
Detection of Natural Abundance Nitrogen-15 through Phosphorus-31

r
i

r
s

d
u
s
t

hey

C

Journal of Magnetic Resonance148,165–168 (2001)
doi:10.1006/jmre.2000.2230, available online at http://www.idealibrary.com on
Using Pulsed Field Gradients

Rodrigo J. Carbajo*,1 and Fernando Lo´pez-Ortiz†,2

*Departamento de Quı´mica Orgánica e Inorgánica, Universidad de Oviedo, Julia´n Claverı́a 8, 33006 Oviedo, Spain; and
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NMR characterization of natural abundance 15N in phospho- problem, the latter methods usually giving better results. T
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us–nitrogen compounds can be performed through 31P using
nverse detection methods. When the 31P–15N scalar coupling is

small, its observation is greatly disturbed by the residual signal
coming from the 99.6% abundant 14N 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 31P, 15N{1H}-esHSQC experi-
ment affords artifact-free spectra with good signal-to-noise ratio,
which allows the accurate measurement of 15N 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
provide good insight into a wide range of physical and ch
ical properties of organic, inorganic, and biomolecules: c
dination mode, protonation, hydrogen bonding, configurati
geometry, conformational relations,cis–transor syn–antiste-
eochemistry, equilibrium systems, reaction mechanisms
ynthesis, etc. (1, 2). However, the detection of15N in NMR is

not always straightforward. The isotope nitrogen-15 has a
low natural abundance (0.37%), and a small and neg
gyromagnetic constant, which results in a very low recepti
Additionally the usually longT1 values for 15N increase th

ifficulties of its direct detection (3). In the case of biomole
lar NMR, the nowadays-standard use of nitrogen-15-lab
amples has overcome the problem to observe15N. However
his method is not of general applicability. The preparatio

15N-labeled organic and inorganic synthetic compounds
mally requires the use of very expensive materials and
blesome procedures. For this kind of molecules polariza
transfer and inverse detection schemes can partially solv
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select the nitrogen-15 nuclei scalarly coupled to a nucleu
high receptivity (mainly1H), eliminating throughout the e
periment the signals coming from the abundant isotope14N
(99.63%).

As mentioned above, the1H nucleus has been traditiona
used for the indirect detection of15N in natural abundanc
although the methodology can be extended to other h
receptive nuclei. These alternative nuclei have to be used
no protons are available in the molecule under study, o
15N–1H coupling is very small or simply does not exist (4).
Phosphorus-31 represents the best choice for a large num
organic and organometallic compounds. It is a 100% abun
1
2 spin nucleus and has been extensively employed in
indirect detection of metal nuclei (5). Also some biomolecula
NMR experiments have taken advantage of the presen
phosphorus in nucleotides (6). In spite of its general availab
ity, there are relatively few examples in the literature ma
use of the31P nucleus for the characterization of nitrogen-1
nonbiological compounds. The first applications were base
phosphorus-to-nitrogen polarization transfer schemes IN
(7) and DEPT (8, 9). For the31P and31N pair of nuclei indirec
detection techniques may afford higherS/N ratios than polar
ization transfer methods by a factor (gP/gN)3/2 5 13.3. Re
cently, we have reported the first application of15N NMR data
measurements using indirect detection through phosp
(10, 11) based on the HMQC (12) pulse scheme. Througho
he experiment the protons are continuously decoupled to
ress the31P–1H coupling, thereby increasing the signal-

noise ratio.
The HMQC experiment showed a good sensitivity even

broad signals which is especially important in the nat
abundance determination of15N in compounds where the pho
phorus is bonded to two nitrogen atoms, as in polyphos
zenes, due to second-class relaxation coming from the qu
polar 14N nucleus coupled to31P (13). The combination of 1D
and 2D experiments afforded15N chemical shifts and31P–15N
coupling constants as well as the measurement of iso
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166 CARBAJO AND LÓPEZ-ORTIZ
effects induced by the substitution of14N by 15N. However, the
reliability of the method dramatically diminishes when try
to observe very small31P–15N couplings (1–5 Hz) as a cons-
quence of the overlap of the multiplet with the residual si
coming from the31P coupled to14N, not perfectly suppress
by the phase cycling of the sequence. The most evident
native to effectively suppress this residual signal and obs
the small couplings is the use of pulsed field gradients (14).

In this paper we describe for the first time the applicatio
n indirect detection method to observe natural abundanc15N

through31P incorporating pulsed field gradients. The enhan
ensitivity HSQC pulse sequence is adapted for this pur
llowing accurate determination of15N chemical shift param-

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

RESULTS

The pulse sequence applied (Fig. 1) is the enhanced
tivity HSQC (esHSQC) that includes pulsed field gradients
makes use of theecho–antiechoprotocol by changing the sig

f the last gradient (15). It has been converted into a trip
esonance experiment introducing the1H decoupling through-

out the experiment to eliminate the31P–1H couplings. As far a
we know, this is the first time an HSQC experiment is use
detect15N through31P, with and without pulsed field gradien
The proportional amplitude of the gradients has to be c
lated according to the gyromagnetic ratios of the two nu
involved (in this casegP 5 23.996gN ; 24gN), resulting in a
ratio 4:61 for the pulse sequence depicted in Fig. 1.

The benefits arising from the use of the pulsed field grad
in the esHSQC are readily seen when we compare the r
of this experiment with those obtained with the phase-cy
pulse sequences HMQC and HSQC. A 1D31P, 15N{ 1H} spec-

FIG. 1. Pulse scheme of the31P, 15N{ 1H} HSQC with enhanced sensit
respectively. All pulses phases arex, unless specified. The pulse widths u
dB for both heteronuclei. Composite pulse decoupling on the1H channel is us
level of 23 dB. The delayD is set according to the size of the coupling to d
eld gradient (1 ms). In the 1D version of the experiment the timet 1 is made c
ecording every transient twice and changing the sign ofG2 in the second sc

peak amplitudes (G/cm)G1 5 40, G2 5 610.
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rum was acquired with the three pulse sequences for a s
f P-(diphenyl)methyl(N-methoxycarbonyl)phosphazene,1,

which shows a1J( 31P, 15N) coupling of 37.0 Hz (Fig. 2).The
15N satellites coming from the coupling with the phospho
nucleus can be clearly seen in all three31P spectra. Traces (
and (b) in Fig. 2 have been obtained with the phase-cy
pulse schemes HMQC and HSQC, respectively, while s

experiment. Narrow and wide bars correspond to flip angles of 90° an
were 9.6 and 23ms for 31P and15N, respectively, using an attenuation level o

throughout the entire pulse sequence, with a1H pulse of 85ms for an attenuatio
t, following the relationD 5 1/4J. The timet has the same duration as the pu

stant. Quadrature in theF 1 dimension is obtained by theecho–antiechomethod
Gradients are sine-bell shaped,Z-axis directed, with durations of 1 ms each

FIG. 2. Sections of the 161.98-MHz (400 MHz for1H, Bruker AMX400)
1D 31P, 15N{ 1H} experiments showing the31P, 15N doublet for a 0.6 M samp

f P-(diphenyl)methyl(N-methoxycarbonyl)phosphazene,1, in CDCl3. All ex-
eriments were recorded at 298 K with 256 scans,31P spectral width of 300

Hz, preacquisition delay of 3 s, and coupling evolution time of 13.9 ms
total duration of 31 min. Processed with an exponential weighting fun
(LB 5 1). (a) HMQC sequence without pulsed field gradients, (b) H

ithout PFG, and (c) using the enhanced sensitivity HSQC pulse seq
epicted in Fig. 1, with gradient amplitudes 40:-10. Spectra (a) and (b)
een acquired without refocusing delay to minimize signal intensity lo
he 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
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167DETECTION OF NATURAL ABUNDANCE NITROGEN-15
sensitivity, the HSQC-based pulse sequences show loweS/N
ratio than the HMQC experiment (S/N for spectra a:b:c
1:0.92:0.75). The small intensity differences observed bet
the spectra (a) and (b) may be assigned to the increased n
of pulses of the HSQC vs the HMQC pulse scheme. Fo
experiment including pulsed field gradients a larger redu
in the S/N could be expected mainly because one of
coherence pathways giving rise to the signal is effecti
suppressed by the gradients. Furthermore, the PFG esH
has the longest duration and increased number of pulses
respect to the other two experiments, factors that may res
a diminishedS/N. The loss of only 25% in sensitivity com
pared with the HMQC experiment indicates a very good
formance of the PFG esHSQC sequence. Even so, the
feature of the PFG esHSQC experiment is that it provide
expected perfect suppression of the residual signal co
from the 31P–14N isotopomers as can be observed in spec
(c), Fig. 2, whereas the phase cycle of the nongradient HM
(a) and HSQC (b) is unable to completely eliminate the ab
mentioned signal.

In the example above the relative large size of the31P–15N
coupling does not interfere with the residual signal.a-Azi-
dophosphazene,2 (16), is a more challenging compound

rove the usefulness of the new method for the measurem
mall 31P–15N coupling constants. This molecule presents

nitrogen atoms that may be,a priori, detected through th
phosphorus provided that there is a resolved31P–15N coupling.

he 2D 31P, 15N{ 1H} experiments acquired without and w
gradients are given in Fig. 3. The nongradient HMQC T
experiment (a) shows two correlations between31P and 15N,
corresponding to nitrogen atoms N1 (d 5 2293.0 ppm) and N2

(d 5 2302.9 ppm), while a hypothetical cross peak ari
from nitrogens N3 and N4 would be overlapped with the ba
of noise generated by the residual signal not suppressed
phase cycle. Instead, in the PFG esHSQC a third cross pe
be observed and its chemical shift determined (d(N3) 5

132.3 ppm). A further advantage of the 2D PFG esHS
xperiment comes from the expected sensitivity increm
ompared with the phase-cycled one, reaching a 26%S/N
ncrease in the case shown.

The inherent low resolution of the 2D experiments preclude
ccurate measurement of the coupling constants between31P

and15N nuclei. Therefore it is necessary to record high-resolu
1D spectra as shown in Fig. 4. The different spectra have
acquired with and without gradients, and the evolution time
the sequence optimized for the various ranges of coupling
stants to be measured. The first pair of experiments (a) and (d
set to detect the largest coupling between the phosphorus
and nitrogen N1. While this coupling is clearly observed in bo
experiments (1JPN 5 39.9 Hz), in the PFG-acquired spectrum
the coupling with nitrogen N2 (indicated with *) can be guess
from the noise, whereas in the phase-cycled spectrum (a
intense dispersion residual signal precludes its observation.
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way, the coupling between the phosphorus and N2 can be mea-
sured in both cases when the pulse sequences are optimiz
this coupling (spectra (b) and (e),2JPN 5 9.1 Hz). But the mos
remarkable improvement achieved with the PFG esHSQC e
iment comes when trying to detect and measure very smal31P–
15N couplings as that arising from nitrogen N3. In the case of th
phase-cycled experiment set to detect very small couplings
trum (c), Fig. 4, evolution time5 120 ms) the intense residu
signal prevents the observation of any multiplet. In contras
PFG spectrum (f) shows a clean doublet coming from the t
bond coupling of the phosphorus with nitrogen N3 (3JPN 5 4.0
Hz).

CONCLUSIONS

We have described the first pulsed field gradient experi
based on the PFG esHSQC sequence for the detecti

FIG. 3. Sections of the 2D31P, 15N{ 1H} spectra of2 (0.25 M, CDCl3).
oth experiments were recorded at 298 K with 128 scans and 128 incre

n t 1, spectral width of 1300 and 12,100 Hz inF 2 and F 1, respectively
reacquisition delay of 2 s, and coupling evolution time of 60 ms for a
uration of 10 h 20 min. (a) HMQC TPPI experiment without PFG show

ust two correlations of the31P with nitrogens N1 and N2. Cross peaks are
ntiphase because no refocusing delay was used to minimize magne

osses. (b) Enhanced sensitivity HSQC pulse sequence of Fig. 1, which b
he correlations seen in spectrum (a) shows an additional cross peak w3.
The 1D projections in the upper part of the 2D spectra have been acquire
the 1D version of the pulse sequences.
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168 CARBAJO AND LÓPEZ-ORTIZ
natural abundance15N NMR parameters through31P. Artifact-
free 2D spectra are obtained with enhanced sensitivity
pared to the phase-cycled HMQC scheme. The resulting
quality spectra allow the observation of31P, 15N correlations
arising from very small couplings, which would be otherw
obscured by the residual signal of the31P, 14N isotopomers. Th
precise values of these coupling constants can be measu
carrying out the experiment in the 1D mode. The importanc
this type of experiments will show up mainly in the detec
of natural abundance15N for organic (17) and inorganic mo-
ecules (18) where no1H atom is available to be used as
source of magnetization.
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