Jan-Feb 2005

Synthesis of One-, Two- and Three-ring Macrocyclic, Bifunctional 77

Compounds for Use in Radiolabelling Monoclonal Antibodies

Martalena Ramli [a], Ying Dong [&], Leonard F. Lindoy* [],
Suzanne V. Smith* [b], J. Gerald Wilson [a]

[a] Centre for Heavy Metals Research, School of Chemistry, University of Sydney, NSW, Australia
[b] Material and Engineering Science, Australian Nuclear Science and Technology Organisation (ANSTO),
PMB 1, Menai 2234, NSW, Australia
Received June 7, 2004

The synthesis of new linked bis- and tris-ring tetraazamacrocyclic (bifunctional) reagents for use in an
dternative strategy for radiolabelling antibodies is described. For comparison with the above systems, a
new single ring bifunctional system incorporating a dioxocyclam ring is also reported.

J. Heterocyclic Chem., 42, 77 (2005).

Introduction.

Radiolabelled antibodies are of wide interest in cancer
research and treatment [1-4] and the use of single ring
macrocycles as the isotope-binding components for
radioimmunoconjugates has been investigated for some
time [5]. Macrocyclic systems offer potential advantages
over corresponding open-chain systems [6] since both
enhanced kinetic and thermodynamic stabilities are char-
acteristic of such metal-bound macrocyclic species [7].
Individual macrocyclic polyamines, such as the tetraaza
derivative, 1,4,8,11-tetraazacyclotetradecane (cyclam) [8],
as well as a number of related macrocyclic polyaminocar-
boxylates [9], have been employed to radiolabel various
monoclonal antibodies (mAbs) with selected metal iso-
topes and, recently, a hexaaza cage derivative has also
been proposed for such arole [10].

The aim of the investigation now reported was the
design and synthesis of new linked 1,4,8,11-tetrazacy-
clotetradecane (cyclam) derivatives that might yield new
radioimmunoconjugates showing enhanced specific activ-
ity through binding two or three metal radionuclide ionsin
both a kinetically and thermodynamically stable manner.
In this paper the synthetic procedures for obtaining the
new linked macrocyclic products are reported; details of
their conjugation to mAbs, their interaction with 64Cu and
subsequent animal studies employing the resulting
radioimmunoconjugates will be reported in due course.

Results and Discussion.

Mono-, bis- and tris-ring macrocyclic products,
designed for use as bifunctional compounds for the radio-
labelling of mAbs have been synthesised. In each of these
an anilino group is incorporated in the structure to act as
the site for subsequent linking to the mAbs.

Mono-macrocyclic Ring Derivatives.

The single-ring nitro-substituted macrocyclic species 1
and 2 were synthesised as described by Moreau et al.
[11]. The anilino species 3 has been reported previously
in the patent literature [12] and its synthesis from 2 (via
H,/PdC reduction) described in a recent paper [13]. The
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related anilino-substituted, dioxo derivative 4 was gener-
ated from 1 in the present study using a similar hydro-
genation procedure.

The N-substituted single-ring system 8 was prepared
using the sequence shown in Scheme 2. Alkylation of the
tri-N-boc protected derivative of cyclam 5 [14] with 4-
nitrobenzyl bromide in the presence of caesium carbonate,
followed by purification by column chromatography,
yielded 6. The boc groups were then cleaved with
HCl/methanol to afford 7 in 50% overall yield. It needsto
be noted that alternative synthesesfor 7 using high dilution
[15] and boron-protection [14] procedures have been
reported previously. Finally, reduction of 7 to yield 8 has
also been reported recently [11] involving H, (3 atm.) over
Pd/C while in the present study sodium borohydride/10%
Pd/C was employed.
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Reagents and Conditions: (i) BH3-THF, reflux 20 h. (ii) H, at 3 atm,
5% Pd/C.
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Boc = tert-butoxycarbonyl. Reagents and Conditions (i) Dry acetonitrile,
caesium carbonate, BrCH,CgH4NO,; silica gel-CH,Cl,-CH30H-25%
NH30H, 150 :1:0.1. (ii) 3 M HCI-MeOH, NaOH/CHCl3. (iii) NaBH,4-
10% Pd/C, HCI, 10% NaOH-CHCl5.

Bis-macrocyclic Ring Derivative.

The synthesis of the double-ring macrocyclic ligand
system 11, starting from the previously reported [17,18]
bis-ring precursor 9, was carried out using the sequence
shown in Scheme 3. Alkylation of 9 with 4-nitrobenzyl
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Reagents and Conditions: (i) BrCH,CgH4NO,-anhydrous CHCl3, 10%
NaOH-CHClI3, CH,Cl,-di-tert-butyl dicarbonate, silica gel-MeOH-
CH,CI-25% NH30H, 200:1:0.1, 10% NaOH-CHCl3  (ii) NaBH4-10%
Pd/C, HCI, 10% NaOH-CHCl.
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bromide yielded 10. As initially isolated, crude 10 was
obtained as its hydrobromide salt together with the hydro-
bromide salts of corresponding bis- and tris-alkylated
species as bi-products. Following neutralisation and chlo-
roform extraction of the crude product, attempts at purifi-
cation using column chromatography on silica gel were
unsuccessful due to strong adsorption of the polyamine
mixture on the column. In view of this the mixture was
reacted with di-tert-butyl dicarbonate to convert the sec-
ondary amines to their boc-derivatives and hence reduce
their polarity. The hepta-'boc’ derivative of 10 was suc-
cessfully separated employing silica gel and the boc
groups then removed with methanolic HCI. After
workup, pure 10 was obtained as a glassy solid.
Hydrogenation (NaBH 4-10% Pd/C) of the product yielded
the pendant anilino derivative 11.

Trissmacrocyclic Ring Derivative.

The three-ring macrocyclic system 15 was synthesised
as shown in Scheme 4. Theinitial step involved the alkyla-
tion of the two available amines (4- and 8-positions) of 1
with 4-(chloromethyl)benzoy! chloride to yield 12 which
was then reacted with a 2.1-fold molar equivaent of 5in
dry acetonitrilein the presence caesium carbonate to afford
13 in 47% vyield after column chromatography on silica
gel. The boc groups were then removed (HCl/methanol) to
give 14 in 95% yield. Reduction of the nitro substituent of
14 to yield the corresponding anilino derivative 15 was
once again achieved by reaction with sodium borohydride
in the presence of 10% Pd/C. Workup involved chloroform
extraction of the product from 10% sodium hydroxide
solution to yield 15 as an ail.

Concluding Remarks.

While afocus of the present study was the devel opment
of new linked reagents for the radiolabelling of antibodies
for use in cancer therapy, it needs to be noted that linked
macrocyclic ligand systems and their metal complexes
continue to receive attention in other areas [19]. In particu-
lar, very considerable interest in such systems has also
been generated by the observation that linked, two-ring,
tetraaza macrocycles, and their (selected) metal com-
plexes, inhibit particular HIV strainswith low toxicity [20-
24]. The present ligand systems are closely structurally
related to the bis-ring systems employed in the latter stud-
ies and hence may also prove of interest in this context.

EXPERIMENTAL

Materials and Apparatus.

Reagents were of the highest grade available commercialy.
Dry acetonitrile was prepared by shaking acetonitrile with
Linde 4A molecular sieves, stirring with calcium hydride until
no further hydrogen was evolved, and then fractionally distill-
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ing from fresh calcium hydride. Dichloromethane was shaken carbonate, and finally again with water. It was then pre-dried
with portions of sulfuric acid until the acid layer remained with calcium chloride before being distilled from calcium
colourless; it was then washed with water, aqueous 5% sodium hydride. Dry tetrahydrofuran was prepared by heating tetrahy-
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Boc = tert-butoxycarbonyl. Reagents and Conditions: (i) Dry CH,Clj triethylamine, 4-(chloromethyl)benzoyl chloride, silica gel, CH,Cl,/CH3OH

(50:1). (ii) 5, dry acetonitrile, potassium iodide, caesium carbonate, silicagel-CH,Cl,-CH30H; 50: 1; (iii) 3M HCI-MeOH, NaOH/CHCl 3 (iv) NaBH4-
10% Pd/C, HCI, 10% NaOH-CHCl .
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drofuran at reflux over phosphorus pentoxide before distilla-
tion. The process was then repeated over sodium wire followed
finally by fractional distillation. All water used for experimen-
tal purposes was of Milli-Q™ grade.

NMR spectrawere obtained on Bruker Advance DPX 200, 300
or 400 spectrometers; & values are relative to TMS; 3¢ values
are relative to CDCl3 (at 77.1 ppm), and J values are given in
Hertz (Hz). HRMS spectra were obtained on a Crates M25RFA
spectrometer and low resolution positive ion (ES) spectra on a
Finnegan L CQ-8 spectrometer.

Syntheses.

1,4,8,11-Tetraazaundecane used for the synthesis of 1 was pre-
pared and characterised in a similar manner to that described by
Fabbrizzi et al. [17]. Cyclam and its precursor 1,5,8,12-tetrazado-
decane were synthesised as described by Barefield et al. [25].
6,6'-Bis(1,4,8,11-tetraazacyclotetradecane-5,7-dione), a precur-
sor for 9, was aso prepared as described previously [17].

13-(4-Nitrobenzyl)-1,4,8,11-tetraazacyclotetradecane-12,14-
dione (1).

This product was prepared as reported previously [11]. Yield
43%. Mass spectrum: m/z 364.3 [M+H*]. IH-NMR
(CDCI4/D50): & 1.62 (2 H, quintet, NCH,CH,CH,N), 2.52-2.79
(8 H, m, CH,NHCH,), 3.18-3.54 (7 H, m, NO,ArCH,,
COCHCO, CONHCH,), 7.46 (2 H, J4.3,d, ArH), 813 (2 H, J
4.3,d, NO,ArH).

Anal. Calcd. for C17H5N50,4. C, 56.19; H, 6.93; N, 19.27.
Found: C, 55.96; H, 6.80; N, 19.08.

13-(4-Nitrobenzyl)-1,4,8,11-tetraazacyclotetradecane
-0.5CH30H-0.5H,0 (2).

This product was prepared as reported previously [11]. Yield
80%. Mass spectrum: m/'z 336.5 [M+H+*]. IH-NMR (DM SO): &
1.64 (2 H, quintet, NCH,CH,CH,N), 2.42-2.76 (19 H, m,
NCH,CH,CH,N, NCH,CH,N, NO,ArCH,), 7.49, (2 H, J 4.3, d,
ArH), 8.15 (2 H, J 4.3, d, NO,ArH). 13C-NMR (DM SO): 6 27.7,
30.1, 38.3, 39.6, 48.4, 48.6, 50.3, 55.0, 62.4, 123.6, 129.7, 146.6,
147.8.

Anal. Calcd. for Cl7H29N504.0.5CH3OH.0.5H201 C, 58.31;
H, 8.95; N, 19.43. Found: C, 58.58; H, 8.37; N, 19.98.

13-(4-Aminobenzyl)-1,4,8,11-tetraazacyclotetradecane
-0.5CH30H (3).

This compound was synthesised in a related manner to that
reported previously [15]. Yield 92%. Mass spectrum: m/z 306.5
[M+H*]. 1H-NMR (CDClg): & 1.85 (2 H, quintet,
NCH,CH,CH,N), 2.44-3.98 (19 H, m, NCH,CH,CH>N,
NCH,CH,N, NH,ArCH,), 6.61 (2 H, J 4.1, d, NH,ArH), 6.93 (2
H, J 4.1, d, ArH). 13C-NMR (CDCl5): & 27.6, 37.6, 39.4, 48.1,
50.3,55.3, 115.2, 129.7, 144.5.

Anal. Calcd. for Cy7H3;Ng[M0.5CH30H: C, 65.38; H, 10.35; N,
21.78. Found: C, 65.26; H, 10.40; N, 21.34.

13-(4-Aminobenzyl)-1,4,8,11-tetraazacyclotetradecane-12,14-
dionelCH;OHME O (4).

Hydrogenation of 1 to yield 4 as alight yellow solid was car-
ried out asin similar manner to that described for the hydrogena-
tion of 2. Yield: 89%. Mass spectrum: m/z 334.3 [M+H*]. 1H-
NMR (CD30D): & 1.68 (2H, quintet, NCH,CH,CH5N), 2.67-
2.80 (8 H, m, CH,NCHy) 2.99-3.07 (4 H, m, CONHCHy), 3.34-
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3.58 (3 H, m, NH,ArCH,, COCHCO), 6.76 (2 H, J 4.2, d,
NH,ArH), 7.04 (2 H, J 4.2, d, ArH). 13C-NMR (DMSO): 5 27.4,
32.6, 37.0, 38.2, 47.9, 49.3, 55.2, 113.7, 126.6, 129.0, 146.5,
168.7.

Anal. Calcd. for C;7H,7NsO,[CH0HF,0: C, 56.38; H, 8.67;
N, 18.26. Found: C, 56.72; H, 8.23; N, 18.29.

1,4,8-Tris-(tert-butoxycarbonyl)-1,4,8,11-tetraazacyclotetrade-
cane (5).

This compound was prepared in a similar manner to that
described by Guilard et al. [14]. Yield: 75%. Mass Spectrum: nvz
501.0 [M+H*]. The IH-NMR spectrum was identical to that
reported previously [14].

11-(4-Nitrobenzyl)-1,4,8-tris-(tert-butoxycarbonyl)-1,4,8,11-
tetraazacyclotetradecane (6).

4-Nitrobenzyl bromide (1.8 g, 8.20 mmol), caesium carbonate
(4.8 g, 15.0 mmol) and 5 (3.7 g, 7.40 mmol), were heated in dry
acetonitrile (50 mL) at reflux for 4 h under a N, stream. The
solid was removed by filtration and was washed with warm
chloroform. Thefiltrate was evaporated under reduced pressure
and the residue was then partitioned between a mixture of
dichloromethane (50 mL) and water (20 mL). The phases were
separated and the aqueous solution was shaken with further
dichloromethane (3 x 50 mL). The combined dichloromethane
extracts were dried (anhydrous Na,SO,) and evaporated under
reduced pressure to give alight brown oil, which was purified by
column chromatography on silica gel (eluting with
dichloromethane-methanol-25% ammonia, 150:1:0.1) to give 6
as alight yellow glassy solid. Yield: 3.4 g (74 %). Mass spec-
trum: m/z 636.4 [M+H*]. 1H-NMR (CDClg): & 1.39 (9 H, s,
But), 1.43 (9 H, s, But), 1.47 (9 H s, But), 1.69 (2 H, quintet,
NO,ArCH,NCH,CH,CH,NBoc), 1.72 (2 H, quintet, Boc-
NCH,CH,CH,NBoc), 2.40 (2 H, m, NO,Ar-NCH,CH»-
CH,NBoc), 2.63 (2 H, t, NO,ArCH,NCH,CH,N), 3.25- 3.37
(22 H, m, NO,ArCH,NCH,CH,CH,, CH,NBoc), 3.63 (2 H, s,
NO,ArCH,), 7.45 (2 H, J 4.2, d, ArH), 8.16 (2 H, J 4.2, d,
NO,ArH). 13C-NMR (CDCly): & 28.3, 28.4, 46.3, 47.2, 47.9,
52.0,53.3,59.2, 123.4, 129.5, 132.4, 147.1, 155.5.

Anal. Calcd. for C3pHs3N5Og: C, 60.45; H, 8.40; N, 11.02.
Found: C, 60.54; H, 8.55; N, 11.08.

Anal. Calcd. for C3,H53N50g, [M+Nat]: 658.3787. Found
(FAB): [M+Nat], 658.3795.

11-(4-Nitrobenzyl)-1,4,8,11 tetraazacycl otetradecanel0.25H,0 (7).

A mixture of methanol (18 mL) and concentrated hydrochlo-
ric acid (6 mL) was added to 6 (2.0 g, 0.31 mmol). The reaction
mixture was allowed to stir overnight at room temperature after
which the white solid that formed was collected by filtration.
The solid obtained was dispersed in a mixture of 10% agueous
sodium hydroxide (25 mL) and chloroform (50 mL) and the
mixture shaken. The phases were separated and the aqueous
phase was further shaken with chloroform (6 x 50 mL). The
combined chloroform extracts were dried (anhydrous Na,SO,4)
and the solvent removed under reduced pressure. Further purifi-
cation involved formation of the hydrobromide salt. The title
compound was dissolved in absolute ethanol (2 mL) (any undis-
solved material was removed by filtration). To this solution was
added 45% hydrobromic acid in acetic acid (0.5 mL). The mix-
ture was stirred for two h after which the white solid that had
formed was collected by filtration. This solid was washed spar-
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ingly with cold absolute ethanol and it was then partitioned
between a mixture of 10% aqueous sodium hydroxide (10 mL)
and chloroform (25 mL). The phases were separated and the
aqueous phase shaken with further chloroform (6 x 25 mL). The
combined chloroform extracts were dried (anhydrous Na,SO,4)
and evaporated under reduced pressure to give 7 as a light yel-
low powder. Yield 0.95 g (90%); Mass spectrum: m/z 336.7
[M+H*]. IH-NMR (CDCl3): & 1.74 (2 H, quintet,
PhCH,NCH,CH,CH,N), 1.87 (2 H, quintet, NCH,CH,CH,N),
2.51- 2.89 (16 H, m, NCH,), 3.66 (2 H, s, NO,PhCH>), 7.57 (2
H, J 4.4, d ArH), 8.15 (2 H, J 4.3, d, NO,ArH). 13C-NMR
(CDCly): & 26.1, 28.3, 47.3, 47.9, 48.6, 49.0, 49.3, 50.9, 534,
54.9,57.7, 123.4, 129.5, 147.1.

Anal. Calcd. for Cy7H,9N50,[0.25H,0: C, 60.06; H, 8.75; N,
20.60. Found: C, 60.05; H, 8.66; N, 20.36.

11-(4-Aminobenzyl)-1,4,8,11-tetraazacycl otetradecane (8).

A solution of sodium borohydride (150 mg) in water (3 mL)
was added to a suspension of 10% palladium on charcoal (70 mg)
in water (3 mL) under a N, stream. The mixture was stirred for
five min before a solution of 7 (220 mg, 0.65 mmol) in 2%
sodium hydroxide in methanol (6 mL) was added. The reaction
was allowed to proceed at room temperature under a N, stream
for 30 min. The palladium on charcoal was removed by filtration
(using a 0.45 um filter) after which concentrated hydrochloric
acid was added dropwise to the filtrate until gas evolution ceased
(~ pH 7). This solution was then evaporated under reduced pres-
sure to give awhite solid, which was then dispersed in a mixture
of 10% sodium hydroxide (20 mL) and chloroform (30 mL). The
phases were separated and the aqueous phase was further shaken
with chloroform (5 x 30 mL). The combined chloroform extracts
were dried (anhydrous Na,SO,) and evaporated under reduced
pressure to give 8 as a light yellow oil. Yield 180 mg (90%);
Mass spectrum: nv/z 306.5 (MH*). IH-NMR (CDCl5): & 1.82-
1.90 (4 H, m, ArCHzNCHchchzN, NCH2CH2CH2N), 2.56-
2.93 (16 H, m, NCH,), 3.49 (2 H, s, NO,ArCH,), 6.65, (2 H, J
4.1, d, NH,ArH), 7.12 (2H, J 4.1, d, ArH). 13C-NMR (DM SO):
0 25.9, 28.1, 47.0, 47.8, 48.0, 48.2, 48.6, 49.5, 51.7, 53.6, 56,6,
113,5, 125.3, 129.7, 147.2.

Anal. Calcd. for C17H31N5; [M +H+]: 306.2652. Found (FAB)
[M+H*], 306.2656.

6,6'-Bis-(1,4,8,11-tetraazacyclotetradecane)0.25H,0 (9).

6,6'-Bis(1,4,8,11-tetraazacyclotetradecane-5,7-dione) was ini-
tially prepared in similar manner to that described by Fabbrizzi et
al. [18]. Yield 24%. Mass spectrum: mvz 455.3 [M+H*]. 1H-
NMR (CDCly): & 1.64 (4 H, quintet, NCH,CH,CH,N), 2.62 —
3.67 (24 H, m, NCH), 4.02 (2 H, d, CHCO).

Anal. Calcd. for CogHagNgOy4: C, 52.84; H, 8.43; N, 24.65.
Found: C, 52.98; H, 8.11; N, 24.76.

This compound was then converted to 9 using the published
procedure [18]. Yield 35.8%; m/z 399.5 [M+H*]. IH-NMR
(D50): 8 1.66-1.70 (6 H, m, NCH,CH,CH,N, CHCH), 2.55- 2.74
(32 H, m, NCH,CH,N, NCH,CH,CH,N).

Anal. Calcd. for C20H46N8.0.25H20: C, 59.59; H, 11.63; N,
27.80. Found: C, 59.34; H, 11.12; N, 27.56.

Compound 9 was also isolated as its octa-hydrochloride salt.

Anal. Calcd. for CogH»gNgBHCI2H,0: C, 33.07; H, 8.05; N,
15.43. Found: C, 33.08; H, 8.37; N, 15.16.

1-(4-Nitrobenzyl)-6,6-bis-(1,4,8,11-tetraazacycl otetradecane)
(10).
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6,6'-Bis-(1,4,8,11-tetraazacyclotetradecane), 9, (1.0 g, 2.50
mmol) was dissolved in dry chloroform (50 mL). To this solution
was added 4-nitrobenzyl bromide (0.54 g, 2.50 mmol) in anhy-
drous chloroform (50 mL) using motorised syringes employing a
0.62 mL/h flow rate. When the addition was complete, the solu-
tion was brought to dryness under reduced pressure after which it
was dispersed between a mixture of 10% sodium hydroxide (20
mL) and chloroform (50 mL). The organic phase was separated
and the agueous phase was shaken further with chloroform (6 x
50 mL). The combined chloroform extracts were dried (anhy-
drous Na,SO,) and evaporated to give a light yellow residue,
which was then dissolved in dichloromethane (200 mL). To this
solution was added di-tert-butyl dicarbonate (3.5 g, 17.5 mmol)
in dichloromethane. The mixture was stirred for 2 h and again
brought to dryness. The intermediate [1-(4-nitrobenzyl)-
4,8,11,1'4',8',11"-hepta(tert-butoxycarbonate)] -6,6'-bi s(tetraaza-
cyclotetradecane) was purified by column chromatography on
silica gel (eluting with dichloromethane-methanol-25% ammo-
nium hydroxide, 200:1:0.1). The solvent was removed under
reduced pressure and the residue was dissolved in a mixture of
methanol (18 mL) and concentrated hydrochloric acid (6 mL).
The mixture was stirred overnight and the white solid that formed
was collected by filtration and carefully washed with cold
methanol. This product was dispersed between a mixture of 10%
sodium hydroxide (10 mL) and chloroform (30 mL). The phases
were separated and the aqueous phase was shaken with further
chloroform (5 x 30 mL). The combined chloroform extracts were
dried (anhydrous Na,SO,) and the solvent was removed under
reduced pressure to give 10 as a light brown glassy solid. Yield:
0.20 g (15%); m/z535 [M+H*]. IH-NMR (D,0): & 1.72-1.90 (6
H, m, NCH,CH,CH,N, CHCH), 2.70- 3.60 (34 H, m,
NCH,CH,N, NCH,CH,CH,N, NCH,AT), 7.54 (2 H, J 4.3, d,
ArH), 8.3, (2 H, J 4.2, d, NO,ArH). 13C-NMR (D,0): & 17.4,
25.5, 26.9, 41.1, 46.7, 47.5, 47.6, 47.9, 48.8, 49.4, 52.8, 53.3,
53.5, 54,5, 54,7, 55,5, 58.1, 124.2, 130,7, 147,3, 148.8.

Anal. Calcd. for Cy7H5:NgO,, [M+H*]: 534.4238. Found
(FAB): [M+H"], 534.4247.

1-(4-Aminobenzyl)-6,6-bis-(1,4,8,11-tetraazacycl otetradecane)
(12).

Hydrogenation of 9 to yield 10 was performed in similar man-
ner to that described for the preparation of 8. (Yield 95%). 1H-
NMR (D50): 6 1.72-1.90 (6 H, m, NCH,CH,CH,N, CHCH)
2.70- 3.60 (34 H, m, NCH2CH2N, NCHchchzN, NCHzAr),
6.81 (2 H, J55,d, ArH), 7.17 (2 H, J 5.5, d, ArH). 13C-NMR
(D,0): 617.4,21.7,27.1, 28.8, 40.3, 42.9, 42.7, 48.7, 49.5, 49.7,
50.0, 50.9, 51.5, 55.0, 57.0, 57.5, 59.5, 121.3, 132.4, 1334,
148.8.

Anal. Calcd. for Co7Hg3Ng, [M+H*]: 504.4497. Found (FAB):
[M+H+*], 504.4508.

[13-(4-Nitrobenzyl)-4,8-bis(chloromethyl)benzoyl)]-1,4,8,11-
tetraazacyclotetradecane-12,14-dione2H,0 (12).

Triethylamine (2.1 g, 20.07 mmol) and a solution of
4-(chloromethyl)benzoyl chloride (3.4 g, 18.25 mmol) in dry
dichloromethane were added (over five min) to a suspension of
12 (3.0 g, 8.25 mmoal) in dry dichloromethane (200 mL). The
mixture was stirred overnight at room temperature to give a clear
yellow solution, which was then washed with water (50 mL). The
organic phase was further washed with water (50 mL). A white
solid formed during the washing procedure, which was collected
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by filtration and then dried over phosphorus pentoxide. This
crude product was then purified by column chromatography on
silica gel (eluting with dichloromethane-methanol, 50:1). The
eluant was left to stand and evaporate at room temperature to
yield 12 as awhite shiny solid, which was again collected by fil-
tration. Yield 3.43 g (64%); Mass spectrum: m/z 668.3 [M+H"].
IH-NMR (CD5CN): 8 1.75 (2 H, g, NCH,CH,CH,N), 2.59-3.69
(15 H, m, NCH,, COCHCO, CH,ArNO,), 4.70 (4H, s,
ArCH,Cl), 7.36-7.60 (10 H, d, overlapping, ArH), 8.12 (2H, J
4.3,d, NOArH). 13C-NMR (CDCN): 8 37.9, 38,2, 47.0, 49,5,
50.1, 57.8, 124.8, 128.2, 130.0, 131.4, 138.8, 140.5, 148.1, 148,3,
170.4, 172.6.

Anal. Calcd. for C35H35N506|2Hzo: C, 56.25; H, 5.58; N,
9.94. Found: C, 56.46; H, 5.61; N, 9.76.

Anal. Calcd. for C35H35N506; [M+H*]: 668.2038. Found
(FAB): [M+H"], 668.2048.

Compound 13.

Caesium carbonate (3.2 g, 10 mmal), potassium iodide (0.15 g,
0.90 mmoal) and 12 (3.0 g, 4.49 mmol) in dry acetonitrile (10 mL)
were heated at reflux under a N, stream for 30 min before adding
5(4.71 g, 9.43 mmol) in adry acetonitrile (38 mL). The mixture
was heated at reflux for 24 h after which the solid was collected by
filtration using filter-aid Celite. The solid which collected was
washed with warm chloroform. The filtrate was evaporated under
reduced pressure and the residue was then partitioned between a
mixture of dichloromethane (50 mL) and water (20 mL). The
phases were then separated and the aqueous solution was shaken
with further dichloromethane (3 x 50 mL). The combined
dichloromethane extracts were dried (anhydrous Na,SO,) and
evaporated under reduced pressure to give alight brown oil which
was purified via column chromatography on silica gel (eluting
with dichloromethane-methanol, 50:1 and 50:2). Yield 3.39 g
(47%); Mass spectrum: m/'z 1596.9 [M+H*]. IH-NMR (CDCl5):
0 1.39 (27 H, s, But), 1.43 (27 H, s, But), 1.64 (4H, m,
ArCH,NCH,CH,CH,N), 1.85 (6 H, m, BocNCH,CH,CH,NBoc,
CONCH2CH2CH2NCO), 2.33 (4 H, m, ArCHzNCHchchzN),
2.59 (4 H, m, ArCH,NCH,CH,NBoc), 2.90-3.52 (43 H, m,
BocNCH,, CONCH,, CONHCH,,COCHCO, CHCH,AINO,,
ArCH,N), 7.28-7.43 (10 H, m, overlapping, ArH), 8.09 (2H, J
3.9, d, NO,ArH). 13C-NMR (CDCl5): & 26.1, 26.7, 28.1, 28.3,
28.4,28.6,36.3,38.4,45.9,46.9,47.5,48.5,51.4,52.7,57.1, 59.2,
76.6, 79.5, 79.6, 123.7, 126.5, 129.1, 129.6, 134.7, 141,1, 145.6,
146.8, 155.3, 155.5, 169.2, 173.0.

Anal. Calcd. for C83H129N130]_8: C, 62.42; H, 8.14; N, 11.40.
Found: C, 62.35; H, 7.93; N, 11.06.

Anal. Calcd. for CgzgHy29N130,g, [M+H*]: 1596.9650. Found
(FAB): [M+H"], 1596.9662.

Compound 14+CHCls.

Conversion of 13 to 14 was performed in an analogous man-
ner to that described for the preparation of 7. Yield 1.18 g (95
9%); Mass spectrum: m/z 996.7 [M+H*]. 1H-NMR (CDCl5): &
1.63-1.78 (10 H, m, overlapping, NCH,CH,CH,N), 2.39-2.76
(32 H, m, ArCH,NCH,, CH,NHCH>), 3.21-3.51 (19 H, m,
overlapping, CHCH,ArNO,, CONCH,CH,CH,;NCO,
CONHCH,CH,NCO, COCHCO, ArCH,N), 7.25-7.48 (10 H, d,
overlapping, ArH), 8.03 (2 H, J 4.0, d, NO,ArH). 13C-NMR
(CDCly): & 25.9, 27.7, 29.5, 30.0, 36.0, 37.6, 47.1, 47.6, 48.3,
49.1, 49.3,51.0,53.4,54.2, 55.5, 57.7, 76.6, 123.5, 126.9, 128.9,
129.8, 135.0, 141.1, 146.2, 146.6, 169.2, 172.6.
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Anal. Calcd. for CazHggN1306[CHCl5: C, 58.13; H, 7.41; N,
16.32. Found: C, 57.86; H, 7.52; N, 16.69.

Anal. Calcd. for C53H81N1306, [M +H+]: 996.6506. Found
(FAB): [M+H*), 996.6494,

Compound 15.

Hydrogenation of 14 to obtain 15 was achieved in a similar
manner to that described for the formation of 8. (Yield 91%).
Mass spectrum: m/'z966.7 [M+H*]. 1H-NMR (D,0): 5 1.85-2.11
(10 H, m, overlapping, NCH,CH,CH,N,), 2.75-3.35 (32 H, m,
ArCH,NCH,, CH,NCH,), 3.52-3.84 (19 H, m, overlapping,
CHCH,ArNO,, CONCH,CH,CH,NCO, CONHCH,CH,NCO,
COCHCO, ArCH,N), 6.79 (2 H, J 9.0, d, NH,ArH), 7.09 (2 H, d,
J 9.5, ArH), 7.39-7.56 (8 H, d, overlapping, ArH). 13C-NMR
(DMSO): 6 25.9, 28.0, 30.0, 46.9, 47.5, 48.1, 49.6, 52.4, 54.1,
57.3,113.7125.9, 126.2, 128.6, 128.9, 135.5, 140.4, 146.7, 169.1,
170.9.

Anal. Calcd. for CgzHgaN130,4, [M+H*]: 966.6763. Found
(FAB): [M+H"], 966.6773.

Acknowledgement.

We thank the Australian Institute of Nuclear Science and
Engineering and the Australian Research Council for Support.

REFERENCES AND NOTES

[1] G. Paganelli, P. Magnani, A. G. Siccardi and F. Fazio, In
Cancer Therapy with Radiolabeled Antibody, ed. D. M. Goldenberg,
CRC Press, Boca Rotan, 1995; B. Saha, Fundamentals of Nuclear
Pharmacy, Springer, New York, 2000.

[2] M. J Heeg and S. S. Jurisson, Acc. Chem. Res., 32, 1053
(1999).

[3] J S Reichert, Curr. Op. in Mol. Therapeutic, 4, 110 (2002)
and refstherein.

[4] S C. Srivasta and R. C. Mease, Nucl. Med. Bial., 18, 589
(1991); K. J. Jankowski and D. Parker, Adv. in Metals in Med., 1, 29
(1993).

[5] D. Parker, Chem. Soc. Rev., 19, 271 (1990).

[6] X.Sun,M.Wuest, G. R. Weisman, E. H. Wong, D. P. Reed, C.
A.Boswell, R. Motekaitis, A. E. Martell, M. J. Welch and C. J. Anderson,
J. Med. Chem., 45, 469 (2002).

[71 L. F Lindoy, The Chemistry of Macrocyclic Ligand
Complexes, Cambridge University Press, Cambridge, UK, 1989.

[8] J. Franz, G. M. Freeman, E. K. Barefield, W. A. Volkert, G. J.
Ehrhardt and R. A. Holmes, J. Nucl. Med. Biol., 14, 479 (1987); J. R.
Murphy, D. Parker, R. Alexander, A. Bains, A. F. Carne, M. A. W. Eaton,
A. Harrison, A. Milican, A. Phipps, S. K. Rhind, R. Titmas and D.
Weatherby, J. Chem. Soc., Chem. Commun., 156 (1988); J. R Murphy, D.
Parker, R. Kataky, M. A. W. Eaton, A. Milican, R, Alexander, A. Harrison
and C. D. Walker, J. Chem. Soc., Perkin Trans., 2, 573 (1990); P. M.
Smith-Jones, R. Fridrich, T. A. Kaden, |. Nofak-Hofer, K. Siebold, D.
Tschudin and H. R. Maeke, Bioconj. Chem., 2, 415 (1991); A. Smith, R.
Alberto, P Blaeuenstein, |. D. Nofak-Hofer, H. R. Maeke and P. A.
Schubiger, Cancer Res., 53, 5727 (1993); C. J. Anderson, B. E. Rogers, J.
M. Connet, L. W. Guo, S. W. Swarz, K. R. Zinn and M. J. Welch, J.
Label. Compds. Radiopharm., 35, 313 (1994); O.D.M. Hughes, M.C.
Bishop, A. C. Perkins, M. Frier, M. R. Price, G. Denton, A. Smith, R.
Rutherford and P. A. Schubiger, Eur. J. Nucl. Med., 24, 439 (1997).

[9] See for example: M. J. McCal, H. Diril and C. F. Meares,
Bioconjugate Chem., 1, 222 (1990); P. J. Blower, J. S. Lewisand J. Zweit,
Nucl. Med. Biol., 23, 957 (1996); R. T. O'Donnell, G. L. De Nardo, D. L.
Kukis, K. R. Lamborn, S. Shen, A. Yuan, D. S. Goldstein, G. R. Mirick
and S. J. De Nardo, Clin. Cancer Res., 5 (Suppl.) 3330s (1999); J. M.
Connett, T. L. Buettner and C. J. Anderson, Clin. Can. Res., 4 (Suppl.)



Jan-Feb 2005

3207s (1999); M. K. Mai, C. F. Meares, M. J. McCall, W. C. Coleand S.
J. De Nardo, Anal. Biochem., 148, 249 (1985); W. C. Cole, S. J. De
Nardo, C. F. Meares, M. J. McCall, G. L. De Nardo, A. L. Epstein, H. A.
O'Brienand M. K. Moi, J. Nucl. Med., 28, 83 (1987); S. V. Deshpande, S.
JDe Nardo, S. J. Meares, M. J. McCadll, G. P. Adams, M. K. Moi and G.
L. DeNardo, J. Nucl. Med., 29. 217 (1988); D. L. Kukis, G. L. De Nardo,
S.J. DeNardo, G. R. Mirick, L. A. Miers, D. P. Greiner and C. F. Meares,
Cancer Res., 55, 878 (1995); B. E. Rogers, C. J. Anderson, J. M. Connett,
L. W. Guo, W. B. Edwards, E. L. C. Sherman, K. R. Zinn and M. J.
Welch, Bioconjugate Chem,, 7, 511 (1996); T. A. Kaden, Chimia, 54, 46
(2000); T. A. Kaden, Chimia, 54, 574 (2000).

[10] N. M. Di Bartolo, A. M. Sargeson, T. M. Donlevy and S. V.
Smith, J. Chem. Soc., Dalton Trans., 2303 (2001).

[11] P Moreau, M. Tinkl, M. Tsakazaki, P. S. Bury, E. J. Griffen, V.
Snieckus, R. B. Maharagjh, C. S. Kwok, V. V. Somayaji, Z. Peng, T. R.
Sykesand A. A. Noujaim, Synthesis, 1010 (1997).

[12]  W.J. Kruper, D. K. Pollock, W. A. Fordyce, M. J. Fazio, M. N.
Inbasekaran and R. Muthyala, US Patent 5489425 (1996).

[13] K. P Ghibbino, M. J. Grannas, M. S. Koayl A. W. A. Mariotti,
W. D. McFadyen and P. A. Tregloan, Aust. J. Chem., 54, 101 (2001).

[14] S.Brandes, F. D. Gros, P. Pullumbi and R. Guilard, Bull. Soc.
Chem. Fr., 133, 65 (1996).

[15] 1. M. Hepls, D. Parker, J. R. Morphy and J. Chapman,
Tetrahedron Lett., 45, 219 (1989).

[16] M. Maillet, C. S. Kwok, A. A. Noujaim and A. Snieckus,

Synthesis of One-, Two- and Three-ring Macrocyclic, Bifunctional Compounds 83

Tetrahedron Lett., 39, 2659 (1998).

[17] L. Fabbrizzi, F. Forlini, A. Perotti and B. Seghi, Inorg. Chem.,
23, 807 (1984).

[18] L. Fabbrizzi, L. Montagna and A. Poggi, J. Chem. Soc.,
Dalton Trans., 2631 (1987).

[19] L. F Lindoy, Coord. Chem. Rev., 174, 327 (1998); L. F.
Lindoy, Adv. Inorg. Chem., 45, 75 (1998); A. McAuley and S.
Subramanian, Coord. Chem. Rev., 200-202, 75 (2000); J. D. Chartres, L.
F. Lindoy and G. V. Meehan, Coord. Chem. Rev., 216-217, 249 (2001).

[20] E.DeClerg, N. Yamamoto, R, Pawels, M. Baba, D. Schols, H.
Nakashima, J. Balzarini, Z. Debyser, B. A. Murrer, D. Swartz, D.
Thornton, G. Bridger, S. Fricker, G. Henson, M. Abrams and D. Picker,
Proc. Natl. Acad. Sci. USA., 89, 5286 (1992).

[21] G.Bridger, R. T. Skerlj, D. Thornton, S. Padamanabhan, S. A.
Martellucci, G. W. Henson, M. J. Abrams, N. Yamamoto, R. De Verse, E.
Pauwels and E. De Clerg, J. Med. Chem., 38, 366 (1995).

[22] J. Dessolin, P. Gaea, P. Vlieghe, J. Chermann and J. Krauss, J.
Med. Chem.,, 42, 229 (1999).

[23] G. J. Bridger, R. T. Skerlj, S. Padamanabhan, S. A.
Martellucci, G. W. Henson, J. Struyf, M. Witvrouw, E. Schols and E. De
Clerq, J. Med. Chem.,, 42, 3971 (1999).

[24] R. Garg, S. P Gupta, H. Gao. M. S. Babu, A. K. Debnath and
C. Hansch, Chem. Rev., 99, 3525 (1999).

[25] E. K. Barefield, F. Wagner, A. W. Herlinger and A. R. Dahl,
Inorg. Synth., 16, 220 (1976).



