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A new cyclam-based ligand, 1,4,8,11-tetraazacyclotetradecane-1,4-bis(methylphosphonic
acid) (1,4-H,te2p), was synthesized. Cyclam was protected by the reaction with PhP(S)CI, to
form exclusively five-membered cyclic phenylphosphonothioic diamide 2 in a moderate
yield. The solid-state structures of 2 and several by-products were determined. Compound 2
was isolated as two stable conformers differing in a mutual position of benzene ring and
sulfur atom with respect to the cyclam ring. Compound 2 was used for the synthesis of
1,4-dibenzylcyclam. However, the deprotection of the thiophosphoryl-protected bis(methyl-
phosphonate diester) with agueous HCI under non-optimized conditions led to a mixture of
cyclam derivatives differently substituted with methylphosphonic acid groups. The crystal
structures of the target product, 1,4-H,te2p, and also 1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetrakis(methylphosphonic acid) (Hgtetp) were determined. A similar reaction with
cyclen (1,4,7,10-tetraazacyclododecane) led only to hardly purifiable mixtures.

Keywords: Aminophosphonic acids; Azacycle; Azacrown; Cyclam cis-protection; Cyclam;
Cyclen; Macrocyclic ligands; Phosphonate ligands; Crystal structure determination; TETP;
Thiophosphonic amides; Radiopharmaceuticals.

Tetraazamacrocycles and their derivatives have been widely investigated
over years as they form very stable complexes with most metal cations. In-
vestigations have led to a number of practical applications of the ligands
and their complexes, such as production of MRI contrast agents based on
trivalent gadolinium?, administration of imaging and/or therapeutic radio-
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pharmaceuticals with a range of radiometal isotopes?, development of lumi-
nescent probes based on trivalent lanthanides® or preparation of metal-
based catalysts for the artificial hydrolysis of RNA or DNA“. The ligands
used in the complexes are mostly derivatives of two well-known cyclic
tetraamines, 1,4,7,10-tetraazacyclododecane (cyclen) and 1,4,8,11-tetraaza-
cyclotetradecane (cyclam), substituted on nitrogen atoms with four coordi-
nating groups (leading to octadentate ligands) such as acetates, acetamides,
alkylamines, phosphorus acid derivatives, hydroxyalkyl derivatives, etc.
Representatives of polydentate macrocycles are H,dota and H,teta (Chart 1).
H,dota is a non-selective ligand forming strong complexes with most diva-
lent and trivalent metal ions, which is particularly suitable for the com-
plexation of trivalent lanthanides. The H,teta having a larger fourteen-
membered ring forms exceptionally stable complexes with ions of metals
from the first transition row. However, the metal ions often require the
octahedral coordination sphere and octadentate H,teta (or its phosphonic
acid derivative Hgtetp; Chart 1) have more coordinating atoms than neces-
sary. To fulfil the requirement for six coordination sites, several disub-
stituted derivatives of cyclam have been synthesized and their complexing
properties have been investigated®2®. The ligands are mostly 1,8-substituted
derivatives of cyclam (denoted “trans”) as they are nowadays relatively
easily available®°, Much less is known about properties of ligands and
their complexes based on other 1,4- or 1,11-disubstituted cyclam deriva-
tives (denoted “cis”). The main reason is that there is no reliable procedure
for their synthesis.

m SCOH H203P/\m/\PO3H2

HO,C YW W COH HO.C NN N

)

HO.C. N N_COxH Hozc\/chozH H203P\/UVP03H2 H203P\/U

A
NH N POsHz

Hjdota Hateta Hgtetp 1,8-Hate2p

m o) l\ml 0 m/_Q m/\Post
Cor St oS 0
N

CAREEC S ORI e
oxalylcyclam 2,3-dioxocyclam 1,4-dibenzylcyclam 1,4-Hate2p
CHART 1
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For some years, we have been engaged in study of coordination proper-
ties of aminophosphonic acids and macrocycles with phosphorus acid pen-
dant arms!®, Recently, we have found that 1,8-bis(methylphosphonic acid)
derivative!? (1,8-H,te2p, Chart 1) of cyclam is an appropriate ligand for di-
valent transition metal ions'3-15, The ligand forms thermodynamically very
stable complexes!®16 exhibiting two isomeric forms!3-15, It is particularly
selective for divalent copper!” and both the isomers of Cu?* complex are
highly kinetically inert. However, we have not been able to fully explain
the suitable complexing properties of the ligand. The trans arrangement of
the pendant arms may be responsible for the performance of the ligand. As
two other (1,4 and 1,11) regioisomers of bis(methylphosphonic acid) deriv-
atives of cyclam are possible, we decided to synthesize the isomers and in-
vestigate their complexing properties to throw more light on coordination
chemistry of such ligands. In this paper, we focus on the synthesis of the
1,4-bis(methylphosphonic acid) derivative (1,4-H,te2p, Chart 1).

The 1,4-protection of cyclam is rather unusual and syntheses of only
several cyclam 1,4 derivatives have been described. The 1,4-dibenzylcyclam
was prepared by Ni2*-template synthesis® but the procedure requires a se-
lectively substituted starting amine (5,8-dibenzyl-1,5,8,12-tetraazadodecane),
which is not easily available. Another possibility is 2,3-dioxocyclam (Chart 1)
accessible through high-dilution synthesis!®. Unfortunately, the high-
dilution synthetic methods give, in general, rather low yields and reduction
of macrocyclic amides is often complicated. More successful was the use of
oxalyl protection?® (Chart 1). However, the deprotection requires very harsh
conditions (heating in concentrated alkaline hydroxide)?®21. A template
synthesis with formation of cobalt(l1l) complex of cyclam-1,4-diacetic acid
followed by reduction to cobalt(ll) complex and demetallation led to syn-
thesis of the free ligand’. Some years ago, Majoral et al. used phosphoro-
thioic diamides of cyclam (in 1,4-position) for synthesis of phosphorus-
based dendrimers?2, On the basis of this paper, we decided to test a syn-
thetic route employing easily available phenylphosphonothioic dichloride
for 1,4-protection of cyclam as phosphorus acid amides are usually rather
easily hydrolyzable.

RESULTS

Cyclam Protection

The target product 2 was isolated from the reaction of cyclam 1 with an
equivalent amount of phenylphosphonothioic dichloride in chloroform in
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the presence of triethylamine as a base. The yields were only moderate
(40-50% after column chromatography) and two other by-products were
isolated and identified (Scheme 1). Surprisingly, the target product 2 was
found to form two chromatographically separable isomers 2a and 2b. The
isomer 2a (&, ~ 77 ppm) is formed predominantly during the protecting
reaction and it was fully characterized by spectroscopic methods (multi-
nuclear NMR, MS). A new peak around 81 ppm which appeared in 3P NMR
spectra of some aged solutions after chromatographic purification of reac-
tion mixtures was assigned to the second isomer 2b. This compound was
obtained in pure state after column chromatography of the solutions.
Lately, isomer 2b was identified as the only isomer of 2 present in alkaline
aqueous solution of compound 2. The structures of both isomers were un-
ambiguously confirmed by single-crystal X-ray determination (see below).

The main by-product was isolated by column chromatography and iden-
tified as a bis-substituted cyclam 3. This compound was obtained in a yield
of ~10%. The 2:1 intensity ratio of signals of aromatic and aliphatic hydro-
gen atoms, &, ~ 80 ppm falling in the region of phosphonothioic diamides??
and molecular mass suggested that the product is 2:1 adduct of cyclam and
PhP(S)CIl,. Compound 3 was also isolated as a mixture of isomers as it was
evidenced by complexity of 3P and 'H NMR spectra of the chromatog-
raphically pure product. Finally, one sterecisomer (3a) crystallized in pure
form from solution of the isomers and its crystal structure was determined
(see below).

In some reaction batches, traces of another by-product were identified by
TLC. The compound was concentrated in the late fractions from column
chromatographies used for isolation of main products 2 and 3 and, finally,
it was purified and isolated from the combined late fractions. 'H NMR spec-
trum of the product showed a full non-equivalence of all ring protons and
integration of the spectrum revealed the 1:1 phenyl-to-macrocycle ratio. In
31p NMR spectrum, the compound exhibited a single broad peak at 71 ppm

(\‘ L/OH
[NH HN]+ PhP(S)Cl, 2 20UV, [ [ N P/Nj [N\P//S \Q
2 3d,RT ZA\ v
cyclam 2 3 4
1 42 % 10 % traces
SCHEME 1

Products of the reaction of cyclam with phenylphosphonothioic dichloride
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corresponding to a range of phosphonothioic acid monoamides?3. There-
fore, cyclam derivative 4 with one substituted nitrogen atom was suggested
(Scheme 1). This hypothesis was unambiguously confirmed by X-ray struc-
ture determination (see below). The occurrence of this product can be attri-
buted to the presence of a trace amount of water in the reaction mixtures.

Crystal Structures of Cyclam Phenylphosphonothioic Amides

We were able to grow single crystals of several phosphonothioic amides and
the determination of their structures in the solid state unambiguously con-
firmed molecular structures of the compounds.

Crystal structure of isomer 2a consists of two independent molecules;
however, both units adopt virtually identical conformations and, thus,
only one of them is depicted in Fig. 1. Two adjacent cyclam 1,4-nitrogen
atoms are bridged by phosphonothioic group, forming a five-membered
C,N,P heterocycle (diazaphospholidine ring). The benzene ring is directed
above the heterocycle, and the sulfur atom points above the plane formed
by the rest of the cyclam ring. The five-membered heterocycle is in an en-
velope conformation, with the N4 atom turned out from the plane defined
by P1, N1, C2 and C3 atoms. Both amide nitrogen atoms significantly share
their lone electron pairs with phosphorus atom; it is apparent from the pla-

C6A

C23A

C12A

Fic. 1
Molecular structure of 2a. Hydrogen atoms (except those attached to nitrogen atoms) are
omitted for clarity
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narity of their neighboring atoms (sum of valence angles on amide nitro-
gen atoms is 358.3 and 359.4° on N1 atoms and 347.9 and 352.1° on N4
atoms in both independent molecules, respectively). The higher distortion
from planarity found for N4 nitrogen atoms is a consequence of the intra-
molecular hydrogen bond to the nitrogen atom N8 (d(N8:--N4) = 3.03 and
3.06 A in both independent molecules, respectively). Furthermore, nitrogen
atom N11 is also involved in hydrogen bonding to N8 (d(N8:-:N11) = 2.89
and 2.91 A), stabilizing an endodentate angular conformation typical of
non-protonated cyclam ring?*. The relevant bond lengths and angles are
collected in Tables I and IlI.

In addition to the structure of free base 2a, crystal structure of its proton-
ated form (H2a)* was also determined. Several single crystals of sulfate of
this cation crystallized from chloroform solutions used for NMR character-
ization. The independent unit in this crystal structure consists of two
monoprotonated molecules (H2a)* (Fig. 2), one sulfate dianion and some
water molecules. The best refinement of the crystal data was obtained with
the assumption of two fully occupied water molecules, and two others with
occupancies of 0.5 and 0.25. The structure of both independent macro-
cyclic ions is almost identical (Tables | and Il) and the conformation of the
macroring of protonated (H2a)" is essentially the same as that found in the
structure of non-protonated 2a (analogous intramolecular hydrogen bonds
(d(N8---N4) = 2.96 and 3.02 A, and d(N8:--N11) = 2.79 and 2.81 A in both

Fic. 2
Molecular structure of (H2a)* (left) and (H2b)" (right) cations in the crystal structures of
2a:0.5H,50,-1.375H,0 and 2b-0.5H,S0,-3H,0. Hydrogen atoms (except for those attached to
the nitrogen atoms) are omitted for clarity
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the independent molecules of (H2a)*, respectively). We were surprised that
the single crystals contain the sulfate anions as the sample had no contact
with any sulfates. Very probably, these anions originate from the silica gel
used for column chromatography due to elution with basic eluent contain-
ing ammonia.

The single crystal containing cation (H2b)* was also isolated as a sulfate
salt from the sample used for NMR characterization, similarly to the previ-
ous case (the origin of the sulfate anion is also the same). The compounds
2a and 2b (or (H2a)* and (H2b)* ions) differ in the mutual position of
phenyl and sulfur atom on phosphorus atom in respect to the cyclam ring.
In the case of 2b, the sulfur atom is directed above the five-membered
C,N,P heterocycle. Hence, compound 2b is a “frozen” conformer of com-
pound 2a. The independent unit of 2b-0.5H,50,-3H,0 consists of a mono-
protonated (H2b)* ion (Fig. 2), one half of the sulfate anion (with sulfur
and two oxygen atoms lying in special positions with half-occupancy) and
two fully-occupied and two half-occupied water molecules. The macrocycle
conformation in (H2b)* is very similar to that found for 2a and (H2a)",
except that the proton attached to nitrogen N11 points to the opposite
direction. Therefore, torsion angles along C9-C10 and C12-C13 bonds are
different as well and have the opposite sign. Similarly to the previous cases,
molecule of (H2b)* is also stabilized in endodentate conformation by intra-
molecular hydrogen bonds (d(N8:--N4) = 2.82 A and d(N8---N11) = 2.79 A).
Comparison of both protonated isomeric species (H2a)* and (H2b)* is given
in Fig. 2, bond lengths and angles are collected in Tables | and II.

We were also able to determine crystal structures of the isolated by-
products 3a and 4. The molecular structure of compound 3a (one of several
possible conformers of 3) is shown in Fig. 3 and selected bond lengths and
angles are given in Tables | and Il. The molecule of 3a is centrosymmetric.
The P-S vectors are oriented above the cyclam macrocycle and the benzene
rings point above the C,N,P heterocycle similarly as in the previous case of
2a. The identity of compound 4 was unambiguously confirmed by the de-
termination of its crystal structure (Fig. 4, Tables I and Il). However, the
data quality was rather poor in this case and the final R-factor is high
(7.71%), mainly due to a huge disorder in the cyclam macrocyclic unit.
Therefore, the exact protonation site of the compound cannot be assigned,
but the proton is removed from the phosphonothioic moiety as evidenced
by relatively short P-O distance (Table I) and, thus, the proton should be
located on an amino group of the cyclam ring.

The geometry around the phosphorus atom in the phenylphosphono-
thioic moiety in cyclam derivatives 2a, (H2a)*, (H2b)* and 3a is very similar
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(Table 1). Bond distances are in the range expected for this moiety?225, The
bond angles are highly affected by the formation of the five-membered
C,N,P heterocycle with a relatively small N1-P1-N4 angle (93-94°). The
other bond angles are correspondingly larger than the theoretical tetrahe-
dral ones (Table I). In the case of sterically non-constrained monoamide 4,

Fic. 3
Molecular structure of 3a. Hydrogen atoms are omitted for clarity

Q) S1 C12 C10

Fic. 4

Molecular structure of 4 in the crystal structure of 4-H,0. The disordered macroring is shown
in a more abundant position and hydrogen atoms are omitted for clarity

Collect. Czech. Chem. Commun. 2006, Vol. 71, No. 3, pp. 337-367



Selective Protection of 1,4,8,11-Tetraazacyclotetradecane 347

the atoms around the phosphorus atom form almost a regular tetrahedron.
Five-membered C,N,P heterocycle is in the envelope conformation in all
cases, with N4 nitrogen atom (nitrogen atoms in all the structures are la-
belled consistently in this way) turned away from the plane of the remain-
ing atoms. An exception was found only in the molecule A in the structure
of 2a:0.5H,50,:1.375H,0, where C3 carbon atom is the out-of-plane atom
of the five-membered C,N,P heterocycle. Comparing values of torsion an-
gles along the N1-P1 and N4-P1 bonds, it is clear that the structure of
2b-0.5H,50,:3H,0 remarkably differs from the other as a consequence of
different P-S and P-Ph vector orientations in space (Table I1).

Cleavage of the Phenylphosphonothioic Moiety

First, we wanted to get some information about stability of the phenylphos-
phonothioic moiety in 2 and, therefore, we tested several deprotection pro-
tocols which can be later used for removal of the group.

To follow acid hydrolysis of the phenylhosphonothioic diamide moiety,
compound 2a was dissolved in aqueous 6 M hydrochloric acid and heated
at 70 °C. The course of the reaction was monitored by 3P NMR spectrum;
the signal of the starting compound at 76 ppm disappeared while the signal
of phenylphosphonic acid (21 ppm) rose. No other phosphorus-containing
compounds were identified in the reaction mixture. From the exponential
dependence of the integral intensity of the starting compound signal, the
half-life time of deprotection was calculated to be ~45 min. It is comparable
with the literature data reported for other macrocyclic phosphorus amides?®.
No reaction was observed at room temperature. The assignment of signal of
the released PhPO;H, was confirmed by addition of the compound to the
reaction mixture.

A sample of 2a was dissolved in the borate buffer (pH 11.0) and heated
at 70 °C as in the previous case. 3'P NMR spectroscopy revealed a fast con-
version of 2a to 2b as the signal of 2a at 77 ppm had only about 1% inten-
sity after dissolution; in the spectra, the major signal of 2b was observed at
81 ppm. During the reaction, a new signal assigned to phenylphosphono-
thioic acid at 72 ppm appeared, but the hydrolysis led to a conversion of
only ca. 10% after 12 h. The assignments of all the signals were again con-
firmed by addition of the standard to the reaction mixture.

From the attempts to purify the reaction intermediates from the Mannich
reaction of 2a with CH,O and a phosphorus component (see below), fol-
lowed that the phenylphosphonothioic diamide 2a could be hydrolyzed in
the presence of a strong cation exchange resin. To illustrate this process, we
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loaded ethanolic solution of 2a onto a column of strong sulfonic cation
acid exchanger (Dowex 50) in H*-form. The column was eluted with water,
and the eluate was concentrated by vacuum evaporation. 1P NMR spectros-
copy revealed the presence of phenylphosphonothioic acid as a major com-
ponent and phenylphosphonic acid as a minor one. When the eluate was
neutral, the column was washed with 6 m hydrochloric acid. After evapora-
tion of the HCI eluate, the solid product was identified as cyclam hydro-
chloride (*H and 3C NMR) with no phosphorus-containing admixture (no
signal in 3P NMR spectrum).

Syntheses of Selected 1,4-Derivatives

To demonstrate the suitability of the new protecting reagent, we used this
approach in preparation of 1,4-substituted cyclams. First, we prepared
known 1,4-dibenzylcyclam by the reaction of compound 2a with a slight
excess of benzyl bromide in acetonitrile. After hydrolysis (6 m HCI, 12 h re-
flux), column chromatography and crystallization, the 1,4-dibenzylcyclam
was isolated in 65% yield.

The primary aim of the work was the synthesis of a novel ligand with two
methylphosphonic acid pendant arms, 1,4-H,te2p (Chart 1), as the previ-
ous studies of its 1,8-isomer revealed a high potential of such ligand class in
coordination chemistry'?-16, First, this ligand was prepared by a Mannich-
type reaction (Scheme 2) between 2a, triethyl phosphite and paraform-
aldehyde followed (without purification) by acid hydrolysis of 5 (6 m HCI,
4 days reflux; the long time was necessary to achieve a full hydrolysis of the

[[\/
A

2
+CHO ‘40 °c,

+P(OEt)3| 3d
Et,0P" N Po3H2 q/\PO3H2 H203P/\m/\PO3H2
\ // 6M _6Maq. HCl _ HCI .
reflux 1-4d NH HN NH N
EthgP\/ K) _PO3H, U ") _PO3H;
1,4- H4t92p Hotelp Hgte3p

SCHEME 2
Synthesis of 1,4-H,te2p
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diesters) and chromatographic separation on cation-exchange columns.
The target ligand was isolated as a tetrahydrate in 42% yield together with
trisubstituted Hgte3p (12%, Scheme 2) and recently reported?’” monosubsti-
tuted H,telp (5%, Scheme 2). Fortunately, all three compounds can be eas-
ily separated on a weak cation exchanger as they significantly differ in their
acid-base properties. When the reaction mixture after the Mannich reaction
was purified by silica gel chromatography to obtain pure tetraester 5, its
acid hydrolysis under the conditions given above was surprisingly faster
(24 h). The isolated yield of 1,4-H,te2p was improved to 73%.

The structure of the target ligand, 1,4-H,te2p, was confirmed by the X-ray
structure determination. Single crystals of 1,4-H,te2p tetrahydrate were
formed by slow crystallization of its agqueous solution with diffusion of ace-
tone vapours. The molecular structure of the ligand is shown in Fig. 5. The
relevant bond lengths and angles are collected in Table Ill. The independ-
ent unit consists of one ligand and four solvate water molecules. Each phos-
phonate pendant is monoprotonated and the other protons are bound to
both secondary amino groups in the ring. The geometries around the phos-
phorus atoms are roughly tetrahedral, with significantly longer P-O bonds
to the protonated oxygen atoms O11 and O21 (Table I11). The macrocycle is
in an endodentate conformation typical of a non-fully protonated cyclam
ring?*. The molecular structure is stabilized by rather strong intramolecular

Fic. 5
Molecular structure of 1,4-H,te2p in the crystal structure of 1,4-H,te2p-4H,0. Hydrogen atoms
(except for those attached to the nitrogen and oxygen atoms) are omitted for clarity.
Intramolecular hydrogen bonds are shown as dashed lines
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hydrogen bonds (d(N8:--012) = 2.72 A, d(N11---022) = 2.70, d(N8:--N4) =
2.79 and d(N11--N1) = 2.76 A, Fig. 5). Similarly strong *N-H---O~ hydrogen
bonds were observed in 1,8-H,te2p and its derivatives'?. Except for these in-
teractions, the whole crystal structure is stabilized by an extended hydro-
gen bond network between the phosphonate oxygen atoms and the hydrate
water molecules (O---O distances in the range 2.56-2.87 A).

On standing of the acidic reaction mixture from hydrolysis of one batch
of ester 5 in an NMR tube for one week, several small colourless prismatic
crystals appeared. The X-ray diffraction study revealed these crystals are the
well-known tetraphosphonic acid derivative of cyclam?®, Hgtetp (Chart 1
and Fig. 6), which is almost insoluble in acid solutions. The relevant bond
lengths and angles are given in Table Ill. The independent unit is formed
by one half of molecule of the ligand and five additional hydrate water
molecules. Each phosphonate pendant group is monoprotonated and, cor-
respondingly, all macrocycle nitrogen atoms are protonated. The geome-
tries around phosphorus atoms are roughly tetrahedral, with significantly
longer P-O bonds to protonated oxygen atoms O11 and O21 (Table III).
The macrocycle adopts (3,4,3,4)-A conformation typical of fully protonated
cyclams?*. The same conformation of the cyclam ring was also observed for
trihydrobromide of H,telp (ref.?’). All pendant phosphonate moieties are
turned away from the macrocycle and are connected with the neighboring
ligand molecules and the solvate water molecules via an extended hydro-
gen bond network.

@@
o~

Fic. 6
Molecular structure of Hgtetp in the crystal structure of Hgtetp-10H,0. Hydrogen atoms
(except for those attached to nitrogen and oxygen atoms) are omitted for clarity
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Attempts to Protect Cyclen

We tried to apply the method of protection to the cyclen skeleton (Scheme 3).
Although the required product 2' was found in the reaction mixture (NMR
and MS), all attempts to find an efficient separation method failed. After
repeated chromatographies, pure 2' was isolated as an oil and in a low yield
(~20%). Compound 2' is present as a mixture of isomers. This was evi-
denced by complexity of 3P and *H NMR spectra. However, by standing
of its chloroform solution used for NMR characterization for some time,
several single crystals appeared. They were found to be 2a'-0.5H,S0,:3H,0
(Fig. 7; the source of sulfate anion is silica gel used for chromatography).
The orientation of the sulfur atom and phenyl substituent is analogous to
that in the cyclam product 2a, i.e. with the benzene ring located above the
five-membered C,N,P heterocycle and sulfur atom directed above the rest
of the macrocycle. The independent unit consists of two monoprotonated
macrocycles (H2a')*, one sulfate anion and six water molecules. However,
both the macrocyclic ions are almost identical and, thus, only one of them
is presented in Fig. 7. The monoprotonated cyclen ring is stabilized in
endodentate conformation by intramolecular hydrogen bond between
protonated amine nitrogen atom N7, unprotonated amine N10 and amide
N4 (d(N7--N4) = 2.99 and 3.01 A, and d(N7--N10) = 2.71 and 2.72 A in
both independent molecules). The relevant bond lengths and angles are
given in Table IV.

In addition, colorless crystals were formed in aqueous ethanol during
the work-up. The compound was almost insoluble in all the tested organic
solvents (EtOH, acetone, MeCN, toluene, CHCI;, DMSO, DMF) which pre-
vents its spectral characterization. Fortunately, single crystals were formed
in several batches and the structure was solved by X-ray diffraction analy-
sis. Surprisingly, the product was identified as compound 6 with the
thiophosphoryl-cyclen ratio 3:1 (Fig. 8 and Table V). The isolated yields of
this compound were relatively high (~10%), even from equimolar
PhP(S)Cl,—cyclen mixtures. The geometry of the five-membered C,N,P
heterocycle is similar to that found for the cyclam derivatives (Tables |

—\ S /—\
NH HN Q H/N
NE13, 2 equiv. \ // \ // \ //
+ PhP(S)Cl, — 2=t & \
NH HN '
) @ @ S D

1
cyclen

SCHEME 3
Isolated products from reaction of cyclen and PhP(S)CI,
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Fic. 7
Molecular structure of (H2a')* cation in the crystal structure of 2a'-0.5H,S0,-3H,0. Hydrogen
atoms (except for those attached to the nitrogen atoms) are omitted for clarity

C43
ca1 C42

C44

C40

Fic. 8
Molecular structure of 6. Hydrogen atoms are omitted for the clarity
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and 1V). However, in the seven-membered heterocycle C,N,P,O (hexa-
hydrooxadiazaphosphepine ring), unusually long P-O bonds (1.62 A) and
a very large oxygen valence angle P2-O1-P3 (~140°) were found. To our
knowledge, it is the first example of the seven-membered C,N,P,O hetero-
cycle structurally characterized.

From the reaction mixture, another TLC pure compound was also sepa-
rated. A cluster of peaks in 3P NMR spectrum around 80 ppm, 2:1 integral
ratio of aromatic/aliphatic protons in *H NMR spectrum and mass spectrum
the suggest structure of 3' (Scheme 3). Again, the complexity of the NMR
spectra is due to the presence of a number of isomers.

DISCUSSION

The target 1,4-protected cyclam 2 was obtained in a moderate yield of
40-50% employing easily available PhP(S)CI,. As found, the 2a isomer is
obtained almost exclusively in the protecting reaction and this compound
2a was used in all subsequent transformations. The minor isomer 2b is
formed from 2a only under basic conditions and in polar solvent as the iso-
mer 2a is fully stable in chloroform, chloroform-DABCO mixture or MeOH
even under reflux. Formation of 2b was observed only in MeOH-water mix-
tures or in water at pH > 10 and at elevated temperature. The rearrange-
ment is irreversible. It was also observed during attempts of alkaline
hydrolysis of the protecting moiety (see above). Therefore, the origin of
compound 2b in the oily chromatographic fractions after purification of
compound 2a (standing at room temperature for several hours) can be ex-
plained by a presence of ammonia in the eluent; ammonia was not com-
pletely removed by evaporation of the fractions.

Thus, both compounds 2a and 2b are formally “frozen” conformers.
Obviously, penetration of the ethylene bridge (as it is a less sterically
constrained group than phenyl) through the rest of the macrocycle must
occur during the 2a - 2b rearrangement (Scheme 4). The kinetic isomer 2a

[NH[N\P“\\S base [NH[N\P.~‘°\
/ polar solvent S
2a 2b

SCHEME 4
Rearrangement of isomers of 2
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is more stable in neutral and acid solutions, probably due to stabilization
through the hydrogen bond between protonated amines and the sulfur
atom. In polar solvent, presence of water, high pH and at elevated tempera-
ture, the hydrogen bond and the intramolecular hydrogen bond between
amine and amide nitrogen atoms are cleaved and, consequently, the ther-
modynamic isomer 2b is formed (possibly through a pentacoordinated
phosphorus intermediate with participation of hydroxide anion).

By-product 3 (as a mixture of isomers) apparently arose from a further
substitution of either isomer 2 with PhP(S)CI,. The reaction rate of this sec-
ond substitution is comparable with that of the first step as compound 3
was always present in the reaction mixtures, even at the beginning of the
reaction or when a large excess of cyclam was employed. According to these
findings, we employed a large excess of triethylamine (up to using it as a
solvent) or bases such as DBU or Bu,NOH. However, only a slightly reduced
amount of by-product 3 in the reaction mixtures resulted. Even lowering
temperature (down to —20 °C) did not lead to better yields of 2. In the origi-
nal report??, K,CO5 was employed as a base. However, the use of carbonates
instead of NEt; led to much lower yields of 2. The occurrence of traces of
the phosphonothioic monoamide by-product 4 can be attributed to the
presence of trace amounts of water in the reaction mixtures. Under the
optimized conditions, the target protected cyclam could be isolated in
40-50% vyields.

The protection route was also tested in protection of cyclen. However, we
found that the reaction is much less clear than that with cyclam. The target
product 2" was isolated only after extensive chromatographic purification
as a mixture of two isomers (one isomer 2a' was characterized structurally).
The other two by-products 3' and 6 were also isolated. The formation of the
peculiar heterocyclic compound 6 may be explained by monosubstitution
of two PhP(S)CI, molecules with adjacent amino groups leading to the for-
mation of a very unusual seven-membered heterocycle after partial hydro-
lysis and condensation of two P-OH groups. Therefore, one can suggest
that the substitution reaction on cyclen is probably faster and more non-
selective than that on cyclam and substitution on several nitrogen atoms
can proceed independently. According to these findings, the reaction of
phenylphosphonothioic dichloride with cyclen can be summarized in
Scheme 3.

We also tried to employ commercially available phenylphosphonic
dichloride in the reaction with cyclam and cyclen. However, TLC and
31p NMR spectroscopy showed that only very complex mixtures were pro-
duced in these reactions. Probably, the reaction between phenylphos-
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phonic dichloride and the cyclic polyamines is fast, with no preference for
the formation of adducts with a simple stoichiometry.

The crystal structures helped to unambiguously determine molecular
structures of the isolated compounds as spectral characterization of
chromatographically pure products was rather difficult. There have been
only several examples of five-membered C,N,P heterocycles presented in
literature. Prevote et al.?? determined crystal structures of similar macro-
cyclic phosphorothioic triamides having the same five-membered C,N,P
heterocyclic ring but their compounds were diprotonated on the remain-
ing amine nitrogen atoms. The orientation of sulfur atoms in their five-
membered heterocycles corresponds to that in 2a, (H2a)*, 3a, 2a’' and 6
where the sulfur is localized above the amine nitrogen atoms of the rest of
macrocycle. Bond distances and angles in all heterocycles are similar. The
sulfate anion found in some single crystals used for X-ray structure determi-
nation obviously came from silica gel used for column chromatography.
Sulfates were detected in eluates from washing of the silica gel column with
the ammonia-containing eluents under the conditions used in the prepara-
tive work.

We tested some selected conditions of removal of the phosphonothioic
protecting group. Acid hydrolysis was found to be more effective than the
alkaline one in accordance with literature data. Deprotection with a
strong cation exchange resin may be used for a selective removal of the pro-
tecting group. However, the protecting strategy was not a primary aim of
the work and it was not completely explored. The protecting moiety could
be easily removed by acid hydrolysis. For our purposes, acid hydrolysis is
convenient as ethyl phosphonates are also hydrolyzed under these condi-
tions.

The 1,4-dibenzylcyclam was synthesized starting from 2a. More impor-
tantly, 1,4-bis(methylphosphonate) derivative 5 was easily formed by the
Mannich reaction. Direct acid hydrolysis of unpurified ester 5 led to a mix-
ture of several methylphosphonic acid derivatives of cyclam (Scheme 3).
The presence of these by-products can be attributed to a mechanism of the
Mannich reaction of this kind as it is, in general, reversible. The trace
amounts of formaldehyde and phosphite (incompletely removed by filtra-
tion and evaporation) can react during the hydrolysis with compound(s)
a rising in the reverse Mannich reaction. Purified ester 5 gave the target
ligand 1,4-te2p in a high yield. Several Hgtetp crystals were formed on
standing of an acid reaction batch. The compound must have arisen from
a trace amount of cyclam in the 2a used for the particular synthetic batch
of ester 5. Probably, a very low concentration of the compound (non-
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detectable in 3P NMR spectra of the batch) led to slow crystallization of
this ligand in the form suitable for the X-ray diffraction study. The strong
intramolecular hydrogen bonds in 1,4-te2p are very similar to those present
in the structure of 1,8-te2p (ref.1?) and are responsible for a high basicity of
the amine nitrogen atoms in 1,4-te2p (ref.?°).

CONCLUSIONS

We synthesized a 1,4-protected cyclam using PhP(S)CI,. The solid-state
structures of the target 1,4-protected cyclam and several by-products were
determined by the single-crystal X-ray diffraction. The method is useful for
the synthesis of 1,4-substituted cyclam derivatives as it is simple and the
phosphonothioic moiety may be removed under milder condition than the
oxalate group used previously. The protected cyclam 2a was successfully
used for the synthesis of a new macrocyclic phosphonate ligand, 1,4,8,11-
tetraazacyclotetradecane-1,4-bis(methylphosphonic acid). The crystal struc-
ture of the ligand showed the presence of strong intramolecular hydrogen
bonds which are probably responsible for its high basicity. The crystal
structure of Hgtetp was also determined. Despite the only moderate yield
of the 1,4-protected cyclam, the method is a reasonable alternative to the
existing procedures.

Unfortunately, the method is only partly useful for the synthesis of
1,4-protected cyclen as it led to rather complex mixtures. From the mix-
tures, the target cyclen derivative was isolated in a low yield together with a
cyclen phosphonothioic tetraamide containing a very unusual seven-
membered C,N,OP, heterocycle; it is the first example of such heterocycle
which was structurally characterized.

EXPERIMENTAL

General

Cyclam®® (1) and phenylphosphonothioic dichloride3! were synthesized following the litera-
ture procedures. Paraformaldehyde was obtained by filtration of aged formaldehyde solu-
tions. Other chemicals were available from commercial sources (Lachema, Fluka, Aldrich,
Merck, Acros or Bracco SpA). Solvents were dried by established proceduressz. Column
chromatography was performed on silica gel (60-230 mesh, Merck). TLC was performed on
silica gel sheets (Merck TLC aluminium sheets silica gel 60 F,z,) in the mixtures:
(A) propan-2-ol-25% aqueous NH; 6:1, (B) propan-2-0l-25% aqueous NHs-water 10:2:7,
(C) propan-2-ol-EtOAc 25:1, (D) ethanol-25% aqueous NH; 1:1, (E) ethanol-25% aqueous
NH; 15:1, detection with aqueous solution of CuSO, or Draggendorf reagent. Elemental
analyses were made in the Institute of Macromolecular Chemistry, Academy of Sciences of
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the Czech Republic. Melting points were determined using a Kofler hot-stage apparatus
(Boetius) and are uncorrected. NMR spectra (8, ppm; J, Hz) were recorded on a Varian Unity
Inova 400 at 399.95 MHz for *H, 100.58 MHz for *3C and 161.9 MHz for 3!P. Internal refer-
ences for 'H NMR: TMS (5 0.00 ppm) for CDCl; solutions, t-BuOH (3 1.25 ppm) for D,O
solutions and CHD,OD (& 3.31 ppm) for CD;0D solutions. Internal references for 3C NMR:
CDCl; (& 77.0 ppm) for CDCl; solutions, t-BuOH (8 32.8 ppm) for D,O solutions and
CD;0D (5 39.3 ppm) for CD;0D solutions. External reference for 31p NMR: 85% H;PO, (8
0.0 ppm). ESI/MS spectra were recorded on a Bruker Esquire 3000 with an ion-trap detector.

Syntheses

Phenylphosphonothioic dichloride. The compound was synthesized according to the litera-
ture procedure®L. Yield 95%. *H NMR (CDCl,): 7.54-7.70 m, 3 H; 8.10-8.18 m, 2 H. °C NMR
(CDCly): 128.8 d, 2 C, 3)(P-C) = 18 (PCCHCH); 130.2 d, 2 C, 2)(P-C) = 14.5 (PCHCH);
133.8 d, 1 C, 4(P-C) = 3.8 (PC(CH),CH); 138.4 d, 1 C, }J(P-C) = 117.9 (P-C). 3P NMR
(CDCly): 76.3 t, 3)(P-H) = 19.1.

15-Phenyl-1,5,8,12-tetraaza-15A°-phosphabicyclo[10.2.1]pentadecane-15-thione (2). Cyclam (1;
10.00 g, 50 mmol) was dissolved in dry chloroform (700 ml) and dry triethylamine (10.12 g,
100 mmol) was added. To this solution, phenylphosphonothioic dichloride (10.55 g,
50 mmol) diluted with dry chloroform (5 ml) was added dropwise during 12 h with stirring.
The mixture was stirred at room temperature for 3 days. Solvents were evaporated on rotary
evaporator to give yellow oil. Four spots were detected by TLC (eluent A, Draggendorf detec-
tion): the main product 2a (Rg 0.2), traces of its isomer 2b (R. 0.4), inseparable mixture of
isomers of compound 3 (R; 1.0) and a small amount of compound 4 (R; 0.15). The products
were separated by column chromatography. Because of a low solubility of the reaction mix-
ture in the eluents, the crude product was dissolved in a small amount of chloroform and
poured onto a column. The by-product 3 was separated from the other compounds by gradi-
ent column chromatography on silica (25% aqueous NH;-MeOH from 1:6 to 1:3). Com-
pounds 4 and 2a were separated by another column chromatography using eluent B.
Compound 2a was obtained as a viscous yellow oil solidifying on standing. Yield 7.11 g
(42%). For C,cH,,N,PS (338.5) calculated: 56.78% C, 8.04% H, 16.55% N, 9.47% §S; found:
56.55% C, 7.79% H, 16.13% N, 10.09% S. M.p. 102-107 °C. *H NMR (CDCl,): 1.60-1.74 m,
2 H (CH,CH,CH,); 1.81-1.95 m, 2 H (CH,CH,CH,); 2.64-2.70 m, 2 H (CH,NH); 2.74-2.77 m,
2 H (CH,NH); 2.80-2.86 m, 4 H; 3.00-3.05 m, 4 H (CH,NH); 3.51-3.62 m, 2 H (PNCH,);
3.77-3.84 m, 2 H (PNCH,); 7.34-7.44 m, 4 H, aryl H); 7.57-7.63 m, 1 H (PCCH). 3C NMR
(CDCly): 25.8 d, 2 C, 3)(P-C) = 3.0 (CH,CH,CH.,); 42.8 d, 2 C, 2J(P-C) = 7.6 (PNCH.,); 43.3 d,
2 C, 2)(P-C) = 6.4 (PNCH,); 47.6 s, 2 C (CH,NH); 48.4 s, 2 C (CH,NH); 128.1 d, 2 C,
8)(P-C) = 13.3 (PCCHCH); 129.6 d, 2 C, 2J(P-C) = 11.5 (PCCH); 130.5 d, 1 C, %J(P-C) = 3.0
(PC(CH),CH); 138.1 d, 1 C, }(P-C) = 112.5 (P-C). 3P{*H} NMR (CDCl,): 76.6 5. MS, m/z (%):
339.3 (100, M + H").

The main by-product 3 was obtained as a mixture of isomers (yellowish oil, 2.35 g, 10%).
NMR spectra were very complex, but the intensity ratio aromatic/aliphatic hydrogens in
1H NMR agrees well with the assumption of 2:1 adduct of the PhP(S)CI, and cyclam. Several
peaks were observed at about 80 ppm in *P{*H} NMR spectrum, which is in agreement with
the proposed structure as well. Furthermore, one of the isomers (3a) crystallized from the
oily mixture upon standing and was identified by X-ray analysis.
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Compound 4 was isolated in a minute yield. TLC (eluent B, Draggendorf detection):
Re 0.6 (Rq of both the isomers of 2 is 0.8 in the eluent). 3!P{*H} NMR (D,0): 71.2 s.

Isomer 2b was isolated by chromatography (eluent A) of combined highly enriched frac-
tions from several synthetic batches as a light yellow oil in a small yield. *H NMR (CD;0D):
1.40-1.52 m, 2 H (CH,CH,CH,); 1.96-2.12 m, 2 H (CH,CH,CH,); 2.73 t, 2 H, 3)(H-H) = 11.4
(CH,NH); 2.85-3.06 m, 4 H (PNCH,); 2.96-3.00 m, 2 H (CH,NH); 3.06-3.16 m, 2 H
(CH,NH); 3.16-3.28 m, 4 H; 3.73-3.90 m, 2 H (PNCH,); 7.68-7.76 m, 2 H (PCCHCH);
7.71-7.76 m, 1 H (PC(CH),CH); 8.06-8.18 m, 2 H (PCCH). 3¢ NMR (CD,0D): 26.0 d, 2 C,
8)(P-C) = 6.0 (CH,CH,CH,); 43.9 d, 2 C, 2)(P-C) = 6.5 (PNCH,); 44.8 s, 2 C (PNCH,); 47.4 s,
2 C (CH,NH); 49.4 s, 2 C (CH,NH); 130.0 d, 2 C, 8)(P-C) = 13.7 (PCCHCH); 130.8 d, 1 C,
L(P-C) = 117.9 (P-C); 134.1 d, 2 C, 2)(P-C) = 11.5 (PCHCH); 134.5 5, 1 C (PC(CH),CH).
31p{lH} NMR (CD,0D): 81.0 s. MS, m/z (%): 339.3 (100, M + H").

1,4,8,11-Tetraazacyclotetradecane-1,4-bis(methylphosphonic acid) (1,4-H,te2p). The Mannich
reaction of protected cyclam 2a, paraformaldehyde and triethyl phosphite was performed by
modification of the procedure reported by Sherry et al.>> Compound 2a (4.28 g, 12.6 mmol)
was dissolved in triethyl phosphite (130 ml, large excess) and paraformaldehyde (total
2.28 g, 76 mmol, 6 equivalents) was added in three portions during three days. Then, the
suspension was stirred for another 4-6 days at 40 °C. After cooling, excess of paraform-
aldehyde was filtered off and volatiles were removed by rotary evaporation. The resulting oil
was purified by column chromatography (eluent C). The intermediate 5 was obtained as a
viscous yellow oil (6.52 g, 81%). TLC (eluent C, Draggendorf detection): R¢ 0.5. 31pflHY NMR
(CDCly): 27.1 s, 2 P (PO4EL,); 77.4 s, 1 P (P(S)Ph). MS, m/z (%): 639.4 (100, M + H*); 661.4
(61, M + Na*); 677.4 (16, M + K*).

The reaction intermediate 5 (6.52 g, 10.2 mmol) was hydrolyzed in refluxing hydrochloric
acid (6 m, 24 h). Solvents were evaporated on rotary evaporator. Excess HCI was removed by
co-distillation with water (3x). The resulting product, 1,4-H,te2p, was purified on a strong
acid cation exchange resin (Dowex 50, H*-form, elution with water followed by 5% aqueous
ammonia). The final purification was made by chromatography on weak acid cation ex-
change resin (Amberlite CG50, H*-form, water elution). Two compounds were obtained. In
the very first fractions, trisubstituted derivative Hgte3p was eluted. It was followed by the
target 1,4-H,te2p. Simple crystallization from water-acetone mixture afforded 1,4-H,te2p-
4H,0 as a small white needles (4.25 g; 91% for the last step, 73% based on 2a); the product
slowly loses water of hydration on standing in air. TLC (eluent D, Cu?* detection): Re 0.5;
m.p. 262 °C (dec.). For C;,H3,N,O¢P,-4H,0 (460.4) calculated: 31.31% C, 8.32% H, 12.17% N;
found: 31.48% C, 7.80% H, 12.05% N. *H NMR (D,O, 90 °C): 1.95 p, 4 H, 3J(H-H) = 5.4
(CH,CH,CH,); 2.87 d, 4 H, 2)(P-H) = 12.4 (PCH,); 2.92 s, 4 H (NCH,CH,N); 3.11 t, 4 H,
S)(H-H) = 5.4 (CH,CH,CH,); 3.24 t, 4 H, 3)(H-H) = 5.4 (CH,CH,CH,); 3.28 s, 4 H
(NCH,CH,N). 3¢ NMR (D,0, 90 °C): 25.0 s, 2 C (CH,CH,CH,); 46.8 s, 2 C (NCH,); 51.5 s,
2 C (NCH,); 55.4d, 2 C, 1)(p-c) = 158.3 (PCH,); 56.1's, 2 C (NCH,); 61.3 5, 2 C (NCH,).
31p NMR (D,0, 90 °C): 16.6 t, 2)(P-H) = 12.6. MS, m/z (%): 389.2 (100, M + H*); 411.2 (88,
M + Na*); 427.2 (22, M + K*).

The by-product Hgte3p was obtained as a viscous yellow oil, which was crystallized from
aqueous 6 m HCI in a small yield as trihydrochloride dihydrate (0.20 g, 2.5% based on 2a).
The crystallization was induced by sonication. TLC (eluent D, Cu?* detection): Rg = 0.2. For
C,3H33N,OgP5-3HCI-2H,0 (627.8) calculated: 24.87% C, 6.42% H, 16.94% CI, 8.92% N;
found: 25.05% C, 6.64% H, 15.29% Cl, 9.02% N. 'H NMR (D,0, 80 °C): 2.57-2.59 m, 4 H
(CH,CH,CH.,); 3.46 d, 2 H, 2)(P-H) = 11.6 (PCH,); 3.05 t, 2 H, 3J(H-H) = 6.0 (NCH.,); 3.54 d,
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2 H, 2)(P-H) = 11.6 (PCH,); 3.56 t, 2 H, 3J(H-H) = 6.8 (NCH,); 3.62-3.76 m, 6 H, (NCH,);
3.79 d, 2 H, 2)(H-H) = 12.4 (PCH,); 3.83 t, 2 H, 3J(H-H) = 5.8 (NCH,); 3.90 t, 2 H, 3J(H-H) =
8.0 (NCH,); 4.05 t, 2 H, 3J(H-H) = 6.0 (NCH,). ¥*C NMR (D,O, 80 °C): 24.8 s, 1 C
(CH,CH,CH,); 25.1 s, 1 C (CH,CH,CH,); 455 + 47.3 + 52.9 + 53.9 4 x5, 4 x 1 C
(NCH,CH,CH,N); 53.2 d, 1 C, 1)(C-P) = 150.5 (PCH,); 53.6 d, 1 C, 2J(C-P) = 143.0 (PCH.,);
54.1 d, 1 C, 1J(C-P) = 149.7 (PCH,); 55.2 + 55.6 + 56.2 + 56.9 4 x 5, 4 x 1 C (NCH,CH,N).
31p{IH} NMR (D,O, 80 °C): 13.4 s, 1 P; 20.8 5, 1 P; 21.7 5, 1 P. MS, m/z (%): 483.2 (100, M +
H*); 521.2 (35, M + K*); 505.2 (19, M + Na*).

If ester 5 (prepared from 2.0 g (5.91 mmol) of 2a) was not purified by chromatography
after removal of paraformaldehyde and volatiles, the hydrolysis of the ester groups in
refluxing 6 m aqueous HCI took three days. The reaction mixture was processed as above.
Crude ligands Hgte3p and 1,4-H,te2p were eluted from Dowex 50 with diluted ammonia so-
lution while H,telp was retained on Dowex 50 after elution with ammonia solution and it
was obtained by elution with 6 m aqueous HCI and evaporation of the eluate. The final puri-
fication on Amberlite CG50 as above gave first Hgte3p-3HCI-2H,0 (0.45 g, 12% yield based
on 2a) and later 1,4-H,te2p-4H,0 (1.14 g, 42% yield based on 2a). The crude H,telp was re-
tained on the sorbent and was obtained?’ after elution with 10% aqueous AcOH, evapora-
tion and crystallization from concentrated aqueous HBr as tetrahydrobromide dihydrate
(0.19 g, 5% yield based on 2a).

1,4-Dibenzyl-1,4,8,11-tetraazacyclotetradecane. Compound 2a (1.02 g, 3.0 mmol) was dis-
solved in dry acetonitrile (30 ml) and dry solid K,CO4 (4.00 g, 28.9 mmol) was added. Ben-
zyl bromide (1.23 g, 7.2 mmol, 2.4 equivalents) was added and the suspension was stirred at
room temperature for six days (TLC monitoring, eluent A, Draggendorf detection). Insoluble
salts were filtered off and excess benzyl bromide was converted to benzylamine by addition
of small amount of aqueous ammonia (10%). The solution was evaporated on rotary evapo-
rator. The protected intermediate was directly hydrolyzed by refluxing in aqueous 6 m HCI
(80 ml) for 12 h. Volatiles were removed on rotary evaporator and excess HCIl was removed
by co-distillation with water (3x). The resulting oil was extracted into chloroform from
aqueous K,CO4 solution (pH 12). The organic phase was separated, dried (anhydrous Na,SO,)
and evaporated to obtain a brown viscous oil. The crude product was purified by column
chromatography on silica gel (eluent E) giving 1,4-dibenzylcyclam monohydrate (0.78 g,
65%) as a yellow oil and 1,4,8-tribenzylcyclam (trace amount) as an orange-brown oil.

1,4-Bn,cyclam. For C,,H3sN,-H,O (398.6) calculated: 72.32% C, 9.61% H, 14.06% N;
found: 71.80% C, 9.31% H, 13.85% N. TLC (eluent E, Draggendorf detection): R 0.5.
'H NMR (CDCly): 1.81 m, 4 H (CH,CH,CH,); 2.37 t, 4 H, 3)(H-H) = 11.2 (CH,CH,CH,);
2.39 s, 4 H (NCH,CH,N); 2.79 t, 4 H, 3)(H-H) = 10.0 (CH,CH,CH,); 2.94 s, 4 H
(NCH,CH,N); 3.45 s, 4 H, (CH,Ph); 7.15-7.38 m, 10 H (aryl H). 3C NMR (CDCly): 25.2 s,
2 C (CH,CH,CH,); 46.6 s, 2 C (NCH,); 46.7 s, 2 C (NCH,); 51.2's, 2 C (NCH,); 51.6 5, 2 C
(NCH,); 57.8 s, 2 C (CH,Ph); 127.0 s, 2 C (arom. C); 128.1 s, 4 C (arom. C); 1295, 4 C
(arom. C); 138.3 5, 2 C (Cjpe)- MS, m/z (%): 381.4 (100, M + H"); 403.4 (2, M + Na’).

The more air stable form (1,4-Bn,cyclam-4HCI-2H,0) was obtained after crystallization
of the free amine from aqueous 6 m HCI. For C,,H3sN,-4HCI-2H,0 (562.5) calculated:
51.25% C, 7.88% H, 25.21% CI, 9.96% N; found: 51.63% C, 8.01% H, 24.52% CI, 10.38% N.
M.p. 167-169 °C (dec.).

The identity of 1,4,8-tribenzylcyclam was confirmed by TLC comparison with authentic®*
sample: R 0.7 (eluent E, Draggendorf detection).
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13-Phenyl-1,4,7,10-tetraaza-13A%-phosphabicyclo[8.2.1]tridecane-13-thione (2'). Cyclen (1’;
2.50 g, 14.5 mmol) was dissolved in dry chloroform (250 ml). Dry triethylamine (2.94 g,
29.0 mmol) was added and phenylphosphonothioic dichloride (3.06 g, 14.5 mmol) was
slowly added to the solution. The mixture was stirred at room temperature for 4 h. Part of
cyclen crystallized out in the form of dihydrochloride and was recovered by filtration. The
filtrate was extracted with aqueous K,COj solution (pH 12). The organic phase was evapo-
rated on rotary evaporator to give a yellow semisolid. The residue could not be completely
dissolved in common organic solvents (ethanol, acetone, acetonitrile, toluene, chloroform,
DMSO, DMF). Ethanol (100 ml) was added, some amount of a solid was filtered off and the
filtrate was left standing for 14 days. Then, the crystalline product 6 was collected by filtra-
tion (0.79 g, 9%; the crystal suitable for X-ray analysis was isolated before filtration). Two
other compounds were detected in the filtrate by TLC (eluent C, Dragendorff detection): the
required product 2' (R. 0.4) and by-product 3' (Rg 0.9). The filtrate was concentrated in vac-
uum and purified by column chromatography on silica gel (gradient of aqueous NH;-MeOH
from 1:6 to 1:3). The red-brown oily 2' was obtained as a mixture of isomers and (according
to 3P NMR spectrum) it was contaminated with a small amount of other inseparable com-
pounds in a yield of 0.90 g (~20%). Surprisingly, a small amount of pure compound
2a'-0.5H,50,-3H,0 crystallized in NMR tube as white crystals suitable for X-ray analysis.
These crystals were used for further characterisation of compound 2a'.

2a’' TLC (eluent C, Draggendorf detection): Rg 0.4. IH NMR (CD;0D): 2.78-2.93 m, 4 H
(NHCH,); 3.02-3.13 m, 2 H (PNCH,); 3.14-3.36 m, 6 H (NCH,); 3.36-3.48 m, 2 H (PNCH,);
3.77-3.90 m, 2 H (PNCH,); 7.37-7.47 m, 3 H (aryl H); 7.55-7.63 m, 2 H (aryl H). 3C NMR
(CD,0D): 45.2 d, 2 C, 2)(C-P) = 10.7 (PNCH,); 45.5 s, 2 C (NHCH,); 46.3 5, 2 C (NHCH,);
46.7 s, 2 C (PNCH,); 129.4 d, 2 C, 3)(C-P) = 14.2 (PCCHCH); 130.4 d, 2 C, %J(C-P) = 11.5
(PCCH); 131.9 d, 1 C, %J(C-P) = 3.0 (PCCHCHCH); 140.8 d, 1 C, 1)(C-P) = 133.5 (P-C).
31p{lH} NMR (CD,0D): 89.3 5. MS, m/z (%): 311.2 (100, M + H").

By-product 3' was found to be a mixture of isomers as it showed several peaks at ~80 ppm
(3*P NMR), but the intensity ratio aromatic/aliphatic hydrogens in *H NMR agrees well with
the assumption of 2:1 phosphonothioate-macrocycle adduct. MS, m/z (%): 449.5 (100, M +
H*). Yield 0.97 g (~15%).

The compoud 6 was highly insoluble in all common solvents; therefore, attempts at spec-
tral characterization failed. M.p. 224-227 °C (dec.).

X-ray Diffraction Studies

The diffraction-quality single crystals of compound 2a were grown from its oil overnight.
The single crystals of compounds 2a:0.5H,50,-1.375H,0, 3a and 2a’-0.5H,50,-3H,0 were
grown from CDClIj solutions used for NMR characterization after standing for several days
or some weeks. The diffraction-quality single crystals of compound 2b-0.5H,50,-3H,0 were
grown from dichloromethane by slow evaporation. Crystals of compound 4-H,O were ob-
tained from chloroform by slow diffusion of hexane vapour. Single crystals of 6 were formed
in ethanolic solution of the reaction mixture (see above). Colorless rods of 1,4-H,te2p-4H,0
were prepared by slow diffusion of acetone vapour into aqueous solution of the ligand.
Single crystals of Hgtetp-10H,0O were obtained from HCI-H,0-D,0 solution on standing of
an NMR sample after acid hydrolysis of 5 for several weeks.

The diffraction data were collected at 150(2) K (Cryostream Cooler Oxford Cryosystem)
using a Nonius Kappa CCD diffractometer and Mo-K, radiation (A = 0.71073 A). The data
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were analyzed using the HKL DENZO program package®®. The structures were solved by pro-
gram SIR92 %6, and refined by program SHELXL97 3. All non-hydrogen atoms were refined
anisotropically; the hydrogen atoms were located in difference Fourier map and were refined
isotropically. In the structures of 4-H,0 and Hgtetp-10H,0, hydrogen atoms attached to car-
bon atoms were placed in theoretical positions using the riding model. Experimental data
are given in Table V.

CCDC 287912 (2a), 287914 (2a-0.5H,80,-1.375H,0), 287911 (2b-0.5H,50,-3H,0),
287915 (3a), 287917 (4-H,0), 287913 (2a'-0.5H,S0,-3H,0), 287910 (6), 287909
(1,4-H,te2p-4H,0) and 287916 (Hgtetp-10H,0) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; fax: +44 1223 336033; or
deposit@ccdc.cam.ac.uk).
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