JOURNAL OF MAGNETIC RESONANCEL35,514-521 (1998)
ARTICLE NO. MN981589

Blood, Sweat, and Tears. Toward a Rehabilitation
of the INADEQUATE Experiment

Debra L. Mattiello and Ray Freeman

Varian NMR Instruments, 3120 Hansen Way, Palo Alto, California 94304

Received March 24, 1998; revised July 30, 1998

The double-quantum-filtered carbon—carbon correlation exper-
iment (INADEQUATE) can be accelerated significantly through a
reduction in the spin—lattice relaxation times by dissolving oxygen
gas in the solution. The effect is enhanced by lowering the tem-
perature and by pressurizing the sample tube with oxygen. This
offers a fourfold reduction in the relaxation times of the carbon-13
resonances in the 125-MHz spectrum of methyl salicylate. The
addition of perfluorotertiarybutanol (related to the artificial blood
substitutes) increases the amount of oxygen that can be dissolved,
so that without oxygen pressurization, similar reductions in the
relaxation times can be achieved. The nuclear Overhauser en-
hancements are only slightly reduced by addition of oxygen. Po-
larization transfer from the directly attached protons (INEPT)
further increases the sensitivity if at least one of the two coupled
carbon sites is protonated, principally because the proton spin-
lattice relaxation times of oxygenated samples are shortened by
the relaxation agent. These modest improvements in sensitivity
are in general complementary to existing enhancement schemes.
© 1998 Academic Press
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INTRODUCTION

protons in the immediate vicinity of the carbon site. This
results in protracted experiments and failure to detect correle
tions involving quaternary sites. Methyl groups also exhibit
unusually slow relaxation, attributable to the fast rotational
motion of these groups, which reduces the fluctuating loca
fields at the Larmor frequency. Fortunately methyl carbons ar
less crucial for the determination of the basic molecular skel
eton.

Addition of paramagnetic relaxation agent8€19, such as
chromium acetylacetonate, brings relaxation times down
more tractable values but is often unacceptable on chemic
grounds. This method carries the additional danger of excee«
ing the optimum “doping” concentration, leading to signal loss
by quenching the nuclear Overhauser effetB«15 and
through spin—spin relaxation during the pulse sequence. W
therefore sought an alternative paramagnetic agent that cou
be easily removed from the sample after the measurement, a
which was mild enough that adequate relaxation rates could k
achieved without fear of excess. The substance would need
be readily available and easily handled in a routine preparativ
chemistry laboratory. Note that by accelerating relaxation ir
this manner we also degrade the nuclear Overhauser enhan
ment to a certain extent by introducing a leakage path the
competes with the intramolecular dipole—dipole relaxation.

The determination of the connectivity of the carbon skeleton |t js well known that dissolved oxygen shortens spin—lattice

of an organic molecule by two-dimensional correlation spegajaxation times, so we have investigated its effect quantita
troscopy (INADEQUATE) (-5 has yet to fulfil its true po- tively for a simple test molecule, methyl salicylate (Scheme 1)
tential. Although itis perhaps the most direct and unambiguoyigich has four aromatic protonated carbon sites, three quate
way to attack a structural problem by NMR, it suffers from aﬂary carbons, and a methoxy group. The liquid was mixed witt
intrinsic lack of sensitivity for samples with the natural abu”deuterochloroform in a standard (nonspinning) 5-mm sampl

dance of carbon-13. Several techniques have been propose[qjtg%_ Carbon-13 spectra were recorded at 11.7 T in a Varia

alleviate this problem, exploiting polarization transfer fronl]nova 500-MHz spectrometer with continuous WALTZ-16 de-

protons to carbond), from carbon to protons7}, or round-trip coupling of the protonsl). The one-dimensional spectrum is
transfer proton—carbon—proto{12. These schemes falter or. L ) ) . :
ugstrated in Fig. 1. Spin—lattice relaxation times were mea-

may even fail completely where quaternary carbon sites

involved, yet these are the very sites that are difficult to dete%fred by the standard inversion-recovery technidui &nd

because of slow spin—lattice relaxation due to the absenceCyfluated by a three-parameter exponential fitting routine. E

timated errors were always below10%. The Overhauser
10n leave from the Department of Chemistry, Cambridge Universitenhancements were determined by the standard gated dec
Cambridge, U.K. pler method.
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OH (0) was examined at a probe temperatlire= 25°C. The quater-
|| nary carbons gavé, values near 20 s (Table 1), while the
S C protonated sites hatl, around 4 s. Clearly this sample would
c b h\OMe require long sessions of data accumulation for the INADE-
a QUATE experiment.

The next sample (B) involved slowly bubbling oxygen gas
through the solution inside a standard 5-mm sample tube for a
extended period (about 10 min.) followed by closure with the

£ A usual plastic cap and cling film to prevent escape of oxygen
This corresponds to equilibration with essentially 1 atm of

d gaseous oxygen. This sample was also examined at a prol
SCHEME 1 temperaturd = 25°C. The spin—lattice relaxation times of the

quaternary sites were reduced to around 13 to 15 s, while th

protonated sites were slightly reduced (Table 1). Although the

EFFECT OF DISSOLVED OXYGEN concentration of methyl salicylate may have been slightly

altered by bubbling oxygen through the solution, this is un-

Sample A contained 50% by volume of methyl salicylate itikely to have influenced the spin—lattice relaxation times sig-

deuterochloroform. No attempt was made to degas the sampiicantly. Clearly this rudimentary procedure would be useful

this represents the “normal” situation for high-resolution spebut not decisive; higher concentrations of dissolved oxygen ar
troscopy with a dissolved oxygen concentration characteristidicated.

of samples in equilibrium with air (21% oxygen). This sample The solubility of gases in organic liquids is controlled by the
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FIG. 1. The 125-MHz carbon-13 spectrum of 20% methyl salicylate in deuterochloroform with 40% added perfluorotertiarybutanol. The assignment
methyl salicylate resonances is indicated in Scheme 1. The 1:3:3:1 quartet of perfluorotertiarybutanol falls at 121 ppm, and there is also an unusual
at 77.5 ppm (inset, expanded). This turns out to be the superposition of the well-known 1:1:1 triplet of deuterochlaigfornB@.0 Hz) and the 10-line
multiplet from the quaternary carbon of perfluorotertiarybutadgk{ = 31.1 Hz). The extreme outer lines are not detected at this level of sensitivity.
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TABLE 1 closed sample tube, always maintained at 0°C. The spectru
Spin-Lattice Relaxation Times (in seconds) of Carbon-13 Sites  was then recorded at a probe temperature-6fC. The qua-
of Methy! Salicylate in Deuterochloroform for 8 Different Modes  ternary sites showed relaxation times of approxinyaes and
of Preparation of the Sample the protonated sites relaxation times of ab®s (Table 1). It
was observed that the spin—lattice relaxation times increase
only slowly over a period of several days, indicating that the
Quat. (n) 244 143 134 99 63 90 6.6 4.95eptum retained the initial pressure of oxygen very satisfactc
Quat. (g) 184 132 121 90 59 72 54  42rily. This very slow leakage rate would have little effect on a
CH (f) 35 29 25 19 15 14 11 09 typjcal two-dimensional INADEQUATE overnight run, but

A B C D E F G H

CH (e) 3.6 3.2 28 23 19 17 13 11 . e ; .
CH (d) 6.3 20 30 26 21 17 14 12 might begome S|gn|f|cant_ if the sample were stored for severe
CH (0) 47 37 31 22 20 18 14 1.2 Weeks without repressurization.

Quat. (p) 210 157 142 95 6.4 84 65 47 Since viscosity accelerates spin—lattice relaxation by in:
creasing the spectral density at the Larmor frequency, a ne
Note. Samples: A, 50% solut_ion at equilib.rium with air, no additionalsamp|e was prepared containing 80% of methyl salicylate b
oxygen,T = +25°C; B, 50% solution bubbled with oxygen at L atmia@S’C, 1 me to evaluate this effect. This sample F had no adde
T = +25°C; C, 50% solution at equilibrium with air, no additional oxygen, .
T = +5°C; D, 50% solution bubbled with oxygen at 1 atm at 0TGs +5°C; ~9XYgen and was examined at a probe temperature SfC.
E, 50% solution bubbled with oxygen at 3 atm at 0TC= +5°C; F, 80% Slowing the molecular tumbling in this manner has an advan
solution at equilibrium with air, no additional oxygef,= +5°C; G, 80% tageous effect, reducing the relaxation times of the quaternat
solution bubbled with oxygen at 1 atm at 0°C,= +5°C; H, 80% solution —sjtes to between 7 and 9 s, and the protonated sites below 2
tbeunt:l;'eer‘;u‘:‘:':).oxyge” at 3 atm at 0°0, = +5°C (T indicates the probe p\,her nrogress was made (sample G) by bubbling oxyge
through this solution at 0°C and recording the spectrum at -
probe temperature of-5°C. This reduced the spin—lattice
entropy effect, and therefore increases with decreasing tempetaxation times of the quaternary sites to approximately 6 s
ature. Furthermore, the rate of spin—lattice relaxation alsmd those of the protonated sites below 1.5 s.
increases with a lowering of the temperature because, as visFinally this 80% sample was placed in a Wilmad pressure
cosity increases, the rate of molecular reorientation is slowedbe and equilibrated with oxygen at about 3 atm at 0°C, thel
We therefore set out to investigate the effect of a relativetudied at a probe temperature-65°C (the same preparation
modest reduction in temperature (20°C) for an oxygenated the 50% sample E apart from the increased viscosity). In th
sample. A probe temperature a@f5°C was maintained by sample H all the quaternary sites had relaxation times belov
means of a temperature regulation unit that first cooled nitrb-s, and the protonated sites hagdof roughly 1 s.
gen gas to-40°C and then heated it to the control temperature, Cooling, viscosity, and increased oxygen pressure clearly hav
monitored by a thermocouple just below the receiver cod significant influence on relaxation. Naturally, when the experi
Reducing the probe temperature fron25 to +5°C (sample ment is limited by the solubility of the sample rather than by the
C) tested the effect of increasing the viscosity, showing spimantity, lowering the temperature would be counterproductive
lattice relaxation slightly faster than that of sample B whickhnd simple pressurization alone would be preferable.
had increased oxygen content (Table 1). Sample D was used té reduction of the spin—lattice relaxation times permits the
test a combination of both effects. Oxygen was bubblegkperiment to be speeded up, and hence increases sensitiv
through the sample at 0°C (ice water bath) and the relaxatiby the square root of the ratio of the repetition rates. The
times were then measured at a probe temperatutéd€. The degree to which the INADEQUATE experiment can be accel-
relaxation times of the quaternary sites were reduced belenated is determined by the relaxation time of the slowest
10 s while the protonated sites had relaxation times of abaetaxing site (carbon h). Between samples A and H, the relax
2s. ation rate at site h is increased by a factor of 5, equivalent to
The next test used a special “high pressure” sample tubensitivity advantage of 2.24. However, it is important to
(Wilmad #528-TR-7) having a screw cap and a butyl rubbensure that this gain is not negated by “quenching” the nuclee
septum. Sample E was prepared by slowly bubbling oxyg@verhauser enhancement by a relaxation mechanism that shi
gas through the solution at 0°C in the open sample tube. Tharcuits dipolar cross relaxatiorl8—15. Because quaternary
the pressure cap was firmly attached and additional oxygen gasbons normally exhibit Overhauser effects much weaker tha
was introduced through the septum from a 5-ml plastic syringépse of protonated carbons, this risk is not high for the sites c
reaching a final oxygen pressure of about 3 atm, judged framncipal concern.
the ratio of the volumes. (There is always a certain danger fromThe Overhauser enhancements+{1n) were measured by
a combination of an inflammable organic liquid with oxygeromparing intensities with and without presaturation of the
under pressure, so the appropriate precautions should be taketon signals, and are listed in Table 2 for samples A throug|
in handling such samples.) Equilibration with the higher parti#d. They indicate that the enhancements measured for sample
pressure of oxygen was achieved by repeatedly inverting thee on average only 80% of those measured for sample A. Tt
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TABLE 2 toswitchable probe optimized for carbon-13 detection. The
Nuclear Overhauser Enhancement Factors for the Carbon-13  recycle time was 6.5 s (1.3 times the longest carbon-13 spin
Sites of Methyl Salicylate in Deuterochloroform for the 8 Different  |attice relaxation time) and the entire experiment took 3 h. A
Modes of Preparation of the Sample Listed in Table 1 noticeable increase in signal-to-noise was achieved by artif
cially extending the signal in the evolution dimension by linear
prediction, permitting the application of a less severe weight
Quat. () 1.34 117 129 124 115 133 128 1.08ng function. All seven correlations are quite evident.
Quat. (g) 165 146 163 153 128 170 154 115
CH () 265 253 262 245 249 253 254 229ificial Blood
CH (e) 272 254 265 253 235 264 251 200
CH (d) 2.67 250 263 252 230 263 257 234 perflyorinated organic molecules are known to dissolve sur
g;'a(t.c)(b) 2173% 215275 2,‘17302 216215 21'174 21733;) Zlg?é 21'.::’)930risingly large amounts of ox.ygen,_typically 40% by volume,
and because they are chemically inert, emulsions of perfluc
rochemicals have been used to replace blood during surge
and in several other situations where transfusion of norme
initial sensitivity advantage of 2.24 is therefore reduced t@ood would be undesirable. Unfortunately they are poor sol
1.80. Acceleration of spin—lattice relaxation thus significantiyents and are immiscible with many other liquids. We inves-
outweighs the effect of quenching the Overhauser effect, antigated whether a suitable perfluorochemical could be fount
net advantage is achieved. We shall see below that the effectlaat would mix with chloroform and increase the concentratior
proton spin—lattice relaxation is even more marked, a signi6if dissolved oxygen so that carbon-13 spin-lattice relaxatiol
cant feature in polarization transfer experiments of the INERDuld be accelerated. Ideally, this compound should be rathe
type (18). volatile so that it could be easily removed from the NMR
Figure 2 shows a typical two-dimensional INADEQUATEsample at the end of the experiment if necessary.
spectrum (sample H containing 80% methyl salicylate, pres-Perfluorotertiarybutanol (boiling point 45°C) was found to
surized with oxygen at 3 atm at 0°C, and investigated ath& miscible with chloroform, and we restricted our studies to
probe temperature of-5°C). It was recorded using an au-this material. Figure 1 shows the 125-MHz carbon-13 spectrun
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FIG. 2. Two-dimensional INADEQUATE spectrum from sample H, an 80% solution of methyl salicylate and 20% deuterochloroform, bubbled with oxy
at 0°C, then pressurized at 3 atm, and investigated at a probe temperatus&®fAn autoswitchable probe was used, optimized for carbon-13 detection, wit
a 7-us 90° pulse for carbon-13, 50 increments in the evolution interval, extended to 256 points by linear prediction. The recycling interval was 6.5 s a
experiment took 3 h. Folding has been permitted inRhdimension. The skew diagonalf, = 2AF,) is similarly folded. Seven distinct correlations are evident.
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TABLE 3 times are appreciably shorter than the shortest values report

Effect of Oxygen on the Spin-Lattice Relaxation Times (in in Table 1 for the pressurized oxygen sample H at the sam

seconds) of Methyl Salicylate in a 50:50 Mixture of Methyl Salic-  temperature. Note that the nuclear Overhauser enhanceme

ylate and Perfluorotertiarybutanol are not greatly affected by these procedures, so the sensitivi
gain due to faster repetition is scarcely degraded.

! ? < A second series of experiments was performed to establis
Quat. (h) 10.1[1.5] 6.9 [1.3] 4.0[1.2] the effect of addition of perfluorotertiarybutanol in a more
Quat. (g) 8.3[1.9] 5.6 [1.4] 3.3[1.4] quantitative fashion. A procedure was devised to avoid the
CH (f) 14(2.6] 12(23] 0.7[2.4] effect of evaporating the volatile perfluorotertiarybutanol while
gﬂ Eig i'g [[gg’]] ig [[gg]] g'g [[ggl] oxygen was being bubbled through the solution. A stock solu
CH (0) 1.6 [2.6] 1.3[2.6] 0.8[2.4] tion of 20% methyl salicylate in deuterochloroform was satu-
Quat. (b) 9.4[1.3] 6.8[1.2] 4.0[1.1] rated with pure oxygen at a temperature of 0°C (ice bath

where the solubility is known to be appreciably higher than a
Note.The corresponding nuclear ngfha}user t_anha_ncement; gre indicated ip5°C. The appropriate volumes of this solution were intro-
square brackets [ ]. Saolm.ples: I, at equllllbrlum with air, :10 additional oxygea,lilced into a set of five NMR tubes, to which carefully mea-
probe temperature-25°C; J, bubbled with oxygen at25°C, probe temper- . .
ature +25°C; K, bubbled with oxygen at 0°C, probe temperat&*C. sured volumes of perfluorotertiarybutanol were added to giv
0, 10, 20, 30, and 40% solutions of the blood substitute. Thes
samples were then allowed to warm up slowly#@5°C while
the tubes were closed with cotton plugs (to discourage ingres
of a stock solution of 20% methyl salicylate in deuterochlorasf air) but no plastic caps. The assumption was made that thel
form to which perfluorotertiarybutanol was added to make 40%ould be sufficient oxygen still available &t25°C to assure
by volume of the latter. The assignments of the methyl salithat all the samples were saturated, the amount retained
ylate resonances are indicated in Scheme 1. The added petution being determined by the effect of the added perfluo
fluorotertiarybutanol generates an easily recognizable 1:3:3atertiarybutanol. The measured carbon-13 spin—lattice relax
quartet at 121 ppmlge = 289 Hz) from the CEgroups, with ation times are plotted in Fig. 3 as a function of the concen
some partially resolved fine structure due to long-range QGfration of perfluorotertiarybutanol. Spin—lattice relaxation
couplings. In one of those bizarre coincidences that sometintegses decrease according to similar smooth curves for all thre
enliven high-resolution NMR spectroscopy, this spectrum eguaternary sites, and the protonated sites follow a simila
hibits a very strange-looking multiplet at 77.5 ppm (Fig. lpattern. Even 10% by volume of perfluorotertiarybutanol pro-
inset) which at first caused some confusion. It so happens thmtes a useful reduction in thg, values.
there is an exact degeneracy of two chemical shifts and arnt seems clear that the addition of perfluoro—organic com:
apparent equality of two splittings. There are in fact twpounds and oxygen can significantly enhance the spin—lattic
superimposed multiplets—one from chloroform and the othezlaxation of carbon sites. It may well be that other perfluorc
from the quaternary carbon of perfluorotertiarybutanol. Thsompounds will prove even more effective, but perfluoroter-
interpretation was confirmed by the observations that the spitiarybutanol appears to be a useful additive; it is miscible with
lattice relaxation times differ, that there is a slight difference iohloroform and is volatile enough to be removed at the end o
coupling constants)f e = 31.1 Hz,J- = 32.0 Hz), and that the experiment.
coherent decoupling of fluorine collapses the 1:9:36:84:126:
126:84:36:_9:1 decet. _ _ Setting-up Procedure
We studied a stock solution of 50% perfluorotertiarybutanol
and 50% methyl salicylate with a trace of deuterochloroform Because of its intrinsic insensitivity, the two-dimensional
for lock purposes. Sample | was measured at a probe temg&fADEQUATE experiment is difficult to set up, since it usu-
ature of 25°C without adding any oxygen (Table 3). The faeily requires an overnight accumulation before reasonable sic
that the relaxation times were roughly half those of sample #al-to-noise ratios are obtained. We have confirmed the usu
may be ascribed partly to increased viscosity but mainly tofimding that unless a one-dimensional spectrum can be obtain
higher oxygen concentration caused by the presence of peith reasonable signal-to-noise in a single scan, the corre
fluorotertiarybutanol, which dissolves a high level of oxygesponding INADEQUATE spectrum will not have acceptable
from the air. The spin—lattice relaxation times of the quaternasgnsitivity.
sites were further reduced (below 7 s) when oxygen gas wasConsiderable effort has been directed toward improving the
bubbled through the solution at25°C and the spectra weresignal-to-noise ratio by data processii§ 22, or by detailed
recorded at the same temperature (sample J). These quateroangideration of the experimental paramet@&-§. Another
sites had relaxation times reducexi4 s orless by bubbling factor of 2 can be obtained with the ingenious pulse sequenc
oxygen through the solution at 0°C and recording the spectractNielsen et al. (27). Cross polarization by hyperpolarized
a probe temperature of 5°C (sample K). These relaxationxenon @8) promises spectacular enhancements. Where the ail
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FIG. 3. Experimental carbon-13 spin—lattice relaxation times of sample K made up from a stock solution of 20% methyl salicylate in deuterochlorc
(saturated with 1 atm of oxygen) plotted as a function of the concentration of added perfluorotertiarybutanol. The three quaternary carbon sites are st
g, and h) and one representative protonated site (f). All four sites exhibit relaxation times that follow similar curves.

is to obtain an INADEQUATE spectrum from a limitedinitial exploratory measurement in the form ofoae-dimen-
amount of material it may be useful to employ probes specsionalINADEQUATE spectrum, wherall the correlations fall
ically designed for very small sample29-3) or supercon- on a single trace by running the standard two-dimensiona
ducting receiver coils32, 33. A second type of limitation is INADEQUATE program witht; = 0. This spectrum indicates
imposed if the solubility is too low. In all cases the probg¢he values of the spin—spin coupling constants. For example
should be one that has been optimized for detection of c#ine coupling between the carbonyl carbon (b) of methyl salic:
bon-13 spectra, not the more common indirect-detection atate and the nonprotonated aromatic carbon (h) was found t
rangement where the carbon-13 coil is more remote from the 74 Hz by this method, which allowed the timings in the final
sample. In most of these cases the improvements, thouBADEQUATE experiment to be optimized to favor this elu-
small, arecumulativeand therefore important. sive correlation. Previously thedelay had been set fdg- =
Clearly it is an advantage to determine the carbon-13 relad@ Hz which gave a null response for the (b)—(h) correlation
ation times from an initial inversion-recovery experiment ofhe use of a rather shortdelay has the advantage that such
isolated carbon-13 sites (neglecting the slight increase in ra:ll conditions are less likely to occur.
laxation rate that would be caused by dipole—dipole interactionThe initial test run also indicates the optimum setting of the
with an adjacent carbon-13 spin). This experiment has muthnsmitter frequency to minimize pulse imperfections due tc
higher sensitivity and can be completed in a matter of minutedf-resonance effects (most serious for the (b)—(h) correlation)
Calculations of the optimum recycling deldyfor the highest Once the recycling delay\ and the r delays are properly
sensitivity per unit time in the steady-state regir@éd) (ndicate chosen, then a definitive two-dimensional INADEQUATE ex-
that for a flip angle of 90°, the signal-to-noise ratio has a brog@ériment can be undertaken.
maximum centered nea = 1.3 T,, but shows less than 4%
_degradation b_etwee_ﬁ =08T, a_ndA - 2_'0T1' Very litle  gpnancement through Polarization Transfer
improvement is achieved by setting the flip angle smaller than
90°. For consistency we always employed 90° excitation pulsedt seems clear that the nonprotonated carbon sites represe
and a setting\ = 1.3 times the longest carbon-13 relaxatiothe main sensitivity challenge owing to their slow spin—lattice
time in the molecule. relaxation and weak nuclear Overhauser effect. Polarizatio
A second problem is that the spin—spin coupling constartansfer from protons benefits coupled pairs of carbon atoms
are not usually known at this point, so it is difficult to set théoth are protonated, and to a lesser extent when only one
timing delays to 1/(d-c). One remedy is to employ a sequencerotonated. It is ineffective for two adjacent quaternary sites
that employs coaddition of responses obtained with a variahieless an experiment is specifically designed for transfe
preparation timer (35). Here we found it useful to perform anthrough a long-range CH coupling; this is difficult to set up and
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TABLE 4 intermediate case where only one of the two coupled sites |

Spin-Lattice Relaxation Times (in seconds) of Proton Sites of  protonated while the other is a quaternary carbon; then w
Methyl Salicylate in Deuterochloroform for Sample H Which was  expect the fourfold enhancement at the protonated site to &
Pressurized with Oxygen at 3 atm and Examined at a Probe «qjj ted” by a factor 2. This is to be compared with the

Temperature of +5°C conventional INADEQUATE experiment, where the enhance-
CH (f) 0.37+ 0.05 ment would be the arithmetic mean of the two individual
CH (e) 0.37+ 0.05 Overhauser effects, one relatively large and the other rathe
CH (d) 0.36x= 0.05 small. Consequently the polarization advantage in INEPT
CH (c) 0.39+ 0.05 INADEQUATE may well be roughly matched by the nuclear

N , . . Qverhauser effect in the simple INADEQUATE spectrum, but

ote.The protons were assigned by a heteronuclear correlation experiment. .

there should be a further advantage when a relaxation agent
used, because of the appreciably faster proton spin-lattic

there are significant signal losses during the relatively lofglaxation, permitting a far higher repetition rate.

preparation period (&) *. INEPT-INADEQUATE measurements were carried out on

The methods described above for shortening the carbon<@mple H which had the reduced proton spin—lattice relaxatio
relaxation times have an even more powerful influence difnes (less than 400 ms) set out in Table 4. A short carbon-1
proton relaxation (Table 4), permitting the INEPT sequend@tquisition time (200 ms) was chosen so as to minimize th
(18) to be repeated at a fast cadence. This provides much mekdy cycle of the decoupler, in order to avoid saturation of the
than the nominal enhancement of a factor 4 based on the rdafetons. Presaturation of the natural carbon-13 signal wa
of magnetogyric ratios. The INEPT sequence is simply tackégcomplished by a string of 10 hard 90° pulses, separated |
onto the front of the INADEQUATE sequence and then twintervals of 100 ms, with a 90° phase shift after the first 6
180° pulses are combine6i)( Note that the nuclear Overhausepulses. This suppresses the natural carbon-13 signal, thus ir
enhancement is no longer involved, so partial quenching byoving the rejection of undesirable signals from isolated car
addition of oxygen is no longer an issue in polarization transfbpn-13 sites. The recycle time was 1.2 s, roughly three time
experiments. the proton spin-lattice relaxation times.

If both coupled carbon-13 sites are quaternary, there is noThe correlations of interest here are the (b—e) and (c—g
significant advantage to be gained by polarization transfer frazonnectivities, which both involve a quaternary site coupled tc
protons. When both coupled sites are protonated, polarizat@rprotonated site. The results from a 1-h INEPT-INADE-
transfer achieves its full effect. Of particular interest here is tigUATE experiment are set out in Fig. 4, showing signal-to-

e b
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FIG. 4. Traces showing (b)—(e) (top) and (c)—(g) correlation traces (bottom) for methyl salicylate. Each correlation involves one protonated site ar
quaternary site. The upper trace of each pair represents a 1-h INEPT-INADEQUATE experiment. The lower trace of each pair corresponds to :
INADEQUATE experiment. The signal-to-noise ratios are the same, indicating an almost sixfold time saving with the polarization transfer scheme, whic
a high repetition rate determined by the short proton spin—lattice relaxation times.
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