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ABSTRACT: In this article we shall review the salient
aspects concerning the syntheses, characterization,
and complexing properties of variously substituted
mono- and bis-(a-amino)- and (a-hydroxy)-phos-
phonates. Characterization of these compounds was
mainly achieved by 'H, '*C, and 3'P NMR spectroscopy,
by FABMS techniques, and by X-ray diffraction anal-
yses. Hydrolytic cleavage in alkaline solutions of the
dialkyl esters gave the corresponding monoesters,
which also show good complexing properties toward
standard metals and lanthanides.

The last section of this article is dedicated to a re-
view of the synthesis, characterization and stereo-
chemistry of cyclophanes, and wmacrocyclic com-
pounds possessing phosphonate units. © 2000 John
Wiley & Sons, Inc. Heteroatom Chem 11:493-504,
2000
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AMINO-PHOSPHONIC ACID DIALKYL- AND
MONO-ALKYL ESTERS

a-Aminophosphonic acids are bioisosteres of natu-
ral aminoacids that serve as important surrogates in
order to modify biological processes to inhibit en-
zyme activity [1] and bacterial growth [2]. Further-
more, these compounds, as well as their dialkyl and
monoalkyl esters, are widely used in agrochemistry
as antifungal agents [3], herbicides [4], and as plant
regulators. Self-condensation of a-aminophos-
phonic acids produces phosphonodipeptides and
phosphotripeptides, clinically studied as antibiotics
[5], and condensation of racemic phosphonate esters
with vinblastine gives epimers that show antitumor
activity [6].

In addition, a-aminophosphonic acids and their
monoalkyl esters are of interest also in hydrometal-
lurgy in order to extract metals [7] and in diagnostic
medicine as screening agents, once complexed with
lanthanides and actinides [8,9].

Therefore, considering the interest and the wide
applications of such compounds, we decided to syn-
thesize a great variety of mono-and bis-a-amino-
phosphonic acid dialkyl esters, as well as some of
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their monoesters, with general structures I, II, and
III (Chart 1).
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where R and / or R = aryl, heteroaryl, cycloalkyl, alkyl

| = alkanediyl, cyclohexyl, aryl

3 4
R =methyl, ethyl, R = H, methyl, ethyl

In this article we shall review the salient results ob-
tained during our investigations, as well as the novel
results that emerged from our studies concerning
both characterization and complexation properties.

a-Aminophosphonic Acid Derivatives of General
Formula 1

Among the possible different synthetic routes that
can yield a-aminophosphonic acid dialkyl esters, we
prefer the addition of dialkyl phosphites neat or in
solvents (polar or apolar) to the Schiff base precur-
sors, readily available from the condensation of pri-
mary amines with aldehydes (Scheme 1).

” R—CH—NH—R?
RCH=NH-R? * p_p—OR — o= Pﬁ()R’
“oRe “OR4

SCHEME 1

In order to facilitate the addition reaction, a catalytic
amount of NaH was used. According to this proce-
dure, we prepared in good yields a-aminophos-
phonic dialkyl esters Ia-If, where the X and Y sub-
stituents range from hydrogen, halogens,
trifluoromethyl groups, methoxy, carbomethoxy and
phenylazo moieties, to free carboxylic groups.

O_P(OEt)2 CF;
CH NH

P(OEt)z

O=P(OEY, O=P(OEt);
@CH“NH—R OCH NH—O
N
Ie Id
X O=P(OR), 0=P(OR), Y
CH_NH_Y : : 7—CH—NH@
Ie If

Dialkyl esters, both methyl as well as ethyl deriva-
tives, in which R! and R2 in I consist of unsubstituted
or variously substituted aryl or cyclohexyl rings, are
white crystalline compounds, soluble in organic sol-
vents. They were mainly characterized by NMR
spectroscopy and by fast atom bombardment mass
spectrometry (FABMS) analyses. In the 'H NMR
spectra, the most diagnostic signals are observed in
the alkoxy and in the methyne regions; in fact, the
diethyl esters give rise to two distinct doublets of
triplets at 6 = 1.1 — 1.3 ppm for the methyl groups
and a complex multiplet for the methylene protons;
the dimethyl esters show two distinct doublets 3/,
= 10.5 Hz) for the OCH, protons at 6 = 3.1 + 3.8
ppm. The nonequivalence of the two OR groups is
due to the close proximity of the stereocenter, and
the chemical shift difference between the two trip-
lets or the two doublets is very sensitive to the moiety
attached to the methyne carbon atom. In particular,
going from cyclohexyl to 1-naphthalene substituents
at the a-CH-group, the difference in chemical shifts
AS varies from a few hundredths of a ppm in If to
0.7 + 0.8 ppm in Ib. This effect is certainly due to
the strong anisotropic ring current sensed by one al-
koxy group in comparison to the other, allowing
speculation on the preferred geometry adopted in so-
lution by these compounds (see below).

The methyne hydrogen of the -CH-P(O)(OR),
group appears as a sharp doublet (3, = 22 — 24 Hz)
or as a double doublet, due to the additional cou-
pling with the NH proton. The observation of the
latter pattern in some derivatives (or in some sol-
vents) is due to a slower exchange of the NH protons.
In such cases, the CH resonances give rise to a four
line pattern with 27, in the range of 18 + 24 Hz and
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3y = 8 — 9 Hz, whereas the NH proton signal ap-
pears as a triplet with 3/, nearly equal to 3/y,.

Interesting enough, in phosphonates Ia, Ie, If,
bearing a carboxy or carbomethoxy group in the or-
tho position, the NH proton resonates below § =
8.00 ppm, experiencing a dramatic deshielding effect
due to the formation of a hydrogen bond between
the NH and the ortho carbonyl oxygen, via a six-
membered cyclic structure.

The geometry adopted in the solid state by de-
rivative Ia (X = Y = H) was investigated by X-ray
diffraction [10,11], and the following salient char-
acteristics were found:

1. The hydrogen atoms bonded to the chiral car-
bon atom and to the nitrogen atom in the H-N-C-H
moiety are oriented in the anti position, while both
phenyl rings show the syn conformation. Both rings
are slightly twisted in order to relieve steric inter-
actions. The planes of the phenyl rings are practi-
cally perpendicular to each other with a dihedral an-
gle of 89.9°. The orientations of the individual P-OFEt
groups with respect to the aromatic ring plane are
as follow: one lies over the phenyl ring attached to
the CH and experiences the diamagnetic ring current
shielding effect, whereas the other one points toward
the NH moiety and is far away from the other phenyl
ring; thus, this geometry well explains the chemical
shift difference between the two triplets noticed in
the '"H NMR spectra.

2. The nitrogen pyramid is considerably flat-
tened with an increased C-N-C bond angle of
121.71°.

3. Because of the parallel orientation of the N-
H and the P=0 bonds, cyclic dimers with N-H to
O =P hydrogen bridge bonds are formed, as sche-
matically indicated in the following structure.

H, N—H--—-0=P_ H

”"«,4_C / \C.:’“\
/

& Np=o-n-N e

4. The pair of chiral methyne carbon atoms
gives rise to the formation of S,S and R,R enantio-
mers in the solid state that are tightly bound together
by O-H-N bridges [10]. Considering that the bio-
logical activity of chiral compounds depends on the
absolute configuration, as reported in several litera-
ture examples [12,2a,2d], we developed a direct and
efficient enantioselective resolution of some of the
phosphonates Ia-If using commercially available
HPLC chiral columns [13,14]. The interest of such a
procedure resides in the fact that we can dispose of
optically pure compounds, avoiding the long and te-
dious conventional procedure of resolving racemic

mixtures through the formation of diastereomeric
salts and subsequent hydrolytic cleavage, or without
recourse to asymmetric syntheses which are quite
often not very effective.

A great variety of racemic N-arylamino-aryl-
methylphosphonic acid diethyl esters with various
fluorinated substituents in one or both aryl rings (Ia,
X = H; 4-F; 3-F; 2-F; 3,4-F,; 4-CF;; 4-CF,0; Y = H;
4-, 3-, 2-F; 3,4-F,; 4-, 3-, 2-CF;; 4-, 2-CF,0;) have been
resolved by using this technique [14]. We have found
that the chiral separation strongly depends on the
substitution pattern in the N-aryl and/or in the C-aryl
moieties, and it increases significantly with the po-
larity of fluorinated substituents. By constructing a
model which takes into account the steric and the
hydrogen-bond interactions between the analyte and
the stationary chiral phase, we were able to propose
a recognition mechanism of the two enantiomers,
correlating it with the absolute conformations of the
optical isomers and to relate it to the chiroptical be-
havior [14].

Aminophosphonic acid diethyl esters containing
the pyridine moiety (formulas Ic and Id) were also
synthesized by us in good yields, starting from their
Schiff base precursors [15]. The aim of preparing
such phosphonates containing the heterocyclic ring
was to enhance the complexation properties toward
metals and toward lanthanides in particular, in order
to use such compounds in diagnostic medicine,
NMR imaging techniques, and in agrochemistry. In-
deed, alkaline hydrolysis of derivatives Ic and Id
gave the corresponding monoethyl phosphonates,
which are very versatile complexing agents for tran-
sition metals. As an example, from the reaction of
the monoester IV with copper(II) chloride dihydrate
in methanol, a crystalline product has been isolated.

/OH
O=P—

| OFEt
@CH—NH—m
N

v

By elemental and LSIMS analyses, the complex
was found to be dimeric with formula Cu,L,Cl,,
where L stands for IV. X-ray structural determina-
tions revealed a novel ligand-bridged centrosymme-
tric dimeric complex linked by bridging phosphoryl
oxygen atoms reinforced by the two strong hydrogen
bonds from the amino proton of one ligand to the
phosphoryl oxygen of the second [16]. Each copper
atom has a distorted square pyramidal coordination,
and, for the first time, a metal complex of an ami-
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nophosphonate monoester shows limited oligomer-
ization, demonstrating the potential advantages for
biological applications of the monoesters in contrast
to the diesters and the free acids [16].

In order to enhance the hydrophilicity and the
complexing properties towards II° group elements,
we introduced in our amino-phosphonate one or
more carboxylic groups (Ia, Ie, If, X = Y = COOH).
Furthermore, the presence of such functionalities
should facilitate enantiomer resolution both by
HPLC methods or by conventional chemical tech-
niques, and will allow the synthesis of disparate de-
rivatives (amides, amines, nitriles) and of interesting
monomers for definite polycondensates bearing the
aminophosphono functionality. The compounds ob-
tained are white crystalline materials soluble both in
polar organic solvents (CHCl;, CH,CN, DMSO, al-
cohols) as well as in water or in slightly alkaline so-
lutions, rendering them attractive for biological ap-
plications [17].

The synthesis of the aforementioned compounds
containing the free carboxylic group was straight-
forward starting from the corresponding Schiff base
according to Scheme 1. However, when o-carboxy-
benzaldehyde and primary amines, such as cyclo-
hexyl- and isopropylamine, were employed as re-
agents for the synthesis of Schiff bases, oily products
were obtained, which by subsequent addition of di-
methyl phosphite produced in very good yields
amido-aminophosphonic acid monomethyl esters,
very soluble in water and in protic organic solvents
(compounds V and VI) [18].

0
L [E——
& C—NH—CH
NH “CH,
7 on
CH—P7

i P\ /OH
NH OMe CH—P_
me L IDoMe
. _NH O
“HC
H,C
v VI

The by-product of this unusual and unexpected
addition reaction is a cyclic aminophosphonic acid
dimethyl ester (VII or VIII).

@ z:f : @f -

\ \

OMe OMe

ViI Vi1

Characterization of these new compounds was
achieved by 'H and 3'P NMR spectroscopy, by
FABMS techniques, and by IR spectroscopy [18].

Although, in this case, the phosphorylation re-
action is quite complex on the molecular level, there
is no doubt that this unexpected course of the reac-
tion is due to the use of o-carboxybenzaldehyde,
which mainly exists in a cyclic 3-hydroxyphthalide
structure. Thus, a possible reaction mechanism lead-
ing to the compounds V-VIII was outlined, and we
stress here that this procedure allows us to obtain in
a very convenient way, and by one-pot reactions,
good yields of aminophosphonic acid monomethyl
esters containing ancillary moieties (the amido
group) suitable for complexing metals. Furthermore,
in an extended way, the compounds obtained can be
thought of as the nonnatural analog of peptides, and
therefore they can be of utility in biological tests.
Functionalization at the NH group of our amino-
phosphonates, of general formula Ia, was found not
to be an easy reaction. Nevertheless, the reaction of
an N-phenylaminobenzylphosphonate with an ex-
cess of CH,COCI gave a new amidophosphonic acid
IX by hydrolyzing the ester groups in situ.

OH

OH/“\

Considering the interest of compounds of type
IX for biological and practical applications, we per-
formed a detailed study in the solid state by X-ray
structural analyses and in solution by 'H and 3'P
NMR spectroscopy [19].

Single-crystal X-ray analysis reveals that IX is a
diprotic acid possessing in the solid state a centro-
symmetric space group, consistent with an equal
mixture of R and S enantiomers. The geometry at
the phosphorus atom is quite distorted from tetra-
hedral, and although the compound adopts a con-
formation that, in featuring a cisoid arrangement of
the phosphonic acid oxygen and the amide oxygen,
is favorable for chelating formation, there is no in-
tramolecular hydrogen bonding in the solid state. In
contrast, inspection of the packing of the crystal re-
veals the importance of intermolecular hydrogen
bonding in determining the solid state structure. The
compound forms polymeric chains that propagate in
the direction of the a axis and result from two sepa-
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rate four-center interactions inversion
centers.

The 'H and 3'P NMR spectra of IX in CD;0D re-
veal the presence of two discrete species on the NMR
timescale that are ascribed to the two rotamers aris-
ing from restricted rotation around the amide bond,
and integration of 'H and *'P NMR spectra are con-
sistent with populations in the ratio ca. 60:40 of the
two rotamers [19].

Preliminary results on complexation behavior
reveal that IX is able to complex specifically with
lanthanides, such Ho** and Gd**, rendering this
molecule very attractive for use in diagnostic

medicine.

acCross

Bisfunctional Aminophosphonates with General
Structures 11 and TIL

Addition of dialkyl phosphites to bis-imines led us to
obtain a variety of aminoarylmethyl diphosphonate
alkyl esters in good yields [20]. All compounds (their
structures being exemplified by ITa-d and IIla—c) are
crystalline solids and were characterized by 'H and
3P NMR and by FABMS techniques, which reveal
the presence of peaks or fragmentation patterns very
useful and diagnostic for constitutional assignments
[20]. In the '"H NMR spectra two distinct triplets of
equal intensity are in evidence for the methyl pro-
tons of the ethoxy group, and a sharp doublet or dou-
blet of doublets is observed for the methyne hydro-
gen atoms. The interpretation of such multiplicities
is analogous to what has already been described for
aminophosphonates of general structure L.

O=P(OEt); O=P(OEt),

T NG 0=P(OEt O=(OEn
CH-NH NH—CH@ =P (OEt) NH—CH-R
R—CH—N|
IIa IIb
O=P(OEN, O=P(OED:  O=p(OEY, o=p(0Er;
R—CH—-NH NH—-CH-R R—CH—NH@O@NH—CH—R
He Hd
O=F(0Et:_ 0=P(OE: @
R—NH—CH—@CH—NH—R R=NH-CH CH-NH-R
O=P(OEt), O=P(OEt),
Ila TIIb
(OEt), P=0 O=P(OEt),
R—CH—NH NH—CH-R

IiIe

On the consideration that the addition of diethyl
phosphite to bis-imines should generate, owing to
the chiralities of the groups present in the diphos-
phonate molecule, two diastereomeric products
(meso and racemic forms), the presence of only one
signal observed in all compounds for the methyne
and ethoxy groups indicates that only one of the two
possible diastereomers is formed stereospecifically
in our addition reactions. This observation was fur-
ther confirmed by analysis of the 3'P NMR spectra of
our compounds, in which only one sharp phospho-
rus signal is observed in the majority of our samples,
indicating that only one diastereomer contributes to
the structure [20]. Therefore, we can conclude that
the addition of diethyl phosphite to symmetrical bis-
imines proceeds stereospecifically with the predom-
inant formation of only one of the two possible dias-
tereomeric forms.

Indeed, X-ray diffraction analyses clearly indi-
cate that ITa has a meso configuration, and, in the
solid-state, the molecular conformation possesses a
fully elongated transplanar structure along the P-C-
N-C-C-N-P skeleton, with the phenyl ring in a trans
position one to the other and lying almost perpen-
dicular to the skeleton plane [21]. Furthermore, by
using molecular modeling methods, such as Molec-
ular Mechanics (MM), Molecular Dynamic (MD)
simulations, and semiempirical methods (MOPAC
6.0 PM3), the conformational aspects of N,N’'-1,2-
ethylenediamino-bis-(phenylmethylphosphonic acid
diethyl ester) Ila were investigated in order to find
the most stable conformer [22]. The results of our
computational structural analyses are in good agree-
ment with the conformation obtained from the X-
ray crystal structure, and the most stable confor-
mation was found to be the meso form, with an
elongated transplanar structure, as found in the
solid state [21].

The FABMS technique indicates that a proton-
ated molecular ion [M + H]* was observed in high
intensity for all compounds, and the [M + H —
138]* ion or the [M + H — (2 X 138)]* ion consti-
tute the base peak. The [M + H — 138]* ion corre-
sponding to the monoaminophosphonate molecule
was generated by the easy loss of diethyl phosphite
HP(O)(OEt),, m/z 138. The region at relatively low
masses is characterized by the presence of the ion
[M + H — (2 X 138)]*, which is the base peak or
the second peak in relative intensity [20].

In all spectra, peaks due to cluster ions [xM +
R]* are observed. A cluster with a peak at m/z 23
mass unit above that of the molecular ion strongly
indicates cationization of our molecules with Na. A
cluster with peak, at m/z [2M + H]* mass unit with
relative intensities in the range 1-5% is also present
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in all spectra. This latter peak and some other cluster
ions may originate from a beam-surface reaction in-
dicating that probably some association occurs
among the molecular ion with a neutral molecule
and fragments [20].

The presence of heteroaromatic rings, such as
pyridine or azo-groups (R substituents in structure
II and III), renders such compounds also very at-
tractive for complexation studies towards metals. In
this respect, compounds of type IIIa and IIIb were
hydrolysed to the corresponding monoesters in al-
kaline solution [23]. Such compounds are very sol-
uble in water and strong polar organic solvents. De-
rivatives possessing a phenylazo group are deeply
red-colored, and their absorption maxima are pH-
dependent, which suggests a possible use for spec-
trophotometric titrations in aqueous media and for
complexation studies at different pH values.

Characterization of these monoesters by the
FABMS technique can be performed only using the
negative ion mode. The results indicate that, for all
compounds examined, a pseudomolecular ion [M —
Na]- with very high intensity was observed. In com-
parison with the diesters, the monoesters do not
show any fragmentation pattern. In all spectra,
peaks due to the cluster ions [nM — Na]-, where n
= 1, 2, 3, were observed. The region at relative high
masses is characterized by the presence of the ion
[2M — Na]-, which is the second peak in relative
intensity. This interesting peak is very diagnostic for
determining the molecular masses of the salt mole-
cules. In fact, the detection of both ions as the anion
[M — X]- and the cluster ion [2M — X]- (where X
is the cation), allows the determination of the rela-
tive molecular masses of the salt molecule and its
ionic components, that is, anion and cation. A clus-
ter with a peak, at m/z [3M — Na]- mass unit above
that of the molecular ion, with relative intensities in
the range 5-10%), is also present in all spectra [23].

a-HYDROXY-PHOSPHONATES

a-Hydroxy phosphoryl compounds (phosphonates
and phosphonic acids) are compounds of significant
biological activity [24,25] and have been shown to
inhibit enzymes such as renin [26], EPSP synthase
[27], and HIV protease [28].

In our synthesis, following previous literature re-
ports [29,30] in which 1,2-dihydroxy-1,2-bisphos-
phonylethanes and 1,4-bis(dialkoxyphosphinyl)
benzene were obtained by reacting glyoxal [29] or
1,4-benzenedicarboxaldehyde [30], respectively,
with phosphorous acid triesters, the trialkyl phos-
phite being added, at room temperature, under
strong acidic conditions to the corresponding car-

bonyl compound (R = alkyl, aryl, heteroaryl) dis-
solved in anhydrous dioxane (Scheme 2):

o . OH O
7 , Dioxane | il
R—C_ + P(OR); + HCIl —» R—CH—P(OR), + RCI
H

SCHEME 2

The reaction is quite exothermic and cooling is often
needed; a 10—15 minute reaction time is sufficient in
order to assure almost quantitative yields in the de-
sired product. The choice of solvent is very crucial:
in fact, it is imperative that it must be inert toward
the starting aldehyde and should easily dissolve the
reactants and the final products, including large
quantities of gaseous HCI. Chemical considerations,
coupled with the necessity of using strictly anhy-
drous conditions, led us to select dioxane as the sol-
vent for our reaction.

The addition reaction is quite general and it
works well with all kind of aliphatic, aromatic and
heteroaromatic mono- and bis-aldehydes. The a-hy-
droxy phosphonates so obtained are white crystal-
line compounds, and their complete spectroscopic
characteristics (‘H NMR, 3'P NMR, FABMS, IR)
were reported in previous articles [31]. The most im-
portant features are as follows:

1. The methyne proton of our hydroxy-phos-
phonates resonates in CDCI, solution as a doublet
with a negative geminal coupling constant 2/, in the
range 9-12 Hz, which is much lower in comparison
with the same coupling constant observed in several
1-amino-phosphonates (3J,;; = minus 18-24 Hz)
[20]. In DMSO-d, as solvent, additional coupling of
the methyne hydrogen with the hydroxylic proton
generates an ABX system (3/,y = —(12-15) Hz and
3Jan = 4-6 Hz). The hydroxylic proton resonates as
a doublet of doublets with a coupling costant 3/, in
the range of 10-16 Hz.

2. The alkyl protons of the alkoxy groups are
also very diagnostic due to the proximity of the chiral
center. The two OR’ groups are diastereotopic, and
therefore two distinct doublets are observed for the
methoxy groups, and two distinct triplets are ob-
served for the ethoxy groups. The difference in
chemical shifts of these signals is a function of the
diamagnetic anisotropy of R [20].

3. The *'P{'"H]NMR spectra of our mono-a-hy-
droxy-phosphonates show singlets in the region of ¢
= 20-25 ppm, a value consistent with the presence
of the phosphonic acid diester moiety [20] and very
much far apart from the value expected for the cor-
responding phosphates (6 = 0 ppm). The 3P NMR
spectra were also extremely useful in determining
the diastereomeric purity of bis-a-hydroxyphos-
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phonates, which, by virtue of possessing two iden-
tical chiral centers, can exist as two diastereomeric
pairs (meso and racemic). In fact, although the 'H
NMR spectra of some bis-a-hydroxy phosphonates
show only one signal for the methyne protons, which
would imply the presence of only one diastereomer
formed in the addition reaction, the 3'P{'H]NMR
spectrum on the contrary reveals indeed the pres-
ence of two singlets, indicating that our reaction is
not at all stereoselective [31].

On plotting the methyne proton chemical shifts
of our para-substituted o-hydroxy-phosphonates
against Hammett’s g, values [32], a linear correlation
was observed [31]; in particular, electron-withdraw-
ing substituents exert a deshielding effect, and thus
the methyne proton signals are moved to lower fields
with respect to the unsubstituted cognate. For the
same compounds, an opposite trend was noticed
looking at the 3'P chemical shifts, although a linear
correlation still exists when J values are plotted
against the Hammett’s ¢,. Such an effect was already
noticed also in e@-aminophosphonates [33].

The characterization of our synthesized com-
pounds was also performed by FABMS techniques.
The main and general conclusions are as follows:
The quasi-molecular peak at m/z = [M + H]* was
always observed, and generally it represents the base
peak of our spectrum. Other intense signals always
present were the peak at m/z = [M + H — 18]+ gen-
erated by a loss of a water molecule; and peaks due
to the loss of one molecule of HP(O)(OC,H;), for the
diethyl esters or one molecule of HP(O)(OCH,), for
the dimethyl esters, that is, fragments at m/z = [M
+ H — 138]* and m/z = [M + H — 110]", respec-
tively. In all MS spectra, peaks due to the ion at n/z
[M + 23]+ were also observed, which indicates that
our phosphonates possess a great tendency to inter-
act with the Na+ cation. More interestingly, cluster
peaks due to the ions at n/z [xXM + H]*, where x var-
ies between 2 and 5, were always observed, and their
intensities are quite remarkable, indicating how eas-
ily such molecules yield cluster structures, also in
the gas phase, as already observed for other similar
compounds [20].

Considering that the absolute configuration in
the a-position of substituted phosphonic acids has
been shown to be important for biological activity
[1a], we performed direct separation of a series of
17 a-hydroxybenzylphosphonate diethyl esters by
chiral HPLC on Whelk-O 1 phase, which was proven
to be the most effective in comparison with the other
two CSPs (a-Burke and Chiralpak AD) [34].

Substituent effects on the enantioselectivity
were studied and a chiral recognition model between

the Whelk-O 1 phase and the a-hydroxyphosphona-
tes was proposed. The good enantioselectivity and
resolution factor allowed us to separate and recover
for the first time a few milligrams of the single
enantiomers of para- and ortho-arylsubstituted
a-hydroxybenzylphosphonates. An increase of the
n-basicity of the aryl group enhances the enantiose-
lectivity: the latter is greater for para-substituted
compounds with respect to their ortho-isomers, and
in particular, for para-halogen substituted a-hy-
droxy-phosphonates [34].

The circular dichroism (CD) spectra of the iso-
lated enantiomers were obtained allowing us to es-
tablish their absolute configuration and to ascertain,
quickly and accurately, the enantiomeric purity of a-
hydroxyphosphonates obtained by asymmetric syn-
thesis or enzymatic resolution and without any de-
rivatization into diastereomers as Mosher’s esters. In
the pharmacological applications, they can offer a
method to follow the metabolic pathway of more
complex racemic a-hydroxyphosphonate esters used
as antiviral prodrugs, since the Whelk-O 1 phase is
a rugged material that can be used with a large va-
riety of mobile phases, including aqueous ones.

MACROCYCLES CONTAINING PHOSPHONIC
UNITS

The selective recognition of biologically relevant
molecules by synthetic receptors is a very fertile and
interesting field in supramolecular chemistry. In par-
ticular, high emphasis is devoted to the synthesis of
conformationally preorganized building blocks from
which hosts with desired properties can be prepared
by appropriate and selective functionalization
reactions.

On the basis that calixarenes-phenol cyclic oligo-
mers [35] are considered to be a versatile class of
macrocyclic hosts because of their remarkable abil-
ity to form inclusion compounds [36], we describe
herein the synthesis and the stereochemical peculi-
arity of some calix[4]arenes possessing one or two
fragments of a-amino- and a-hydroxy-phosphonic
acid diethyl esters [37].

By reacting 5-monoformyl- and 5,17-diformyl-
25,27-dipropoxycalix[4]arenes in 1,4-dioxan (or
THF) with trimethyl, triethyl, or triisopropyl phos-
phites in the presence of dry gaseous hydrogen chlo-
ride at temperatures of —5 to +20°C, calixarenes
containing one or two diametrically opposite di-
alkoxyphosphonylmethylol groups at the upper rim,
were synthesized in high yields [37] (compounds X
and XI, Chart 2).

The formyl calixarenes were transformed into
monoimino- and diimino-calixarenes obtained by
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prolonged boiling with para-toluidine in meta-xylene
solutions in the presence of molecular sieves.

I
l OH HO P(RO)
®onP_ (RORP~ ¢ ~ai

V(ORI

N

Xa-c XIa-c
R = CHj (a); CoHs (b); i- C3Hy (©)
CHART 1

Early attempts to use the classical conditions of the
Pudovik reaction for the phosphorylation of imino-
calixarenes were unsuccessful. In fact, due to the low
acidity of diethyl phosphite, the catalytic quantity of
Na is bound by the more acidic phenolic OH groups
of calixarenes and thus is not available for the nu-
cleophilic addition process. This problem was solved
by using a large quantity of sodium sufficient both
for the substitution of the phenolic protons of the
calixarenes and for the phosphite activation. Under
these conditions, the addition reaction leads to good
yields of mono- and bis-diethoxyphosphonyl-N-para-
tolylaminomethyl-25,27-dipropoxy-calix-[4]

arenes [37] (XII and XIII).

CH; CH;

CH;

(o] le) [e]

I l \ |
NH

(EtO), P _NH (EOnP. NH _~PEO)
CcH CH CH

CHART 2

a-Hydroxy- and a-amino-phosphonylmethyl deriva-
tives of calixarenes are white solids easily soluble in
the majority of organic solvents and insoluble in hex-
ane and water. Upper rim disubstituted calixarenes
possessing C,, symmetry show one pair of doublets
atd = 3.40 and 4.30 ppm with a characteristic cou-
pling constant 2J,;;; of 13 Hz. The spectra of mono-

substituted compounds possessing C,, symmetry are
more complicated. In this case two pairs of doublets
of nonequivalent CH, protons with similar chemical
shifts and the spin-spin interaction constants are
present [37].

The remarkable peculiarity of bis-hydroxyphos-
phonates and bis-aminophosphonates is due to the
presence of two constitutionally identical chiral car-
bon atoms of methylol or aminomethyl groups at the
upper rim of the macrocycle. Thus, after addition of
the phosphoryl groups, D,L-racemic and (or) the
meso-form could be obtained. The presence of only
one set of signals in the 'H and 3*'P NMR spectra of
bis-aminophosphonates confirms once again that
the addition of diethyl phosphite to C=N bonds is
stereospecific with the preponderant formation of
one diastereomer [20]. In contrast, to bis-amino-
phosphonates, two set of signals are observed in the
'"H NMR spectra of bis-hydroxyphosphonates. The
most characteristic ones are the doubling of the PCH
signals, which differ not only by chemical shifts, but
also by the spin-spin proton-phosphorus coupling
constants and the intensity-ratio change from 35:65
to 65:35 as a function of the size of the alkyl groups
at the phosphorus atom. This fact is consistent with
the formation of a stereoisomeric mixture of racemic
and meso-forms in the phosphorylation process.

The second peculiarity of bis-hydroxyphosphon-
ates is the ability to form dimeric structures pos-
sessing a ten-membered cyclic architecture due to
CH-OH - - -O =P hydrogen bonds at the upper rim
of the macrocycle. These dimeric structures are con-
firmed by 'H NMR investigations, by FABMS spec-
tra, and by IR spectra in CCl, solutions [37].

il or Q or
CH ;P

(o}
RQ) 0 or
~P-CHy CH Z»P\
RO OR

CH % OR
2 [ ~OR CHz-||\
e} OR
a: R=Me
XIV a-c b: R=EFt XVa=c
¢: R=i-Pr

CHART 3

Macrocycles closely related to calix[4]arenes, that is,
tetrameric metacyclophanes possessing four aro-
matic units connected by methylene bridges are eas-
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ily prepared by Friedel-Crafts reactions. Therefore,
we functionalized some of such macrocycles by use
of the insertion of pendant methylene phosphonic
acid dialkyl ester groups, by the Arbuzov reaction
starting from the chloromethyl derivatives [38,39].
This was affected in order to make use of robust ma-
crocycles XIV and XV (Chart 3) that are able to com-
plex cations, and, in particular, lanthanides, useful
as luminescent sensors and for diagnostic bioassays
[8,9,40] in powerful screening techniques such as
magnetic resonance imaging (MRI) and in proton
emission computed assisted tomography (SPECT).
Macrocycles XIV and XV were fully characterized by
NMR and by FABMS spectroscopy, and their stereo-
chemistry was investigated in solution and also in
the solid state for compound XIVb [38,39]. The
NMR data are consistent with a 1,3-alternated sad-
dle-shaped geometry, and the inner methyl groups
are very much upfield shifted by the aromatic ring
current effect. Because of this geometry, the meth-
ylene phosphonic units are alternatively up and
down the cage in strategic positions for complexing
with neutral guests.

Due to the skeleton symmetry, the bridging
methylene protons appear as a sharp singlet in XIV
and as two doublets in XV; the methylene groups
attached to the phosphonic groups appear as a sharp
doublet due to the coupling with phosphorus (3/y;, =
21.5 Hz), whereas the methyl or methylene protons
of the alkyl groups R are diastereotopic when R is i-
Pr or Et and enantiotopic for R = Me.

A further point of interest in our phosphorylated
macrocycles is their tendency to generate clathrate
inclusion compounds with small organic molecules
in their solid state, a property that may render these
compounds also of relevant interest as receptors to-
wards hydrophobic guests, or as water-soluble mac-
rocyclic hosts once the phosphonic group is hydrol-
ized to the corresponding monoester or to the free
acid, with pH-dependent binding properties. Re-
warding enough, macrocycle XIVb was found to
form an inclusion compound with cyclohexane,
whose stoichiometry, determined both by 'H NMR
integration and by X-ray diffraction techniques, was
found in the molar ratio 1:2 (macrocycle over guest).
The compound XIVb was found by '"H NMR spec-
troscopy to crystallize with some water, and such a
finding is very relevant to the molecular architecture
of our host. Once again, this finding reveals that the
1,3-alternate conformation of fully aromatic tetra-
meric macrocycles is very appropriate in order to
form a clathrate and can act as molecular receptors.

The crystal structure of XIVb-2C.H,, - H,0 has
been determined by X-ray analysis at —50°C. The

calixarene molecule lies around a twofold rotation
axis of the space group, parallel [100], through one
pair of opposite methylene C atoms in the inner ma-
crocycle. From the latter, the arene systems are pro-
truding alternately up and down, with the dihedral
angle between the two across from each other at
34.8(2)°.

A molecule of water, also present in the crystal
structure, is situated on the same type of symmetry
axis as the calixarene. The two molecules are con-
secutively hydrogen-bonded to each other in a one-
dimensional array along [010]. The cyclohexane
molecule incorporated into the crystal structure,
does not appear as a molecular inclusion compound,
but rather as a lattice clathrate. Specifically, and as
an unusual feature, the cyclohexane molecules are
arranged in a tetrahedron-like cluster of four around
a 222-D, position of the space group at 1/4, 3/4, 1/2
(and 3/4, 1/4, 1/2) [38].

By condensing 2,2-bis(3-diethylphosphono-4-
hydroxyphenyl)propane (XVI) or the phosphonate
spirobisindane monomer (XVII) with 1,3- or 1,4-al-
kanediylarylhalides through the Williamson proce-
dure, we obtained a large variety of macrocycles con-
formationally mobile or stereochemically rigid,
according to the dimension of their cavity [41,42].

EiO (o]
N H/OEt
507N U
C|H3 HO . OFt
OO w IO
EO
CH; O >1>
O:P\ EtO ||
ORt 0
XVl XVIl

Compound XVI, much more mobile than XVII,
gave as the main product of the cyclization process
the [2 + 2] macrocycles XVIII, XIX, and XX, accom-
panied by small amount of their higher cyclic
oligomers.

The 500 MHz '"H NMR spectrum of macrocycle
XVIII at room temperature in CDCI, solution shows
a triplet and a multiplet for the ethoxy groups linked
to the phosphorus atoms, a sharp singlet for the
methyl group attached to the bridgehead quaternary
carbons, a single sharp peak for the benzylic protons
linked to the pyridine nuclei and the expected mul-
tiplicity for the aromatic hydrogens. This pattern,
coupled with the *C and *'P NMR spectra, clearly
indicates a great mobility for macrocycle XVIII,
which interconverts itself in solution among various
possible conformations. Also for macrocycles XIX
and XX 'H, *C, and *'P NMR spectra can be inter-
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preted in terms of high conformational mobility oc-
curring in solution at room temperature [41].

o

O CH H
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Interesting enough, crystals of XVIII, obtained
from a cyclohexane/ethyl acetate solution show, in
the NMR spectrum, the presence of the saturated hy-
drocarbon included in a molar ratio 1:1. The struc-
ture of XVIII included with one molecule of cyclo-
hexane was unequivocally established by a
single-crystal X-ray diffraction study. For the most
part, bond distances and angles are normal and gave
values consistent with other comparable structures.
Final refinements confirmed that there is consider-
able static disorder in molecules of XVIII in that the
pendant ethoxy groups of the phosphite moieties
have different conformations. The guest cyclohex-
ane molecule fits nicely into the hydrophobic cavity
of the cycle XVIII host molecule with intermolecular
distances which are all less than the van der Waals
distances expected, that is, there are no strong inter-
molecular interactions, only rather weak nonpolar-
nonpolar interactions [41].

Contrary to XVIII, macrocycles XIX and XX,
which lack the polarity of the pyridine nitrogens, are
not able to form inclusion complexes, at least not
with the large number of organic solvents that have
been tried so far (benzene, toluene, ethyl acetate, cy-
clohexane). This different behavior can also be as-
cribed to the para-substituted spacer molecules that
are not preorganized and thus give more flexibility
to the macrocycles.

The Williamson synthetic procedure using the
stereochemically constrained monomer XVII as
condensing agent produced in high yield the [1 + 1]
rigid cyclophanes as depicted in Scheme 3.
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Full characterization in solution of all cyclophanes
was performed by proton, carbon, and phosphorus
NMR spectroscopy. By NMR analyses, it was shown
that XXI-XXIII show mobility of the aryl rings,
which by z-radians rotation, average the benzylic
bridging protons as well as the spirobisindane phos-
phonic groups [42].

On the contrary, macrocycle XXIV, as well as
those obtained by condensing the dihydroxy mono-
mer with 1,4-bis-chloromethyl aryl derivatives, that
is, compounds XXV-XXVII, are all stereochemically
rigid on the NMR timescale. In particular, for XXIV,
restricted rotation of the 1,3 bridged-mesityl ring
renders the molecule asymmetric, as evidenced by
the fact that all nuclei are chemically and magneti-
cally different, and this is confirmed by 'H, 13C, and
3IP NMR observations. Compounds XXV-XXVII
have a dissymetric structure (point group symmetry
C,), and for all of them, kinetic restricted rotation of
the 1,4-bridged aryl ring was observed, as evidenced
by the presence of two sets of signals for the nuclei
in positions 2 and 3 [42].

The stereochemical pattern in our macrocycles
is quite intriguing due to the presence in the same
molecule of a C,-symmetrical spirobisindane unit
(which is in itself chiral) and of a xylylene bridging
moiety that could impart a planar chirality. It follows
that choosing the appropriate unit (that is, the 2,5-
disubstituted 1,4-xylylene bridge) under conditions
of restricted rotation of this unit, only two different
distereomers are possible for macrocycle XXVI. In
our synthesis, however, only a single diastereomer
was isolated with a sharp melting point, which
showed only one set of signals for all the diastereo-
topic nuclei; this indicated a high stereospecificity of
such a cyclization reaction [42].

With the aim of elucidating the preferred ge-
ometry in the solid state, we undertook an X-ray
structure of macrocycles XXIV, complexed with two
moles of cyclohexane, and also of XXVI.

Host XXIV is asymmetric (C,) and the inner
mesityl methyl group is pointing inside the cavity
under the shielding cone of the spirobisindane aro-
matic ring. By measuring interatomic distances, we
could have an idea of the internal cavity of host
XXIV, and we found that the cavity is large but not
large enough to include small organic solvent mol-
ecules such as cyclohexane. This explains why the
two molecules of cyclohexane, enclathrated by host
XXI1V, are present in the lattice, exterior to XXIV
[42].

The X-ray structure of the isolated diastereomer
of XXVI reveals that the structure is consistent with
that deduced by NMR observations in solution and
that the p-xylyl aryl methyl groups are pointing out

of the cavity and are close to the hydrogens of the
spirobisindane moiety ortho to the oxygen bridging
atom [42].

On consideration of the fact that the spirobisin-
dane phosphonate monomer XVII is a preorganized
dissymetric molecule that exists as a pair of enantio-
mers, this compound can be used as a chiral tem-
plate for building chiral polycondensates or induc-
ing chirality in replicant strands. Having in mind the
idea that the resulting macrocycles, as pure enantio-
mers, could be of interest also for chiral recognition
and for chiral discriminations, we performed HPLC
separations using chiral columns.

All macrocycles which are stereochemically
rigid, namely, compounds XXIV-XXVII, are well
separated into their enantiomers, and, in some cases
it was possible to collect them in order to measure
their CD spectra. The CD spectrum of monomer
XVII showed remarkable Cotton effects (CE). In fact
the CD split shows a positive CE (A¢ + 60 at 215 nm,
Ae —78 at 205 nm) for the less retained enantiomer.
A negative CE is observed for the most retained en-
antiomer. A similar behavior can be envisaged for
compound XXIV, although the CD splitting cannot
be observed due to the shorter wavelengths of the
CD bands [42].

CONCLUSIONS

From this concise review, we can conclude that the
syntheses of variously substituted a-amino- and a-
hydroxy-phosphonic acid dialkyl esters can be easily
performed by addition of dialkyl phosphites to the
corresponding mono- or bis-imine or to the carbonyl
precursors, respectively. Stereospecific addition is
observed in the syntheses of bis-aminophospho-
nates, and all the reviewed compounds can be of in-
terest in agrochemistry, biological screenings, and/
or for pharmaceutical applications.

The corresponding mono-esters of the a-ami-
nophosphonic acids are easily obtained by hydro-
Iytic alkaline reactions and show good complexing
properties toward transition metals and lanthanides,
rendering them very attractive for complexation
studies and for potential use in diagnostic medicine.

Macrocyclic hosts containing phosphonic units
show a very interesting stereochemistry, and for
some of them, their solid state geometry has been
established by X-ray diffraction techniques.
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