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A new way to synthesize trans-disubstituted cyclam
tetraazamacrocycles 1 is reported. The synthesis proceeds in
three steps via the tricyclic 1,4,8,11-tetraazatricyclo-
[9.3.1.1*8]hexadecane system 2, which can be selectively
dialkylated and hydrolyzed under basic conditions to give
the final product 1. An understanding of the reactivity, based

on the X-ray experimental electrostatic potential and
molecular modeling of the 1,4,8,11-tetraazatricyclo-
[9.3.1.1*8]hexadecane macrotricycle, has permitted the
elucidation of a new reaction pathway leading to the trans-
disubstituted cyclam.

The design and the synthesis of tetraazamacrocycloalk-
anes has been the subject of growing interest during past
years due to their ability to coordinate different metal cat-
ions. Among the derivatives of this class of macrocycles, the
cyclam (1,4,8,11-tetraazacyclotetradecane) has been exten-
sively studied, either as a simple ligand or as an N-substi-
tuted ligand NPIBIHIBIGL Moreover, it is well known that
the N, N’-functionalized cyclam can lead to hexacoordi-
nated complexes. To date, numerous N,N'-functionalized
cyclams have been described in the literature!”8] and, re-
cently, we reported the synthesis of the cis-4,8-N-disubsti-
tuted cyclam®. As the classical synthetic scheme!”8] Jead-
ing to trans-4,8-N-disubstituted cyclam involving 4,8-N-bis-
(para-toluenesulfonyl)tetraazacyclotetradecane as inter-
mediate gives low yields, here we propose an alternative
synthesis.

The described synthetic route proceeds at room temp. to
yield the trans-N,N’-disubstituted cyclam 1 at a high rate.
As represented in Scheme 1, the first step leads to the
1,4,8,11-tetraazatricyclo[9.3.1.1*®]hexadecane derivative 2.
This macrocyclic compound has already been prepared
using formaldehyde and cyclam as starting reagents[!9111],
We have obtained, quantitatively, the macrotricycle 2 by re-
fluxing cyclam in a 30% NaOH aqueous solution in the
presence of dichloromethane!!'?l. The pure product was eas-
ily isolated by concentration of the organic phase and
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recrystallisation from a THF/water mixture. The presence
of the methylenic bridges was confirmed by 'H NMR (§ =
5.4) and '3C NMR (8 = 69). The crystallographic structure
of 2 (Figure 1) shows a trans conformation for the two
methylenic bridges.

Figure 1. ORTEP view and numbering scheme of 2 with 50% prob-
ability thermal ellipsoids for non-H atoms

In a second step, the 1,4,811-tetraazatricy-
clo[9.3.1.148]hexadecane ligand was dissolved in CH;CN
and two equiv. of an alkyl halide (methyl iodide, benzyl
bromide, or picolyl chloride) were rapidly added to yield the
new disubstituted macrotricycle 4 having two non-adjacent
quaternary nitrogen atoms. Due to their ionic character,
compounds 4a—c are insoluble in CH3;CN and so were iso-
lated by filtration. High yields were obtained and no cis-
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disubstituted macrocycle was detected. This indicates a
strong selectivity for the trans disubstitution. 'H-NMR
spectra of 4a—c are not unambiguous due to the inequival-
ence of the geminal protons, indicating a rigid structure for
these compounds. Nevertheless, the presence of the methyl-
enic bridge (N—CH,—N) was confirmed by a 'H-NMR sig-
nal at § = 5 and a '*C-NMR resonance at § = 79. It has
to be noted that 4c¢ is relatively unstable at high concen-
tration in water. This property was confirmed on the basis
of a NMR study anges in the spectra with time indicating
the decomposition of 4c¢ to 1c]. Such specific behavior can
be explained by the presence of the pyridine group acting
as a basic reagent. Such a hypothesis is also confirmed by
the last reaction step, since the expected frans-disubstituted
cyclam 1 is easily formed after basic hydrolysis of 4 in
NaOH (3 mol 17!) at room temp. NMR spectra of la—c
show clearly the disappearence of the methylenic bridges.
Moreover, the tetra-substituted cyclam 5 can be isolated by
reduction of 4 with NaBH, (Scheme 2). Reduction of 4a
releases the tetramethylcyclam, which was previously de-
scribed by Barefield and Wagner'*l. 'H- and '*C-NMR
spectra for 5b and 5S¢ are similar to those observed for 4a
and 4b, except for the methylenic resonance.

Scheme 2
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A significant improvement in the synthesis of 1 is due to
the fact that in each step reagents and products have very
different solubilities and are easy to separate.
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In the present paper we also focus on understanding the
factors that control the reactivity of 2 towards electrophilic
and nucleophilic reactants. The Molecular Electrostatic Po-
tential (MEP)UI4IISINOINTINSIIOT of 3 molecule is a real
physical property which can be either determined exper-
imentally, by X-ray and electron diffraction meth-
odsPARIR2E23R4 - or from the calculated electronic wave
functions. One of the first applications of the MEP was to
determine reactivity maps in order to explain and predict
the sites of electrophilic attack on a molecule. We have thus
used the MEP to localize the more electronegative sites of
the 1,4,8,11-tetraazatricyclo[9.3.1.1*%]hexadecane ligand
which may undergo an electrophilic attack.

In this study we show that the calculated Molecular Elec-
trostatic Potential (MEP) reproduces quantitatively the ex-
perimental X-ray potential. It has been used to rationalize
the disubstitution of 2.

As the MEP depends strongly on the conformation and
configuration of the molecule, it was important to correctly
define the molecular geometry (global and local minimum
conformations) before starting the calculation of electronic
properties?3. The crystallographic datal?¢! have been used
to benchmark these calculations: the X-ray structure must
be among the low-energy conformers obtained from the cal-
culations, and experimental structural features such as bond
lengths and angles (Table 1)1291127] must be retrieved by the
calculation. These calculated results for the global mini-
mum structure are given as supporting information. They
show a rather good agreement between calculated and ex-
perimental geometric parameters, which validates the con-
struction-search strategy and the force field used to perform
the MM calculations. The MM global-minimum structure
has also been reoptimized with the PM3 semi-empirical
method (SPARTAN Molecular Modeling Package)[?®]. The
calculated vibrational spectrum was then used to clearly de-
termine whether it was a real minimum or a transition state,
and finally the MEP was calculated. The PM3 results seem
to be in better agreement with the experiment than the MM
results, especially for the valence angles (see Supporting In-
formation). It is, however, important to note that the calcu-
lations have been carried out on isolated molecules in vac-
uum; therefore, the comparison with crystal structure pa-
rameters is not straightforward. The experimental electro-
static potential®!! was calculated from a multipolar
refinement ) using the good-quality medium-resolution X-
ray diffraction data (sin@/A = 0.70 A~') obtained. Figure 2
gives the experimental MEP of the ligand in the
(C6—N1—-C1) plane. The PM3 MEP were also calculated.
As expected, negative potential regions appear in the vicin-
ity of the N1 and N2 atoms. The deepest negative potential
corresponds to the N2 atom in both the experimental and
PM3 theoretical maps (—0.26 /A and —0.30 e/A, respec-
tively), whereas the negative region around N1 peaks at
—0.17 and —0.20 e/A, respectively. Thus the experimental
and PM3-calculated ratios Vi, (f)/Vy,(T) (1.53 and 1.50
respectively) unambiguously indicate that electrophilic at-
tack takes place on both frans-N2 nitrogen atoms, giving
rise to the new disubstituted macrotricycle. Moreover the
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N1 nitrogen atom, which is more sterically hindered than
N2, favors this trans-disubstitution reaction.

Table 1. Experimental parameters for 1,4,8,11-tetraazatricyclo[9,3,-
1,148]hexadecane (2): bond lengths and angles

Bonds Experimental ~ Angles Experimental
bond lengths angles
[A] [l
N1-C1 1.464 (2) CI-N1-C5 112.82 (9)
N1-C5 1.463 (2) C1-N1-Co6 115.2 (1)
NI1-C6 1.460 (2) C5-N1-C6 108.80 (9)
N2-C2 1.479 (2) C2—-N2-C6 114.05 (9)
N2-C3 1.488 (2) C2-N2-C3 110.6 (1)
N2-C6 1.466 (2) C3—-N2-C6 107.80 (9)
Cl-C2 1.526 (2) NI1-Cl1-C2 115.6 (1)
C3-C4 1.534 (2) N2-C2-Cl1 115.8 (1)
C4-C5 1.522 (2) N2-C3-C4 113.0 (1)
C3-C4-C5 111.3 (1)
N1-C5-C4 109.7 (1)
N1-C6—N2 110.7 (1)

Figure 2. Experimental molecular electrostatic potential [eA*I] of
1,4,8,11-tetraazatricyclo[9.3.1.1*8]hexadecane in the (C6—N1—C1)
plane

In conclusion, we have reported and discussed a new and
simple way to synthesise zrans-disubstituted and tetrasubsti-
tuted cyclams. As proven by using three alkylating reagents
in this work, this new method of synthesis can be, without
any doubt, extended to other substituents, allowing the syn-
thesis of numerous disubstituted macrocycles.

The support of the CNRS is gratefully acknowledged.

Experimental Section

General: 1,4,8,11-tetraazacyclotetradecane (cyclam) was pre-
pared using the procedure detailed by Barefield and Wagner®%. All
other reagents were commercial grade and used without further
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purification. — NMR: Bruker AC200 spectrometer (200 MHz),
CDCl; or D,O solutions with Me,Si as reference. — MS (EI or
LSIMS): Kratos concept 32 S (m-nitrobenzyl alcohol as matrix for
LSIMS). — Microanalyses: EA 1108 CHNS Fisons instrument.

Synthesis of 1,4,8,11-Tetraazatricyclo[9.3.1.1*8 Jhexadecane (2).
— Method A: A solution of cyclam in dichloromethane (1 g, 5
mmol in 100 ml) was added to an aqueous solution of sodium
hydroxide (30 g in 100 ml). After refluxing the mixture for 36 h,
the two phases were separated and the aqueous phase extracted
with dichloromethane. The organic phases were dried with MgSO,
and concentrated to give a yellowish product which was recrystal-
lised from THF/water to give colourless crystals. Yield 0.89 g
(88%).

Method B: Two equiv. of formaldehyde (0.90 ml, 37% in water)
were rapidly added to an aqueous solution of cyclam (1 g, 1.07
mmol in 60 ml) at 0°C . The mixture was stirred for 2 h and the
white precipitate formed was then filtered, washed with water and
dried under reduced pressure. The white powder obtained was used
without further purification and crystallised in a THF/water mix-
ture. Yield 96%. — '"H NMR (CDCl;): § = 1.05—1.20 (m, 2 H, B-
CH,), 2.1-2.5 (m, 2 H, B-CH,), 2.34 (d, 4 H, a-CH,), 2.66
(td, 4 H, a-CH,), 2.86 (d, 2 H, N—CH,—N), 2.70—2.90 (m, 4 H,
a-CH,), 3.10 (d, 4 H, 0-CH,), 5.41 (dt, 2 H, N—CH,—N). — 13C
NMR (CDCl): 8 = 20.42 (B-CH,), 49.57 (0-CH,), 53.90 (a-CH,),
69.08 (N—CH,—N). — C,H,4Ny (224.2): caled. C 64.24, H 10.78,
N 24.97; found C 64.12, H 10.63, N 24.92.

Synthesis of 1,8-Dimethyl-4,11-diazoniatricyclo[9.3.1.1*% Jhex-
adecane Diiodide (4a): 1 g (4.45 mmol) of 2 was dissolved in aceto-
nitrile (ca. 30 ml) and two equiv. of methyl iodide (1.3 g, 9.15
mmol) were rapidly added. The solution was stirred at room temp.
for 2 h and the white precipitate formed was then filtered, washed
with a small quantity of CH3;CN and dried under vacuum. This
crude compound was recrystallised in water to give white crystals.
Yield 2.04 g (90%). — '"H NMR (D,0): § = 1.83 (m, 2 H, B-CH,),
2.3-2.6 (m, 4 H), 2.88 (t, 6 H, 0-CH,), 3.11 (s, 6 H, N—CHj),
3.2—3.6 (m, 8 H), 4.44 (m, 2 H, a-CH,), 5.3 (dt, 2 H, N—CH,—N).
— IBC NMR (D,0): § = 22.53 (8-CH,), 49.75 (N—CHy3), 50.52 (o~
CH,), 53.33 (2 C, u-CH,), 66.36 (a-CH,), 79.36 (N—CH,—N). —
C14H30ILN, (508.1): caled. C 33.09, H 5.95, N 11.08; found C
33.12, H 5.97, N 10.79.

Synthesis of 1,8-Dibenzyl-4,11-diazoniatricyclo[9.3.1.1*3 Jhex-
adecane Dibromide (4b): This compound was prepared by the same
procedure as for 4a except that the mixture was stirred for 24 h
after the addition of benzyl bromide (2 equiv.). Yield 2.27 g (90%).
— 'H NMR (D,0): § = 1.85 (m, 2 H, B-CH,), 2.20—2.70 (m, 4
H), 2.90 (d, 4 H), 3.20—3.50 (m, 10 H), 4.40 (t, 2 H), 4.65 (d, 4 H,
N-CH,—Ph), 5.50 (d, 2 H, N—CH,—N), 7.51 (m, 10 H, aromatic
H). — 3C NMR (D,0): § = 22.11 (B-CH,), 50.10 (a-CH,), 50.28
(0-CH,), 53.88 (0-CH,), 62.25 (N—CH,—Ph), 65.63 (0-CH,), 79.34
(N—CH,—N), 128.59, 131.90, 133.51, 135.56 (6 C, aromatic C). —
Cy6H3sBroNy (564.1): caled. C 55.13, H 6.76, N 9.89; found C
55.26, H 6.96, N 10.05.

Synthesis of 1,8-Dipyridyl-4,11-diazoniatricyclo[9.3.1.1%% [ hex-
adecane Dichloride (4¢): This compound can be prepared by the
same procedure as described for 4a. However, the reaction time is
very long (3 weeks) and the yield is low (15%). Therefore, it is
preferable to use an excess (4 equiv.) of picolyl chloride. 5 g (30
mmol) of picolyl chloride hydrochloride was first deprotonated in
aqueous NaOH solution (pH = 12). After extraction with CH,Cl,,
the organic phases were dried with MgSO, and concentrated to
give a red liquid which was added to the cyclam solution (1.68 g,
7.5 mmol in 50 ml of CH3;CN). After 3 d, the precipitate was fil-
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tered off, washed with CH;CN and dried under vacuum. Yield 2.24
g (56%). — '"H NMR (D,0): 6 = 1.87 (m, 2 H, B-CH,), 2.3-2.7
(m, 4 H), 2.8—-3.8 (m, 14 H), 4.39 (t, 2 H), 476 (d, 4 H,
N-CH,—pyr.), 5.55 (d, 2 H, N-CH,—N), 7.53 (t, 2 H, pyr.), 7.68
(d, 2 H, pyr.), 8.00 (t, 2 H, pyr.), 8.61 (d, 2 H, pyr.). — '3C NMR
(CDCly): & = 22.11(B-CH,), 50.30 (u-CH,), 50.65 (0-CH,), 53.77
(0-CH,), 63.00 (N—-CH,—pyr), 66.09 (0-CH,), 79.74
(N—CH,—N), 128.44, 131.29, 141.32, 149.11, 152.73 (5 C, pyr.). —
C,4H36C1LNg-3 H,O (532.3): caled. C 54.03, H 7.93, N 15.75;
found C 53.56, H, 7.92, N 15.77.

Synthesis of 1,8-Disubstitued 1,4,8,11-Tetraazacyclotetradecane
(1): Compounds 1a, 1b, or 1c were prepared by dissolving 0.5 g of
4a (0.58 mmol), 4b (0.88 mmol), or 4¢ (0.93 mmol) in 100 ml of
an aqueous NaOH solution (3 mol I71). After stirring for 3 h, the
solution was extracted with CHCl; (5 X 30 ml). The organic phases
were collected, dried with MgSO,, and concentrated under vacuum
to give the expected compound with a quantitative yield.

1a: '"H NMR (CDCLy): & = 1.37 (q. 4 H, B-CH,), 1.82 (s, 6 H,
N—CHj), 2.0—-2.15 (m, 8 H, ¢-CH,), 2.21-2.38 (m, 8 H, o-CH,),
2.70 (bs, 2 H, NH). — '3C NMR (CDCly): § = 26.64 (B-CH,),
42.11 (N—CH,), 47.86 (¢-CH,), 50.47 (0-CH,), 57.29 (a-CH,),
58.65 (0-CH,). — MS (LSIMS); m/z (%): 229 [M + HJ*. —
C1,HaN, (28.2): caled. C 63.11, H 12.36, N 24.53; found C 63.33,
H 12.49, N 24.34.

1b: '"H NMR (CDCl5): 6 = 1.82 (q, 4 H, B-CH,), 2.45—2.90 (m,
18 H, a-CH, and NH), 3.71 (s, 4 H, N—CH,—Ph), 7.15—7.35 (m,
10 H, aromatic H). — '3C NMR (CDCls): § = 26.67 (B-CH,),
48.45 (a-CH,), 50.91 (a-CH,), 52.33 (0-CH,), 54.83(a-CH,), 58.47
(N—CH,—Ph), 127.65, 128.79, 130.25, 138.00 (6 C, aromatic C).
— MS (EI); m/z (%): 380 [M*]. — Cy4H34Ny (380.3): caled. C 75.73,
H 9.54, N 14.73; found C 75.17, H 9.61, N 14.22.

lc: 'TH NMR (CDCly): § = 1.74 (q, 4 H, B-CH,), 2.50—2.80 (m,
16 H), 3.67 (s, 4 H, N—CH,-pyr.), 3.80 (br. s, 2 H, NH), 7.08 (t, 2
H, pyr.), 7.39 (d, 2 H, pyr.), 7.56 (t, 2 H, pyr.), 8.47 (d, 2 H, pyr.).
— IBC NMR (CDCl): § = 26.54 (B-CH,), 48.10 (0-CHs), 50.01(a-
CH,), 52.49 (a-CH,), 54.86 (a-CH,), 60.05 (N—CH,-pyr), 122.47,
123.87, 136.73, 149.61, 159.23 (5 C, pyr.). — MS (LSIMS); m/z (%):
383 [M + H]*. — Cx,H;34Ng (382.3): caled. C 69.07, H 8.96, N
21.97; found C, 68.96, H 9.05, N 21.74.

Synthesis  of 1,4,8,11-Tetramethyl-1,4,8,11-tetraazacyclotetra-
decane (5a), 1,8-Dimethyl-4,11-dibenzyl-1,4,8,11-tetraazacyclotetra-
decane (5b), and 1,8-Dimethyl-4,11-dipyridyl-1,4,8,11-tetraazacyclo-
tetradecane (5¢): Compounds 5a, 5b, and 5¢ were obtained by dis-
solution of 1 mmol of 4a, 4b, or 4¢ in an EtOH/H»O (95:5) mixture.
10 equiv. of NaBH, were then added and the mixture was refluxed
during 3 h. After return to room temp., 10 ml of HCI (3 M in
water) was added. The mixture was concentrated to dryness and
the residue was then dissolved in 100 ml of water and concentrated
KOH was added (pH = 12). After extraction with CHCl; (5 X
30ml), the organic phases were collected, dried with MgSO,4 and
concentrated to give the expected tetrasubstitued tetraazamacrocy-
cle. Yields ca. 90%.

5a: '"H NMR (CDCly): 8 = 1.54 (q, 4 H, B-CH,), 2.09 (s, 12 H,
N-CHs), 2.32 (t, 16 H, a-CH,). — '3C NMR (CDCL): § = 25.19
(B-CH,), 44.20 (N—CH3), 54.62 (a-CH,), 54.86 (¢-CH,.). — MS
(ED); mlz (%): 256 [M*]. — C,4H3,N, (256.3): caled. C 65.57, H
12.58, N 21.85; found C 65.73, H 12.88, N 21.76.

Sb: '"H NMR (CDCly): 8 = 1.59 (q, 4 H, B-CH,), 2.10 (s, 6 H,
N—CHj), 2.40—2.70 (m, 16 H, 0-CH,), 3.55 (s, 4 H, N—CH,—Ph),
7.15—7.40 (m, 10 H, aromatic H). — *C NMR (CDCl,): § = 24.84
(B-CH.,), 43.97 (N—CHy), 51.76 (0-CH.), 51.89 (0-CH,), 54.83 (a-
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CH,), 55.64 (¢-CH,), 60.21 (N—CH,—Ph), 127.36, 128.74, 129.60,
140.62 (6 C, aromatic C). — MS (LSIMS); m/z (%): 409 [M + H]".
— CyHyoNy (408.3): caled. C 76.42, H 9.87, N 13.71; found C
76.38, H 9.83, N 13.76.

5c¢: 'TH NMR (CDCl;): § = 1.60 (q, 4 H, B-CH,), 2.03 (s, 6 H,
N—CHj), 2.30—2.70 (m, 16 H, a-CH,), 3.66 (s, 4 H, N—CH,-pyr.),
7.02 (t, 2 H, pyr.), 7.50 (m, 4 H, pyr.), 8.40 (d, 2 H, pyr.). — 13C
NMR (CDCLy): § = 24.85 (B-CH,), 43,84 (N—CHs), 52.03 (a-
CH,), 52.33 (a-CH,) 54.88 (0-CH,), 55.52 (a-CH,), 61.90
(N—CH,-pyr.), 122.38, 123.68, 136.80, 149.41, 161.17 (5 C, pyr.).
— MS (LSIMS); mlz (%): 411 [M + H]*. — CpHssNq (410.3):
caled. C 70.19, H 9.33, N 20.48; found C 70.15, H 9.30, N 20.13.

Supporting  Information (Available on the WWW under
http:lIlwww.wiley-vch. delhomeleurjoc or from the Author): Table S1:
calculated semiempirical PM3 and molecular mechanics param-
eters for 1,4,8,11-tetraazatricyclo[9.3.1.14%]hexadecane (bond
lengths and angles); Figure S1: PM3-calculated molecular electro-
static potential of 1,4,8,11-tetraazatricyclo[9.3.1.14%]hexadecane in
the (C6—N1—Cl) plane.
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