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Abstract: A series of 1,4,7-triazacyclononane-based ligands containing one, two, or three methylphosphinate (MP)
side chains has been prepared. The macrocycle with three methylphosphinates, NOTMP, appeared to be a very
promising ligand for monitoring MYin biological samples by'P NMR spectroscopy. Th&P resonances of the

free ligand and the Mgcomplex were well resolved, in slow exchange, and well downfield of typical tissue phosphate
and phosphate ester metabolite resonances.K{kalue of the Mg(NOTMP) complex was 0.35 mM at physiological

pH and temperature, a value which is optimal for accurate assessment of ffeia bjls and blood plasma. The

latter was confirmed experimentally. Furthermore, the selectivity of NOTMP fdt M@r Cd exceeded 2 orders

of magnitude. TheKy values of the MY complexes were sensitive to pH and temperature. The pH effects could

be easily predicted from potentiometric pH titration data. Examination of the Idgnd equilibria by3'P NMR

over a wide temperature range provided complexation enthalpies and entropies. It was shown that th&gmaller
values at higher temperatures were largely due to a temperature effect on the highest ligand protonation constant.
Only a small endothermic complexation enthalpy contributed to this phenomenon.

Introduction intracellular conditions, thus making the determination of the
ratio between free and bound ATP extremely sensitive to experi-

Magnetic resonance spectroscopy (MRS) is an attractive tool - X
mental error. More recently, chelators containing a fluorine

for monitoring physiological event& vivo. The continuing ¢ ionalitv h b d g I
growth of MRS in clinical diagnosis raises interest in the TePorter functionality have been used to measure {hggells

development of auxiliary ligands for determining levels of @nd perfused organs B NMR %% Due to line broadening
biologically important ions in intact, functioning tissue. Among ©f the *%F resonances after loading the ligands into cells, the
the divalent alkaline earth ions, most interest has focused onOPServed signal-to-noise ratios were not as high as expected.
cd', largely because of its well-established role as an intra-  Since3!P NMR spectroscopy is quite valuable for monitoring
cellular second messengerMagnesium(ll) has received less intracellular pH, phosphorylation potentials, [ATP]/[ADP] ratios,
attention in this regard because its concentration is typically and a wide variety of other energy status signals in cells,
much higher in cells and, consequently, it is generally thought perfused organs, and intact animals, our objective was to design
of as a relatively nonspecific, hard acid cation that binds with ligands containing one or, preferably, more NMR equivalent
and helps stabilize phosphorus-containing metabolites like ATP.31P nuclei whose chemical shifts do not overlap with those
However, there has been evidence mounting in recent years thatypical phosphorus-containing metabolites, such as (poly)-
Mg" may play a pivotal role in regulation of a much wider phosphates and phosphate esters, but are sensitive to complex-

variety of intracellular events. ation with Md'. In previous studie¥! 13 we demonstrated the
The most common method for monitoring levels of free'Mg  ysefulness of the triazacyclononane ring, for both its synthetic

(IMg]r) uses the chemical shift separation of tHe o- and versatility and its selectivity for binding Mgover C4. The

y-resonances of ATP. Accurate assessment of [Md$ com- trisubstituted phosphonate monoester derivative NOTPME (see

plicated by other factors contributing to the chemical shift of Figure 1) demonstrated the potential of these ligands for
the observed resonances, _inclu_dir]g pH and coordination of monitoring [Mg} in isolated cell$ the free ligand and the Mg

monovalentﬁci%tloné‘?. The dissociation constant of Mg(ATP) complex were in slow exchange, thus allowing the observation
(30_80”'\/'.) also IS not favorable fgr accurate assesSment ¢ pqih resonances separately and providing the ratio of their
of [Mg]r, since ATP is more than 90% bound under typical peak areas by signal integration. The conditional stability
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Synthesis of 1,4,7-Triazacyclononane Datives
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Figure 1. Ligands discussed in this study.

constantKq = [Mg]+[L]#/[MgL], was too high, however, for
accurate determination of the [MgL]/[Latio. Ideally, this ratio
should be about 1, which means that, for typical intracellular
[Mg]+ levels of about 0.5 mM, thK for the ideal ligand should
also be about 0.5 mM. In a more recent stdislyye demon-
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4,7, and 10) used for electrode calibration were obtained from Ricca.
All other chemicals were obtained from Aldrichtert-Butyl alcohol
was dried over zeolite NaA. All other chemicals were used as received.
1,4,7-TriazacyclononaneN-(methylenemethylphosphinic acid)-
N',N"-bis(acetic acid) Hydrochloride (NO2A-MP). 1,4,7-Triazacy-
clononane (0.482 g, 3.74 mmol) was dissolved in 10 mL of tBuOH.
Trifluoromethanesulfonic acid (TfOH; 0.588 g, 3.92 mmol) was added,
and the solution was heated to 8D. Bromoacetic acitert-butyl ester
(1.457 g, 7.47 mmol in 6 mL of tBuOH) and KOtBu (0.838 g, 7.47
mmol in 6 mL of tBuOH) were added simultaneously in 20 equal
aliquots over a period of 30 h. The reaction was stirred overnight at
50 °C. After cooling to room temperature, '8C NMR spectrum
revealed that the mixture contained tBUNO1A, 1B02A, and tBy-
NOTA in a 1:5:1 ratio. Water was added, the pH was lowered to 5,
and the mixture was washed with diethyl ether. 38 NMR spectrum
of the ether extract showed the presence ofsMEDTA. The water
layer was adjusted to pH 8 and extracted twice with diethyl ether. After
drying over NaSQ,, evaporation of the ether gave tBIO2A. TfOH.
This was redissolved in water, and the pH was raised to 13 with aqueous
NaOH. Extraction with diethyl ether gave the free baseREDRA
(0.914 g, 68%), which was judged 95% pure’®8g NMR. Traces of
tBusNOTA that were present were removed by repeating the extraction
procedure, finally yielding 0.662 g (1.85 mmol, 50%) of the white solid,
tBu,NO2A. (Extraction of the original water layer at pH 13 yielded
77 mg of tBUNO1A (0.32 mmol, 9%) which was used for the NMR
titration experiment; see below.}*C NMR (CDCk) (tBu,NO2A,
ppm): 6 171.4 (C5), 80.5 (C6), 57.8 (C4), 52.8 and 52.6 (C1 and C2),
46.7 (C3), 28.0 (C7) (numbering according to Scheme 1).

A mixture of tBLNO2A (0.399 g, 1.12 mmol) and diethoxymeth-
ylphosphine, MeP(OE£)0.263 g, 1.93 mmol), was prepared using the
phosphine as the solvent. Nitrogen was bubbled into the flask for 5
min, after which the mixture was heated to ®0. Paraformaldehyde,
(CH;O), (0.060 g, 2.0 mmol), was added, and this dissolved within 1
min. The mixture was stirred for 1 h. After cooling to room
temperature, water was added and the pH lowered to 5. The solution
was washed twice with diethyl ether. The pH of the water layer was
raised to 13, and the product separated from the water layer. Diethyl
ether was added, and the water layer was extracted twice with diethyl
ether. The combined ether layers were dried oveSla Evaporation
gave tBuNO2A-EtMP (0.450 g, 0.94 mmol, 84%) as a yellow oil. It
appeared pure by NMR!H NMR (CDCl;) (tBu,NO2A-EtMP, ppm):

0 3.96 (2H, POCH, “quintet”, 3Jpn = 3Juy = 7 Hz), 3.15 (4H, H4, s),
2.70-2.80 (10H, H2, H3, and PCM, m), 2.70 (4H, H1, s), 1.40 (6H,
PCH;, d, 2Jpy = 12 Hz), 1.31 (18H, H7, s), 1.17 (3H, PO@EHS, t,
83w = 7 Hz). 3C NMR: ¢ 171.2 (C5), 80.5 (C6), 59.9 (POGH,
2Jpc = 8 Hz), 59.6 (C4), 57.2 (C3, dJpc = 8 Hz), 57.1 (PCHN, d,
1Jpc = 115 Hz), 55.5 (C1 and C2), 28.0 (C7), 16.4 (POCH;, d,
3Jpc = 6 Hz), 12.9 (PCH d, 3Jpc = 90 Hz) (numbering (H¥H4, H7,
C1-C7) according to tBsNO2A, Scheme 1).

strated that changing the ligating side chain groups attached t0  The ester product tBNO2A-EtMP (0.406 g, 0.85 mmol) was

the triazacyclononane ring allowed fine-tuning of thg In

dissolved n 1 M aqueous HCI and heated at 80 for 15 h. This

that study, we concluded that a 1,4,7-triazacyclononane deriva-removed the tBu groups completely, but about 50% of the Et groups
tive containing two acetate and one ethylphosphinate side chainsyvere still intact. Therefore, the pH was raised to 12, and the mixture

NO2A-EP, was most promising fon vivo application.

In the present study, we investigated the possibility of
changing the ethyl group of NO2A-EP to a methyl group to
provide an easily monitoretH resonance as well. Surprisingly,
this relatively minor structural alteration yielded ligands with
significantly higher affinities for M. We report here the

was heated at 5TC for 15 h. A small fraction (10%) showed cleavage
of the methylphosphinate group to NO2A. The product was purified
on a cation exchange column (DOWEX-Heluted by a gradient of
0.1-2.0 M HCI. Evaporation gave NO2A-MP (0.264 g, 65%) as a
white solid, also containing HCI and.B, which was judged pure by
IH and®'P NMR. Potentiometry gave the molecular weight (477) and
the approximate formula NO2A-MBHCI-3.6H,0. *H NMR (D20)

synthesis and characterization of the complete methylphosphi-(NO2A-MP, ppm): 6 4.01 (4H, H4, s), 3.53 (4H, H1, s), 3.38.43

nate family of ligands containing mixed acetate and meth-

(8H, H2 and H3, br d), 3.33 (2H, H6, &Jp = 6 Hz), 1.44 (3H, H7,

ylphosphinate side chains. We show that the fully substituted 2Jpy = 14 Hz). 3C NMR: ¢ 173.1 (C5), 59.6 (C4), 57.8 (C6, tlpc

methylphosphinate ligand NOTMP has an approprié&idor
monitoring [Mg}, and demonstrate its utility for measuring
[Mg]+ in blood plasma.

Experimental Section

Synthesis. Chemicals. Diethoxymethylphosphine was obtained
from Alfa andtert-butyl alcohol from Baker. Standard solutions for
potentiometry (0.1000 M HCI and 1.000 M KOH) and the buffers (pH

= 97 Hz), 54.1 and 53.6 (2:1) (C1, C2, and C3), 17.5 (CAJek =
91 Hz) (numbering according to Scheme 1).
1,4,7-TriazacyclononaneN,N'-bis(methylenemethylphosphinic
acid)-N"-(acetic acid) Hydrochloride (NO1A-2MP). tBuNO1A was
prepared in a similar procedure using 1,4,7-triazacyclononane (0.215
g, 1.67 mmol), 5 mL of tBuOH, TfOH (0.266 g, 1.77 mmol),
bromoacetic acidert-butyl ester (0.492 g, 2.52 mmol in 3 mL of
tBuOH), and KOtBu (0.281 g, 2.50 mmol in 3 mL of tBuOH). The
reaction was stirred overnight at 8G. Subsequent extractions of the
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water layer at pH 7 and 13 with diethyl ether gave an oily mixture of
tBUNO1A and tBuNO2A (7:3, 0.113 g, 0.29 mmol of tBUuNO1A, 17%),
which was used without further purification’3C NMR (CDCk)
(tBUNO1A, ppm): 6 171.6 (C5), 81.0 (C6), 57.8 (C4), 52.8 (C1), 46.8

and 46.2 (C2 and C3), 28.2 (C7) (numbering according to Scheme 1).

All solutions were prepared from distilled, demineralized, and
degassed water, and were saturated with and stored uaddrigand
solutions were typically 23 mM, and excess KOH was added. To
determine the ligand protonation constants, these solutions were titrated
with standardized 0.1000 M HCI. For the metal ligand stability

Phosphorylation and subsequent hydrolysis were performed in a determinations, a concentrated metal chloride solution (0.2 M) was

procedure analogous to the one described for NO2A-MP, using the
mixture of tBUNO1A and tBpNO2A (0.113 g), MeP(OE$)(0.082 g,
0.60 mmol), and (CkD), (0.018 g, 0.60 mmol). NO1A-2MP was
obtained (51 mg, 33%), also containing HCIl angDkwhich was judged
pure by!H and3!P NMR. Potentiometry gave the molecular weight
(535), and the approximate formula NO1A-2M¥PICI-3H,O was
derived. *H NMR (D20) (NO1A-2MP, ppm):6 3.99 (2H, H4, s), 3.39
(8H, br s) and 3.29 (8H, br s) (H1, H2, H3, and H6), 1.38 (6H, H7,
2Jpy = 15 Hz). 3C NMR: ¢ 172.2 (C5), 59.3 (C4), 57.4 (C6, Hlpc
= 96 Hz), 54.3, 53.9, and 53.5 (C1, C2, and C3), 17.6 (C?Jid,=
92 Hz) (numbering according to Scheme 1).
1,4,7-TriazacyclononaneN,N’,N"-tris(methylenemethylphosphin-
ic acid) Hydrochloride (NOTMP). The phosphorylation of 1,4,7-
triazacyclononane (0.634 g, 4.91 mmol) was performed in a proce-
dure analogous to the one for NO2A-MP, using MeP(@E2)429 g,
17.86 mmol) and (CkD), (0.536 g, 17.87 mmol). The ester product
EtNOTMP was purified on a silica column eluted with MeOH/E€H
Cl, (1:1 v/v). The pure ester was obtained as a yellow oil (1.705 g,
3.49 mmol, 71%).*H NMR (CDCls) (EtsNOTMP, ppm): 6 4.00 (6H,
POCH, “quintet”, 3Jpy = 33y = 7 Hz), 2.81-2.92 (18H, ring CH
and PCHN, m), 1.46 (9H, PCH d, 2Jpy = 14 Hz), 1.24 (9H,
POCHCHgs, t, 3Jun = 7 Hz). 3C NMR: 9 60.2 (POCH, d, ?Jpc = 8
Hz), 57.9 (PCHN, d, {Jpc = 113 Hz), 57.6 (ring Ck d,2Jpc = 7 Hz),
16.6 (POCHCHs, d, 3Jpc = 6 Hz), 13.3 (PCH, d, Jpc = 91 Hz).

The hydrolysis to and purification of NOTMP was performed
similarly as described above to yield NOTMP (1.58 g, 87%), also
containing HCI and KO, which was judged pure {1 and®P NMR.
Potentiometry gave the molecular weight (557), and the approximate
formula NOTMP3HCI-2H,0 was derived.'H NMR (D,0) (NO1A-
2MP, ppm): 6 3.37 (6H, PCHN, d, 2Jpy = 8 Hz) and 3.34 (12H, ring
CHa, s), 1.38 (9H, PCH| 2Jpy = 14 Hz).13C NMR: 6 56.1 (PCHN,

d, YJpc = 94 Hz), 52.8 (ring CH), 16.5 (PCH, d, {Jpc = 92 Hz).

Potentiometry. Potentiometric titrations were conducted at 298 and
310 K using an Accumet 925 pH meter (Fisher), an Orion 8103 Ross
combination electrode, and a Metrohm 665 Dosimat automatic buret
(Brinkman Instruments). The ionic strength was adjusted to 0.1 M
using KCl in all titrations, and all measurements were performed under
a N, atmosphere. Hydrogen ion activities were obtained from millivolt

readings, and the electrode was calibrated using Ricca high-precision

buffers, which are valid from 278 to 318 K. Hydrogen ion activities
were translated into concentrations using,p= 13.79 (298 K) and
13.40 (310 K) and an activity coefficient of 0.82, which were
determined from separate titrations of 0.001 and 0.01 M KOH with
0.1 M HCI.

added to the cup solution to reach a metal ligand ratio of about 1, after
which the solution was also titrated with 0.1 M HCI. Exact ligand
concentrations (and molecular weights of the isolated salts) were
evaluated after multiple titrations of ligand and metal ligand solutions.
All titrations were performed at least twice.

The calculation of the constants was performed using a general
spreadsheet program with an approach described e#rfeOnly the
three highest protonation constants could be evaluated in the pH range
of 2—12 for all ligands. Formation of polynuclear complexesLM
was not observed in any system.

NMR Spectroscopy. All analytical *H (200 MHz) and*3C (50
MHz) NMR spectra, as well as the protonation titrations of tBUNO1A,
tBu,NO2A, and NO2A-MP, were recorded on a JEOL FX200 NMR
spectrometer at 295 K. The protonation titration of NO1A-2MP was
monitored by*H NMR spectroscopy (500 MHz), ugira 5 mm*3C/*H
probe. 'H NMR spectra of the hydrolyzed ligands were recorded in
D,0 using HDO (4.80 ppm) as the internal standard, while tklr
NMR spectra were recorded in 10% aqueou®Dvith tBuOH (31.2
ppm) as the internal standard. More experimental details about the
protonation titrations are provided in the supporting information together
with all *H and3C resonance data and assignments.

All 3P NMR spectra (202 MHz), as well as thE (500 MHz)
monitoredKy determinations of NO2A-MP and NOTMP, were recorded
on a General Electric GN500 NMR spectrometer using a 10 mm broad-
band probe. Spectra were recorded at room temperature (295 K) or at
another temperature using the standard GN variable temperature control
unit. For the?P NMR spectra, aqueous 85% phosphoric acid (0 ppm)
was used as the external standard, %hdecoupling was applied unless
stated otherwise. For th& determinations, performed at 295 and 310
K, 3 mL samples were prepared o3 mM ligand in an aqueous
solution containing 10% D, 115 mM of KCI, 20 mM of NaCl, 10
mM of glucose, and 10 mM of HEPES. The pH was adjusted to 7.40
(at room temperature) using aqueous NaOH. Aliquots of 0.2 M MgClI
were added, and th&P spectrum was recorded after each addition.
The pH was checked and adjusted if necessary. Resonance areas were
determined by peak integration using standard GE software. Evaluation
of theKy values was performed by treating the ligand concentration as
a variable, as described in the text. Calculated ligand concentrations
always appeared to match the molecular weights obtained by potenti-

(14) Van Westrenen, J.; Khizhnyak, P. L.; Choppin, GCBmput. Chem.
1991, 15, 121-129.

(15) Huskens, J.; Van Bekkum, H.; Peters, JGamput. Chem1995
19, 409-416.
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ometry. The¥!P NMR shifts of the ligands were measured as a function
of pH, using 3-5 mM samples.

For the studies of the behavior K, (for the equilibrium MgL+
H* = Mg" + HL, see below)versustemperature, similar samples
were used containing 2.00 mM ligand, and 2.00 mM (for NOTMP) or
1.62 mM (for NO1A-2MP and NO2A-MP) MgG! Spectra were
measured from 283 to 353 K in steps of 10 K. For NOTMR,values
were calculated from the peak areas, and the enthaldyand entropy,

AS were determined from a plot 6fRIn Keq versusl/T. For NO1A-
2MP and NO2A-MP, the [Mg}/[L] «t ratio was treated as a variable
in the calculation ofAH, while ASwas fixed at—132 J/(mol K) (see
text). In both cases, the calculated [Mg]L] «: ratio appeared to be
equal to the experimental one (0.81). No corrections for a possible
change of pHversustemperature were made.

The spin-lattice relaxation timesTy) of NOTMP and its M
complex were determined using the inversioacovery pulse sequence
with a three-parameter curve-fitting procedifreThe T, of the free
ligand was also determined in a sample without MgC8elective
saturation of either the free ligand or the Mzpmplex resonance, using
the former sample, was performed by applying a low-power long pulse

J. Am. Chem. Soc., Vol. 118, No. 18, 199899

sitated a careful tuning of the [HI[9N3] ratio in the synthesis

of tBuuNO2A. To achieve the maximal selectivity, this ratio
has to be 1 during the course of the reaction. A larger ratio
will lead to protection of tBUNO1A, and therefore a competitive
reaction rate between tBUNO1A and HBID2A, while a smaller
ratio fails to protect tBeNO2A from the consecutive reaction
toward tBuNOTA. This selectivity was reached by using 1
equiv of TfOH, and by addindert-butyl bromoacetate and
KOtBu simultaneously in small equal quantities.

The usual hydrolysis procedure of refluxing 6 M HCI
appeared unsuitable for this ligand, since more than 20% of
the methylphosphinate side chain was cleaved off after 15 h at
120°C. Even lower acid concentrations and lower temperatures
yielded small amounts of NO2A. The product NO2A-MP
was further purified on a cation exchange column eluted
with aqueous HCI, finally yielding the free acid. The ligand
as well as its MY complex appeared to be quite stable in
neutral aqueous solution. No degradation was observed for

(1 s). In both cases, no effect on the peak area of the nonirradiatedSeveral weeks; the same was true for the other ligands discussed
resonance was observed, thus excluding spin transfer between théhere.

resonances.

Two other compounds, NO1A-2MP and NOTMP, were

Plasma from one of the authors (A.D.S.) was used for a determination synthesized using similar methods. NO1A-2MP was prepared

of theKy of Mg(NOTMP) monitored by*P NMR, as described above.
An accurately known amount of ligand (3 mM) was used, and 10%

D,0O was added for locking. The pH (7.80) was measured and appeared

to be stable during the titration.

Results and Discussion

Synthesis. Previous work® has shown that the ethylphos-
phinate derivative NO2A-EP (Figure 1) had an approprigte
(0.43 mM) forin sivo purposes, and th#P NMR spectrum
showed two well-separated§ = 2.4 ppm) signals for the free
ligand and the Mt complex. Since our goal was to design a
ligand that might have &H resonance also sensitive to Mg
binding, our first target compound was NO2A-MP. This ligand
was synthesized via a new strategy, in which no protecting

from tBUNO1A isolated from a reaction of 9N3 with 1.5 equiv
of tert-butyl bromoacetate, applying 1 equiv of TTOH. We also
attempted to use the protective strategy described above fgr tBu
NO2A in the selective synthesis of tBUNO1A, by using 2 equiv
of TfOH. However, the reactivity of the diprotonated 9N3
appeared to be too low to protect the diprotonated tBuNO1A
from consecutive reaction toward tBUO2A.

The intermediate tBUNO1A was reacted with excess MeP-
(OEt) and (CHO),, followed by hydrolysis and purification
with cation exchange column chromatography. NOTMP was
prepared in one step as the triethyl ester, starting from 9N3 and
excess MeP(OEtand (CHO),, similar to a known proceduré.
Hydrolysis in agueous NaOH, followed by purification on a
cation exchange column, gave the free acid. These latter two

groups are requirEd. Starting from l,4,7-triazacyc|ononane|igands were prepared to measure tHg of their Mg“
(9N3), two acetate groups (tBu esters) were attached by reactioncomplexes, because tKg of Mg(NO2A-MP) was, surprisingly,

with 2 equiv of tert-butyl bromoacetate in tBuOH, giving
tBUNO1A and tBuNO2A (Scheme 1). The HBr produced in

too low (see below) for our intended application.
NMR Characterization of the Ligands and their Mg"

the reaction was neutralized by the simultaneous addition of Complexes. All three ligands NOTMP, NO1A-2MP, and

KOtBu. The formation of the trisubstituted product §BIOTA
was inhibited by protonating a single macrocyclic nitrogen using
1 equiv of trifluoromethanesulfonic acid (TfOH). This method
using H" as the “protecting group” relies on the fact that there

NO2A-MP displayed a singl&'P NMR resonance in the 35

45 ppm range, well downfield of resonances from biologically
important phosphates. For all ligands, the resonances of the
free ligand and the Mgcomplex were well resolved and in

is a large gap between the stability constants (in water) of the gjo\y exchange at 202 MHz. There was no line broadening of

first and the second protonation steps of 9N3 and its derivatives.

In this way, a selectivity of 70% toward tBNO2A was reached.
Earlier attempts without TfOH showed a selectivity of only 30%.
The use of TfOH as a protection agent in the synthesis of
tBu,NO2A was further investigated by titrating tBuNO1A and
tBu,NO2A with TfOH, while monitoring theitH and'3C NMR

either resonance up to 8C. We also used selective saturation

of either the free ligand or the Mgcomplex resonance of
NOTMP to investigate the time scale of the interchange between
them. In both experiments, saturation of either resonance had
no effect on the peak area of the nonsaturated resonance. Thus,
exchange between ligand and complex was slow relative to their

spectra. In general, protonation of an amine induces a largespin-|attice relaxation rates (I{ = 0.63 s for these ligands).

downfield shift ona-hydrogen nuclei and a large upfield one

onp-carbons. Therefore, H4 and C5 were expected to be good

indicators for the protonation sites. Both nuclei exhibited
marginal shifts for both protonations of tBuNOZ1A and for the
first protonation step of tBANO2A, while large effects were

Accurate assessment of [ligand]/[complex] integral ratios is
vital for measuring free Myjlevels using the strategy employed
here. The'H coupled and decoupledP line widths, nuclear
Overhauser effects (NOE), and longitudinal relaxation tirigs (
were measured for NOTMP and its Mgomplex. Since the

observed for the second protonation step of the latter compound.—rl values were essentially equal for the free ligand (t.6.1
From these results it was concluded that protonation takes places) and the MY complex (1.7+ 0.1 s), short delays without

preferentially at a secondary nitrogen atom. A more elaborate

description, together with all assignments of e and 13C

resonances, is given in the supporting information. The strong

complete relaxation may be applied without loss of integral
accuracy. Similarly, equal values of the NOEs (1.3 and 1.2,

preference for protonation at secondary nitrogen atoms neces- (17) Broan, C. J.; Cole, E.; Jankowski, K. J.; Parker, D.; Pulukkody, K.;

(16) Canet, D.; Levy, G. C.; Peat, I. B. Magn. Resonl975 18, 199.

Boyce, B. A,; Beeley, N. R. A,; Millar, K.; Millican, A. TSynthesi4992
63—68.
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Table 1. 3P (202 MHz) and'H (500 MHz) Chemical Shiftsof
NOTMP, NO1A-2MP, and NO2A-MP and Their MgComplexes at
pH 7.4 and 295 K

Huskens and Sherry

This microscopic protonation sequence was confirmet-y
NMR shifts (see the supporting information). The first two
protonation steps occurred at ring nitrogens, and were selective

¥P NMR 'HNMR for protonation at a nitrogen atom near an acetate. This
L oL Swmg.  AS oL Ol AS selectivity can probably be ascribed to a stronger hydrogen bond
NOTMP 368 423 55 133 140 007 formed between a protonated nitrogen and an adjacent acetate
NO1A-2MP 306 421 25 130 141 011 versus a methylphosphinate group. The third protonation
NO2A-MP 40.1 418 1.7 130 141 011 produces very little change in chemical shift of the ring protons.
NOTEP 405 455 5.0 This indicates that this protonation does not take place at a
NO1A-2EP 429 453 24 nitrogen, but probably at the carboxylate group of an acetate
Hg%ﬁﬁ; ‘113:; gg:é é:g side chain. This may lead to a rearrangement of a proton from
NO2A-PME® 213 234 21 the N atom adjacent to the protonated acetate to the N atom

aIn parts per million; measured with 85% phosphoric acid (0 ppm)
as the external and HDO (4.80 ppm) as the internal standard for the
31p and'H NMR spectra, respectively.Reference 13¢ Reference 11.

42

40

6L (ppm)

38

36 1 L 1 L 1 1

pH

Figure 2. 3P chemical shift of the free ligand resonancés, of
NOTMP, NO1lA-2MP, and NO2A-MP as a function of pH, as
determined at 202 MHz at 295 K.

respectively) allow proton decoupling without loss of integral

adjacent to the still deprotonated methylphosphinate group.
Also, the large increase of théP NMR chemical shift of
all three ligands during the third protonation (Figure 2) sug-
gests that a conformational change occurs, which may be
ascribed to a rotation of the acetate group. The protonation
sequence for NO2A-MP is schematically illustrated by Scheme
2. The microscopic protonation sequence, observed here for
the methylphosphinate family, also explains tH® NMR
chemical shift differences observed for the ethylphosphinate and
the phosphonate ethyl ester derivatives (see Table 1).

The methyl proton resonances of NOTMP, NO1A-2MP, and
NO2A-MP appear as a sharp doubk3k(; = 13 Hz) while their
Mg'" complexes show slightly broadened resonances. However,
AJS (=0mgL — Ov) is only 0.07 (NOTMP) or 0.11 ppm (NO1A-
2MP and NO2A-MP; see Table 1). Although these resonances
are well resolved at high field, this small shift difference may
be too small to be usefir vivo. The observation that the shift
difference is smaller for NOTMP compared to NO1A-2MP and
NO2A-MP can be explained by the fact that protonation of a
nitrogen atom near a methylphosphinate side chain causes a
(small) downfield shift of thed, of the methyl protons, in
contrast to the upfield effect on thie of the 3P resonance. If

accuracy. The line width of the free NOTMP resonance the free and the Migbound ligand resonances could be resolved
decreased from 30 Hz (multiplet) to 4 Hz (singlet) upon proton iy 4iyo, then spin-echo heteronuclear editing or multiple
decoupling, while the line width of the Mg(NOTMP) resonance guantum NMR techniques should allow monitoring of the
decreased from 37 to 12 Hz. So, in both cases the resonancegnethy| !H resonance of the methylphosphinates without inter-
of the complex were somewhat broader than for the free ligand, ference from othetH signals.

probably due to the formation of diastereomeric complexes due Thermodynamics. Potentiometry was used to measure the

to the methylphosphinate groups becoming chiral upon coor-
dination to Md'. Assuming that exchange between the dia-
stereomeric MgL species is slow or intermediate on the NMR

protonation constants of the ligands NOTMP, NO1A-2MP, and
NO2A-MP and their metal ligand stability constants with 'Mg
and C4. All constants were measured in 0.1 M KCI to mimic

time scale, the chemical shift difference between such speciesiniraceliular conditions, and all were determined at 25 and 37

must be small.

The 3P NMR chemical shifts of NOTMP, NO1A-2MP, and
NO2A-MP and of their Mg complexes are listed in Table 1,
together with some values of previously described ligdads.
The most striking phenomenon is the large shift differerak,
(=0mgL — OL), for NOTMP, NOTEP® and NOTPME!! Since
the chemical shifts of the MgcomplexesdwmgL, Were nearly
equal for all members of the same family, the larg® values

for the triphosphinate and tris(phosphonate ester) ligands must

be due to differences in the values 6f. Therefore, we
investigated the behavior 8 versuspH for NOTMP, NO1A-
2MP, and NO2A-MP (Figure 2). It appeared that the values
of . were about the same for all three ligands at high pH,
where the ligands are nonprotonated. Upon addition of 1 equiv
of acid, the NOTMP resonance shifted to lower frequency (4.1
ppm), while the effects on the shift of NO1A-2MP (1.2 ppm)
and NO2A-MP (0 ppm) were much smaller. This indicates that
the first protonation of NO1A-2MP and NO2A-MP occurred
largely at a nitrogen atom with an acetate side chain, while in
NOTMP protonation must occur at a site near a phosphinate
side chain. This results in shielding of tA¥ nuclei that are

in a B-position relative to the protonated N atom.

°C. Typical titration curves for NOTMP (at 25C) are
presented in Figure 3. All results are summarized in Table 2,
together with previous results for NOTA and the ethylphosphi-
nate derivatives NOTEP, NO1A-2EP, and NO2A-EP.

The NOTMP protonation constants and stability constant with
Mg'" differed considerably from values reported previously by
others!® especially the second protonation constant which they
report to be near pH 7. Figure 3, however, clearly shows the
absence of alf, in this pH region, suggesting that the previous
literature values are in error.

The first protonation constants of the ligands described herein
are all somewhat higher than the values for the corresponding
ethylphosphinate derivativés. Also, the complexes with My
and C4 are more stable for the methylphosphinates than for
the corresponding ethylphosphinates. The selectivity foll Mg
over Cd (log Kmg. — log Kcal) decreased with an increase of
the number of acetate side chains, as reported previétily.
37°C, the first protonation constants decreased as expected (see
below), while the MJ—ligand stability constants were some-

(18) Broan, C. J.; Jankowski, K. J.; Kataky, R.; Parker,JDChem.
Soc., Chem. Commuf99Q 1738-1739.
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Scheme 2

H+

12

no metal
10

3
H tot / Ltot

Potentiometric titration curves for NOTMP (2 mM) in the
and presence of 1 equiv of'My Cd', as determined at

Figure 3.
absence
298 K.

what higher. The species MgHL was observed in most of the
experiments, but was a minor species throughout the titrations,
while CaHL was not observed in any of the titrations.

For biological applications, the more critical binding constant
is that given by the conditional dissociation constdtg,=
[Mg]#[L]+/[MgL], near physiological pH values. Here, [Mg]
is the free M¢ concentration, and [k ]s the total concentration
of uncomplexed (free) ligandg., the sum of the concentrations
of (nonprotonated) L and its protonated forms. Since the first

J. Am. Chem. Soc., Vol. 118, No. 18, 199801

= [Mg]s + [MgL]). Plots of [Mgloty versus1/(1 + y) gave
straight lines with [L} as the slope anHy as the intercept.

The results of thé'P NMR titrations at 25C for NOTMP,
NO1A-2MP, and NO2A-MP are shown in Figure 4. The
calculated [L}, values obtained from these plots agreed well
with those calculated using the molecular weights of the ligands,
as determined later by potentiometry. The intercepts of Figure
4 indicate that theKy values for the three ligands are in the
order NO2A-MP < NO1A-2MP < NOTMP. TheKy of Mg-
(NO2A-MP) estimated from this curve was 0.07 mM, a value
that is much smaller than the actual {.J3 mM) used in the
experiment. These experimental conditions gave rise to a large
relative error in theKy for this complex. However, the
concentration of NO2A-MP could not be lowered in this
experiment because this ligand has only #e nucleus per
molecule and, consequently, the signal-to-noise ratio became
limiting. The ligand concentrations of NO1A-2MP and NOT-
MP (2 mM) were of the same order of magnitude as kae
values of their M§ complexes estimated from these plots.

Similar experiments were performed usittd NMR spec-
troscopy. Table 2 lists thi€q values of the methylphosphinate
derivatives measured experimentally 8% and'H NMR and
the corresponding values estimated from the potentiometric data
(log Kg = log Kn — pH — log Kugr). All Kq values appeared
to be equal to their potentiometric estimates within experimental

protonation constants for all these ligands are much higher than®Tor. Somewhat to our surprise, tkg value for Mg(NO2A-

physiological pH values while the second protonation constants
are much lower, [L] can conveniently be written as [HL] at
this pH.

Kg values can be assessed at physiological pH fiffshNMR
titrations performed under buffered conditions. The experiments
described below were performed in HEPES-buffered solutions
(pH 7.40), containing KCI, NaCl, and glucose to mimic
intracellular conditions. In general;-3 mM ligand solutions
were titrated with small aliquots of a concentrated MgCl
solution. The3P NMR spectrum was recorded after each
addition, and the peak areas corresponding to L and MgL were
measured to give the integral rafjo= [MgL]/[L] +. Since the
exact ionic form and, hence, molecular weight of each ligand
were unknown when these titrations were begun (the potentio-
metric titrations were performed later), the total ligand concen-
tration, [L]ot, was treated as a variable in each NMR titration.
In order to present the results graphically, the definitiorkgf
was rewritten as eq 1, using the mass balances for Lo(FE]

Malody = [Lliof (1Y) + Ky 1)
[L]+ + [MgL]) and Mg@" ([Mg]t (the total Md' concentration)

MP) (0.07 mM) was about 6-fold lower than that for Mg(NO2A-
EP) (0.43 mM), too low for measurement of typical intracellular
free Md' levels. However, NO1A-2MP and even NOTMP
proved to havdy values in a useful range for monitoring [Mg]
An additional advantage of these ligands is their higHeINMR
sensitivity, because they have more equivaféRt nuclei per
molecule. NOTMP is especially suited, since it combines the
highest3!P (and'H) NMR sensitivity with a relative ease of
preparation and the large¥P NMR shift difference between

L and MgL (see above).

A remarkable effect was the temperature dependenég.of
Both NMR and potentiometry indicated that thg of Mg-
(NOTMP) decreased by about a factor of 3 between 25 and 37
°C (see Table 2). In order to investigate this effect furtR&?,
NMR spectra of samples containing mixtures of L and MgL
were measured as a function of temperature. For a sample
containing 2 mM NOTMP and 2 mM Mggl the temperature
effect on the integral ratio was dramatic: at UD there was
more free ligand than Mgcomplex ¢ = 0.8), while at 80°C
the free ligand peak was barely visiblg ¢ 20). From
measurements over this temperature range, it became possible
to calculate thermodynamic parametefdH(and AS) for the
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Table 2. Stepwise Protonation and Metdligand Stability Constants of NOTMP, NO1A-2MP, and NO2A-MP with 'Mand Cd As
Determined by Potentiometry at 298 and 310IK<0.1 M KCI), and Conditional Mg—Ligand Dissociation Constantk,, Measured front'P
(202 MHz) or'H (500 MHz) NMR Spectra at pH 7.40

log K2 log K2 log B b Kq of MgL (mM)
L T(K) HL HoL HaL MgL CalL MgHL pH-metry 3P NMR  !HNMR
NOTMP 208 10.92(2) 3.97(3) 2.09(2) 6.66(5) 4.45(4)  12.76(15) 0.8 B1(1) 1.2(1F
310 10.68(4) 3.98(2) 2.05(3) 6.67(5) 4.40(4) e 0.4 0.35(3)
NO1A-2MP 298 11.7(1) 4.24(5) 2.10(22) 8.0(1) 6.3(1) 14.5(3) 0.2 0.40(3)
310 11.4(2) 4.1(2) 2.0(2) 8.1(1) 6.6(1) 14.0(2) 0.08
NO2A-MP 298 12.0(1) 499(3) 2.73(3) 8.9(2) 7.5(1) 14.8(2) 0.05 0.07(3) 0.06(3}
310 11.7(1) 5.04(3) 2.90(3) 9.0(2) 7.7(1) 14.4(2) 0.02
NOTEP 298 10.27(5) 4.72(3) 3.26(3) 554(2)  3.79(2)
NO1A-2EP 298 10.45(5)  4.42(1) 2.76(2) 5.57(3)  3.56(4)
NO2A-EP 298 11.15(4)  4.89(4) 2.82(4) 7.26(3)  6.43(1)
NOTA? 298 11.41 5.6 2.9 9.69 8.92

a Standard deviations derived from two or three separate titratihs: [HiL]/[Hi—L][H], Kme = [MLY[M][L]. °Bwn. = [MHLY[M][H][L].
¢ Estimated values from potentiometry: lég = log Ky, — pH — log Ky at pH 7.40.9T = 295 K. ¢ Not observed! Reference 139 Reference
19.

-40
3 =
—_ g -50
s = NO2A-MP
E Lt E -60
>
~ NO1A-2MP = I NO1A-2MP
- 4 -70
3 <
= T gof
NO2A-MP
0 L i . . -90 .
0.00 0.20 0.40 0.50 0.80 1.00 290 3.00 3.10 320 3.30 3.40 3.50 3.60
1/T (102 K)
H(A+y) = (Ll Figure 5. —RIn Keq (Keqis defined for the equilibrium Mglt- H =

Figure 4. [Mg]wdy (y = [MgLJ/[L] 5) versusthe free ligand fraction, Mg" + HL) versusl/T for NOTMP ([L]it = 2.00 mM, [Mg}ot = 2.00
[L]#/[L] ot (=2/(1 + y)), for NOTMP, NO1A-2MP, and NO2A-MP, as mM), and NO1A-2MP and NO2A-MP ([ = 2.00 mM, [Mg}e: =
determined by'P NMR (202 MHz) at 295 K and pH 7.4. The slopes  1.62 mM), as determined by variable temperaftifeNMR (202 MHz)
represent [L}: values, whereas the intercepts gkigvalues. at pH 7.4. The slopes represehitl values for this equilibrium.

e — ey Table 3. EnthalpiesAH (in kd/mol), and EntropiesAS (in J/(mol
equilibrium MgL + H* = HL + Mg'". The equilibrium .y " ", EquiligriurﬁMéH H+=) Mg" + HLF;orsﬁlo(TMP,(

constantKeq (=[HL][Mg] f/[_MgL][H]), could be Obtai_ned from NO1A-2MP, and NO2A-MP As Measured by Temperature
the NMR data once the ligand and Mgoncentrations were  Dependen#!P NMR, and Resulting Values for the Protonation and

accurately known. At physiological pH, [L]= [HL] as Mg'" Complexation As Derived in Combination with Potentiometric
described above. Therefore, the relationship betvwégrand Data

Kq is straightforward Keq = K4/[H]). Since the equilibrium is L AH AS AHu ASyw AHwg ASug
the decomplexation of MgL to Mgand L followed by the NOTMP —62(3) —126(8) —47 (528 15 178(8)
protonation of L to HL, the free energy of the equilibriung, NO1A-2MP —62(4) (-132f —51 (52 11 (184}

can be written as the difference in free energy of the protonation, NOZA;MP —57(3) (-132f 53 (gg)a 4 (184f

AGy, and the complexatiod\Gy, as given in eq 2. Plots of :32 o 0 184

AG = —RTIn Kgq= AH = TAS= AGy — AGy. (2) aValue estimated from literature values for 9N3 and/or NOTA.
b Reference 19.

—RIn Keq versusl/T gave straight lines witiAH as the slope .
- X o TAS4. term contributes only 25% to theGy, term at 298 K.
and—ASas the intercept, as shown in Figure 5. The enthalpy AHy. values for the methylphosphinate ligands were calculated

(AH = AHy. — AHy) and entropy AS = ASy. — ASw) ; : .
changes determined from such plots are obviously related tofrom the protonation constants.(at ?98 K) as given in Table 2.
For the NOTMP data shown in Figure 5, no further assump-

the protonation and complexation values. ]
tions were necessaryAHyw. and ASy. were calculated from

In order to obtain the complexation enthalpyHw., and
entropy,ASu., from the data shown in Figure 5, we fixed the AH andAS The value ofASy. of NOTMP (1784 8 J/(mol
K)) was equal to the literature value for NOTA (184 J/(mol

protonation entropyAS.., at a value of 52 J/(mol K) for all as ! ¢ o
three ligands NOTMP, NO1A-2MP, and NO2A-MP. This K)) within experimental error. This suggests that the'Ngn
approximation seems valid since the literature vaitfes 9N3 in both complexes is coordinated in a similar manner, very likely
(54 J/(mol K), Table 3) and NOTA (50 J/(mol K)) are very With three nitrogens and three side chains. The endothermic
close to each other, even though protonation in NOTA is enthalpy of Mg(NOTMP) AHw. = 15 kJ/mol) reflects the
probably assisted by hydrogen bonding. Furthermore, the difference in coordinating strength of the phosphinate group
compared to the acetate group in NOTAHy. = 0 kJ/mol).
c (19) Ma”e'f"@l-E-;lsg‘“h' Ff- M. '\’I'Dmekgms’ RN?ISI'SFT g“ti";' %‘ag"? This contributes to lower My-ligand stability constants for
onstants of Metal Complexes Database, tandard Re e Cthe methylphosphinate family compared to NOTA (see Table

Database 46NIST Standard Reference Data, Gaithersburg, MD 20899, ) - -
1993. 2) and to a (slightly) higher stability constant of Mg(NOTMP)
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with an increase in temperature from 25 to 7. However,
the largest contributing factor to the decreaséig (and Kq)
with T comes from the exothermic protonation enthalpy{

kJ/mol). Thus, the greater tendency of HL to dissociate at higher
temperatures contributes most to the greater overall stability of

Mg(NOTMP) at physiological temperature than at room tem-
perature.
For NO1A-2MP and NO2A-MP, the measurementskaj

versustemperature were subject to the same problem as in the

experiment in which th&y of Mg(NO2A-MP) at 25°C was

determined (see above): the concentration of the ligand had to

be (much) higher than thiq itself, providing relatively large
uncertainties in the [Mg)values. This problem was overcome
by using another approximation: since th&y_ values were
the same for Mg(NOTMP) and Mg(NOTA), we fixed the values
for Mg(NO1A-2MP) and Mg(NO2A-MP) at 184 J/(mol K). This
set the intercept{AS) in Figure 5 for these two ligands at 132
J/(mol K). The values oAH were then obtained from a fit of
the data presented in Figure 5, while thély. values were
calculated from the protonation constants at 298 K As,
(see above). Thus, endothermitiy. values of 11 and 4 kJ/
mol for NO1A-2MP and NO2A-MP, respectively, were ob-
tained. An overview of theAHy_ data (Table 3) for the

methylphosphinate derivatives and NOTA shows that substitut-
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Figure 6. [Mg]ada — [MgL] versus y(=[MgL]/[L] 1) for NOTMP (3
mM) as determined in human blood plasma (pH 7.8FyNMR (202
MHz) at 310 K. The slope represents tgevalue, whereas the intercept

ing a methylphosphinate side chain for an acetate group (from gives —[MgJini. Spectrum:*P NMR spectrum of the plasma sample

NOTA to NOTMP) leads to an endothermic contribution to
AHp of about 5 kJ/mol per group.

Performance of NOTMP in Blood Plasma. To investigate
the behavior of NOTMP in blood plasma, we performedran
vitro titration of (human) blood plasma with Mg€at 37 °C
while monitoring the sample B3P NMR. For locking, a small
amount of BO was added, yielding a sample containing 81%
plasma (pH 7.8). At any point of the titration, the Mgass
balance was described by eq 3. [Mgiepresents the free Mg

[M@]ini + M@l age= [M@]; + [MaL] @)
concentration initially present, while [Mgjs represents the
amount of Mdl added during the experiment. It was assumed
that the initially bound M, by other components of the plasma,

before addition of My.

remaining 24% (0.26 mM) must be bound to the proteins present
in the plasma with a much higher affinity than that of NOTMP.
Simulation of a 1:1 binding model for Mgplus protein showed
that theKy values of the protein binding sites must be less than
0.1 mM. The NMR titration results presented in Figure 6 are
inconsistent with a large number of weaker 'Mgprotein sites.

Conclusions

The main goal of this research was to prepare 4 bteelator
which contained easily monitored'P and 'H resonances.
Switching from ethyl- to methylphosphinate side chains proved
to be a significant advantage in that the number of phosphorus-
containing side chains could be increased without sacrificing

would not be released during the experiment. Therefore, thethe targeted{y values of the ligands with Mg In fact, the

definition for K4 can be rewritten as eq 4. Plotting [Mg] —

[Mg] a9¢— [MOL] = YK, — [Mg];; 4)
[MgL] versus ywill give linear plots withKy as the slope and
—[Mg]ini as the intercept. The results for the titration of the
blood plasma (pH 7.8) are presented graphically in Figure 6,
together with the®’P spectrum of the plasma sample before
addition of Md'.

Figure 6 shows that thKq (slope) of NOTMP was lower in
the blood plasma (0.14 0.01 mM, pH 7.8) than in the aqueous
buffer experiments (0.3% 0.03 mM at pH 7.4, Table 2). The
difference can be completely ascribed to the pH difference in

the two experiments. The most remarkable feature of Figure

6, however, is the intercept-0.66 mM). Since the plasma
was diluted to 81% at the beginning of the experiment, this
means that [Mg}; in pure plasma is 0.8 0.02 mM. The
same value (0.82 mM) was obtained from the initial sample
without added MY, by measuring thé'P peak integrals and
using aKg = 0.14 mM. The total M§ concentration in pure
plasma was 1.0& 0.01 mM, as measured by atomic absorption
spectroscopy. This indicates that the free''Mgpncentration

in plasma is 76% of the total Mgconcentration, identical to
results reported recently using an ion specific electf8d&he

tris(methylphosphinate) derivative NOTMP appeared to have
exactly the desiredy (0.35 mM) at 37°C and pH 7.4. Not
only does this derivative have a 3-fold greater NMR sensitivity
compared to NO2A-EP, but its synthesis is much easier and it
is more selective for Mgover Cd. The latter appears to be a
general phenomenon for triazacyclononane derivatives contain-
ing fewer acetate side chains. Furthermore, NOTMP shows a
much larger chemical shift difference between3feresonances

of the free ligand and those of the Mgomplex, owing to
shielding of the’’P nuclei that takes place upon protonation of
a single amine. This is in contrast to the mixed side chain
derivatives, in which protonation occurs preferentially at a N
atom near an acetate group.

The relative concentrations of free NOTMP and its 'Mg
complex can be assessed accurately from integratioftRof
resonance areas without rigorous experimental conditions, since
their NOEs and longitudinal relaxation rates are equal. The
effects of pH and temperature on tgcan be evaluated using
the thermodynamic data presented here, allowing an accurate
calculation of free MY levels under a variety of solution
conditions. The pH effects can be easily evaluated using the

(20) Altura, B. T.; Shirey, T. L.; Young, C. C.; Hiti, J.; Dell'Orfano,
K.; Handwerker, S. M.; Altura, B. MMethods Find. Exp. Clin. Pharmacol.
1992 14, 297-304.
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equationKg(pH) = 1074-PHK474 because of the large gap Acknowledgment. This research was supported in part by
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a sharp doublein uitro, for both the free ligand and the Mg
complex. The chemical shift difference, however, is small (0.07
ppm). Forin vivo applications, NO1A-2MP might be more
useful because its shift separation is somewhat larger (0.11 ppm)
Still, 3P decoupling and the use of multiple pulse sequences

. . ) | ;
might be necessary fo obtain reliable free'Mgvels using'H This material is contained in many libraries on microfiche,

in vivo NMR spectroscopy. . . . L T .
The results presented here suggest that the ligand NOTMp!mmedlately follows this article in the microfilm version of the
may prove useful for determining free Mtgvels in plasma or journal, can be ordered from the ACS, and can be downloaded

for monitoring changes in [Mg]n perfusates duringtP NMR T:\?tr)?ntwg?i(;:tzrr:‘;tl;nfgﬁ:tngc%lérst:ri]:]sr?ri?:tt?gr?sd page for ordering
studies of perfused organs. For intracellular use, derivatization )
will be necessary. JA953771P

Supporting Information Available: Text describing the
detailed synthesis of NO1A-2MP and NOTMP, figure showing
theH NMR spectrum of NOTMP and Mg(NOTMP), and tables
giving the NMR shift data for tBUNO1A and tBNO2A (*H
and13C), and for NO1A-2MP and NO2A-MP) (7 pages).



