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A new method to increase the sensitivity of the 1D transient reverse NOE in the pulse sequences already described
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OE experiment for molecules in the positive NOE regime is
resented. This method, the reverse NOE, simply replaces the
onventional relaxation delay between scans. Transient positive
OE enhancements from all other spins are used to accelerate the

ecovery of the target resonance toward its equilibrium intensity.
n favorable cases, the intensity of the target peak at the start of an
xperiment can actually be increased beyond its equilibrium value.
here is also a sensitivity enhancement in the rapid pulsing re-
ime, where recovery is always incomplete. This sensitivity en-
ancement is illustrated with the one-dimensional double pulsed
eld gradient spin echo NOE experiment to observe a “fourth-
rder” NOE. Sensitivity gains of 30% are demonstrated. © 1999

cademic Press
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Internuclear distances can be inferred from measureme
ransient nuclear Overhauser enhancements (NOEs) an
outinely used in molecular structure elucidation (1). However
or small molecules in nonviscous solutions, the cross re
tion rates are slow, making the positive transient NOEs
eak, and their detection and quantitation difficult. For th
ases, we describe a new method that yields a signifi
ncrease in sensitivity. Positive NOE enhancements from1H to

1H are used to accelerate the recovery of the target durin
elaxation delay between scans. Using this sensitivity enha
ent on the target, the double pulsed field gradient spin

DPFGSE) (2–4) for selective irradiation, and broadband ra
requency (RF) inversion pulses (5, 6) in the mixing time to
uppressT1 relaxation (7) has allowed us to observe a qua
OE. That is, the enhancement is relayed through three
ening spins and shows an initial increase that is quartic i
ixing time. This sensitivity enhancement method, which

all the reverse NOE, is broadly applicable to experim
here the NOEs are positive. The extension of the ide
and-selective multidimensional experiments is easily ac
lished by replacing the customary equilibrium delay with
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iterature, like XS-NOESY and XS-TOCSY (8).
Our focus is on the measurement of a potentially very

ransient NOE from a well-resolved target spin to a ra
istant spin in a small molecule. Generally speaking, in s
olecules it is difficult to observe NOEs between prot
reater than 5 Å apart. Part of the difficulty in convention
ifference spectroscopy lies in the inevitable subtraction e

hat can swamp the NOE. These problems are overcom
sing the DPFGSE-NOE sequence (4, 7), in which the stray
nwanted magnetization is on the same order of magnitu
typical NOE, making its subtraction about 100 times ea
he other problem is intrinsic sensitivity: A small NOE m

ake a prohibitively long time to emerge from the noise,
ulting in long experiment times, especially if a full build
urve is desired. Sensitivity can be improved, with no tra
ff, by the reverse NOE method described here.
Because small molecules give a positive NOE, inversio

aturation of one spin tends to increase thez-magnetization o
spatially proximate spin. It follows that, rather than stan

dly by during the interscan (or relaxation) delay, it might
ossible to increase the magnetization of the target sp
isturbing some other spatially proximate spin, either sat

ng or inverting it. For example, complete saturation of
pin of an isolated homonuclear pair described by the Solo
quation (9) gives a potentially quite large steady-state
ancement of 50% when the relaxation mechanism is en
ipolar. Thus, one could attempt to irradiate some nearby
uring the entire relaxation delay, to try to capitalize on
nhancement. Of course, one would need to know in adv
hich spin to irradiate—information that may or may not
vailable. An alternative would be to try to saturateall the
ther spin multiplets during the relaxation delay by usin
odulated or time-shared RF field. The problem with
pproach is that it is essential that the target multiplet re
ensibly unperturbed by the direct effect of the field, a circ
tance which, while not proven to be impossible, is unlikel
e easy to engineer for arbitrary spectra in the limit of s
ating RF.

An alternative that is simple to implement and requires
rior knowledge about the spin system is to invert all the sdu.
1090-7807/99 $30.00
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xceptthe target. This profile is easy to obtain using a com
ation of a soft 180° pulse to the target followed immedia
y a broadband 180° pulse across the entire spectrum. As
80° pulse is used in the DPFGSE sequence, and a broa
80° pulse is used as a nulling pulse during the mixing t

hese waveforms can simply be reused for the reverse N
his sensitivity enhancement mechanism thus uses the
ient, rather than the steady-state, NOE, but uses the
vailable pool of cross-relaxing magnetization to enhanc

arget. The net increase in target magnetization is larger
ne might have expected.
Figure 1 shows the modified transient NOE pulse seque
ith the reverse NOE pulse segment in brackets. Every
ut the target is inverted at the start of the equilibrium d
ith a 180° selective pulse to the target followed immedia
y a 180° pulse to return the target back to the1z axis while
imultaneously inverting everything else. A small pulsed fi
radient then purges any residual transverse magnetiz
uring the delay that follows, transient NOEs accelerate

ecovery of the target. Under favorable conditions, the ta
agnetization can increase beyond its equilibrium inten
ffsetting any magnetization lost by transverse relaxation

ng the DPFGSE. Near 100% inversion of the target ca

FIG. 1. (a) The DPFGSE-NOE experiment with the equilibrium de
eplaced with the reverse NOE shown in brackets. S1 is 20 ms selective 180
ulse to the target. The delayst1 andt2 are set for optimal sensitivity to th

arget. Thin and thick rectangles are 90° and 180° pulses, respective
ulses have phase x unless noted otherwise. S2 and S3 were 180° selectiv
on2 pulses (7) with lengths 37 and 40 ms, respectively. The S3 selective
ulses at the end of the mixing time were used to get of antiphase contrib

o the NOEs in coupled spin systems (7). The basic phase cycling isf 1 5 x,
, 2x, 2y, f 2 5 8x, 8y, 8(2x), 8(2y), andRx 5 2(x, 2x, x, 2x), 2(2x,
, 2x, x). G3 andG4 were each 200ms long with strengths ofG3 5 7 G cm21

ndG4 5 3 G cm21, with a 100ms recovery delay following each gradie
he other gradients were each 1 ms long with strengthsG1 5 0.5 G cm21,

2 5 0.8 G cm21, G5 5 4.2 G cm21, G6 5 250 G cm21, andG7 5 5.5 G
m21. (b) Broadband RF inversion pulses sandwiched between anti
radients (one set shown in brackets) are placed in the mixing time to su
nwantedT1 relaxation in long mixing times. The timing ratio for four 18
weeps used in an 8 s mixing time to observe the quartic NOE was 16–
5–25–25–9.13C decoupling was performed to avoid NOEs from irradiatio

3C satellite peaks. All spectra were recorded on a 500 MHz Varian Unity
pectrometer.
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elays that are quite a bit shorter than 3T1, leading to the
argest measurable NOE signals. Of course the partner
re not fully inverted by the soft–hard 180° combination

hey are usually recovering from saturation after the final
ead pulse from the previous scan; they also relax to
quilibrium, lowering the cross-relaxation rate with time.

hus found it useful to repeat the soft–hard 180° combina
fter an empirically optimized delay. More than two inversi
oes not lead to noticeably better results, and eventually
etization losses from the repeated manipulation of the t
verwhelm the gains from the NOEs, leading to a los
ensitivity.
Figure 2 is a control experiment that just compares

pectrum obtained with a 4 srelaxation delay followed by a 90
ead pulse, with the reverse NOE sensitivity-enhanced s
rum. A sample of 6(5H)-phenanthridinone,1, in DMSO-d6

as used. The target was the H6 proton and the acqui
ime was 1.828 s. The recycle time, 5.828 s, is;4.5 times the

1 of H6 (T1 5 1.27 s).Therefore, H6 is within about on
ercent of its full equilibrium intensity. The integrated sig
f H6 using the reverse NOE, Fig. 2b, is 28% larger.
uration of the control and reverse NOE experiments is i

ical; i.e., the time for the RF pulses and gradients was
racted from the delayst1 andt2 so that the total time betwe
cans is exactly the same for the spectra in Fig. 2. Aver
ver an ensemble of possible targets, a 20% sensitivity
ancement was observed. Note that the reverse NOE
onveniently functions as a suppression technique. If the
ired target is close in frequency to another peak, the delat1

nd t2 can be optimized to start the experiment with
roblematic peak passing through a null. The target can th

rradiated with a shorter, less selective 180° pulse in
PFGSE sequence, minimizing magnetization loss. Addi

FIG. 2. (a) The spectrum of 6(5H)-phenanthridinone,1, with a relaxation
elay of 4 s. The NH proton at 11.6 ppm is not shown. (b) A 28% sensi

ncrease was obtained for H6 using the inverse NOE witht1 5 3.1 s andt2 5
.9 s. The reverse NOE was optimized to suppress H9 while mainta
ensitivity enhancement to H6. (c) Using the DPFGSE-NOE experime
ig. 1a, a 28% larger NOE {H6}-H5 is observed attm 5 325 ms.
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ot be highly selective, as accidental perturbation of o
pins leads to a decrease in the reverse NOE enhanceme
othing worse. Magnetization loss from relaxation durin
ery long selective 180° pulse to the target is, of cou
ounterproductive. Finally, internuclear distances can be
ained accurately using the enhanced spectra, as all NOE
eferenced to the integral of the target multiplet.

Second- and higher-order NOEs are not routinely use
mall molecule structure determination owing to their inhe
eak signal intensities and geometry-dependent multiple
ays for magnetization transfer. However, linear arrangem
f spins promote mostly the single “forward” relayed pathw
llowing chains of spins to be identified in a single experim
ith an extended mixing time. The longer mixing time co
lso allow unwanted magnetization fromT1 relaxation to build

he resonances back to their full equilibrium intensity
ence lead to subtraction artifacts. Broadband 180° RF sw
ystematically placed in the mixing time are used to supp
his T1 relaxation, with negligible effect on the NOE buildu
his technique has been discussed in detail by Stottet al. (7).
As a demonstration of the current limits of detection,

xplored long-range NOEs in a sample of 7-methylbe
a]pyrene,2, in DMSO-d6. As the desired signals were e
ected to be very weak, several extra precautions were n
ary. First, the sample was carefully purified
ecrystallization from boiling benzene, followed by colu
hromatography using a 4:1 benzene/pentane solution
owed by another recrystallization from hot methanol by a
ng water dropwise and cooling gradually over several ho
fter each step a high S/N 1D spectrum showed fewer
maller impurity peaks. Even a 1% impurity could, if it p
ided a hidden resonance under the target, be misleadin
he same token, accidentally targeting one of the carbo
atellites from an adjacent multiplet could be confusing
void this possibility, we decoupled the carbon-13 spins du

he experiment. An alternative could be to use a BIRD
uence (10) to invert the proton resonances from all the c
on-13 isotopomers on every other scan, and co-add th
ults.
Figure 3a shows the quartic NOE, {H10}-H2, of 7-meth

enzo[a]pyrene, obtained using the pulse sequence in Fi
sing an almost ridiculously long mixing time of 8000 ms,
isturbance of H10 is relayed all the way to H2. With this lo
ixing time there is little magnetization left on the tar

esonance, so it appears to be of the same order as the st
OEs. The alternating pattern of algebraic signs and the
lete buildup curves (data not shown) confirm the path
103 H113 H123 H13 H2. The linear distance betwe
10 and H2 is approximately 8.4 å (measured from Bio
acromolecule) and the measured enhancement was
.002%. Excellent suppression of the DMSO-d6 solvent pea
nd peaks not in the cross relaxation pathway of H10
chieved. Clearly this kind of cleanly measured data woul
r
but
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menable to detailed analysis using a complete relax
atrix treatment (11) although we have not explored th
venue yet.
The reverse NOE is general enough that it can be inco

ated into almost any selective or semi-selective experime
hich the NOEs are in the positive regime. It simply repla

he relaxation delay between scans to improve sensitivity w
ut increasing the total experimental time. When instrume

ime is limited the reverse NOE can be used in a short
elaxation delay to accelerate the recovery of the target, g
pectra of similar sensitivity to those obtained with a lon
elaxation delay.
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