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Abstract—With the aim to provide sensitive 3>'P NMR probes of intra- and extracellular pH gradients that may reach cellular acidic
compartments in biological systems, new a-aminophosphonates were designed to meet basic requirements such as a low pK,s and a
great chemical difference (A8,,) between the limiting >'P NMR chemical shifts in acidic (3,) and basic (8,) media. A series of six
phosphorylated pyrrolidines and linear aminophosphonates were synthesized using aminophosphorylation reactions and were
screened for cytotoxicity on cultured Miiller cells. Among the compounds not being toxic under these conditions, three molecules
were selected since they displayed the best in vitro (in several phosphate buffers and in a cytosol-like solution) properties as 3'P
NMR acidic pH markers, that is 3, 5 and 9, having the pK, values of 3.63, 5.89 and 5.66, respectively. The Ad,, values of these pH
markers were at least 3 times larger than that of standard 3'P NMR probes, with a low sensitivity to ionic strength changes. From
these data, it was proposed that 3, 5 and 9 could be used as reporting probes of subtle proton movements in acidic compartments, an
area that still remains poorly investigated using non invasive 3'P NMR methods. © 2002 Elsevier Science Ltd. All rights reserved.

Introduction

Much work has been performed on the characterization
of the various intracellular regulatory systems that
maintain cytosolic pH homeostasis (i.e., pH 7.0-7.3 in
normal conditions) during the normal or pathologic
metabolism. In various cell types the existence of very
acidic (4 <pH <5.5) cytoplasmic vesicles (i.e., endocytic
and secretory vesicles, lysosomes, portions of the trans-
Golgi complex, endoplasmic reticulum) that participate
in cytosolic pH regulation has been recently demon-
strated.!> Among the experimental techniques that can
be used to monitor the intracellular pH in vivo, non-
invasive 3'P NMR spectroscopy has been extensively
employed due to the presence in the cytosol of all cells
of inorganic phosphate P; (i.e., H,PO;/HPO3 ) the
chemical shift (8) of which being accurately correlated

*Corresponding author at SREP-CNRS UMR 6517 (Case 521),
Faculté des Sciences de Saint-Jérome, Avenue Escadrille Normandie
Niemen, F-13397 Marseille Cedex 20, France. Tel.: +33-4-9128-8579;
fax: +33-4-9198-8512; e-mail: pietri@srepirl.univ-mrs.fr

with pH in the range 6.0 <pH <7.3.3* However, use of
P; as a dynamic 3'P NMR probe in biological pH stud-
ies is associated with several drawbacks,*> for example,
(1) the relatively weak difference Ad,;, between the che-
mical shifts of the protonated (3,) and unprotonated
(8y) forms (only of 2.6-2.7 ppm),*~° (ii) its varying con-
tent during cell metabolism that sometimes impairs
accurate spectral detection, and (iii) the strong sensitiv-
ity of its pK, to ionic strength, a parameter that can
considerably vary in many cell compartments.”” Due to
these strong limitations, P; cannot be used to probe (i)
the pH of intracellular compartments having a pH less
than 6, and (ii) variations between cytosolic and extra-
cellular pH of less than 0.2 pH units.

Recently, we have described a new series of o- and B-
phosphorylated amines and pyrrolidines (Scheme 1)
that can greatly improve 3'P NMR pH probing by being
4-fold more sensitive than P; (Ad,,=9-10 ppm) and by
allowing a wide range of pK, modulation upon chan-
ging the substituents connected to the C; and C, car-
bons (Scheme 1) bonded to the nitrogen atom.!® When
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added in the perfusion medium of isolated ischemic/
reperfused rat hearts or livers, diethyl(2-methylpyrro-
lidin-2-yl)phosphonate (1; see Scheme 2) allowed the
first direct 3'P NMR observation!' of simultaneous
cytosolic and extracellular compartments that could not
be investigated using other exogenously introduced
alkyl derivatives of phosphonic acid that proved to be
poorly sensitive (Ad,,=2-3ppm) and weakly perme-
able to cells.'>”!> In the particular case of rat livers,
acidic vesicles of pH 5.2-5.6 could be evidenced due to
the outstanding NMR sensitivity of 1 (Ad,,=9.8 ppm)
and its excellent cell penetration.'!

However, since the pK, of 1 is close to 7,'° the max-
imum accuracy for the determination of a pH under
biological conditions using this pyrrolidine can be esti-
mated to lie in the range 5.5-8.5 and, thus, even more
acidic domains could escape from analysis. Such very
acidic compartments (4 <pH <35) have been evidenced
in normal or ischemic hepatocytes but, due to the
tedious invasive biochemical procedures that were
employed in these studies,'® a dynamic picture of the
events associated with the removal or release of protons
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Scheme 1. General formula used in the predictive model of pK, var-
iation with substitution for a-aminophosphonates.
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Scheme 2. Structures of the synthesized aminophosphonates.

into the cytosol could not be obtained. In the present
study, we sought to prepare new derivatives of 1 or lin-
ear aminophosphonates with enhanced properties as 3'P
NMR pH markers of acidic compartments in biological
systems, that is with lower pK,s and greater Ad,, values
than 1. Using the semi-empirical model that was estab-
lished to correlate the experimental pK, and 3'P NMR
chemical shift values with the two-dimensional structure
of a- and B-aminophosphonates,'® we report here on the
synthesis of six new compounds having the structures
depicted in Scheme 2, on their potential as *'P NMR
pH markers in several biologically-relevant media, and
on their toxicity behaviour in a standard model of
mammalian cells.

Results and Discussion

To design new amines or pyrrolidines bearing an o-di-
ethoxyphosphoryl group and that should have a pK,
value lower than that of 1, we used our previously
developed semi-empirical linear predictive model,!° in
which the pK, can be calculated from the respective
electronic a; and steric contributions of the (EtO),P(O)
moiety and the substituents R!'-R> (Scheme 1) accord-
ing to eq 1:

pKy = ag + (Za;.n;) + Agem -Mgem Q)

where n; represents the number of each substituent of
type i, aq is a constant value, and @gem.Mgem COrresponds
to the nonlinear steric contribution of a bulky sub-
stituent [e.g., (EtO),P(0O)] linked in gem position to the
carbon substituted by the (EtO),P(O) group (i.e., R! or
R? in Scheme 1). With the hypothesis that the target
molecules will display Ad,, values in the range of that
found for the pH markers we previously described (i.e.,
7.6 < A8,,<10.9),!° a good requirement for their tar-
geted pK, range was estimated to be 5.5-6.5 to cope
with an improved sensitivity in the acidic zone (i.e., a
maximal precision for pH 4.5-6.5) and a parallel accu-
rate information on the pH of the cytosol and the
extracellular milieu. Owing to the reported!'® values of
coefficients «; (see footnotes to Table 1), a good strategy
was to introduce, either at C; or C, (Scheme 1), electron
withdrawing substituents and/or to replace alkyl groups
by hydrogen atoms, leading to a first set of target
molecules 5-8 shown in Scheme 2. In Scheme 2, the
second set of target molecules 2 and the previously
described'”-!® 4 was chosen as tertiary pyrrolidines
obtained by methyl substitution should have lower pK,s
than their parent secondary compounds 1 and 3,
respectively. An additional molecule 9 was selected to
test whether an OH group may be an efficient alter-
native to a phenyl-containing derivative 5 in a further
lowering of the pK, value (Scheme 2).

The synthesis of a-aminophosphonates has been widely
explored in relation with their biological activities!?->°
and their extensive applications in organic synthesis.?!=2>
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The linear aminophosphonates 7-9 were obtained, in
relatively good yields, by a one-pot Kabachnik—Fields
aminophosphorylation reaction?*® involving diethyl-
phosphite, acetaldehyde and the corresponding primary
amine. The phenylated compounds 5 and 6, which could
not be obtained using this latter procedure, were pre-
pared in moderate yields by a modified procedure®
involving reaction of diethylphosphite with the imine
formed by in situ condensation of acetophenone and the
corresponding primary amine. The N-methyl pyrrol-
idine 2 was obtained in a satisfactory yield by a mod-
ification of the method of Fréjaville et al.3°

Acquisition of 3'P NMR spectra at various pH values in
a buffer representative of the extracellular milieu (i.e., a
Krebs—Henseleit medium) allowed to determine the
experimental pK, values for the new compounds 2, 4-9
(Table 1). Table 1 also shows, in the case of compounds
1, 3 and 6-8 having substituents types such as already
described in ref 10, a quite satisfactory agreement
between the experimental pK, values and the values
calculated using our previously published semi-empiri-
cal model.'® Although the differences between the pre-
dicted and experimental pK,s did not exceed 5%, this
difference was of 8% for 7 possibly due to the existence
in this molecule of less steric interactions between sub-
stituents linked on the two sp® carbons linked on the
amino group than in any other compound in the present
and previously'® studied series of pH markers. As
expected,3!-32 the tertiary compounds 2 and 4 displayed
significantly lower pK,s than their secondary analogues
1 and 2, respectively (Table 1), reflecting the higher sta-
bility of tertiary ammonium salts (the conjugate acids of
tertiary amines) over secondary ammonium salts. The
dramatic decrease in the pK, observed for 9 with respect
to compound 8 (Table 1) could be attributed to the
attractive effect of the OH group on the nitrogen lone
pair that diminishes the basic character of 9. Such an

Table 1. Experimental® and calculated pK, values of aminophos-
phonates 1-9 at 20°C

Compd pK, n; value (i=1-4)°
Expt. Caled

1 6.98£0.05 6.69¢ (1,2,0, 1)
2 6.47+£0.05 NPe —

3 3.63+0.02 3.65¢ 0,2,0,2)
4 2.76£0.02 NP* —

5 5.89+0.01 5.60 2,2, 1,1
6 4.75£0.04 4.74 (1,2,2,1)
7 6.92+£0.02 6.37 (2,3,0, 1)
8 7.01£0.01 6.55 4. 1,0,1)
9 5.66+£0.03 NPe —

NP, cannot be predicted by the model of ref 4.

a0Obtained by iteratively fitting the 3'P NMR chemical shifts obtained
at given pH values using the Henderson—Hasselbach relationship (see
Experimental).

PEach number under brackets represent, in the given order, the num-
ber of substituents of the following types: [alkyl, H, Ph, P(O)(OEt),].
For each of the four substituent types, the corresponding «; value
(Results and Discussion) has been previously determined* to be, in the
same given order: —0.118, —0.207, —0.977 and —4.911 (with the con-
stant ay=12.137); in the case of 3 and 4, the additive steric increment*
Qgerm 18 €qual to 1.745.

°From ref 4.

effect has already been computed for ethanolamine
which has a pK, value lower than that of ethylamine.??

Table 2 shows that all newly synthesized compounds
display a 3—4-fold better sensitivity than the commonly
used P;, as assessed by Ad,, values which are in the
range of that previously obtained for phosphorylated
pyrrolidines and amines.'® Overall, the data of Tables 1
and 2 indicate that compounds 3, 5, 6 and 9 should be
considered as improved 3'P NMR probes to assess the
pH of very acidic cellular compartments (3.5 <pK, <5.5)
with a very good sensitivity. However, an important
prerequisite for an exogenous compound to be used as a
3P NMR pH marker in a biological system is that it
should have a relatively short spin lattice relaxation
time (7) value to allow the maximum spectra to be
accumulated in the timescale of expected biological
variations of parameters such as pH and phosphory-
lated metabolites concentrations, with acceptable
saturation conditions. Typically, in perfused isolated
organs the accumulation duration for each block of 3'P
NMR spectra should not exceed 3-5min and it is
accepted that to achieve the best spectral resolution, free
induction decay transients should be collected with
short interpulse delays (<to 3s).!'=15 It is known that
the T, values of phosphorylated metabolites varies in
different experimental conditions®3 and are considerably
shorter in the intracellular milieu than in the
perfusate.'>~15-34 In the particular case of P;, strong T}
variations have been evidenced between extracellular
medium (10-12s) and intracellular environment where
T, wvalues as small as 0.5-1.5s have been
measured!?>~1334 and in such conditions the 7T value for
any exogenously added probe should be as short as
possible and relatively insensitive to cellular localization
to allow easier quantitative measurements. This is not
the case for the commonly used alkyl derivatives of
phosphonic acid such as phenylphosphonate, methyl-
phosphonate or dimethyl methylphosphonate which

Table 2. 3'P NMR parameters of aminophosphonates (5mM) and P;
(1.2mM) at 20°C

Compd Chemical shift (ppm)? T, (s)

da Oy Adyy Krebs Heart
buffer homogenate

KH,PO4 (P)) —0.1£0.0 25+£0.0 2.6+0.0 11.5 .
9.8+£0.2 63 5.4

21.0+£0.1 31.14+£0.1 10.1£0.2 4.0 —
222+0.1 32.540.1 10.3+£0.2 4.6 —
21.5+0.1 31.5+0.2 10.0£03 4.3 32

1 23.1+£0.1 32.940.1

2 21.74£0.3 31.7+£0.3 10.0£0.2 NMP —
3 16.5+0.1 24.1+£0.1 7.6%0.1 33 2.4
4 159+£0.1 24.04+0.1 8.2+£0.1 3.1 —
5 19.8+£0.1 28.0+0.1 8.240.1 6.3 49
6 19.5+£0.2 27.6+0.1 82402 3.0 —
5

8

9

The composition of Krebs—Henseleit buffer, the preparation of heart
homogenate and the protocol for titrations and 7| measurements were
described in Experimental. Chemical shifts are determined at
161.9 MHz relative to 85% H;PO, in D,O as external reference and
are expressed as means+standard deviations from three independent
measurements.

49,, limiting chemical shift in acidic medium; &y, limiting chemical shift
in basic medium; Ad,, = 0,—0p.

"Not measurable.
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were found to be very sensitive to compartment local-
ization with respect to their 7 values (ranging 9-14s
extracellularly and 2-6s intracellularly),'>~!> implying
to operate with high interpulse delays to allow complete
relaxation. Table 2 shows that for the new prepared
aminophosphonates, 7' values measured in Krebs buf-
fer, considered close to T extracellular values, should
be compatible with biological applications being con-
siderably shorter (by 2-9s) than that of endogenous
phosphorylated metabolites such as P;, ATP or creatine
phosphate.!2715-33:34 A moderate shortening of T (by 1-
2s) was observed in the case of the new aminophos-
phonates having the greatest potential as in vivo acidic
pH markers (i.e., compounds 3, 5 and 9; see below)
when the measurements were performed in a heart
homogenate taken as a typical cytosolic medium (Table 2).

To assess whether newly synthesized compounds 3, 5-7
and 9 could be used safely as in vivo pH probes, toxicity
measurements were performed on Miiller cells cultures.
These neuronal cells are known to be highly sensitive to
the toxic effects of xenobiotics and may provide a rea-
listic picture of the toxicity of aminophosphonates on
mammalian cells. Compound 4 was considered too
acidic to be used for biological applications and the
stability of compound 2 in aqueous medium did not
exceed a few minutes. Figure 1 illustrates the cytotoxicity
of aminophosphonates as assessed by lactate dehy-
drogenase (LDH) release, a standard index of cell
injury. At physiologic-relevant concentrations (1 and
5mM), none of the tested compounds was toxic, with
the exception of the more lipophilic 6. A higher con-
centration was further tested (15mM) to cope with a
more comfortable NMR detection in in vivo pH
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measurement experiments and, under these conditions,
7 and in a lesser extent S exerted a very weak toxic effect
(Fig. 1). In our previous report,'! 1 was found not toxic
when perfused up to 10 mM on isolated rat hearts and
livers.

In a last series of experiments, the sensitivity of pK, to
ionic strength and to cytosolic hydrosoluble molecules
was investigated for the non toxic and highly sensitive
pH markers 3, 5 and 9. Considering the Debye—Hiickel
equation, the apparent pK, will depend on the activity
coefficients of the acidic and basic forms as well as on
temperature and ionic strength of the solution.””® Fig-
ure 2 shows that the pK, of tested aminophosphonates
remains relatively constant (varying by only +0.09-0.12
pH units versus —0.31 pH units for P;) in a wide ionic
strength range. As was already reported for P;,%° the
pK,s of the three tested compounds were found to vary
linearly with ionic strength (Fig. 2). In a second set of
experiments, the magnitude of the effect of solutes con-
tained into the cytosol (including divalent cations such
as Mg?" and Ca?", and soluble proteins) was studied
by comparing the pK, values of P; and of compounds 3,
5 and 9 measured in a KCI (125mM) solution and in a
KCl (125mM)-supplemented extract of heart homo-
genate. The changes in apparent pK, when the amino-
phosphonates were placed in a cytosol-like environment
was in the moderate range of 0.08-0.09 pH units (data
not shown). Taken together, the results above show that
the newly synthesized aminophosphonates also fit
with an another important prerequisite of pH probes,
that is, a low variation of their pK, with changes in
ionic strength that do occur between two cellular
compartments.
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Figure 1. Effect of aminophosphonates on lactate dehydrogenase (LDH) release of cultured rat Miiller cells. Cells were exposed to compounds at
1mM (O), 5mM (@) or 15mM (M) for 3h before LDH assay. Data represent means=+SD from four distinct experiments made in triplicate, and
are expressed as percent of LDH amount found in cells incubated for 3h with medium alone (control experiments). Statistics [one-way ANOVA

(p<0.01) followed by Duncan r-test]: * p<0.01 versus control.
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Figure 2. Comparative effect of ionic strength on the pK, of highly
sensitive acidic pH markers (3, [J; 5, ll and 9, O) at 5SmM and of P;
(@; 1.2mM). 3'P NMR experiments were performed at 20°C in a
Krebs buffer supplemented with 118.5, 268.5 or 418.5mM of NaCl.
Data represent means+SD (n=3). The variations were found linear
with correlations ranging from 0.982 to 0.999.

Conclusion

In conclusion, different aminophosphonates were
designed and prepared to be used as auxiliary 3'P NMR
pH markers of acidic cellular compartments that were
not accessible using conventional exogenous probes.!2~13
Among the series of new compounds described in the
present paper, a diphosphorylated cyclic pyrrolidine
and two linear aminophosphonates were found to meet
the main criteria for in vivo use as 3'P NMR pH mar-
kers since they (i) have a pK, value in the pH range of
acidic vesicles, (i1) exhibit a great pH-induced chemical
shift variation and relatively short 7 values and, (iii)
are not toxic at concentrations compatible with in vivo
NMR experiments. The assessment by *'P NMR of
acidic compartments has been performed in a few
studies*>37 using phosphonates probes that were far to
possess the remarkable properties shared by most of the
compounds presently described in terms of sensitivity
(Ad,,=1-3 ppm). It was found that some cellular types
such as Dictyostelium discoideum possess both an highly
acidic endolysosomal and a less acidic post-lysosomal
compartments.3>-3® With to aim to precisely follow the
intracellular and vacuolar pH gradients in such complex
systems, the new probes developed in this study, parti-
cularly compounds 3, 5 and 9, should provide new
insights into the dynamics of intercompartment proton
exchanges.

Experimental

Solvents, starting materials and reagents used for titra-
tion experiments were of the highest grade available
from Aldrich Chimie (Saint Quentin Fallavier, France).
Column chromatography was performed on Merck sili-

cagel 60, 60-230 or 230-400 mesh for flash chromato-
graphy. Melting points were measured on a Biichi BS10
apparatus and are uncorrected. NMR spectra were
obtained on Bruker AC 100, AC 200, AC 300 or AMX
400 spectrometers. Chemical shifts (3) are expressed in
ppm to internal TMS ("H and '3C) or to 85% external
H;PO, (*'P) and J values are given in Hz. Doubly dis-
tilled deionized water was used in all titration experi-
ments and test solutions were filtered through a 0.2 um
Millipore filter prior to use.

Ultrapure 1 was obtained by a modification®® of
the method of Fréjaville et al.,3° by using commer-
cial 2-methylpyrroline and diethyl phosphite as starting
material. Tetraethyl(pyrrolidin-2,2-diyl)biphosphonate
3 and tetraethyl(N-methyl-pyrrolidin-2,2-diyl)biphos-
phonate 4 were prepared according to published proce-
dures, 17-18.39.40

Synthesis of diethyl(/V-methyl-1-2-methyl pyrrolidin-2-
yl)phosphonate  (2). 5-Chloropentan-2-one (6.0 g,
40.8 mmol) in EtOH (15mL) was added during 30 min
at room temperature to a mixture of ethanolic methyl-
amine (8.03M, 20mL) and diethylphosphite (10.4g,
75.4mmol). After stirring 12h at 25°C, ethanol was
removed under vacuum and the resulting mixture was
poured into water (100 mL), acidified to pH 1 with 11 N
hydrochloric acid and extracted with CH,Cl,
(4x20mL). The aqueous layer was treated with NaOH
to reach pH 12, saturated with NaCl and then extracted
with Et,O (4x20mL). The combined organic phases
were dried over Na,SO, and concentrated under
vacuum to yield a yellow oil which was distilled under
vacuum to yield 2 (6.0g, 62%), bp 62°C at
6x1072mbar (found: C, 50.65; H, 9.16; N, 5.71; P,
13.23. C,yH»,NO5P requires C, 50.80; H, 9.32; N, 5.93;
P, 13.56); dp (161.9 MHz; CDCI;) 30.01; oy (400 MHz;
CDCls) 3.954.10 (4H, m, CH,-0), 2.90 (1H, m, 5-H),
2.54 (1H, m, 5-H), 2.39 (3H, s, CH;-N), 2.30 (1H, m, 3-
H), 1.45-1.80 (3H, m, 3-H, 4-H), 1.23 (3H, t, J=7.04,
CH;-CH,0), 1.22 (3H, t, J=7.14, CH5;-CH,0), 1.15
(3H, d, Jgp=15.84, 2-Me); &c (75 MHz; CDCl;) 62.35
(d, Jep=17.5, CH,-0), 61.52 (d, Jcp=7.4, CH,-O),
61.09 (d, Jcp=165.2, 2-C), 55.07 (s, 5-C), 54.92 (s, N-
CH3), 36.64 (s, 4-C), 36.06 (s, 3-C), 22.79 (d, Jcp=6.1,
1-C), 1770 (d, Jcp=9.0, CH;—CH,0), 1690 (d,
Jcp: 58, %—CHQO)

Synthesis of compounds 5 and 6

The general procedure involved the stirring at room
temperature for 48 h of a mixture of acetophenone and
the corresponding amine in the presence of Na,SO,4 and
0.5mL of 11 N HCI. After addition of diethylphosphite
and an additional 48 h stirring at room temperature, the
crude mixture was poured into 150 mL water, acidified
to pH 1 with 11 N HCI, extracted with Et,O (4x50mL),
treated with Na,CO; and extracted with CHCl;
(3x50mL). The combined organic phases were dried
over MgSO, and concentrated under vacuum to lead to
the aminophosphonate.
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Diethyl (1-phenyl-1-propylaminoeth-1-yl) phosphonate
(5). From acetophenone (10.4g, 86.7 mmol), n-propyl-
amine (8.4g, 142.4mmol), Na,SO4 (4.0g, 28.2 mmol)
and diethylhosphite (14.6g, 105.8 mmol), yielded 5
(7.6g, 29%), bp 111°C at 9x10~2mbar (Found: C,
60.69; H, 8.61; N, 3.88, P, 9.55. C;5H>cNO3P requires
C, 60.80; H, 8.69N, 4.68; P, 10.7); dp (121.47MHz;
CDCl3) 26.9; 6y (300 MHz; CDCl3) 7.6 (2H, m, CH,,),
7.20-7.40 (3H, m, CH,,), 3.75-4.05 (4H, m, CH,-O),
2.45 (1H, dt, J=11.0, J=7.5, CH,-N), 2.25 (1H, dt,
J=11.0,J=17.5, CH,-N), 1.85 (1H, br s, NH), 1.77 (3H,
d, Jgp=21.0, 1-Me), 1.50 (2H, sextet, J=7.5, CH,),
1.25 (3H, t, J=6.0, CH;-CH,0), 1.15 3H, t, J=6.0,
CH;-CH,0), 0.87 (3H, t, J=6.0, CH3); dc (75MHz;
CDCl3) 139.52, (s, Cap), 127.92 (s, 4xCH,,), 127.0 (s,
CH,,), 62.98 (s, CH,-0), 62.84. (d, Jcp=7.4, CH,-O),
59.89 (d, Jcp=152.6, 1-C), 43.43 (d, Jcp=13.8, CH»—
N), 23.78 (s, 1-Me), 20.64 (s, CH,), 16.28 (s, CH;—
CH;0), 16.20 (s, CH5-CH,0), 11.82 (s, CHs;).

Diethyl (1-phenyl-1-benzylaminoeth-1-yl) phosphonate
(6). From acetophenone (14.7g, 122.5mmol), benzyl-
amine (10.0 g, 93.3 mmol), Na,SO, (10.0 g, 70.4 mmol)
and diethylphosphite (14.1g, 102.2mmol), yielded 6
(14.0g, 43%), mp 43°C [(from pentane) found: C,
65.93; H, 7.50; N, 4.05; P, 9.11. C,9H>¢NO3P requires
C, 65.58; H, 7.47; N, 4.02; P, 9.19]; 6p (40.48 MHz;
CDCl;) 26.96; oy (400 MHz; CDCl3) 7.63 (1H, d,
J=9.3, CH,,), 7.10-7.40 (9H, m, CH,,), 3.80-4.10 (4H,
m, CH,-0), 3.64 (1H, d, J=12.5, CH,-Ph), 3.50 (1H, d,
J=12.5, CH,-Ph), 2.30 (1H, br s, NH), 1.85 (3H, d,
Jup=16.2, 1-Me), 1.25 (3H, t, J=7.0, CH3—CH,0),
1.16 (3H, t, J=7.0, CH3-CH,0); ¢ (75 MHz; CDCls)
140.49 (s, C,p), 139.28 (d, Jcp=3.1, C,), 128.32 (s,
CH,,), 128.13, (s, CH,,), 128.08 (s, CH,,), 128.04 (s,
CH,,), 127.97 (s, CHyy), 127.22 (d, Jcp=2.9, CH,,),
126.88 (s, CH,,), 63.21 (d, Jcp=7.4, CH,-0), 62.95 (d,
Jep=17.5, CH,-0), 60.27 (d, Jcp=152.6, 1-C), 46.06 (d,
Jop=14.3, CH,-N), 21.0 (s, 1-Me), 16.40 (d, Jcp=15.7,
%—CHzO), 16.33 (d, Jcp: 75, %—CHzo)

Synthesis of compounds 7-9. The general procedure
involved the stirring at room temperature for 40h of
acetaldehyde with a mixture of diethylphosphite and the
corresponding amine or aminoalcool. After vacuum
removal of the excess of unreacted acetaldehyde and
amino compound, the mixture was poured into 150 mL
water, treated with 11 N HCI until pH 1 and extracted
with 3x30mL CH,Cl,. The remaining aqueous phase
was treated with aqueous NaOH to reach pH 12, satu-
rated with NaCl and extracted with 3x20mL CH,Cl,.
The combined organic phases were dried over Na,SOy
and concentrated under vacuum to yield the pure ami-
nophosphonates 7 and 8 as yellow oils. In the case of 9,
purification was achieved by distillation.

Diethyl (1-butylaminoeth-1-yl) phosphonate (7). From
acetaldehyde (2.2g, 50.2mmol), n-butylamine (3.65g,
50.0mmol) and diethylphosphite (6.9g, 50.0mmol),
yielded 7 (8.3 g, 70%), (found: C, 50.24; H, 10.11; N,
6.18; P, 12.96. C{oH>4NO3P requires C, 50.62; H, 5.90;
N, 10.19; P, 13.05); &p (121.47 MHz; CDCl;) 28.93; 6y
(300 MHz; CDCl3) 4.05-4.20 (4H, m, CH,-0O), 2.93

(1H, dq, J=7.0, Jup=12.8, 1-H), 2.70 (1H, m, CH,-N),
2.61 (1H, m, CH,-N), 1.41 (2H, m, CH,»-CH,-N), 1.31
(2H, m, CH;-CH,), 1.29 (6H, t, J=7.05, CH;-CH,0),
128 (3H, dd, J=7.1, Jup=17.7, 1-Me), 0.87 (3H, t,
J:73, CH3), SC (75 MHZ, CDC13) 61.91 (d, Jcp:7.4,
CH, 0), 61.53 (d, Jep=7.5, CH,0), 50.24 (d,
Jep=154.3, 1-C), 47.59 (d, Jop=10.9, CH,-N), 32.08
(s, CHy CH, N), 20.1 (s, CH;CH,), 1632 (d,
Jep=5.8, CHyCH,0), 1630 (d, Jep=5.8, CHy
CH,0), 14.98 (s, 1-Me), 13.72 (s, CH3).

Diethyl(1-(z-butylamino)-eth-1-yl)phosphonate (8). From
acetaldehyde (7.0g, 159.0 mmol), #-butylamine (9.0 g,
123.3 mmol) and diethylphosphite (13.8 g, 100.0 mmol),
yielded 8 (17.0g, 72%), (found: C, 47.96; H, 9.87; N,
5.39, P, 13.60. C;oH,4NO3P requires C, 50.62; H, 10.19;
N, 5.90; P, 13.05); op (121.47 MHz; CDCl3) 29.14; oy
(300 MHz; CDCls) 4.69 (1H, br s, NH), 4.00-4.20 (4H,
m, CH,-0), 2.99 (1H, dq, /=7.1, Jgp=10.3, 1-H), 1.34
(3H, dd, J=17.2, Jyp=17.7, 1-Me), 1.33 3H, t, J=7.3,
CH;-CH,0), 1.32 (3H, t, J=7.1, CH5-CH,0), 1.03
(9H, s, -Bu); 6c (75 MHz; CDCl3) 62.85 (d, Jcp=17.4,
CH,-0), 61.50 (d, Jcp=7.5, CH,-0), 51.46 (d,
Jep=12.0, C, t-Bu), 44.8 (d, Jcp=164.6, 1-C), 29.61 (s,
CH;, t-Bu), 1897 (d, Jcp=2.3, 1-Me), 16.35 (d,
JCP:6.5, %*CHzo), 16.27 (d, JCP:6.5, %*
CH,0).

Diethyl(1-(1,1-dimethyl-2-hydroxyethylamino)-eth-1-yl)-
phosphonate (9). From acetaldehyde (4g, 90.9 mmol),
2-amino-2-methylpropan-1-ol (4.5g, 50.6mmol) and
diethylphosphite (6.9g, 50.0 mmol), yielded 9 (7.6¢g,
60%), bp 108°C at 5x10~2mbar (found: C, 46.01; H,
9.41; N, 5.85, P, 12.01. C{oH»4yNO4P requires C, 47.42;
H, 9.55; N, 5.53; P, 12.23); 6p (121.47 MHz; CDCl;)
29.59; 6y (300 MHz; CDCl;) 4.0-4.25 (4H, m, CH,-0),
3.40 (1H, d, J=11.7, CH,-OH), 3.10 (1H, d, J=11.7,
CH,-OH), 2.99 (1H, dq, J=7.1, Jyp=16.1, 1-H), 1.34
(3H, t, /=6.9, CH;—CH,0), 1.33 (3H, t, J=7.0, CH;-
CH,0), 1.27 (3H, dd, J=7.1, Jyp=17.3, 1-Me), 1.08
(3H, s, CH3), 0.97 (3H, s, CH3); ¢ (75MHz; CDCl5)
67.63 (s, CH,~OH), 62.87 (d, Jcp=7.5, CH,-0), 61.91
(d, Jcp=7.4, CH,-0), 54.74 (d, Jcp=28.6, C), 44.06 (d,
Jep=164.7, 1-H), 26.29 (s, CH3), 22.86 (s, CH3), 19.06
(s, 1-Me), 16.37 (d, Jcp=5.7, CH5;—CH,0), 16.28 (d,
Jcp: 63, %—CHQO)

31p NMR titrations

For all aminophosphonates (final concentration 5SmM),
the effect at 20°C of pH on the chemical shift of the 3!P
NMR resonance peak was tested in a standard Krebs—
Henseleit perfusion medium containing NaCl (118.5mM),
KCl (4.8mM), MgSO, (1.2mM), NaHCO; (25mM),
KH,PO,4 (1.2mM), and having a ionic strength repre-
sentative of the extracellular milieu (i.e., 0.154). For
three selected aminophosphonates 3, 5 and 9, this
experiment was repeated in the same Krebs—Henseleit
milieu containing higher NaCl concentrations in order
to reach ionic strengths of 0.304 and 0.454. For the
same three aminophosphonates as above, the effect of
pH on the 3'P NMR chemical shift was also tested
either in an aqueous KCI (125mM) solution of physi-
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ological intracellular ionic strength (i.e., 0.125) or in a
KCI (125mM)-supplemented rat heart homogenate
(prepared from freshly excised rat hearts as previously
described!!) taken as a complete intracellular medium.
For all the previously described experiments, the pH
was adjusted to 15-20 different values in the range 1.0
12.0 with 6 N solutions of HCI or NaOH and a sample
was transferred into a 10 mm NMR tube for 3'P NMR
analysis (161.9 MHz) at 20°C. The pK, values were
calculated by iterative fitting of the & and pH data
according to the standard Henderson—Hasselbalch
equation:

pH = pKa +log [(6 — 8.)/(8b — 9)]
using a nonlinear regression.

T, was measured at pH=pK, using the inversion/
recovery (180°—t—90°) TR pulse-sequence with a 180°
composite pulse. The repetition time (TR) was always
6-7 times the value of T} and the number of scans were
64.

Toxicity experiments on cultured Miiller cells

Eyes from 9-11 days Sprague—Dawley rats (CERJ,
France) were stored overnight in Dulbecco’s modified
Eagle’s Medium (DMEM) at room temperature in the
dark according to Hicks and Courtois.*! Retinas were
isolated in fresh DMEM, then enzymatically dissociated
in phosphate buffered saline (PBS) without Ca’*/
Mg?*, with trypsine/EDTA 0.05% and DNase (80U,
Sigma Aldrich Chimie, France) for 25min at 37°C.
Cells were then mechanically dissociated with a sterile
Pasteur pipette in culture medium (i.e., DMEM con-
taining 1 g/L glucose, 10% fetal calf serum and pen-
icillin [100 U/mL)/streptomycin (100 pg/mL)]. DMEM,
PBS, trypsine/EDTA and fetal calf serum were obtained
from Life Technologies, France. After centrifugation,
retinal cells were suspended in culture medium and see-
ded in 3-cm culture dishes at 11 million cells/dish and
maintained in a 5% CO,/humidified atmosphere at
37°C. Medium was removed 3 days after plating and
replenished every 2-3 days until confluency was
achieved. Miiller glial cells were trypsinized and sub-
cultivated one time (P;) in 24-well dishes. Cell purity
was assessed by immunocytochemical characterization
of glial fibrillary acid protein-containing glial cells.

Cellular injury was assessed by LDH release in the cell
culture. Confluent cells at P; were incubated 3h at 37°C
in DMEM without phenol red containing 1 g/L. glucose
in the presence of increasing concentrations of amino-
phosphonates 1, 3, 5-9 (i.e., 1, 5 or 15mM). The LDH
activity was assayed spectrophotometrically using a
commercial kit (Roche Diagnostic, GmbH, Germany).
For each aminophosphonate concentration, the results
were obtained from four distinct experiments made in
triplicate and were expressed as percent of their respec-
tive controls. Evaluation of statistical significance was
conducted by one-way analysis of variance (ANOVA)
followed by Duncan ¢-test.

Acknowledgements

This work was supported by the CNRS (UMR 6517)
and SARL OXYLAB. The authors particularly wish to
acknowledge Drs. Francois Le Moigne and Gilles Olive
for their kind help.

References and Notes

1. Scharschmidt, B. F.; Van Dyke, R. W. Annu. Rev. Physiol.
1997, 49, 69.

2. Anderson, R. G. W.; Orci, L. J. Cell Biol. 1988, 106, 539.
3. Moon, R. B.; Richards, J. H. J. Biol. Chem. 1973, 248,
7276.

4. Gillies, R. J.; Alger, J. R.; den Hollander, J. A.; Shulman,
R. G. In Intracellular pH: Its Measurement, Regulation, and
Utilization in Cellular Functions; Nuccitelli, R., Deamer, D.
W., Eds; Alan R. Liss: New York, 1982; p 79.

5. Lundberg, P.; Harmsen, E.; Ho, C.; Vogel, H. J. Anal.
Biochem. 1990, 191, 193.

6. Navon, G.; Ogawa, S.; Shulman, R. G.; Yamane, T. Proc.
Natl. Acad. Sci. 1977, 14, 87.

7. Roberts, J. K. M.; Wade-Jardetzky, N.; Jardetsky, O. Bio-
chemistry 1981, 30, 5389.

8. DeFronzo, M.; Gillies, R. J. J. Biol. Chem. 1983, 262,
11032.

9. Seo, Y.; Murakami, M.; Watari, H.; Imai, Y.; Yoshizaki,
K.; Nishikawa, H.; Morimoto, T. J. Biochem. 1983, 94, 729.
10. Pietri, S.; Miollan, M.; Martel, S.; Le Moigne, F.; Blaive,
B.; Culcasi, M. J. Biol. Chem. 2000, 275, 19505.

11. Pietri, S.; Martel, S.; Culcasi, M.; Delmas-Beauviecux,
M. C.; Canioni, P.; Gallis, J. L. J. Biol. Chem. 2001, 276,
1750.

12. Fisher, M. J.; Dillon, P. F. Circ. Res. 1987, 60, 472.

13. Clarke, K.; Stewart, L. C.; Neubauer, S.; Balschi, J. A_;
Smith, T. W.; Ingwall, J. S.; Nédélec, J. F.; Humphrey, S. M.;
Kléber, A. G.; Springer, C. S. NMR Biomed. 1993, 6, 278.

14. Clarke, K.; Anderson, R. E.; Nédélec, J. F.; Foster, D. O.;
Ally, A. Magn. Reson. Med. 1994, 32, 181.

15. Bruynseels, K.; Gillis, N.; Van Hecke, P.; Vanstapel, F.
NMR Biomed. 1997, 10, 263.

16. Bronk, S. F.; Gores, G. J. Hepatology 1991, 14, 626.

17. Olive, G.; Le Moigne, F.; Mercier, A.; Tordo, P. Synth.
Commun. 2000, 30, 619.

18. Olive, G.; Van Genderen, M. Magn. Reson. Chem. 2000,
38, 379.

19. Jacobsen, N. E.; Barlet, P. A. J. Am. Chem. Soc. 1981,
103, 654.

20. Kafarski, P.; Lejczack, B. Phosphorus Sulfur Silicon 1991,
63, 193.

21. Petrov, K. A.; Chauzov, V. A.; Erokina, T. S. Russ. Chem.
Rev. (Engl. Transl.) 1974, 43, 984.

22. Redmore, D. In Topics in Phosphorus Chemistry; Griffith,
E. J., Grayson, M., Eds.; Interscience/J. Wiley & Sons: New
York, 1976; Vol. 8, p 515.

23. Pudovik, A. N.; Konovalova, 1. V. Synthesis 1979, 81.

24. Kukhar, V. P.; Solodenko, V. A. Russ. Chem. Rev. ( Engl.
Transl.) 1987, 56, 859.

25. Engel, M., Ed. Handbook of Organophosphorus Chemistry;
Marcel Dekker: New York, 1992.

26. Fields, E. K. J. Am. Chem. Soc. 1952, 74, 1528.

27. Kabachnick, M. I.; Medved, T. Ya., Dokl. Akad. Nauk.
SSSR 1952, 83, 689.

28. Medved,T. Ya.; Kabachnick, M. 1. Izv. Akad. Nauk.
SSSR Otd. Khim. Nauk. 1954, 314 (Engl Transl, Bull. Acad.
Sci. USSR Div. Chem. Sci. 1954, 255).

29. Boduszek, B. Tetrahedron 1996, 52, 12483.



1458 S. Martel et al. | Bioorg. Med. Chem. 10 (2002) 1451-1458

30. Fréjaville, C.; Karoui, H.; Tuccio, B.; Le Moigne, F.;
Culcasi, M.; Pietri, S.; Lauricella, R.; Tordo, P. J. Med. Chem.
1995, 38, 258.

31. Gordon, A. J.; Ford, R. A. In The Chemist’s Companion:
A Handbook of Practical Data, Techniques, and References;
Wiley Interscience: New York, 1972; p 55.

32. Anon. Handbook of Tables for Organic Compound Identi-
fication, 3rd ed.; CRC: Cleveland, 1976; p 428.

33. Mathur-De-Vré, R.; Maerschalk, C.; Delporte, C. Magn.
Reson. Imaging 1990, 8, 691.

34. Corbett, R.J. T.; Laptook, A. R. J. Neurochem.1993,61, 144.
35. Davies, L.; Satre, M.; Martin, J. B.; Gross, J. D. Cell
1993, 75, 321.

36. Brénot, F.; Aubry, L.; Martin, J. B.; Satre, M.; Klein, G.
Biochimie 1992, 74, 883.

37. Bligny, R.; Douce, R. Current Opinion in Plant Biology
2001, 4, 191.

38. Barbati, S.; Clément, J. L.; Olive, G.; Roubaud, V.; Tuc-
cio, B.; Tordo, P. NATO ASI Ser. Ser. A. Life Sci. 1997, 27,
39.

39. Pietri, S.; Miollan, M.; Le Moigne, F.; Culcasi, M. French
Patent CNRS 98,03317/March 18, 1998; PCT Int. Appl. WO
99 47,527, 1999; Chem. Abstr. 1999, 228839q.

40. Olive, G.; Le Moigne, F.; Mercier, A.; Rockenbauer, A.;
Tordo, P. J. Org. Chem. 1998, 63, 9095.

41. Hicks, D.; Courtois, D. Exp. Eye Res. 1990, 51, 119.



