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NMR characterization of natural abundance N in phospho-
rus-nitrogen compounds can be performed through *P using
inverse detection methods. When the *P-"N scalar coupling is
small, its observation is greatly disturbed by the residual signal
coming from the 99.6% abundant “N isotopomer that usually is
not completely suppressed by the phase cycle of the sequence. The
combined use of pulsed field gradients to suppress this residual
signal and the enhanced sensitivity *P, ®N{'H}-esHSQC experi-
ment affords artifact-free spectra with good signal-to-noise ratio,
which allows the accurate measurement of *N NMR parameters
such as chemical shifts and coupling constants with the benefits of
phosphorus detection.  © 2001 Academic Press
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INTRODUCTION

NMR data originating from the nitrogen-15 nucleus can
provide good insight into a wide range of physical and cherﬁ—
ical properties of organic, inorganic, and biomolecules: coor:
dination mode, protonation, hydrogen bonding, configurationa

geometry, conformational relationsis—transor syn—antiste-

reochemistry, equilibrium systems, reaction mechanisms, b

synthesis, etc.1( 2). However, the detection 6fN in NMR is

not always straightforward. The isotope nitrogen-15 has a v

er

problem, the latter methods usually giving better results. Th
select the nitrogen-15 nuclei scalarly coupled to a nucleus
high receptivity (mainly'H), eliminating throughout the ex-
periment the signals coming from the abundant isot&pe
(99.63%).

As mentioned above, théd nucleus has been traditionally
used for the indirect detection dfN in natural abundance,
although the methodology can be extended to other higt
receptive nuclei. These alternative nuclei have to be used wi
no protons are available in the molecule under study, or t
N-"H coupling is very small or simply does not exigt).(
Phosphorus-31 represents the best choice for a large numbe
organic and organometallic compounds. It is a 100% abund:
3 spin nucleus and has been extensively employed in t
indirect detection of metal nucleb). Also some biomolecular
NMR experiments have taken advantage of the presence
hosphorus in nucleotide§)( In spite of its general availabil-
ity, there are relatively few examples in the literature makir
u?e of the™P nucleus for the characterization of nitrogen-15 i
nonbiological compounds. The first applications were based

hosphorus-to-nitrogen polarization transfer schemes INE

)y and DEPT 8, 9). For the®P and*N pair of nuclei indirect
detection techniques may afford high®N ratios than polar-
ization transfer methods by a factoyu(y,)**> = 13.3. Re-

low natural abundance (0.37%), and a small and negative

gyromagnetic constant, which results in a very low receptivit¥ﬁ

Additionally the usually longT, values for™N increase the

difficulties of its direct detection3). In the case of biomolec-
ular NMR, the nowadays-standard use of nitrogen-15-label

samples has overcome the problem to obséiNe However,
this method is not of general applicability. The preparation

N-labeled organic and inorganic synthetic compounds n
mally requires the use of very expensive materials and tro
blesome procedures. For this kind of molecules polarizati
transfer and inverse detection schemes can patrtially solve
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cently, we have reported the first application"®™ NMR data

easurements using indirect detection through phospho
(10, 17 based on the HMQC1@) pulse scheme. Throughout
tehae experiment the protons are continuously decoupled to s
press the®P-'H coupling, thereby increasing the signal-to

&oise ratio.

The HMQC experiment showed a good sensitivity even f

:%{__)oad signals which is especially important in the natur

undance determination BN in compounds where the phos-
mborus is bonded to two nitrogen atoms, as in polyphospt
zenes, due to second-class relaxation coming from the quac
“N nucleus coupled t¢'P (13). The combination of 1D
and 2D experiments affordedN chemical shifts and'P-°N

2 To whom correspondence should be addressed. E-mail: flortiz@ualm.€oupling constants as well as the measurement of isoto
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FIG. 1. Pulse scheme of th&P, **N{ *H} HSQC with enhanced sensitivity experiment. Narrow and wide bars correspond to flip angles of 90° and :
respectively. All pulses phases ateunless specified. The pulse widths used were 9.6 angs2®r *'P and™N, respectively, using an attenuation level of 1
dB for both heteronuclei. Composite pulse decoupling ortithehannel is used throughout the entire pulse sequence, Wittpalse of 85us for an attenuation
level of 23 dB. The delay is set according to the size of the coupling to detect, following the reldtien1/4J. The timer has the same duration as the pulse
field gradient (1 ms). In the 1D version of the experiment the timie made constant. Quadrature in thedimension is obtained by trecho—antiechanethod,
recording every transient twice and changing the sigé pin the second scan. Gradients are sine-bell shapedis directed, with durations of 1 ms each anc
peak amplitudes (G/cnp, = 40, G, = *10.

effects induced by the substitution BN by ™N. However, the trum was acquired with the three pulse sequences for a sar
reliability of the method dramatically diminishes when tryingf P-(diphenyl)methylN-methoxycarbonyl)phosphazend,,

to observe very smaffP-"°N couplings (1-5 Hz) as a conse which shows d&J(*'P, **N) coupling of 37.0 Hz (Fig. 2)The
quence of the overlap of the multiplet with the residual signaiN satellites coming from the coupling with the phosphort
coming from the®P coupled to“N, not perfectly suppressednucleus can be clearly seen in all thrfé@ spectra. Traces (a)
by the phase cycling of the sequence. The most evident altand (b) in Fig. 2 have been obtained with the phase-cycl
native to effectively suppress this residual signal and obsemelse schemes HMQC and HSQC, respectively, while spe
the small couplings is the use of pulsed field gradieht. (

In this paper we describe for the first time the application of

an indirect detection method to observe natural abundahce (Ph)-P=N-CO-CH: 80 60 40 20He
through®'P incorporating pulsed field gradients. The enhanced CH: 1 e
sensitivity HSQC pulse sequence is adapted for this purpose,

allowing accurate determination 6N chemical shift param a b c

eters and in particular small coupling constants, not easily
accessible through the known preexistent methods.

RESULTS

The pulse sequence applied (Fig. 1) is the enhanced sensi-
tivity HSQC (esHSQC) that includes pulsed field gradients and
makes use of thecho—antiech@rotocol by changing the sign
of the last gradient1(®). It has been converted into a triple-
resonance experiment introducing thé decoupling through
out the experiment to eliminate ti®—"H couplings. As far as
we know, this is the first time an HSQC experiment is used to
detect™N through“P, with and without pulsed field gradients. FIG. 2. Sections of the 161.98-MHz (400 MHz f&i, Bruker AMX400)

. . . 1D *P, ®N{'H} experiments showing th&P, *N doublet for a 0.6 M sample
The proportional amplitude of the gradients has to be Ca'C(H‘_'P-(diphenyl)methyl(\l-methoxycarbonyl)phosphazene,in CDCl,. Al ex-

lated according to the gyromagnetic ratios of the two nuclgériments were recorded at 298 K with 256 scdt® spectral width of 3000
involved (in this casey, = —3.996y, ~ —4v,), resulting in a Hz, preacquisition delay of 3 s, and coupling evolution time of 13.9 ms for
ratio 4:=1 for the pulse sequence depicted in Fig. 1. total duration of 31 min. Processec_i with an expo_nential w_eighting functic
The benefits arising from the use of the pulsed field gradiedt§ = 1)- () HMQC sequence without pulsed field gradients, (b) HSQ
. . without PFG, and (c) using the enhanced sensitivity HSQC pulse seque
In th(_% eSHSQC are r_ead”y seen W_hen W(_E compare the reSHL cted in Fig. 1, with gradient amplitudes 40:-10. Spectra (a) and (b) he
of this experiment with those obtained with the phase-cycleden acquired without refocusing delay to minimize signal intensity losst

pulse sequences HMQC and HSQC. A B, N{'H} spec  The relative intensities of the signals are 1:0.92:0.75.
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trum (c) corresponds to the PFG esHSQC sequence. In terms of (Ph)2P=N-CO.CHs
sensitivity, the HSQC-based pulse sequences show I&idér

ratio than the HMQC experimentS(N for spectra a:b:c is
1:0.92:0.75). The small intensity differences observed between
the spectra (a) and (b) may be assigned to the increased number
of pulses of the HSQC vs the HMQC pulse scheme. For the
experiment including pulsed field gradients a larger reduction
in the S/N could be expected mainly because one of the
coherence pathways giving rise to the signal is effectively
suppressed by the gradients. Furthermore, the PFG esHSQC
has the longest duration and increased number of pulses with o @
respect to the other two experiments, factors that may result in 61 ¢ o 0 300
a diminishedS/N. The loss of only 25% in sensitivity com- 4 . L 280
pared with the HMQC experiment indicates a very good per-
formance of the PFG esHSQC sequence. Even so, the main °
feature of the PFG esHSQC experiment is that it provides the - 240
expected perfect suppression of the residual signal coming
from the **P-*N isotopomers as can be observed in spectrum
(c), Fig. 2, whereas the phase cycle of the nongradient HMQC
(a) and HSQC (b) is unable to completely eliminate the above-
mentioned signal.

In the example above the relative large size of te-°N
coupling does not interfere with the residual signalAzi-
dophosphazen& (16), is a more challenging compound to 5
prove the usefulness of the new method for the measurement of . ﬁ ‘ , :
small **P-**N coupling constants. This molecule presents four %P 20 265 ppm 270 265 ppm
nitrogen atoms that may be priori, detected through the ¢ 3 geqiions of the 20°, *N{*H} spectra of2 (0.25 M, CDC).
phosphorus provided that there is a resol&d-"N coupling.  goth experiments were recorded at 298 K with 128 scans and 128 increm
The 2D *'P, *N{'H} experiments acquired without and within t,, spectral width of 1300 and 12,100 Hz F, and F,, respectively,
gradients are given in Fig. 3. The nongradient HMQC TPRfeacquisition delay of 2 s, and coupling evolution time of 60 ms for a tot
experiment (a) shows two correlations betweédn and N, duration of 10 h 20 min. (a) HMQC TPPI experiment without PFG showin

. . _ just two correlations of thé'P with nitrogens N and N’. Cross peaks are in
correspondlng to nitrogen atoms (\8 = —2930 ppm) and N antiphase because no refocusing delay was used to minimize magnetiza

(6= __302-9 ppm), while a hypothetical cross peak arisingsses. (b) Enhanced sensitivity HSQC pulse sequence of Fig. 1, which bes
from nitrogens N and N' would be overlapped with the bandthe correlations seen in spectrum (a) shows an additional cross peak ith

of noise generated by the residual signal not suppressed by The1D projections in the upper part of the 2D spectra have been acquired v
phase cycle. Instead, in the PFG esHSQC a third cross peak D version of the pulse sequences.
be observed and its chemical shift determinédN{) =

—132.3 ppm). A further advantage of the 2D PFG esHSQgay, the coupling between the phosphorus addah be mea
experiment comes from the expected sensitivity incremesiired in both cases when the pulse sequences are optimize
compared with the phase-cycled one, reaching a Z8% this coupling (spectra (b) and (€)l-y = 9.1 Hz). But the most
increase in the case shown. remarkable improvement achieved with the PFG esHSQC exf
The inherent low resolution of the 2D experiments precludes gflent comes when trying to detect and measure very sfiall
accurate measurement of the coupling constants betweétPtheisy couplings as that arising from nitrogeri.Nn the case of the
and™N nuclei. Therefore it is necessary to record high-reSO'UtiCﬁhase-Cyded experiment set to detect very small Coup"ngs (SF
1D spectra as shown in Fig. 4. The different spectra have begim (c), Fig. 4, evolution time= 120 ms) the intense residual
acquired with and without gradients, and the evolution times -gigna| prevents the observation of any mu|t|p|et In contrast, t
the sequence optimized for the various ranges of coupling C@EG spectrum (f) shows a clean doublet coming from the thre

stants to be measured. The first pair of experiments (a) and (d) Wafd coupling of the phosphorus with nitroged (s, = 4.0
set to detect the largest coupling between the phosphorus afqg).

and nitrogen N While this coupling is clearly observed in both

experiments gy = 39.9 Hz), in the PFG-acquired spectrum (d) CONCLUSIONS

the coupling with nitrogen N(indicated with *) can be guessed

from the noise, whereas in the phase-cycled spectrum (a) th&Ve have described the first pulsed field gradient experime
intense dispersion residual signal precludes its observation. Abgsed on the PFG esHSQC sequence for the detection
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FIG. 4. 1D *P, ®N{1H} spectra of2, recorded at 298 K to observe the
couplings betweef'P and the different nitrogen atoms in the molecule. Every
experiment was recorded with 1024 scals of preacquisition delay, for a
total duration 63 h and a final resolution of 0.03 Hz/pt. Spectra (a)—(c) were9.
recorded with the HMQC sequence without PFG, and (d)—(f) were recorded
using the enhanced sensitivity HSQC experiment depicted in Fig. 1. Spectrum
(c) was acquired without refocusing in order to distinguish the smallestN 10,
coupling from the residudfP, **N signal. The evolution time for every pair of
experiments is (a), (dF 13.4 ms; (b), (e)= 34 ms; and (c), (f= 120 ms.

natural abundancEN NMR parameters throughP. Artifact-
free 2D spectra are obtained with enhanced sensitivity com-
pared to the phase-cycled HMQC scheme. The resulting high-
quality spectra allow the observation 8P, **N correlations 12
arising from very small couplings, which would be otherwise
obscured by the residual signal of the, *N isotopomers. The
precise values of these coupling constants can be measure
carrying out the experiment in the 1D mode. The importance pf
this type of experiments will show up mainly in the detection
of natural abundancg&N for organic (7) and inorganic mel
ecules 18) where no'H atom is available to be used as thé5s.
source of magnetization.
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