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Cyclen (1,4,7,10-tetraazadodecane) is a widely used building
block in the synthesis of many important molecules with ap-
plications spanning MRI contrast agents, fluorescent probes
and heavy metals sensors. This review describes the various
synthetic methodologies employed for the preparation of N-
functionalized cyclens such as: synthesis from acyclic precur-
sors; alkylation or acylation of cyclen; and protecting group

manipulations. Emphasis is given to synthetic strategies al-
lowing for the selective, differential N-functionalization of
cyclen which is particularly useful for many modern applica-
tions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The story of cyclen or 1,4,7,10-tetraazadodecane (1, Fig-
ure 1) begins in 1961, when its synthesis was first ac-
complished by the German chemists Stetter and Mayer.[!]
Relatively few research reports dealing with cyclen and its
derivatives appeared during the following two decades until
the discovery of the ability of cyclen and its simple N-func-
tionalized derivatives to chelate a wide variety of metal cat-
ions. This discovery resulted in a real boom in the chemis-
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try, applications, and publications dealing with cyclen and
its derivatives during the last two decades.
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Figure 1. Structures of cyclen (1), DOTA (2) and DOTAM (3).

Among the simple derivatives, DOTAP! (N, N* N7 N10-
cyclentetraacetic acid, 2) and DOTAMP! (N', N* N7, N'0-cy-
clentetraacetic acid amide, 3) have received special atten-
tion, Figure 1. Nowadays, cyclen and its derivatives are be-
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ing widely used in the construction of a wide variety of
functional molecules such as MRI and PET contrast
agents, fluorescent and luminescent probes, metal sensors,
RNA cleavers, and antibacterial agents.

Various aspects of the chemistry related to cyclen and its
derivatives, such as chemistry of DOTA-peptide conju-
gates,™ PET imaging of biomolecules using metal-DOTA
complexes,®! use of transition-metal complexes of
azamacrocycles in molecular recognition,® or responsive
MRI contrast agentst’”! have been recently reviewed. More-
over, some strategies for the regioselective N-functionaliza-
tion of various tetraazacycloalkanes, including cyclen have
been the subject of a review article,[® however it is not as
comprehensive as the present microreview.

The aim of this review is to summarize various synthetic
approaches, including some protecting-group manipula-
tions, towards N-functionalized cyclens. Special attention
will be paid to the methodologies that permit the synthesis
of selectively substituted cyclens, which are often times the
key precursors in the preparation of a wide variety of cyclen
conjugates exhibiting diverse and important functional
properties.

In principle, there are three general methodologies for
the synthesis of N-functionalized cyclens: synthesis from
acyclic precursors, alkylation of cyclen, and treatment of
cyclen with acylation and sulfonylation reagents, or combi-
nations thereof. While the final substitution pattern of the
product in the synthesis of cyclens from acyclic precursors
is determined by their structures, the later two approaches
may be carried out in selective manner; that is, N-mono-,
N-di-, N-tri- or N-persubstituted cyclens are formed either
exclusively, or at least predominantly. The synthesis of cy-
clens from acyclic precursors is the oldest methodology and
often requires protecting group manipulations in order to
obtain the desired product. Because cyclen (1) is now com-
mercially available, contemporary syntheses of N-function-
alized cyclens are commonly achieved by its direct N-func-
tionalization using a wide variety of alkylating, acylating
and sulfonylating agents. Although there have been some
advances in understanding the reactivity of cyclen, rationale
design of syntheses based on the selective functionalization
of cyclen is still a very challenging task. Thus, many of the
trends in the reactivity of cyclen are gleaned through empir-
ical observations, and thus the importance of a catalog of
such reactivity.

Synthesis of N-Functionalized Cyclens from
Acyclic Precursors

Three types of the cyclen ring formation from acyclic
precursors can be found in the literature that may be cate-
gorized based on the number of nitrogen atoms contained
in each precursor. In the rather rare 2+2 type cyclization,
two acyclic precursors each contain two nitrogen atoms.
The most prominent reported approach is the 3+1 type cy-
clization; as indicated by the description one precursor con-
tains 3 nitrogen atoms and the remaining nitrogen is intro-
4848
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duced by treatment with the second acyclic precursor. Fi-
nally, a 4+0 type cyclization involves a linear tetraamine
(possessing all 4 nitrogen atoms) that undergoes ring clo-
sure to form a cyclen.

Type 2+2 Cyclization

The first synthesis of cyclen (1),!'! which was ac-
complished in 1961, belongs to the first type cyclization
(2+2). Thus N,N’'-ditosylethylenediamine-N,N'-diacetyl
chloride (4a) was treated with ethylenediamine (5,
Scheme 1) under the condition of high dilution resulting in
the formation of cyclic diamide. Subsequent treatment of
the diamide intermediate with LiAlH, resulted in reduction
of amide functionalities with concomitant removal of pro-
tecting tosyl groups (Scheme 1). Cyclen (1) was obtained in
27% yield, based on the protected diamine 4a.

pTs /—R!

N R
[ . HZN] see legend [NH N]
N HoN NH N
pTs \—R! \__/ R?
4a, R=COCI 5 1,R2=H
4b, R = CH,0pTs 6 R? = pTs

Scheme 1. Examples of “2+2”-type cyclizations. Reagents and con-
ditions: 4a + 5 — 1, i: THF, room temp., ii: LiAlH,, THF, room
temp. to reflux, 27% based on 4a; 4b + 5 — 6, Na,CO;3;, MeCN,
room temp. to reflux, 40%.

Another example of 2+2 cyclization was described in
1986, wherein the tetratosylated amino alcohol 4b was re-
fluxed with ethylenediamine in acetonitrile using Na,CO3
as a base (5, Scheme 1).’! N, N*-Ditosylcyclen (6) was iso-
lated in 40% yield (Scheme 1).

Type 3+1 Cyclization

Among the methods for the preparation of cyclen and its
derivatives from acyclic precursor, the second type (3+1)
cyclization appears most prominently in the literature. The
first example of such cyclization appeared in 1974,1'% when
the 1,4-disodium salt of 1,4,7-tritosyl-1,4,7-triazaheptane
(7a) was alkylated (in DMF, 110 °C) with 1,5-disubstituted
3-tosyl-3-azapentanes (8a-8e) bearing various leaving
groups (OTs, OMs, Cl, Br, I) in good yields (ca. 80%)
(Scheme 2). The resulting N!',N* N7 N'°-tetratosylcyclen
(9a) underwent H,SO4-mediated detosylation to form cy-
clen (1) in 90% yield (Scheme 2). A modified procedure for
the reaction of 7a with 8a using NaH in hot DMF (110 °C)
as a base, followed by H,SO4-mediated detosylation and
alkaline aqueous work-up afforded cyclen (1) in 60% over-
all yield (Scheme 2).['1]

A similar methodology was later used towards the syn-
thesis of N',N7-dimethylcyclen (10a)!'?! from 1,4-disodium
salt of 1,7-ditosyl-4-methyl-1,4,7-triazaheptane (7b) and
1,5-dichloro-3-methyl-3-azapentane (8f, Scheme 2). The
macrocyclization (DMF, 110 °C) proceeded in 40% yield to
give N' ,N7-dimethyl-N* N'%-ditosylcyclen (9b). Detosyl-
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ation was effected again by treatment with H,SO, followed
by alkaline aqueous work-up which then afforded N',N’-
dimethylcyclen (10a) in 90% yield (Scheme 2).[1%]

RZ
\N/_\NH R4 see
[ e + legend
3 RS N i
H_R \ / R5

7a,R'=R?=R3=pTs

7b,R' =R®=pTs, RZ = Me
7¢,R'=R%=pTs, R2=Bn
7d, R'=R3=pTs, R2= Ms

8a, R*=R8 =0pTs, RS =pTs
8b, R* = R% = OMs, R® = pTs
8c,R*=R8é=CI, R =pTs
8d, R* =R%=Br, RS =pTs
8e,R*=Rf=1| RO =pTs

8f R*=Rf=Cl, R"=Me

8g, R* =R%=0OMs, R®= Ms

10 7 : g
R\ —\ ’R R10\ . 'R7
[N Nj see legend [N N]
N N N N
RO\ RS RY — R®
9a,R"=R8=R?=R'10=pTs 1, R'=R¥=RY=R10C=H

9b, R”=R%=pTs, RE =R = Me
9¢, R"=R%=R"0=pTs, RE = Ms
9d, R"=R8=R%=pTs, R0 =Bn
9¢, R"=R%=pTs, RE=R"0=Ms

10a, R" =RY=H,R¥=R"' = Me

10b, R" =R® =R'"0' = Me, R¥ = H

10c, R7 = R®¥ = R? = CH,CO,H,
R19=H

10d,R"=R¥ =H,R¥ =R'" = Ms

Scheme 2. “3+17-type cyclizations. Reagents and conditions: 7a +
8a-8e — 9a, 7b + 8f — 9b, 7a + 8g — 9¢, 7c + 8a — 9d, 7d + 8g
— 9¢, DMF, 110 °C, 86% 9a, 9b, 90%, 9¢, 80%, 9d, authors!'¥
claim low yield, no exact value reported, 9e, 43%, 7a + 8a — 9a,
Cs,CO3, DMF, room temp., 79% or TBAB, LiOH, DMF, reflux,
71%; 92 — 1, 9b — 10a, 9¢ — 10d, H,SO,, room temp., 90 %,
ref.31 or 70% ref.l'!), 9a — 1 in ref['® HBr, phenol, AcOH, reflux,
46%, 9¢ — 10b, i: HCOH, HCOOH, 110 °C, ii: Red-Al, PhCHj;,
100 °C, 10% (based on 9¢), 9d — 10c¢, i: Na, NH;s (1), i
CICH,COOH, NaOH, H,O0, iii: H,, Pd/C, MeOH, authors!!'¥l claim
low yield, no exact value reported.

N',N* N’-Trimethylcyclen (10b) was obtained from
macrocylization (DMF, 110 °C, 80% yield) of precursors 7a
and 8g (Scheme 2).I'31 Intermediate 9¢ underwent H,SO,-
mediated detosylation (93% yield), followed by rather low
yielding sequence (10%) involving the condensation with
aqueous formaldehyde in formic acid and Red-Al-mediated
reduction (Scheme 2).I'31 A similar 3+1 cyclization strategy
was reported in 1991 as an alternate route to N',N* N’-
cyclentriacetic acid (10¢), known as DO3A.['Y1 Macrocycli-
zation of the 4-benzyl precursor 7c¢ with 8a led to the
formation of N'-benzyl-N* N7,N'%-tritosylcyclen  (9d,
Scheme 2). The authors claim very low yields for the macro-
cyclization; however, the detailed experimental procedure is
not provided.'¥) Nonetheless, protected cyclen 9d, which
was prepared in larger quantities by selective N-tritosyl-
ation of cyclen and alkylation of remaining nitrogen atom
with benzyl bromide, was converted to DO3A (10c,
Scheme 2), by Na/NH;-mediated reductive removal of the
tosyl groups, followed by N-alkylation with chloroacetic
acid and catalytic hydrogenolysis of the benzyl group
(Scheme 2). The overall yield of the sequence was very low
but neither the exact yield nor the experimental procedures
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have been reported.l'¥ The authors also describe a more
straightforward and higher yielding procedure towards
DO3A in the same paper;!'! it will be discussed in the sec-
tion dealing with selective N-trialkylation of cyclen. Finally,
treatment of 7d with 8g in hot DMF (110 °C) followed by
H,SO,-mediated detosylation afforded N!',N7-dimesyl-
cyclen (10d)"! in 34% yield, based on 7d (Scheme 2).

Considering that cyclen (1) is commercially available for
a reasonable price from multiple suppliers it is rather sur-
prising that the labor intensive 3+1 cyclization strategy to
form cyclen is still in use.['®! Stirring (5 d) of the precursors
7a and 8a in DMF at room temperature in the presence of
Cs,COj; afforded N',N*,N7,N'-tetratosylcyclen (9a) in 79 %
yield (Scheme 2). The authors also describe another pro-
cedure for the reaction of 7a with 8a, involving an overnight
reflux (in DMF) of a mixture containing 7a, 8a, tetrabu-
tylammonium bromide (TBAB) and LiOH. N!',N* N7,N'°-
Tetratosylcyclen (9a) is obtained in slightly lower (71 %)
yield.['®) Two methods (HBr/phenol in AcOH or concen-
trated H,SO,) are described for detosylation, affording cy-
clen (1) in 46% (HBr/phenol in AcOH) or 88% (concen-
trated H,SOy,) yield.['®]

Type 4+0 Cyclization

An isolated example of this type cyclization appeared in
the literature in 1995.171 Treatment of 1,4,7,10-tetratosyl-
1,4,7,10-tetraazadecane (11) with O,0’-ditosylethanediol
(12) in the presence of EtONa in DMF, followed by H,SO,-
mediated detosylation and alkaline aqueous work-up af-
forded cyclen (1) in 40% overall yield (Scheme 3).117)

PTs, /—\
N HN=pTs  pTSOS i EtONa, DMF
[ * j ii, H,SO 1
s M2 4
N HN—pTs  pTsO iii, NaOH
7/ 3
pTs” \—/ 40% based on 11
1 12

Scheme 3. “4+07-type cyclization. An alternate synthesis of cyclen

().

Selective /N-Monofunctionalization of Cyclen

Given that the syntheses of N-functionalized cyclens
from acyclic precursors are labor intensive and their yields
are dependent on the nature of the substrates, it became
apparent that other methods for selective N-functionaliza-
tion of cyclen were required. These can be roughly divided
into two groups: N-monofunctionalizations (mainly alky-
lations) via tri- or tetracyclic intermediates and selective N-
monofunctionalizations (alkylations, acylations and sulfo-
nylations) based on the differing basicity of four nitrogen
atoms present in the cyclen ring.

Synthesis of N-Monofunctionalized Cyclens via Tri- or
Tetracyclic Intermediates

Both transition metals (Cr, Mo) and some main-group
elements (B, Si, P) have been used to complex cyclen offer-
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ing a route to N-monofunctionalized cyclens. As described
later, tri- and tetracyclic intermediates formed upon treat-
ment of cyclen with dimethylformamide diethyl acetal or
glyoxal also resulted in the formation of N-monofunction-
alized cyclens.

Handel, des Abbayes and co-workers appear to be the
pioneers in the field of selective N-monofunctionalization
of cyclen. They developed a methodology of wide scope for
the formation and subsequent alkylation of tricarbonyl-
chromium!'®! or tricarbonylmolybdenum!!”! complexes 13a
and 13b (Scheme 4). Treatment of cyclen (1) with Cr(CO)g
or Mo(CO)g in dry n-Bu ether under Ar atmosphere re-
sulted in the formation of stable complexes 13a and 13b in
high yields (90%). These were N-alkylated in good yields
(Na,CO;, DMF, 80-95% yield) with simple alkyl bromides
(compounds 14a-14c), benzyl and allyl bromides (com-
pounds 14d-14g) (Scheme 4). Parker demonstrated the ver-
satility of this methodology by using it towards the synthe-
sis of cyclenacetamides 14h—14k (Scheme 4).[%]

M(CO)g, nBu,O
reflux, 90%

13a, M=Cr
13b, M = Mo

R'Br, Na,CO3, DMF
100 °C, 80-95%

14a,R' = Me /\
14b, R' = Et NH HN
14¢,R" = nPr [ ]
14d,R'=Bn NENG
14e, R" = 3-MeBn

14f, R" = 4-MeBn

14g, R = allyl

14h, R' = CH,COONHMe

14i, R" = CH,COONMe,
14j, R = CH,COONBuU,
14k, R' = CH,COONBN,

Scheme 4. N-Monoalkylation of cyclen (1) via chromium and mo-
lybdenum complexes 13a and 13b.

The major drawbacks associated with above described
M(CO)g-mediated N-monoalkylation were the use of highly
toxic metal hexacarbonyls as well as requirement for strictly
inert atmosphere during the synthesis. To circumvent these
problems, complexes of cyclen with boron and phosphorus
have been investigated. Reactions of cyclen (1) with tris(di-
methylamino)borane (15a)!1 or tris(dimethylamino)phos-
phane (15b)1??! (Scheme 5) in refluxing toluene proceeded
smoothly. The boron-derived complex 16a was treated with
nBuLi in THF (at -30 °C), followed by treatment with BnBr
and aqueous alkaline work-up to afford N-benzylcyclen
(14d) in 50% overall yield (Scheme 5).212] Addition of CCl,
to the phosphorus-derived complex 16b resulted in the for-
mation of the phosphonium salt 17, which can either be
hydrolyzed (NaOH/H,O, room temp.) and alkylated (BnBr,
Na,COs;, DMF, 100 °C) or treated with BnOH in toluene,
followed by heating (in DMF at 100 °C) with Na,CO;
(Scheme 5). Phosphane oxide 18b bearing the desired sub-
4850
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stitution pattern is obtained in either case, followed by
acidic aqueous work-up to give N-benzylcyclen (14d) in
80% (using BnOH) and 90% (using BnBr) overall yield
(Scheme 5).12%

Me\N,Me 15a, X =B
Me, | 15b, X = P
1 + N i
,I\‘ X‘N’ e
Me Me
\ PhCHj3, reflux
(\N 'N— 163, X=B
16a 16b, X =P
N|~4
i, BuLi, THF \< N
i, BnBr
iii, H0, 507 16b, CCl,
NH HN N/_\N
[ ] (\ j 17
NH N N<'~-N
— Bn POcio
14d
H30 i, BnOH NaOH, Ho0
ii, Na,COjg 2
/—\
N
18b (\ j BnBr j 18a
NY Y~-
P
\I 6

Scheme 5. Synthesis of N-benzylcyclen (14d) via boron or phospho-
rus complexes 16a and 16b.

Handel and co-workers also investigated silicon-coordi-
nated cyclen and its behavior in the presence of reactive
electrophiles. The reaction of cyclen (1) with MeSiCls in the
presence of DIPEA in dry THF afforded the stable, al-
though hygroscopic complex 19, (Scheme 6).123! Treatment
of 19 with nBulLi, followed by quenching with reactive elec-
trophiles resulted in the formation of N-mono- or N',N’-
disubstituted cyclens based on the stoichiometry of the re-
action. When one equivalent of nBuLi and electrophile
(Mel or BnBr) was used, N-monoalkylated cyclens 14a or

N —| c®
MeSiCls, DIPEA _

W

i, nBuLi, THF, -30 °C

1

ii, Mel or BnBr
1 or 2 equiv.
14a,R"'=H, R? = Me /\ R
60% (based on 1) NH N
14d,R'=H, R2=Bn ]

80% (basedon1) 2N HN
s/
10a, R' = R2 = Me
85% (based on 1)

20,R'"=R2=Bn
70% (based on 1)
21,R"=Me, R2=Bn

80% (based on 1)

Scheme 6. Silicon-derived complex 19 and its use in the formation
of N-mono- and N',N’-disubstituted cyclens.
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14d were obtained in reasonable yields (Scheme 6).23 Use
of two equivalents of nBuLi and electrophiles resulted in
the formation of N',N’-dialkylated cyclens 10a and 20
(Scheme 6). N'-Benzyl-N7-methylcyclen (21, Scheme 6) can
be obtained, when two equivalents of nBuLi are used, fol-
lowed by immediate addition of 1 equivalent of benzyl bro-
mide and 1 equiv. (after 1 h) of Mel.[>%]

An important N-monofunctionalized cyclen derivative,
N-formylcyclen (24, Scheme 7) can be obtained from cyclen
(1) in two steps. Tricyclic intermediate 23 (Scheme 7) is ob-
tained in almost quantitative yield by refluxing the mixture
of cyclen (1) and dimethylformamide dimethyl acetal (22)
in toluene (Scheme 7).1*4 Tricyclic amine 23 undergoes the
hydrolysis readily, leading to the formation of N-formylcy-
clen (24, Scheme 7) in quantitative yield.[“‘]

MeO_ OMe
o+ X _PhCH; _ j
Me/N\M reflux, 95%
22
EtOH, H,0
r.t., quantitative
(o)
L
N HN
24 [ ]

NH HN
7/

Scheme 7. Synthesis of N-formylcyclen (24) via tricyclic intermedi-
ate 23.

Cyclen (1) was found to react with glyoxal®! (25,
Scheme 8) yielding the tetracyclic amine 26, which upon
treatment with various alkylating agents (in toluene or ace-

e} MeCN, H,0O
H 60 °C, 90%
1 + H
e}
25 25

R'X, PhCH3 or MeCN

60 °C
[\ R N AR
[NH N] KOH, H,0, 60 °C [ I®j x©
80-100%

14a,R" = Me 27a,R'=Me, X =1, 98%

14b, R' = Et 27b, R =Et, X =1, 94%
14c,R" = nPr 27¢, R' = nPr, X =1, 90%

14d, R' =Bn 27d, R' = Bn, X = Br, 95%

14g, R = allyl 27¢, R' = allyl, X =1, 94%

28a, R' = nBu 271, R' = nBu, X =1, 84%

European Journal
of Organic Chemistry

tonitrile at 60 °C) afforded the quaternary ammonium salts
27a-27q in good to excellent yields (Scheme 8).2°1 These
were hydrolyzed to N-monoalkylated cyclens 14a—14d, 14g
and 28a-28l in excellent yields (Scheme 8).12¢4]

Selective N-Monoalkylation of Cyclen

The conjugate acids of the four nitrogen atoms present
in the structure of cyclen (1) possess different pK, values
(10.5, 9.5, 1.6 and 0.8)," implying the possibility of selec-
tive N-monofunctionalization. One of the earliest examples
of this approach towards N-monoalkylated cyclens is repre-
sented in the paper by Czarnik and co-workers.[?®! Reaction
of cyclen (1) with 9-(chloromethyl)anthracene (29) in boil-
ing toluene afforded N-monosubstituted cyclen 30 as a hy-
drochloride salt in 56% yield (Scheme 9). No chromato-
graphic purification was involved.

C e O

29

t PhCHj, reflux, 56%

Scheme 9. Reaction of cyclen (1) with 9-(chloromethyl)anthracene
(29).

A similar methodology was employed by Anelli and co-
workers;?1 these authors have described the reaction of the
large excess (5-10equiv.) of cyclen (1) with alkylating
agents 31a-31d in refluxing acetonitrile (Scheme 10). Excess
cyclen acted as a base and the N-monoalkylated cyclens 14d
and 32a-32c¢ were obtained in 70-90% yields after purifica-
tion by simple crystallization (Scheme 10).[>"]

28b, R = npentyl
28c, R" = nhexyl
28d, R' = noctyl

28e, R" = ndecyl

28f, R = ndodecyl
28g, R' = ntetradecy!
28h, R" = nhexadecyl
28i,R' = noctadecyl
28j, R' = 4-NO,-Bn
28k, R' = CH,COOEt
281, R' = CH,CONH,

279, R = npentyl, X =1, 76%
27h, R = nhexyl, X =1, 79%

27i, R" = noctyl, X = I, 77%

27j, R' = ndecyl, X = 1, 72%

27k, R' = ndodecyl, X = I, 85%
271, R" = ntetradecyl, X =1, 94%
27m, R" = nhexadecyl, X = 1, 74%
27n, R' = noctadecyl, X = I, 77%
270, R' = 4-NO,-Bn, X = Br, 95%
27p, R' = CH,COOE, X = Br, 88%
279, R' = CH,CONHy, X =1, 79%

31a,R'=Ph
0
1 + R Br 31b, R =\/<O]
/<OMe
1c,R' =
3te, OMe
31d, R = CH,COO(Bu
MeCN, reflux
70-90%
/\ 14d, R' =Bn
NH HN 32a, R’ :\/<o]
0
NH o NT oMe
32b,R'=

OMe
32¢, R' = CH,COOtBu

Scheme 8. Preparation of tetracyclic amine 26 and its use in N-
monoalkylation of cyclen (1).
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Scheme 10. Selective N-monoalkylation of cyclen (1) with the elec-
trophiles 31a-31d.
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N-Cyclenacetic acid hydrochloride salt (33, Scheme 11)
can be obtained in 74% yield by reaction of 5.5 equiv. of
cyclen (1) with bromoacetic acid, using LiOH (2 equiv.) as
a base, followed by aqueous acidic work-up (Scheme 11).117]

i, BrCH,COOH,

LiOH, EtOH/H,0 AR

reflux NH HN]

i ©

ii, HCI, H,0, 74% NH H% cl
\— \—cooH
33

Scheme 11. Synthesis of N-cyclenacetic acid hydrochloride salt
(33).

N-Benzyl cyclenacetate (34) was prepared (in 85% yield)
by alkylation of cyclen (1, 2 equiv.) with benzyl bromoace-
tate in CHCl; (Scheme 12). The overall yield of the reaction
remained high despite of the chromatographic isolation of
the product.[3%

BrCH,COOBN, 7\
CHClj, tt, 85% [NH HNj
1 —_—
" \—cooBn
34

Scheme 12. Preparation of N-benzyl cyclenacetate (34).

The N-monosubstituted benzyl cyclen 36 can be ob-
tained (55% yield, after chromatographic separation) upon
stirring (at room temperature) the mixture of cyclen (1), 2-
hydroxy-5-nitrobenzyl bromide (35) and K,COj5 in dioxane
(Scheme 13).131

NO,
1 +
Br
OH
35
K2CO3, dioxane
rt., 55%
NH HN
C ) o
NH N
/
36 HO

Scheme 13. Reaction of cyclen (1) with 2-hydroxy-5-nitrobenzyl
bromide (35).

The useful properties associated with cyclen-derived
molecules resulted in the development of N-monoalkylated
cyclens with complicated side chains bearing multiple func-
tional groups. One of the first examples is the synthesis of
cyclen 38 bearing an aliphatic amide side chain.[*? Reaction
of cyclen (1) with the chloroacetamide 37 (3 equiv.) in hot
DMF (60 °C) followed by acidic aqueous work-up afforded
the racemic cyclen 38 as hydrochloride salt in 47% yield
(Scheme 14).1321

4852

WWW.eurjoc.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cl®
i, DMF NH HN
o Ph
1 _ 60 °C [ ® O/—
i, HCI NH HN
47%
+ aN O
OH
o) L 38
OH
Ph" N0 N OH OH

Scheme 14. Alkylation of cyclen (1) with racemic 2-chloropro-
pionamide 37.

An excellent study on N-monoalkylation of cyclen and
other polyazamacrocycles, published by Kruper and co-
workers!33 represents a milestone in the field of selective
N-functionalizations of cyclen. These authors describe the
highly selective N-monoalkylation (< 5% of both N!,N4-
and N',N’-dialkylated products observed by 'H NMR) of
cyclen (1) that proceeds at room temperature by use of equi-
molar amounts of cyclen and sterically hindered electro-
philes. The proper choice of solvent appears to be impor-
tant, as the selectivity is retained in non-polar solvents, such
as chloroform or dichloromethane. Selectivity of N-
monoalkylation, on the other hand drops significantly in
polar, particularly in protic solvents. The authors rational-
ize these observations on the basis that nonpolar solvents
favor the formation of the hydrobromide salt of the N-
monoalkylated cyclen thereby reducing nucleophilicity of
the remaining nitrogen atoms. Reaction of cyclen (1) with
bromides 39a-39e gives N-monoalkylated cyclens 40a—40e
as their hydrobromide salts (Scheme 15) in moderate to
good yields (41-84%).1331 A slightly modified procedure (re-
action temperature 35 °C) has been employed to promote
N-alkylation of cyclen (1) with amide 39f affording
N-monosubstituted cyclen 40f in 67 % yield (Scheme 15).134

RZ R1
\/\B{r

39a, R' = COOMe, R? = 4-NO,Ph
39b, R' = COOIPr, R? = 4-NO,Ph
39¢, R' = COOtBu, R% = 4-NO,Ph
39d, R' = COOiPr, R? = N-phtalimidyl
39¢, R' = H, R? = 4-NO,Ph
39f, R = CONH,, R? = 4-NO,Ph
CHClg, r.t.
41-84%
39f to 40 f, 35 °C

40a, R' = COOMe, R? = 4-NO,Ph
40b, R' = COQIPr, R? = 4-NO,Ph
40c, R" = COOtBu, R? = 4-NO,Ph
40d, R = COOQIPr, R? = N-phtalimidy!
40e, R" = H, R = 4-NO,Ph

40f, R" = CONH,, R? = 4-NO,Ph

Scheme 15. Selective N-monoalkylation of cyclen (1) with bromides
39a-39f.
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N-Monoalkylation of cyclen (1) by a diverse set of elec-
trophiles (31a, 41a-41g) has been recently investigated.*!
Selective monoalkylation was achieved by refluxing four
equivalents of cyclen in chloroform in the presence of Et;N
(1.2 equiv.) and appropriate electrophile (1 equiv.),
(Scheme 16). The excess cyclen was conveniently removed
by washing the chloroform solutions with 1 M NaOH and
the N-monoalkylated cyclens 14c, 14d, 28¢c, 28f and 42a-
42d were isolated, without chromatography, in moderate to
good yields (Scheme 16).5!

R'X, EtsN NH HN
CHCl3, 38-75% [ j
41h to 42e, N NG
no EtzN added
Electrophile - RX Product

o
14d

31a
CI(CH5),CH3
Ma,n=2 14c,n=2
4b,n=5 28c,n=5
Mc,n=11 28f, n=11
NH HN
o
NH N
_/
41d 42a
Me /\
H NH HN
N NN [ ]
(Zi/\Cl NH N~ O
N N
HN N
41e 42b \
Me
NH HN
Br(CH,) 1ZSYCH3 [ j o
NH N
\—/ “(CH2)12S” “CHj
a1f 42c
CI/\n/O(CHg)ﬂS\n/CH3 [NH HN]
[¢] [¢]
NH N (0]
/ \_<
41g 42d O(CH2)11
S
o
HaC
NH HN
Gly-L-Phe-OtB
oy o [ ]
o NH N~ O
41h 42e Gly-L-Phe-OtBu

Scheme 16. Selective N-monoalkylation of cyclen (1) with electro-
philes 31a and 41a-41h.

We have recently investigated the selective N-mono- and
N-trialkylation of cyclen with different dipeptide se-
quences.P® It was found that the reaction of cyclen (1) with
N-chloroacetyl-Gly-L-Phe-OrBu (41h, Scheme 17) carried
out in chloroform (no Et;N added) at room temperature
gave N-monosubstituted cyclen 42e in 48 % yield. The mod-
erate yield was ascribed to loss of material during isolation
of 42e by normal phase column chromatography.(¢!
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NH N H

jOH

NH HN
7

EtOH [
reflux
85%

1+(\/[\o

43a
ol«

o)
NH N
EtOH
j OH

“0(}

reflux
80% NH HN

44b

Scheme 17. Ring opening of epoxides 43a and 43b with cyclen (1).

Cyclen (1) was found to effect epoxide ring opening re-
sulting in high yields (> 80%) of N-monosubstituted cy-
clens (Scheme 17).371 Reactions were easy to perform as
were carried out simply by refluxing the components in
EtOH. Ring opening of cyclohexene oxide (43a, 1-4 equiv.)
takes place in stereoselective and chemoselective manner,
leading to the N-monoalkylated cyclen 44a (Scheme 17).1372
When racemic epoxide 43b was used in an equimolar
amount, racemic N-monosubstituted cyclen 44b was ob-
tained (Scheme 17).537b!

An interesting ethyl B-D-galactoside derived N-monoalk-
ylated cyclen 46 has been prepared by treatment of 2,3,4,6-
O-tetraacetyl-1-(2-bromoethoxy)-B-D-galactose (45) with
cyclen (1, Scheme 18).381 Unfortunately, neither the reac-
tion conditions nor the yield for this particular transforma-
tion are reported. However, the reaction must proceed in
good yield as 46 undergoes subsequent deacetylation and
alkylation with bromoacetic acid in 37% overall yield
(based on 45).138

OAc pAC
1 + o]

AcO O Br
OAc

l 45

OAc N HN

NH HN
46 s

Scheme 18. Synthesis of an ethyl B-p-galactoside derived N-
monoalkylated cyclen 46.

Reductive amination [with NaBH(OAc);] of 8-benzyl-
oxyquinoline-2-carboxaldehyde (47) with cyclen (1) (equi-
molar amounts) afforded the N-monoalkylated cyclen 48 in
61% yield (Scheme 19).3% Small amounts of N!,N’-dialkyl-
ated side product and unreacted cyclen were removed by
column chromatography. Potential of this methodology ap-
pears to be rather underestimated as there are, to the best
of our knowledge, no other examples of selective N-
monoalkylation of cyclen via reductive amination available
in the literature.
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47 ©OBn

NaBH(OAGc)s, CH,Cl,
rt, 61%

VY,
[NH N] N
NH HN™  BnO
— 48

Scheme 19. Reductive amination of 8-benzyloxyquinoline-2-car-
boxaldehyde (47) with cyclen (1).

Selective N-Monoacylation, N-Monosulfonylalkylation and
N-Monosulfonylarylation of Cyclen

The vast majority of important cyclen-based transition-
and lanthanide-metal chelators possess a -CH,C(O)- link-
age attached to the nitrogen atoms, which is introduced by
alkylation. As a consequence, significantly less work has
been done in the field of selective N-monoacylations and
N-monosulfonylation of cyclen.

The molybdenum complex 13b was found to be a suitable
precursor of some aliphatic and aromatic N-acylcyclens
(Scheme 18).1491 N-Propionyl- and N-benzoylcyclen (49a
and 49b) are obtained in good yields (Scheme 20) upon
treatment of complex 13b with corresponding carboxylic
acid chlorides (1.1 equiv.) in DMF at room temperature. %

H /\
1 — H
(\".‘ N_ R'COCI, Et;N [NH HN]

J DMF, r.t.

H-NoA==N NH N
o /=0
oC & 'CO R!
co
49a, R = Et, 85%
13b 49b, R' = Ph, 75%

Scheme 20. Selective N-monoacylation of cyclen (1) via complex
13b.

Racemic 0,0’-diacetyl tartaric acid anhydride (50,
1 equiv.) was found to react in excellent yield (90%) with
cyclen (1) in hot chloroform (60 °C) with the formation of
densely functionalized cyclen 51 (Scheme 21).37%!

00 o)
1 +

AcO  OAc
50

CHCl3, 60 °C
90%

Scheme 21. Reaction of cyclen (1) with racemic O,0’-diacetyl tar-
taric acid anhydride (50).

Direct N-monoacylation of cyclen (1) with equimolar
amount of acetylsalicylic acid chloride (52) in dichloro-
methane has been recently described.*!] The reaction to
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form N-monoaroylated cyclen 53 proceeded in rather low
yield (27%) and extensive chromatographic purification of
the product was required (Scheme 22).

OAc

COCl
52

l CH,Cly, rt., 27%

NH HN

(o o s

NH N
\__/ le)

OAc

Scheme 22. Reaction of cyclen (1) with acetylsalicylic acid chloride
(52).

Direct N-monotosylation and N-monomesylation of cy-
clen (1) has been achieved by reaction of 1 with equimolar
amount of corresponding sulfonyl chlorides 54a and 54b in
pyridine (Scheme 23).14?l The authors used relatively small
scale (up to 50 mg) and did not report the yields of N-
monosulfonylated cyclens 55a and 55b.

» see NH HN
o legend [ j
1 oo NN o
Cl S
o R!

54a,R' = Me 55a, R' = Me

54b, R' = 4-MePh
54¢, R' = 4-MeOPh

55b, R = 4-MePh
55¢, R = 4-MeOPh

Scheme 23. Reaction of cyclen (1) with alkyl- and arylsulfonyl chlo-
rides 54a-54c. Reagents and conditions: 1 + 54a, 54b — 55a, 55b,
pyridine, room temp., no yield reported, ref.,[*?) 1 + 54¢ — 5dc,
Et;N, CHCl;, 37 °C, 28%.

Slow addition of the chloroform solution of 4-methoxy-
phenylsulfonyl chloride (54¢) to the warm (37 °C) solution
of equimolar amount of cyclen (1) in chloroform/Et;N re-
sulted in the formation of N-monosulfonylated cyclen 55¢
(Scheme 23). Extensive chromatographic purification was
required resulting in rather low yield of 28 %.[43

Selective V', N*- and N',N’-Difunctionalization
of Cyclen

Two isomeric (N',N* and N',N7) structures can be ob-
tained, when cyclen (1) undergoes a selective N-difunction-
alization. N',N*-Disubstituted cyclen is sometimes referred
to as N,N’-cis-substituted, whereas N',N’-disubstituted cy-
clen is denoted as N,N’-trans-substituted. The N',N* or
N,N'-cis difunctionalization appears to be much more chal-
lenging compared to N',N’7 or N,N'-trans difunctionaliza-
tion, considering the number of methods available for both
types of transformation.

Eur. J. Org. Chem. 2008, 4847-4865
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Direct N',N*- or N,V -cis-Difunctionalization of Cyclen

The first example of selective N',N*-difunctionalization
of cyclen appeared in the literature in 1999.[44a Cyclen was
refluxed (in EtOH) with an equimolar amount of ethyl di-
oxalate (56) to yield cyclenoxamide (57) in excellent yield
(96%) (Scheme 24). Treatment of 57 with benzyl bromide,
2-chloromethylpyridine and n-propyl bromide afforded the
disubstituted cyclenoxamides 58a—58c (Scheme 24). Alka-
line!** or acidic***! hydrolysis afforded N',N*-dialkylated
cyclens 59a-59c¢ in good overall yields. This methodology
was later used by Welch and co-workers to prepare N',N*-
disubstituted cyclen 59d and its N-peralkylated analogs
(Scheme 24).14]

(.

Oy OEt NH N
1 s I see legend. [ [ /\E see legend. [ [ I
O~ "OEt NH N
56 57 0
see legend see legend
O
/ \ 1
NH  NC R
see legend
-~ ® Cle
NH N NH HN
R R" \_/
59a, R' =Bn 58a, R' =Bn ¢ 7N
59b, R" = CH,-2Py 58b, R' = CH,-2Py )
59¢, R" = nPr 58¢c, R" = nPr

59d, R' = 4-tBuBn 58d, R" = 4-tBuBn

Scheme 24. Synthesis of N!',N*-difunctionalized cyclens 59a-59d
and 61. Reagents and conditions: 1 + 56 — 57, EtOH, reflux, 96 %,
57 — 58a, BnBr, Na,CO;, DMF, 100 °C, 93%, 57 — 58b, 2-chloro-
methylpyridine, Na,COs;, DMF, 100 °C, 94%, 57 — 58c¢, n-PrBr,
Na,CO;, DMF, 100 °C, 74%, 57 — 58d, 4-rBuBnBr, DIPEA,
MeCN, 76%, 58a — 59a, NaOH, H,0, 90 °C, 81 %, ref.[* 582 —
59a, HCI, H,0, 90 °C, 81%, ref***! 58b — 59b, NaOH, H,O,
90 °C, 79%, 58¢ — 59¢, NaOH, H,0, 90 °C, 71%, 58d — 59d,
NaOH, EtOH/H,O0, reflux, 90%, 57 — 60, acrylonitrile, reflux,
67%, 60 — 61, i: 2-chloromethylpyridine, Na,CO;, DMF, 100 °C,
ii: HCI, H,0, 90 °C, 49%.

An interesting transformation was discovered when cy-
clenoxamide (57) was refluxed in neat acrylonitrile. N-
Monosubstituted cyclenoxamide 60 was isolated in 67%
yield (Scheme 24) allowing for the subsequent N-alkylation
with 2-chloromethylpyridine followed by hydrolysis to give
N' N*-difunctionalized cyclen 61444 (Scheme 24) bearing
two different side chains.

A high yielding and regioselective methodology for
N',N*-dialkylation of cyclen (1) with tert-butyl bromoace-
tate has been recently described (Scheme 25).14¢1 The au-
thors found that the highest yield and regioselectivity of
N',N*disubstituted cyclen 62 was achieved when the reac-
tion of cyclen (1) with tert-butyl bromoacetate (2 equiv.)
was carried out in a mixture of CHCl; and Et;N (10 equiv.)
at room temperature (Scheme 25). N', N*-Disubstituted cy-
clen 62 was isolated in 84% yield and negligible amounts
of N-mono- and N-trisubstitution products were readily re-
moved by chromatography on Al,05.[*l Some other
N',N*-disubstituted cyclens have also been prepared in
good yields (structures not shown).#6b!

Eur. J. Org. Chem. 2008, 4847-4865

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

OtBu
0
BrCH,COOBu [NH N]
0y
EtaN, CHCl;, 84% WHON o
/
62 OtBu

Scheme 25. Highly regioselective N',N*-dialkylation of cyclen (1)
with tert-butyl bromoacetate.

It is worth noting that N' ,N*-ditosylcyclen can be ob-
tained by reaction of cyclen (1) with tosyl chloride in chlo-
roform/Et;N mixture.” The product of N-monosulfonyl-
arylation was removed by extraction into water and concen-
tration of the organic extract and subsequent crystallization
from MeOH, gave two different and very distinctive types
of crystals, i.e. small needles vs. large cubes. The crystals
were separated and each subjected to analysis in order to
determine their structures. The small needles were found to
correspond with N',N’-ditosylcyclen, whereas large cubes
have been subjected to X-ray analysis, which revealed their
structure as N',N*-ditosylcyclen (6).[4”) Since the yield of
N',N*-ditosylcyclen (6) was very low (4%), this method
cannot be considered synthetically useful (Scheme not pro-
vided).

N',N"-Difunctionalization of Cyclen via Tri- or Tetracyclic
Intermediates

Some of the tri- and tetracyclic derivatives mentioned in
section concerned with the selective N-monoalkylation of
cyclen have also been used to achieve selective N',N’-di-
alkylation. Tricarbonylchromium and tricarbonylmolyb-
denum complexes 13a and 13b have been used to achieve
selective N',N’-dialkylation of cyclen (1). Treatment of
complexes 13a and 13b with various alkyl iodides resulted
in the formation of dialkylated cyclens 10a, 20, 63a and 63b
in good yields (Scheme 26).'" This methodology was later
extended to the synthesis of N',N’-dialkylated cyclen 21
bearing one methyl and one benzyl group in 66% overall
yield (Scheme 26).[48]

RL/7N
(\N j R1l, Nay,CO3 [N HNj
H- Nv‘. ’ DMF, rt., 55-77% NH N
Y A
13a, M =Cr 10a, R" = Me
13b, M = Mo 20,R'=Bn
i, BnBr, Na,CO3, 63a, R' = Et
DMF, 110 °C 63b, R" = nPr
ii, Mel, Na,COs,
DMF, r.t., 66%
Me-N' HN
[ j 21
NH N
\/ 'Bn

Scheme 26. Selective N',N’-dialkylation of cyclen-derived com-
plexes 13a and 13b.

An equilibrium between the phosphane oxide 18a (see
Scheme 5 for its preparation) and the diamidophosphoric
acid (structure 64, Scheme 27) can be shifted to the right
4855
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upon careful control of pH (pH = 11).[*1 Intermediate 64
revealed two unsubstituted nitrogen atoms and its alky-
lation was effected using various alkyl halides in aqueous
medium (no experimental procedure reported) which led to
the formation of N',N7-dialkylated cyclens 10a, 20, 63b and
65 in excellent yields (80-95%) (Scheme 27).149

j _PH-11 j
w’/ pH>12 N\//
h
S oo
18a 64
R'X
80-95%
r —
10a, X =1, R"=Me RSN Hn

20,X=Br,R"=Bn [ ]
63b, X =Br, R' = nPr NH N
65, X = Cl, R" = propargyl /R

Scheme 27. Selective N',N7-dialkylation of cyclen-derived diami-
dophosphoric acid 64.

The use of the complex 19,131 which was obtained upon
treatment of cyclen with MeSiCls, for selective N',N’-dial-
kylation of cyclen (1) has been already discussed
(Scheme 6).

The tetracyclic amine 26 (preparation in Scheme §) was
converted to the diammonium quaternary salts 66a—66h by
treatment with 2 equiv. of alkyl halides in acetonitrile.[20®->0]
It was found that the purity of the salts 66a—66h strongly
depends on the reaction conditions. Higher purity and bet-
ter yields (84-98%) were achieved when the reactions were
allowed to proceed for several days at room temp.; warming
the reaction up to 60 °C resulted in the formation of unde-
sirable side products, even though the reaction proceeded

(Scheme 28) resulted in the formation of N',N’-dialkylated
cyclens 10a, 20, 63a, 63b and 67a—67d in good yields (80—
100%) (Scheme 28).1260-301

R’I
R'X, MeCN, r.t. )
C I ) L )
R N
26 66a, X =1, R" = Me, 98%

66b, X = Br, R' = Bn, 96%

66c, X =1, R" = Et, 94%

66d, X =1, R! = nPr, 95%

66e, X = Br, R' = 4-NO,Bn, 95%
66f, X = Br, R' = 3-BrBn, 87%
66g, X = Br, R' = CH,COOEt, 88%
66h, X = I, R" = CH,CONH,, 84%

10a, X =1,R"=Me
20, X =Br,R"=Bn
63a, X =1, R = Et

NaOH, H,0
80 °C, 80-100%)

63b, X = I, R" = nPr RL /7N

- 1o N HN
67a, X =Br, R! = 4-NO,Bn
67b, X = Br, R! = 3-BrBn ]
67c, X = Br, R" = CH,COOEt NH ,N~R1
67d, X =1, R" = CH,CONH,

Scheme 28. Synthesis of N', N7-dialkylated cyclens 10a, 20, 63a, 63b
and 67a-67d by diammonium quaternary salts 66a—66h.

In an excellent piece of work by Li and Undheim,®! the
use of cyclen-derived guanidinium salts towards selective N-
functionalizations of cyclen (1) was investigated. Guanidi-
nium salt 68 was obtained (96% yield) by treatment of cy-
clen tetrahydrochloride salt with tetraethyl orthocarbonate
in refluxing EtOH (Scheme 29).

Hydrolysis of 68 resulted in the formation of the tetracy-
cle 69 (95% yield) and this intermediate was treated with
various alkyl halides in hot toluene resulting in good yields
of the N-monoalkylated guanidinium salts 70a-70d
(Scheme 29). Attempts to promote acidic hydrolysis of salts

much faster. Alkaline hydrolysis of salts 66a—-66h 70a-70d failed and alkaline hydrolysis of 70a and 70c re-
NH_ N N
i, HCI(g), EtOH, r.t. %)/,j NaOH, H,0, rt., 95% (\N N
ii, C(OEt),, EtOH NG Neo ,__Nj
reflux, 96% \_/ Cl \ /
68 © ” 69
l R'X, PhCHj
50 °C or reflux
Me, /~\ R! /—\ 70a, R =Et, X =1,76%
N 70a or 70c, 1 _ N
[N HN] _71b, LiAlH,, THF j _NaOH, H;0 N aN ] 70D, R1—aIIyI,X—Br, s:%
NH N 50°C, 93% HNV”% N/C\N ;g:' 21 =2n|éx =><Br1<§3|87/°3“/
X R'=24Bn, X=Cl,
\—/ Bn _/ X@ o
z 71a, R* = Et, 79%
71b, R = Bn, 95% Red-Al, Et;0 or PhCHj3 r.t.
o .
B 72a, R' = Et, 56%
;;: 21 -Eltl | N HN EtOH, HZO r.t., ~95% 72b, R" = allyl, 70%
oVl [ j Y{f% 72¢, R' = Bn, 82%
i NH N 72d, R" = 2-1Bn, 59%
73d,R'=24Bn \—/ R ’
72¢, BnBr, PhCHj
reflux, 86%
Bn\N/ \N,Bn Bn. /—\N Bn
NaOH, H,0, r.t., 88% ®
75 ey
NH N
o N* NBrG

Scheme 29. Cyclen-derived guanidinium salts and their use in the selective N-functionalizations of cyclen (1).
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sulted in the formation of cyclic ureas 7la and 71b
(Scheme 29). The urea 71b was reduced by LiAlH, in warm
THF to yield N'-benzyl-N’-methylcyclen (21) in 93% yield
(Scheme 29). Reduction of the guanidinium salts 70a-70d
with Red-Al in Et,O or toluene on the other hand afforded
the N-monoalkylated tricyclic precursors 72a-72d which
underwent hydrolysis (in =95% yield) to give the N’-
monoalkylated N-formylcyclens 73a-73d (Scheme 29). N-
Alkylation of tricyclic intermediate 72¢ with another equiv-
alent of BnBr in refluxing toluene resulted in the formation
of salt 74 (86% yield), which underwent subsequent alka-
line hydrolysis to afford N'-formyl-N* N’-dibenzylcyclen
(75) (88% yield, Scheme 29). Removal of formyl groups
from 73a-73d and 75 was achieved in hot aqueous HCI
(structures not shown), leading to a new indirect method
for N-mono- and N!,N*-dialkylation of cyclen.[!]

Direct N',IV’- or N,N'-trans-Difunctionalization of Cyclen

In the previous section we discussed the various method-
ologies that give N',N’-difunctionalization of cyclen via tri-
or tetracyclic intermediates. However, direct N',N’-difunc-
tionalization is more straightforward and several methods
are currently known.

The Mannich-like reaction of cyclen (1) with sodium bi-
sulfite adduct of formaldehyde under strict control of pH
(pH = 7-9) was found to result in the formation of N!',N7-
disulfomethylated cyclen 76 in excellent (95%) yield
(Scheme 30).521 A negligible amount (< 5%) of N',N*-di-
sulfomethylated product was removed by crystallization.
Nucleophilic displacement of the sulfonyl group by cyanide
followed by acidic hydrolysis afforded N',N’-cyclendiacetic
acid (77) as corresponding hydrochloride salt in 80% yield
(Scheme 30). It is worth mentioning, that 76 does not need
to be isolated and the overall transformation of cyclen to
N',N’-cyclendiacetic acid (77, also known as DO2A) can
be carried out as a one-pot reaction. An attempt to intro-
duce the phosphinate moiety to structure 76 by oxidative
hydrolysis with HCI/Nal; followed by heating in molten
phosphorus acid resulted in degradation of 76. Cyclen (1)
was obtained as a main product along with small amount
(24%) of N-monoalkylated methyl phosphinate 78
(Scheme 30).5%

Sherry’s group investigated other possibilities for the se-
lective N',N7-difunctionalization of cyclen and discovered
that treatment of cyclen (1) with various chloroformates un-
der acidic conditions (pH = 2-3) resulted in the formation
of the N',N’-diacylated cyclens 79a—79d in high yields
(Scheme 31).1532:330.33¢] §ome other transformations of
N',N’-diacylated cyclens 79a-79d are also described in the
original paper,>3¥ they are however not discussed here. The
same methodology towards the N',N’-diacylated cyclen 79d
has also been used by Welch and co-workers.[>"]

An extension of this methodology has been published
recently using the reaction of cyclen (1) with commercially
available benzyl- and zerz-butyl-(oxycarbonyl) succinimides
(Cbz-OSucc or Boc-OSucc) in chloroform at room tempera-
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PO3H,

NH HNE® ¢©

"

NH HN
/

i, HCI, Nalg, H,0, rt.
ii, H3PO3, 80 °C, 24%
/—\ /—SO0sH
HO-CH,SO3Na, pH ~ 7 [NH N]
H,0, 40 °C, 95% 76
N HN
HOss—

1

i, NaCN, H,0, r.t.
ii, HCI, H20, reflux, 80%

COOH
NH HND ¢i©
77 [ j

Hooc—

Scheme 30. Selective N',N’-disulfomethylation of cyclen (1) and
some subsequent transformations.

CICOOR?!

— /—\ ,COOR'
pH~2-3 NH N
1 79a-79d [ j
N HN
Boc-OSucc R'ooc”
Cbz-0S
ngCI: r.t.ucc 79a, R" = Me, 93%
79d and 79e 79b, R = Et, 98%

79¢, R" = vinyl, 90%

79d, R' = Bn, 88%
(with CICOOBnN)
or 98% with
Cbz-OSucc

79¢, R ' = tBu, 99%

Scheme 31. Selective N',N’-diacylation of cyclen (1) with chloro-
formates or oxycarbonyl succinimides.

ture (Scheme 31).1°34 Both regioselectivity and yield have
been found to be excellent using this methodology
(Scheme 30) affording di-N',N7-Cbz-cyclen (79d) in 98%
and di-N',N7-Boc-cyclen (79e) in quantitative yield. The
observed selectivity hinged on taking advantage of a knowl-
edge of the basicities of the ring nitrogen atoms, use of elec-
trophiles with weakly basic leaving groups (OSucc anion)
and use of a solvent in which the di-protonated form of the
product is not soluble. One might envision using selectively
substituted cyclens (particularly 79d and 79e) with easily
removable protecting groups to prepare some other, less ac-
cessible N',N7-disubstituted cyclens.

Guilard and co-workers have recently expanded the
scope of the reductive amination (see Scheme 19 for N-
monoalkylation of cyclen via reductive amination) of vari-
ous aromatic aldehydes with cyclenl# (Scheme 32). Treat-
ment of cyclen (1) with two equivalents of aromatic alde-
hydes 80a—80f in the presence of excess of NaBH(OAc);
in 1,2-dichloroethane resulted in the formation of N!,N’-
difunctionalized cyclens 20, 8la-8le in good yields
(Scheme 32).
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/R
NaBH(OAC)3 [NH N]
CICH,CH,CI, 1. NN
RI— \/

20, R' = Ph, 78%

81a, R" = 4-NO,Ph, 69%
81b, R" = 2-pyrrolyl, 86%
81c, R" = ferrocenyl, 79%

©/CHO /©/CHO
ON
80a 80b

H @
@/CHO = O O
X 0 o
80c 80d &/\ H/\> (\ NN
N N N
H
oné  © tro
81d, 75% 81e, 78%

80e
(o)
OHC CHO

Scheme 32. Reductive amination of aromatic aldehydes 80a-80f
with cyclen (1). A route to N',N’-difunctionalized cyclens 20, 81a—
8le.

N',N’-Ditosylcyclen (82) was obtained in high yield
(82%) by treatment of cyclen (1) with two equivalents of
tosyl chloride in pyridine (Scheme 33).['>3% For compari-
son, recall that N' N*ditosylcyclen (6) was prepared in
40% by cyclization of linear precursors (Scheme 1).

/\ _pTs
TsCl, Py,0°Ctort. NH Nj

82% N HN
’ st/ /

82

Scheme 33. Preparation of N',N7-ditosylcyclen (82).

Synthesis of N',N’-Difunctionalized Cyclens from N-Mono-
functionalized Cyclens

Several reactions of N-monofunctionalized cyclens lead-
ing to N',N’-difunctionalized cyclens have already been dis-
cussed. Examples for these types of transformations are
found in Scheme 6, Scheme 26 and Scheme 29.

An interesting example of sequential N-dialkylation of
cyclen, leading to N',N’-dialkylated derivative has been de-
scribed recently (Scheme 34).1°°1 N-Monoalkylation of cy-
clen (1) with racemic tert-butyl 2-bromo-4-(4-nitrophenyl)
butanoate (83), followed by subsequent N-alkylation with
the ethyl B-p-galactoside derived bromide 45 led to the for-
mation of N',N’-difunctionalized cyclen 85 in 23% overall
yield (Scheme 34).0¢

The N-monofunctionalized cyclens 14d and 32a-32c
(preparation in Scheme 10) have been treated with dimeth-
ylformamide diethyl acetal with the formation of corre-
sponding tricyclic precursors in quantitative yields. These
4858
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O,N
Br

83 COOtBu

KyCO3 MeCN, reflux, 66%

OAc pAc
) 2
AcO
N HN
\ OAc
OtBu 45

O\/\Br

O,N

KoCO3, DMF
r.t., 35%

OAc oAC
o}

o) /\ NO,
AcO ~ 7N N HN

OAc . [ j

NH N
7/
COOtBu

Scheme 34. Sequential N-alkylation of cyclen (1) with electrophiles
83 and 45.

underwent hydrolysis smoothly leading to N’-alkylated for-
myl cyclens 73¢ and 86a-86c in good yields (70-85%)
(Scheme 35).12°1

14d,R'=Bn o
1=
4on 32a,R'=\_( ]
NH HN
o]
NH NT, OMe
/R 1=
32b,R OMe

32¢, R' = CH,COO01Bu
i, DMF diethyl acetal
benzene, reflux, ~100%
ii, EtOH, H,0, r.t., 70-85%

73c,R'=Bn

O o}
1 -
H—( 7\ 86a,R' = j
N HN \/<o
[ /<0Me
NH NI 1o
N-g1 86b,R ome

86c, R! = CH,COO!Bu

Scheme 35. Preparation of N’-alkylated N-formyl cyclens 73¢ and
86a-86c from N-monoalkylated cyclens 14d and 32a-32c.

7N O

N N
(gd oL X
a2
A o
¢ 23 43b
H
i, 120 °C
ii, MeOH, H,0, r.t., 73%
o]
H
N HN

Scheme 36. Epoxide 43b nucleophilic ring opening with tricyclic
amine 23.
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The tricyclic amine 23 (preparation in Scheme 7) has
been used as a nucleophile in the ring opening of the epox-
ide 43b.[>*"] The reaction was carried out by heating the two
components at 120 °C without any solvent (1.1 equiv. of
43b, Scheme 36). After cooling the mixture to room temp. it
was dissolved in aqueous MeOH and product of hydrolysis
(structure 87) was isolated in 73% yield, based on the tricy-
clic intermediate 23 (Scheme 36).

Selective N-Trifunctionalization of Cyclen

It has been pointed out previously,® that N-mono- and
N-trifunctionalization of cyclen are closely related processes
and both substitution patterns can be achieved via selective
protection, functionalization and deprotection.

Selective N-Trialkylation of Cyclen

A discussion on the selective N-trialkylation of cyclen
should start with the details of the preparation of some very
important molecules — N',N* N’-cyclentriacetic acid (88a)
also known as DO3A and its trimethyl (structure 88b), tri-
ethyl (structure 88c), tri-zert-butyl (structure 88d) and tri-
benzyl esters (structure 88e). These molecules have been ex-
tensively used in the synthesis of MRI contrast agents as
well as fluorescent and luminescent probes. Tweedle and co-
workers described a direct alkylation of cyclen with chloro-
acetic acid (4 equiv. were found to be the optimum amount)
in water at pH = 9.1 DO3A (88a) was obtained in 26%
yield after extensive purification by ion exchange
chromatography (Scheme 37). Later modification of the ex-
perimental conditions for the reaction of cyclen (1) with
chloroacetic acid led to the formation of DO3A (88a) in
70% yield (Scheme 37).57!

/\ /—COOR1
XCH,COOR! [NH N]

see legend for
experimental
details  R'0oc— “— \—COOR!

88a, X =CI,R"=H
88b, X =Br, R' = Me
88c, X =Br, R" = Et
88d, X =Br, R'=tBu
88e, X =Br, R'=Bn

Scheme 37. Synthesis of DO3A (88a) and its trimethyl- (88b) trieth-
yl- (88c¢), tri-zert-butyl- (88d) and tribenzyl- (88e) esters. Reagents
and conditions: 1 — 88a, in ref.['¥ KOH, H,O, pH = 9, 60 °C, 26 %,
1 — 88a, in ref’”! NaOH, H,O, pH = 10, 4 °C to room temp.,
70%, 1 — 88b, Et;N, MeOH, reflux, 54%, 1 — 88¢, CH,Cl,, room
temp., 72%, 1 — 88d, in ref.[*4 NaHCO;, MeCN, 0 °C to room
temp., 42%, 1 — 88d, in ref.[*®! Et;N, CHCls, room temp., 77 %,
1 — 88e, NaHCO;, MeCN, room temp., 68 %.

Various reaction conditions have been used to access the
triacetate esters of cyclen. The trimethyl ester of DO3A
(structure 88b) was obtained by alkylation of cyclen (1) with
methyl bromoacetate which was used in fourfold excess.
This reaction was carried out in refluxing MeOH in the
presence of Et;N (3 equiv.) and afforded ester 88b in ca.
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50% yield after normal phase preparative TLC
(Scheme 37).181 The triethyl ester of DO3A (structure 88c)
was isolated in 72% yield after column chromatography
(Scheme 37) when cyclen (1) was treated with 2.25 equiv. of
ethyl bromoacetate in CH,Cl, at room temp.>! When cy-
clen (1) was alkylated with ferz-butyl bromoacetate
(3.3 equiv., MeCN, room temp.), DO3A tri-tert-butyl ester
(88d) was obtained in 42% yield after crystallization from
toluene (Scheme 37).001 A more efficient procedure has
been described recently (3.5 equiv. of fert-butyl bromoace-
tate, 10 equiv. of Et3N in chloroform at room temp.) leading
to DO3A tri-tert-butyl ester (88d) in 77% yield after
chromatography on Al,O5 (Scheme 37).[4¢"1 Finally, DO3A
tribenzyl ester (88e) has been prepared by alkylation of cy-
clen (1) with benzyl bromoacetate (3 equiv., MeCN, room
temp.) in the presence of NaHCOj;. The ester 88e was iso-
lated in 68% yield after column chromatography®!
(Scheme 37).

A general methodology for the N-trialkylation of cyclen
(1) with the chiral chloroacetamides 89c-89e has been de-
veloped by Parker and co-workers.?l The dropwise ad-
dition of a solution of the amides 89¢ and 89d (3 equiv.) in
EtOH, to the solution of cyclen (1) and Et;N (3 equiv.) in
EtOH, followed by refluxing the reaction mixture resulted
in the formation of the N-trialkylated cyclens 90¢ and 90d
(Scheme 38). The method suffered from rather poor re-
gioselectivity and isolation of the desired products required
an extensive chromatography on Al,Oj3 resulting in rather
modest yields (29%). An alternate procedure has been used
for the N-trialkylation of cyclen (1) with chloroacetamide
89e.19%"1 A mixture of cyclen, chloroacetamide 89e (3 equiv.)
and NaHCOs; (3.1 equiv.) was stirred in acetonitrile at room
temp. and the desired N-trialkylated cyclen 90e was ob-
tained after purification by chromatography on SiO,
(Scheme 38). Unfortunately, the authors do not report the
yield of this transformation. Heating (60 °C) a mixture of
cyclen (1), chloroacetamides 89a and 89b (3 equiv.) and
NaHCOj; in acetonitrile followed by chromatography on
Al,O3 afforded the N-trialkylated cyclens 90a (52% yield)
and 90b (59% yield) in respectable yields**! (Scheme 38).

H 89a,R'=H
N 89b, R' = Me
1 + '
C'/\(l)f \,%/ 89c, R' = Ph

89d, R" = 4-COOMePh

89e, R' = COOEt
\ see legend
HN—(
7\ R'"  90a,R'=H
NH N_ O 90b, R' = Me
[ j 90c, R' =Ph
Q N N O 90d, R' = 4-COOMePh
1 _/ 1 ’

R. N%H H(N R 90e, R' = COOEt

Scheme 38. N-Trialkylation of cyclen (1) with chloroacetamides
89a-8%. Reagents and conditions: 1 + 89a, 89b — 90a, 90b,
NaHCO;, MeCN, 60 °C, 52% (90a), 59% (90b), 1 + 89¢, 89d —
90c, 90d, Et;N, EtOH, reflux, 29%, 1 + 8% — 90e, NaHCOs3,
MeCN, room temp., no yield is reported.[6>"]
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92a, 86%, R! = CH,Ph

o =
1_ H
89c, 71%, R' = HQC)J\H/\Ph
o RT=
92b, 76%, R N
R'X (3.5 eq.) /—\ R O Ph
NH N 92¢,81%,R' =
EtsN, CHCls, r.t.[ j , 81%, HZCJJ\H/KPh
1_N N- ’ H
R R 1_
— 92d, 84%, R = H,C.__N_
0 N (CH)5CHs
92e, 65%, R = Oo
N
1 0
59a, 81%, R' = CH,Ph
o =
(Y 1= -
93a, 73%, R HQC)]\H/\Ph
R" 93b,73%, R'=
NH N ’ H, G
o O Ph
R'X (2 eq.) [NH Nj 4
T, 93,71%R'=
EtN,CHClg, it \/ R! oo l% HZC)J\H)\Ph
) H
93d, 75%, R =H,C.__N._
’ 2 (CH)sCHs
93¢, 70%,R'= | ©
N O
Electrophiles (RX) o}
31a gBr 9la o~ _Br 91c  CH3(CHa)sNH
o

i L X
cl
89c ph/LNJ\/C' 91b ppy HJ\/ 91d \/OjH\Br
H

0]

Scheme 39. N-Trialkylation and N',N*-dialkylation of cyclen (1) with electrophiles 31a, 90¢, 91a-91d.

Various electrophiles (31a, 90c, 91a-91d) have been used
to achieve selective N-trialkylation of cyclen. Treatment of
cyclen (1) with above mentioned electrophiles (3.5 equiv.) in
the presence of Et;N (10 equiv. in CHCl;) resulted in the
formation of N-trialkylated cyclens 90c¢ and 92a-92e in
good yields*®®! (Scheme 39). Another example of this
highly selective N-trialkylation leading to DO3A tri-fert-bu-
tyl ester (88d) has already been discussed (see
Scheme 37).146b]

It is also interesting to point out, that N',N*-dialkylated
cyclens 59a and 93a-93e have been obtained in excellent
regioselectivity and good yield,*°?! when 2 equiv. of electro-
philes 31a, 90c, 91a-91d have been used under identical re-
action conditions (Scheme 39). An example of this highly
regioselective N',N*-dialkylation described in a preliminary
communication*®®  has already been discussed (see
Scheme 25).

Selective N-Triacylation and N-Trisulfonylarylation of
Cyclen

The synthesis of N-triacylated cyclens has been very well
studied, as N-triacylated cyclens can undergo further func-
tionalization, followed by removal of acyl protecting groups
usually under mild conditions. N-Monofunctionalized cy-
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clens can be obtained in good yields therefore this method-
ology is still in use. This protocol represents a useful alter-
native to selective N-monofunctionalization of cyclen,
which has already been discussed.

The first example of selective N-acylation of cyclen (1)
was described in 1991. Cyclen (1) was treated with
3.2 equiv. of benzyl chloroformate (in the presence of Et;N,
6.4 equiv.) in dichloromethane and tri-N-Cbz-cyclen (94a)
was isolated in 49% yield after column chromatography!©32!
(Scheme 40). The authors used the triprotected cyclen 94a
for N-alkylation of the remaining nitrogen atom (readers
are referred to the original paper!®3 for details) and were
able to remove Cbz protecting groups by catalytic hydro-
genation. Some other transformations using tri-N-Cbz-cy-
clen (94a) as a starting material have also been de-
scribed.[63b]

A superior intermediate among the N-triacylated cyclens
appears to be tri-N-Boc-cyclen (94b). Its first synthesis was
described in 1995[%441 and some variations of the original
protocol appeared shortly afterwards. In the original pro-
cedure, cyclen (1) was treated with 2.4 equiv. of Boc,O in
dichloromethane.[®*2! Tri-N-Boc-cyclen (94b) was isolated in
70% vyield after column chromatography (Scheme 40).
Some modified procedures have also appeared in the litera-
ture.[31:640] Replacement of dichloromethane as solvent by

Eur. J. Org. Chem. 2008, 4847-4865
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NH o NCEPE
Cbz-Cl, CHyCly, EtsN [ j
r.t., 49% NN
Ccbz” \—/ Cbz
94a
Boc,0, CHoCly /~\ _Boc
EtgN, r.t., 70% or [NH Nj
Boc,0, CHCI3 N
EtsN, r.t. Boc” \—/ 'Boc
72% or 90% 94b
NG \-eHo
chloral hydrate, EtOH [ ]
60 °C, 92%

OHC" \—/ "CHO
94c

Scheme 40. Preparation of tri-N-Cbz-cyclen (94a), tri-N-Boc-cyclen
(94b) and tri-N-formylcyclen (94c).

chloroform and performance of the reaction in the presence
of Et;N (3 equiv., Scheme 40) increased the yield of tri-N-
Boc-cyclen (94b) to 90%. Details of N-functionalization of
94b and acid-mediated removal of Boc groups are con-
tained in the original papers.3!-64]

Reaction of cyclen (1) with an excess of chloral hydrate in
hot (60 °C) EtOH was found to produce tri-N-formylcyclen
(94c) in excellent yield of 92 % (Scheme 40).[951 The authors
describe N-alkylation of the remaining nitrogen atom by
various electrophiles followed by alkaline hydrolysis-medi-
ated removal of formyl groups, see the original paper for
details.[4 Alkaline hydrolysis of various N-formylcyclens
was found to be ineffective by our groupP®! and by
others,***! although the formyl group can be efficiently re-
moved by acidic hydrolysis.*>*>!1 Other methodologies in-
vestigated in our laboratory, such as oxidativel®®! or re-
ductivel®! removal of the formyl group proved to be rather
troublesome, leading either to decomposition (oxidation) or
recovery of the starting material (catalytic hydrogena-
tion).[36

Tri-N-tosylcyclen (95) has been prepared in high yield
(80%, purified by crystallization) by reacting cyclen (1) with
tosyl chloride (3 equiv.) in dichloromethane with 3 equiv. of
Et;N (Scheme 41).['41 An alternative procedure appeared in
1994.1%¢1 Dichloromethane was replaced with chloroform,
only 2 equiv. of TsCl have been used and the reaction was
carried out at 40 °C (Scheme 41). The yield of tri-N-tosyl-
cyclen (95) was found to be 45% after crystallization.[°6]
Taking into account the yields of both procedures, the for-
mer onel'¥ appears to be more suitable.

pTsCl, Et3N, CHoCly / \N,pTS
1 0°Ctort., 80% [ j
or N N
pTsCl, EtzN, CHCI3 st’ \_/ pTs
40 °C, 45% 95

Scheme 41. Preparation of tri-N-tosylcyclen (95).
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Synthesis of N-Trifunctionalized Cyclens from /N-Mono-
functionalized and NV',N’-Difunctionalized Cyclens

An interesting example of N-trifunctionalization of cy-
clen starting from N-monoacylcyclen 53 (see Scheme 22 for
preparation) has been described recently.[*!] Reaction of N-
monoacylcyclen 53 with paraformaldehyde (3.3 equiv.) and
triethyl phosphite (4 equiv.) in warm (40 °C) THF was
found to produce N-trifunctionalized cyclen 96 in 60%
yield (Scheme 42).141]

N A, (CHzO)n, P(OED

)
/—\ /-0t
N
[ j THF, 40 °C, 60% [ ]OEt
NH N EO N N

/=0 Eto-p— \— »©
1
o
53 96

OAc OAc

Scheme 42. Preparation of cyclen-derived phosphite 96.

Di-N',N7-(Cbz)-cyclen (79d) (see Scheme 31 for prepara-
tion) can be N-mono-Boc-protected in 65% yield upon
treatment with Boc,O in dichloromethane at room temp.[6”]
The protected cyclen 98a is obtained in 65% yield
(Scheme 43). Acetylation of cyclen (Ac,O in AcOH at room
temp.) led to the formation of di-N',N7-acetylcyclen (97) in
88% yield (Scheme 43). Di-N!,N’-acetylcyclen (97) was
then converted to N-mono-Boc-protected cyclen 98b (in
41% yield) under above mentioned reaction conditions
(Scheme 43).1°71 Orthogonally protected cyclens 98a and
98b have been used for further transformations as described
in the original paper.[”]

/ \ 1
NH N'R

see
legend
e
N HN
RT
79d, R' = Cbz
97,R' = Ac

J see legend

77\ R
NH N
98a, R' = Cbz [ j
98b,R'=Ac N\
R \__/ ‘Boc

Scheme 43. N-Mono-Boc-protection of di-N',N’-(Cbz)-cyclen
(79d) and di-N',N7-acetylcyclen (97). Reagents and conditions: 1
— 79d, see Scheme 31, 1 — 97, Ac,O, AcOH, room temp., 88 %,
79d — 98a, Boc,O, CH,Cl,, room temp., 65%, 97 — 98b, Boc,0,
CH,Cl,, room temp., 41 %.

Alkylation of di-N',N’-(Cbz)-cyclen (79d) with 2-chlo-
romethyl-6-methylquinoline (99) afforded N-trifunctional-
ized cyclen 100 (Scheme 44) as a precursor to highly func-
tionalized MRI contrast agent. Neither the experimental
procedure, nor the chemical yield is reported in the original
paper.[68]
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£\ .Cbz
NH N
Cowd - G
N HN N
Cbz"
79d j 99
N, -Cbz

[NH Nj
N N7 N= Me
Cbz" —/
? \ 7/
100

Scheme 44. Alkylation of di-N',N7-(Cbz)-cyclen (79d) with 2-chlo-
romethyl-6-methylquinoline (99).

DO2A di-tert-butyl ester (101)[°1 was refluxed (in aceto-
nitrile) in the presence of K,COj (1 equiv.) with 2-bro-
momethyl-1-azathiaxanthone (102) (1.1 equiv.).”’°! The N-
trialkylated cyclen 103 was isolated in 42% yield after col-
umn chromatography (Scheme 45).

,—\ /—COOtBu %
[NH N] B
+
N HN Br N s

Buoc(o)— “—/

101
0 K,CO3, MeCN

reflux, 42%

,/—\ /—COOtBu

NH N
) s
N N N=
Buoc(0)— “—/ \
103 °

Scheme 45. N-Monoalkylation of the DO2A di-tert-butyl ester
(101) with 2-bromomethyl-1-azathiaxanthone (102).

Synthesis of Fully Functionalized Cyclens

Substitution of all four cyclen nitrogen atoms of cyclen
(1) with identical substituents is rather straightforward as
indicated in a previous review.¥ The reaction of cyclen with
various electrophiles should, in principle, lead to a fully
substituted cyclen if sufficient amount of electrophile (at
least 4 equiv.) is used. Numerous examples can be found in
the literature and comprehensive treatment is beyond the
scope of this microreview.

Recent work by our group can be used to provide an
example for this type of transformation. One of the research
topics currently under investigation in our laboratory is the
development of temperature and pH responsive PARAC-
EST MRI contrast agents based on the magnetic properties
of various lanthanide(III) complexes of cyclen oligopeptide
conjugates. N-Peralkylation of cyclen (1) with 4 equiv. of N-
iodoacetyl mono-, di-, and tripeptides (structures 104a—
104j) was carried out in warm (50-70 °C) acetonitrile using
ethyldiisopropylamine (DIPEA) as a base (Scheme 46).011
Fully protected cyclen oligopeptide conjugates were ob-
tained in good yields (64-99%). The removal of the protect-
ing followed by metalation by different lanthanide(III) chlo-
rides resulted in the formation of the desired complexes.[!]
Among them the Eu** complex resulting from saponifica-
4862
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tion and metalation of cyclen conjugate 105¢ was found to
be a sensitive temperature-responsive PARACEST MRI
contrast agent.[”?!

1
(¢]
104a-104j

DIPEA, MeCN
50-70 °C, 64-99%

R'"  05a-105 R

104a, 105a, R' = L-Lys(Boc)-OMe

104b, 105b, R = L-Phe-OEt

104c, 105¢, R' = Gly-L-Phe-OEt

104d, 105d, R = Gly-L-Tyr(tBu)-OMe

104e, 105¢, R" = Gly-L-Trp-OMe

104f, 105f, R! = Gly-L-Lys(Boc)-OMe

104g, 105g, R = L-Asp(OMe)-L-Glu(OMe)-OMe
104h, 105h, R" = L-Asp(OMe)-L-Phe-OEt

104i, 105i, R = L-Lys(Boc)-L-Phe-OEt

104j, 105j, R" =Gly-L-Phe-L-Lys(Boc)-OMe

Scheme 46. N-Peralkylation of cyclen (1) with N-iodoacetyl mono-,
di-, and tripeptides 104a—104j.

A notable exception to the previous protocol was found
when N-peralkylation of cyclen (1) with N-iodoacetyl-Gly-
L-Arg(NO,)-OMe (106, Scheme 47) was attempted.l”!'a The
N-trialkylated conjugate 107 precipitated out from the solu-
tion as a sole product (Scheme 47) despite of the reaction
temperature (room temp. to reflux) and large excess of elec-
trophile 106 (up to 10 equiv.).l”!2]

P /\H/Gly-L-Arg(NOZ)-OMe
(e}

106

DIPEA, MeCN
r.t., 46%

R!

—~

[NH N] o)

o >N N o

A

R! R!
107, R = Gly-L-Arg(NO,)-OMe

Scheme 47. Alkylation of cyclen (1) with N-iodoacetyl-Gly-L-
Arg(NO,)-OMe (106).

Similar to cyclen itself, N-peralkylation of N-monosub-
stituted cyclens can be achieved if sufficient amount of elec-
trophile (at least 3 equiv.) is used. The same rule applies
for both N',N* and N' N’-disubstituted cyclens. At least
2 equiv. of electrophile are required in this case. Many ex-
amples can be found in the literature. We highlight yet an-
other example from our laboratory to illustrate this type of
transformation.

N-Formylcyclen (24) and N-monoacetyl-Gly-L-Phe-
O1Bu cyclen (42e) have been N-peralkylated in very good
yields (> 90%) with N-iodoacetyl-Gly-L-Phe-OEt (104c)
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using DIPEA as a base and warm acetonitrile as a solvent
(Scheme 48).3% We did not meet with success, when we at-
tempted to remove formyl protecting group from conjugate
108a.1¢! The orthogonally protected conjugate 108b can un-
dergo selective tBu ester functionality acidolysis, followed
by HBTU-mediated coupling with mono-Boc-cystamine to
afford a close precursor (structure not shown) of new “con-
jugation ready” temperature sensitive PARACEST MRI
contrast agent.3l

/\ R

NH N Gly-L-Phe-OEt
() ©

NH HN 0

s
24,R' = CHO 104c
42e, R' = CH,CO-Gly-L-Phe-OtBu

DIPEA, MeCN

24,50 °C, 92%
42e, 70 °C, 99%

R2

>\/ \ R
o [N N]
o N N o
\>_/\_/\_(
R? R?

108a, R' = CHO, R? = Gly-L-Phe-OFEt
108b, R" = CH,CO-Gly-L-Phe-OtBu
R2 = Gly-L-Phe-OEt

Scheme 48. Peralkylation of N-formylcyclen (24) and N-monoace-
tyl-Gly-L-Phe-O7Bu cyclen (42e) with N-iodoacetyl-Gly-L-Phe-OEt
(104c).

N-Functionalization of the remaining free nitrogen atom
in N-trifunctionalized cyclens has been extremely well
studied and many examples appear in the literature. A re-
cent paper on functionalization of DO3A tri-tert-butyl ester
by Aime and co-workers might serve as a good example.[”>!
DO3A tri-tert-butyl ester is often used as a starting material
for the conjugation of cyclen-based metal chelators to large
molecular entities such as peptides,**74 proteinsf®!! or even
viruses.[°®73 Another important group of fully N-function-
alized cyclens, which nowadays starts to receive an in-
creased attention is based on the modification of N-tri-
functionalized cyclens with a side chain possessing a ter-
minal alkyne functional group.[’®! Alkyne-modified cyclens
have been used as precursors in Huisgen “click” cycload-
dition with a variety of azides.l”®!

Conclusions and Future Prospects

The present review surveyed the various methodologies
towards N-functionalized cyclens with an emphasis on the
chemistry and examples of selective mono-, di- and tri-N-
functionalization. These examples highlight the complexity
and subtleties in the chemistry of cyclen. Its reactivity is
sensitive to the solvent, the amount and identity of the base,
the electronic and steric nature of the electrophile as well
as changes in its own conformation, pK, and changes in
solubility with increasing N-substitution. These factors im-
pact the chemo- and regioselectivity and ultimately the
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chemical yield as do simple technical factors such as ease
(or avoidance) of chromatography and other purification
techniques.

The synthesis of N-functionalized cyclen from acyclic
precursors is currently rarely used as cyclen itself and many
of its important derivatives (e.g. DOTA, DOTAM, DO3A,
DO3A tri-tert-butyl ester) are currently available from mul-
tiple commercial suppliers. Among the methodologies used
for mono-, di- and tri-N-functionalization of cyclen, N-al-
kylation appears to be the most prominent. Synthetic meth-
odologies have been developed to prepare N-monoalkyl-
ated, both N',N*- and N',N’-dialkylated as well as N-trialk-
ylated cyclens in good yields and excellent regioselectivities.
Various halogen derivatives are used as reactive electro-
philes in most of the examples. Two methods for the alky-
lation of cyclen (1) have, in our opinion, been under uti-
lized. Firstly, oxirane ring opening which can be performed
both regio- and stereoselectively (see Schemes 17 and
36).371 Only a very limited number of references using this
methodology appears in the literature.l'>-2#*-371 It is quite
easy to envision, that the scope of the nucleophilic small
ring opening by cyclen can be expanded significantly, if
some other strained reactive species such as aziridines, thiir-
anes or activated cyclopropanes are used. The other unex-
ploited methodology is the reductive amination of alde-
hydes with cyclen (1) and its derivatives, which may also
be done regioselectively and in high yield (see Schemes 19
and 32).3%:54

N-Functionalization of cyclen by N-acylation, N-sulfo-
nylalkyl and N-sulfonylarylation has also been well studied;
however, these methods appear to be less prevalent in the
current literature. Mainly carboxylic acid chlorides and an-
hydrides have been used as N-acylating agents and there is
a wealth of example on which to design future syntheses.
Surprisingly there are, to the best of our knowledge, only
two reports describing the use of cyclens (naked cyclen as
well as N-di- and N-trifunctionalized ones) as nucleophiles
in reactions with isocyanates to form cyclen-derived
ureas.””l Some other cyclen-derived ureas are known, they
have been, however not prepared by reactions of cyclens
with isocyanates.”®! A sole example describing a reaction of
cyclen with isothiocyanates to form cyclen-derived thiourea
has appeared in the literature,l’”! whereas reactions of cy-
clens with other cumulenes (allenes) or heterocumulenes
(ketenes) have not been described to date. Reactions of cy-
clens with various cumulenes might provide the route to
some new ligands, bearing interesting properties and being
inaccessible by other methodologies.

“Conjugation ready” derivatives of cyclen (1) endowed
with chemical functionality to permit conjugation with
various macromolecules appear to be an important focus of
many research groups involved in the development of MRI
contrast agents or fluorescence and luminescence based op-
tical probes. The classical method of conjugation involves
peptide bond formation between the carboxylic group con-
taining cyclen and reactive primary or secondary amino
group of the peptide or protein.*a) Among newer types of
the “conjugation ready” cyclen derivatives, alkyne modified
4863
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molecules!’®! are gaining their popularity as they can be
used as substrates in Huisgen “click” cycloaddition with
different azides. Our research group*®l and others*°?! have
been involved in the development of primary sulfanyl group
modified cyclen oligopeptide conjugates, which can be used
for the conjugation with peptides (via disulfide bond forma-
tion), Michael acceptors or even nanoparticles.

Although there has been a very generous exploration of
the chemistry for the preparation and applications of N-
functionalized cyclens, this field is far from mature. During
the recent past, there has been a significant increase in the
number and type of applications that employ cyclen as an
integral, functional part of the molecule. With the increas-
ing sophistication of the applications for functionalized cy-
clens there is expected to be an increase in the synthesis of
complex cyclen-containing molecules; indeed, the future of
this field of endeavor will undoubtedly be very active, excit-
ing and productive.
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