
to favor a route involving intermediates such as 16.1°
Once formed, a stepwise degradation of 17 generates
cyclen (2).

Under milder conditions, imidazolinium intermediates
(i.e., 7) can undergo autoxidation to produce oxamidinium
species such as 4.2 Hydrolysis of 4 may proceed through
the diaminocarbene intermediate 18, which ultimately
produces 20 (Scheme 2). Although these simple explana-
tions may explain the product formation, the precise
mechanistic details will require further delineation to
unravel the exact nature of each intermediate involved
in the process.

Conclusions

Macrocyclic amines have proven to be extremely valu-
able as a scaffold for incorporating metal ion binding into
larger molecular fragments. Specifically, the kinetic and
thermodynamic metal binding characteristics of the 12-
membered tetraazamacrocycle are well suited to a wide
range of biological applications. In addition, the versatil-
ity of this macrocycle continues to grow as new methodol-
ogy for selective functionalization has appeared. Thus,
derivatized forms of cyclen (1) are becoming increasingly
popular as standard building blocks in applications
requiring highly selective metal ion chelation.

As a result of these growing demands and interest,
there has been an obvious need to produce 1 at a
reasonable cost and in a reproducible and efficient
manner. Clearly, several new routes to 1 have appeared
over the past five years or so, each claiming certain
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advantages in overall yield, number of steps, and
efficiency.*° Each route has its appeal and is capable of
producing 1. However, with the coupling of dibromo-
ethane and bis-imidazoline (6), we have demonstrated
that 1 can be easily liberated from the resulting imida-
zolinium intermediate 7. The generation of 7 is proposed
to be an example of an intramolecular diaminocarbene
C—H insertion.

This process is well suited to both laboratory-scale and
plant production quantities of 1. On a lab scale, it is
straightforward to produce 50 g of final product in 2 days.
On a large production scale, this process is appealing
because of the rapid nature of each reaction and the low
volume of overall waste produced. We believe this process
represents the most predictable approach to cyclen (1)
with a minimum of procedural development.

Experimental Section

General. Reactions were run under nitrogen with stirring.
Materials: N,N-Dimethylformamide dimethyl acetal (94%),
1,2-dibromoethane, anhydrous potassium carbonate (325 type
mesh), tetrahydrofuran, acetonitrile, and triethyletetraamine
(TETA) were purchased commercially. Instrumentation: MS
data for 7 were collected using a flow injection MS/ESI. GC
analyses were performed on a gas chromatograph with a 50
x 33u capillary column. The temperature program employed
was 60 °C for 5 min with an increase to 270 °C at 10 °C. The
samples were prepared for GC analysis by removing a small
portion of the solution and diluting with 2—3 mL of toluene.
The resulting binary solution was rinsed with 50% (w/w)
NaOH. NMR data were collected on a 250 MHz instrument.
Chemical shifts reported are internally referenced to tetra-
methylsilane.

1,1'-Ethylenedi-2-imidazoline (6). To a stirred solution
of linear TETA (100 g, 0.68 mol) was added N,N-dimethyIfor-
mamide dimethyl acetal (173.37 g, 1.36 mol). The solution was
refluxed for 30 min. The reaction mixture was dried in vacuo.
The resulting off-white solid was recrystallized from THF. The
resulting white solid was filtered under a blanket of nitrogen
and isolated in 85% yield (96.3 g, 0.58 mol): mp 107—9 °C; 'H
NMR (CDCls) 6 6.7 (s, 2H), 3.7 (t, 4H), 3.1—3.2 (overlapping
signals, 8H) ppm; 3C NMR (CDCl3) 6 157.2 (CH), 55.0 (CHy),
48.4 (CHy), 46.4 (CH) ppm. MS m/e 167 (M + 1, 1), 166 (6),
83 (100), 56 (89).

2,3,4,5,6,7,8,8c-Octahydro-1H-4a,6a,8a-triaza-2a-azo-
niacyclopent[fglacenaphthylene Bromide Salt (7). A5
L three-neck round-bottom flask equipped with an overhead
mechanical stirrer, a condenser, and a nitrogen inlet was
charged with in 2.4 L of acetonitrile, 6 (50 g, 0.30 mol), 1,2-
dibromoethane (78.9 g, 0.42 mol), and K,COj3 (31.2 g, 0.23 mol).
The mixture was heated to reflux while being stirred. After 3
h at reflux, the K,COs was filtered and the filtrate was dried
in vacuo. Typically, the salt was taken up in water without
purification and carried on to the hydrolysis step. However,
the pure salt form of 7 may be isolated by rinsing the crude
solid with a minimal amount of cold acetonitrile, followed by
filtration under nitrogen, which yielded a pale yellow solid
weighing 35.3 g (0.21 mmol) for a yield of 70%: mp 130 °C
dec; *H NMR (D20) 6 4.6 (s, 1H), 3.7-3.9 (m, 4H), 3.3—3.5 (m,
6H), 2.5—3.2 (m, 6H) ppm; **C NMR (CDCl3) ¢ 162.0 (C), 72.7
(CH), 54.2 (CH,), 52.4 (CHy), 45.5 (CH,), 44.3 (CH_) ppm. Anal.
Calcd for CioH1sN4Br: C, 43.96; H, 6.23; N, 20.5; Br, 29.3.
Found: C, 43.24; H, 6.38; N, 20; Br, 32.8.

Synthesis of Oxamidinium 4 from 7. The procedure used
for the synthesis of 7 was followed with the exception that the
DMF solution was heated for 12—14 h at 100 °C (1.14 g, 6.8
mmol of 6; 1.8 g, 9.58 mmol of 1,2-dibromoethane; 0.71 g, 5.24
mmol of K,COg3). The cooled solution was dried in vacuo leaving
an amber-colored solid. No further purification of the material
was performed: mp 295 °C dec; *H NMR (D;0) 6 4.3 (s), 4.0
(s) ppm; 8C NMR (D20) 6 46.3 (CH,), 54.3 (CH,), 150.6 (C)
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ppm. X-ray crystallographic analysis information of 4 can be
found in Supporting Information.

Synthesis of 4 via Hydrogen Peroxide. The cyclized
intermediate 7 (1 g, 3.6 mmol) was dissolved in 10 mL of water.
A 10% H,0, aqueous solution was added to the mixture. The
solution was heated to reflux. After 30 min, the heat source
was removed and the solution was dried in vacuo. No further
purification of the material was performed.

Cyclen (1). The cyclized intermediate (7, 113 g, 0.41 mol)
was dissolved in water to give a total volume of 450 mL and
added dropwise to a refluxing solution of 400 mL of caustic (8
equiv, 129 g, 3.3 mol). The caustic solution was heated for an
additional 30 min after the addition of 7. The aqueous caustic
solution was gravity filtered while hot. The filtrate was then
concentrated (in vacuo) until crystalline 1 was observed in the
solution. After the mixture had cooled to ambient temperature,
1 was filtered and the precipitation process was repeated until
no further crystallization occurred. The final aqueous filtrate
was dried in vacuo, and the remaining cyclen was removed
by extractions of the solid residue with hot toluene. The overall
yield of (1) was 88% (62 g, 0.36 mol): *H NMR (CDCls;) 6 2.54
ppm; ¥C NMR (CDCls) 6 45.9 ppm; MS m/e 174 (M + 1), 173
(2), 128 (8), 104 (45), 85 (100), 56 (80).

Synthesis of 3 (Decahydro-2a,4a,6a,8a-tetraazacyclo-
pent[fglacenaphthylene) from 7. The cyclized intermediate
(7, 1 g, 0.0036 mol) was dissolved in a 50:50 MeOH/EtOH
solution to give a final volume of 20 mL. NaBH, was added in
small portions to the ethanolic solution. Excess NaBH, was
added, and the solution was refluxed for 1 h. Water was added
to the reaction mixture, and the refluxing was continued for
an additional 1 h. The solution was dried in vacuo. No further
purification of the material was performed. The overall yield
was 90% (0.63 g, 0.0032): *C NMR (D;0) ¢ 78.8 (CH), 53.0
(CHy), 52.0 (CH) ppm; MS m/e 195 (M + 1), 194 (56), 152 (43),
124 (15), 83 (100), 56 (50).

Synthesis of 3 from 4. The cyclized intermediate (4, 0.2
g, 1 mmol) was dissolved in 5 mL of EtOH. NaBH, was added
in small portions to the ethanolic solution. The solution was
refluxed for 2 h. The solution was dried in vacuo. No further
purification of the material was performed. The yield of (3)
was quantitative: 3C NMR (D,0) 6 78.8 (CH), 53.0 (CHy), 52.0
(CHy) ppm; MS m/e 195 (M + 1), 194 (56), 152 (43), 124 (15),
83 (100), 56 (50).1°

2,3,5,6,8,9-Hexahydro-diimidazo[1,2-a:2',1'-c]pyrazine-
1(10bH)-ethanol (15). Bis-imidazoline (6) (2 g, 12 mmol) and
ethylene carbonate (1.06 g, 12 mmol) were dissolved in 100
mL of anhydrous DMF. The resulting solution was heated to
140 °C for 5 h while under nitrogen. The solution was dried
in vacuo, leaving a yellow, golden-colored oil. The oil was taken
up in CH.CI, and then rinsed with 2 x 50 mL of 1 N HCI. The
pH of the aqueous layer was raised to 13.5—14 with the
addition of aqueous NaOH. The basic solution was rinsed with
CH_ClI; (3 x 100 mL). The combined CHCI; layers were dried
over Na,SO,. Removal of the solvent left 240 mg of colorless
oil. Crystal growth of 15 was accomplished by taking the oil
up in diethyl ether and allowing the solvent to slowly evapo-
rate: 'H NMR (CDClg) ¢ 2.3—3.7 (m, 17H), 4.4 (s, 1H) ppm;
3C NMR (CDClg) 6 43.19 (CH,), 45.59 (CHy), 48.83 (CH,),
51.31 (CHy), 52.37 (CHy), 54.01 (CH,), 59.64 (CH,), 61.1 (CH,),
75.55 (CH), 166.71 (C) ppm; MS m/e 211 (M + 1) (3), 210 (21),
180 (32), 138 (100), 124 (26), 97 (25), 83 (12), 56 (31). X-ray
crystallographic analysis information of 15 can be found in
Supporting Information.

1,4,7,10-Tetraazabicyclo[8.2.1]tridecan-13-one (20). The
cyclized intermediate (6, 1 g, 5.2 mmol) was dissolved in 15
mL of water. The aqueous solution was added dropwise to a
solution of 50% NaOH (10 equiv, 2.04 g, 50 mmol). The solution
was stirred for 16 h at ambient temperature and then heated
to a reflux for 1 h. When the solution was cooled, 1 precipitated
and was filtered. The filtrate was extracted with chloroform
(4 x 20 mL). The resulting chloroform solution was dried over
K,COs, filtered, and dried in vacuo: *H NMR (CDCls) 6 2.4
(br's, 2NH), 2.6 (m, 2H), 2.9 (m, 6H), 3.1 (m, 2H), 3.6 (m, 4H),
4.0 (m, 2H) ppm: 3C NMR (CDCl3) d 42.0 (CH,), 44.9 (CHy),
45.8 (CHy,), 49.6 (CHy), 165.9 (C) ppm; IR (CHCI3) 2998, 2932,
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2895, 1675, 1496, 1455, 1265 cm™1; MS m/e 199 (M + 1), 198
(12), 155 (100), 142 (37), 126 (18), 113 (53), 99 (33), 85 (45), 70
(25), 56 (73). Anal. Calcd for CoH16N4O: C, 55.10; H, 8.16; N,
28.57. Found: C, 54.95; H, 7.95; N, 27.78.
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