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ABSTRACT 

The loO_MHz, proton n.m r. spectrum of 1,2&l-tetra-O-acetyl-/i-D-rrbo- 
pyranose and of methyl 2,3 4,5-dr-U-lsopropylidene-j&D-glucoseptanoslde have been 
studred by the Fourier-transform method The results obtamed tiustrate the potential 
of this approach for mcreasmg both the sensrtrvrty and the resolution over those of a 
conventional n m r experiment, and for removing the unwanted degeneracy of some 
n m r transitrons A study of the spectrum of a solutron of the calcmm chlonde 
complex of D-allose illustrates the potential of Fourier-transform n m r for studymg 
solutron kmetrcs. 

INTRODUCTION 

Although the Fourier-transform method has been apphed to proton nuclear 
magnetic resonance (n m r ) spectroscopy smcc2 1965, very few such studies of 
carbohydrates have been reported to date3 Our Interests m thts area have been 
duected prmclpally towards the measurement of proton spin-lattrce relaxatron- 
umes’ 4, but, durmg those studres, we have become mcreasmgly aware of several 
adltional advantages that the Founer-transform, n m r method has over con- 
ventronal, contmuous-wave spectroscopy The present study 1s intended to document 
those advantages that relate to proton n m r studres of monosaccharrdes In parttcular, 
we shall demonstrate the mense improvements that can be routmely obtamed m 
both senatwrty and resolutron, we shall aIso provide a further example of the use of 
part&y relaxed proton spectra as an ard to spectral assignments, and shall illustrate 
a study of a system that 1s changmg with time. 

*Part 5 of a senes, “Apphcations of Pulsed, Nuclear Magnetic Resonance Spectroscopy” For Part 4, 
see ref 1 
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Although it IS not appropnate to give a detailed discussion here, a brief com- 
parison of the continuous-wave (c w ) and Fourier-transform (F-t) methods IS 
relevant In a typical c w measurement, a weak, observmg radio-frequency field is 
scanned slowly through the appropriate frequency-range, excltmg each transition 
m turn For routme operation with a lOO-MHz instrument, one scan takes of the 
order of 500 seconds, and an -0 l-molar solution is needed to a&eve an adequate 
signal-to-noise ratio, even under these conltrons, a rather rigid compromise must be 
struck among various mstrument settmgs The signal-to-noise ratio can be improved 
by IZltermg out some of the noise, but this causes some loss of resolution. the best 
resolution 1s obtamed by scannmg very slowly, but then the resonances saturate 
readily (a property of their rather long relaxahon-times), and the strength of the 
observing field must be lessened, agam lowering the signal-to-norse ratio Although 
it IS possible to observe strong peaks, such as methyl resonances, down to concentra- 
tions of 1OmM wrth one scan, estabhshmg of the best combmation of parameters, 
especially for hoe-width measurements, is tedious, and the results are poor It is also 
worth notmg that, unless further comprormses can be accepted, rf it is wished to 
tune-average a number of scans m the c w mode, each scan requires the full 500 set 
(or so) established for the best single scan 

In the F t mode5, all of the resonances are excited at once, and the total time 
needed to acquire one scan is the pulse time (neghgible) plus the acqmsltion time, the 
length of time that the free-mduction decay (f I d ) IS recorded Like the c w expen- 
ment, the F t expenment necessitates a number of decisions that somehmes confhct 
In ‘Jleory, the f i d IS an exponential decay extending to mfimty, m practice, the 
acqmsihon time IS. typically, one to four seconds In prmciple, then, time-averagmg 
can be achieved by pulsmg every second or two, and the immense improvement m 
signal-to-noise raho that can be obtamed by pulsmg 1,000 hmes m as many seconds 
over scanning once m the c w mode for 1,000 set has been documented6 However, 
the spms have a fimte relaxahon-tune, and (Just as saturation occurs m a cw scan 
at too high a power level) m the F t mode, sufficient relaxation-hme must be allowed 
between pulses to achieve the maximum, undistorted signal-height for all of the 
transihons Two approaches are possible here (I) The pulse can be less than 90”, 
the spms are less removed from eqmhbrmm, and the pulse mterval can be shortened 
However, the signal for each transient will be smaller as the maximum response IS 
obtained from a 90” (or 270”) pulse Altemahvely, (2) a full 90”-pulse can be used, 
and a wanmg penod (m addition to the acqmsmon hme) mtroduced between pulses 
Each spectrum wrll then be at its full mtensity, and fewer transients will be needed In 
practice, it is often convement to pulse rather rapidly, allowmg some saturation of 
the slower-relaxing spms, while achievmg maximum signal-to-noise ratio for the 
faster-relaxmg ones The relaxation tunes of protons of large organic molecules m 
soluhon are usually less than two or three seconds, so that, except for very dilute 
solutrons, It IS possible to gam a Hugh signal-to-noise ratio In a reasonable time wrthout 
saturating any signals (except, perhaps, those of the solvent) 

Havmg decided on the number of transients to acqmre, the pulse strength, and 
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the interval between pulses, rt IS necessary to choose the acqmsrtron tie, whrch has a 
cntrcal bearmg on the resolutron or sensitrvrty of the final, transformed spectrum 
As the free-mductron decay proceeds, rts mtensrty becomes lower, whrle the noise 
level remams constant Thus, the early part of the f I d contributes a great deal to the 
signal-to-noise ratro, whde the mformatron camed m the later stages IS needed m order 
to achreve the best resolutron A longer acqumrtron-trme results m better and better reso- 
lutron, until mcreasmg norse nullifies the Improvement However, wrth a given acqursr- 
tron-ttme, It IS possible’ to we&t, mathematrcally, the first or last stages of the f 1 d 
pnor to Founer transformatron, m order to enhance erther the sensrtrvrty or the resolu- 
tron of the final spectrum* Enhancement of sensrtrvrty with loss of resolutron may 
prove useful for very ddute samples, but we have found It more convement to increase 
the number of transrents When resolutron enhancement IS used, there IS a large 
increase m the norse level, so that thrs procedure IS usually apphed after the acqmsr- 
tion of very many transients 

RESULTS AND DISCUSSION 

Probably the most wrdely pubhcrzed use of the Fourrer-transform techmque 
IS for the routme improvement m the srgnal-to-norse ratro of n m r spectra A typrcal 
example of this IS given m Frg 1, whrch shows a comparrson between expending 
1,000 set on a smgle, contmuous-wave scan of an n m r spectrum and 1,500 set 
m acqmrmg 100 transrents W&out labormg the point, rt IS worthwhrle notmg that 
these spectra were made with an 0 lhr solution contamed m a normal, n m r tube 
Clearly, a very substantral, addrtronal Improvement could have been achieved by 
using the same werght of sample drssolved m a smaller volume of solutron contamed 
m a rmcro-cell 

This approach has some pecuhar hmrtations, one of which IS illustrated by the 
spectrum shown in Frg 2B The broad hump across the basehne could arise from a 
number of different sources and, although rt drd not Interfere wrth this partrcular 
expenment, rt IS worth notmg that there are several methods that could have been 
used to nummlze It These are to (I) concentrate the same amount of materral in a 
rmcro-cell, or m one of the recently developed, l-mm sample-tubes9 that contam 
5 ~1 of solutron, and so lessen the number of transrents, (2) use the computer to 
subtract the spectrum of a reference (probably a tube of the solvent), as m the opera- 
non of a double-beam spectrometer, or (3) use a probe having a lower proton 
“background” Fmally, rf the spur-spm relaxatron-trme of the background protons 
IS much shorter than those of the sample, as is quite hkely. delayed’ ’ F t spectroscopy 
rmght constrtute a sample, instrumental solutron, albert wrth someloss of signal he&t 

A more rmpressrve, and useful, outcome of anthmetrcal mampulatron of the 
f I d srgnal mvolves the resolutron-enhancement routme’, m whrch the later part of 

*There 1s a vanety of other method@ for mathematxal mampulatlon, but these wdl not be dlscussed 
here 
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the f 1 d signal is weighted. The two spectra shown in Fogs 1B and C clearly illustrate 
thus pomt. The Fomer-transform spectrum shown in Fig 1B has a resolution 
comparable with that of a spectrum published previously’ ‘. The spectrum m Fig lC, 
whxh shows a truly remarkable mcrease m resolution, was obtamed by usmg the 
resolution-enhancement subroutme of a standard, Var~an, F t program An acqmsl- 

Fig I Par&& X00-MHz. proton IIJII r. spectrum of 1.2,3.4-tetra-O-acetyl-B_o-nbop~anose m 
acetone-& (0 1~) at 42” [A shows the result of a smgle, contmuous-wave scan, with a sweep-width 
of 250 Hz and a total scan-tune of 1,000 set The spectrum m B shows the Founer-transform summa- 
tion of 100 transrents, each WA an acqmsmon time of 3 0 set, and a delay txme between successive 
transients cf 12 set, the total tune used to obtam this spectrum was 1,500 sec. The spectrum gwen m 
C was denved from the same, free-mduction decay slgnal as B, but a resolution-enhancement 
welghtmg-factor of 10 umt was apphed unmedately pnor to the Founer transform The marked 
mcrease m resolutxon and m the noxe level should be noted ] 
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Ftg 2 Pat-Dal, lOO-MHz, proton n m r spcctmm of I,2,3&tetra-O-acetyI+D-nbopyranose m 
acetone-c& (6 mmolar) at 33” [A shows the result of a s&e transxent, B shows that of the Founer- 
transform summatron of a total of 100 transients (500 set total) ] 

tion Qme of 3 0 set was used, and the resolution-enhancement factor was varred m 
order to find the optrmal value, wrth the ongrrral f i d stored on a tape Clearly 

vlsrble m thus spectrum IS the presence of adltronal sphttmgs m all resonances but 
those of H-2 and H-54 whmh arise from long-range couphngs For example, each 
of the two envelopes of the H-l doublet IS now seen to be a 13 3 1 type of quartet 
(vide infra), whrch indrcates that H-l is coupled wrth H-2, H-3, H-4, and H-Se? Most 
of the other nng-protons are also extensrvely coupled, even the proton shown as 
H-5a, whrch has only a gemmal and a wcmal couplmg clearly resolved, shows signs 
of further couplmg A plot of resonances of H-5e and of H-5a, measured with the 
same sweep-wrdth, but plotted wrth a five-fold expansion-factor, and shown m Fig 3, 
provrdes a clearer mdlcatron of the resolutron obtained m this case the long-range 
couphngs m the H-5e resonance are only -0 5 Hz* 

There 1s a lout to the rncrease m resolution possrble, and this lrmlt 1s related to 

the acqmsrtron trme. As men~oned prevrously, as erther the acqulsrtron tune Itself, 

*It IS worth notmg here that the complete resolutton of a sphttmg between two translhons wzth 
Lorentzmn shape can only be achteved If the width of the half-he&t of each transmon 1s equal to, 
or less than. one Efth of the sphttmg 
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Fig 3_ Both of these are expansions of the H-5e and H-5n resonances of 1.2,3,4-tetra-0-acetyl-B-D- 
nbopyranose gwen m FIN 1 [A corresponds to the trace m Fig lB, and B to the trace m Fig 1C 
The very srgmkant Improvement in the resolution of a long-range couphng (4 5 Hz) m the H-5e 
resonance is apparent. The fact that the haSheIght wdth of the H-Se transItIons m B IS less than 
that of the H-5a translhons Imphcs the presence of a small, but unresolved, couphng to H&z ] 
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or the welghtmg given the later stages of the f I d , IS increased, there IS an mcrease 
m the amount of norse introduced mto the transformed spectrum The effect of 
altermg the werghtmg factor IS Illustrated m the set of resonances shown m Frg 4A-E 
As the werghting factor IS increased, there IS a steady Improvement m the resolutron 
from spectrum 4A to 4D (accompamed, as always, by an mcrease in the norse level) 
The spectrum m Frg 4E shows the effect of applymg too sharp a weightmg functron, 
only a small change causes the transrtron between an acceptable norse-level and a 
complete loss of srgnal 

Prevrous studres from this laboratory have demonstrated that substantial 
drfferences exrst between the spm-lattme relaxatron-trmes of mdrvldual protons of 
carbohydrate denvatives’ 4 These drfferentrals provrde the basrs of a rather powerful 
method for srmphfymg complex, proton n m r spectra Bnefly, a 180”-pulse IS 
apphed to the nucler, and thus inverts theu magnetrzatron along the z-axes (see Frg 5) 
The usual process of spur-lattrce relaxatron then causes the magnetrzation to revert 
towards Its eqmhbnum positron, tb~s IS accompamed (see Frg 6) by a steady decrease 

‘A. 
s 

1800PULsE 
Y- 

+ 

, 

DELAY I CT SECONDS) 

+==* 

El El 
Fig 5 Dlagrammatlc representation of the rotatmg reference-frame model of a spm-lattice, relaxa- 
tlon-time measurement usmg a two-pulse sequence [In A, the magnetization of the nuclei IS at 
thermal eqmhbnum with the lattice In B, this magnetlzauon has been Inverted through 180” by 
apphcatlon of a 180“-pulse, the nuclei are no longer in thermal equihbnum, and the spm-lattice 
relaxation causes the magnetization to revert back along the z-axis towards its eqmhbnum posxtlon 
After a kncwn delay time (pulse-delay), the residual magneUzatlon C 1s assayed by the apphcation 
of a 90”-pulse which tips the magnetlzanon up mto the x,y-plane D 1 



48 L. D. HALL, C. M. PRESTON, J. D. STEVBNS 

El 

Frg 4 The H-l resonance of 1,2,3,4-tetra-O-acetyl-8-D-nbopyranose m acetone-& solutton (0 1~) 
at 42”. [All of the spectra were based on the free-mductton decay stgnal resukmg from 100 tramtents 
wth an acqursltron tune of 3 0 set and a pulse-delay trme of 12 set (total trme, 1 500 set) A IS the 
result of drrect, Fourrer transformatron, wrth no resolutron enhancement B was obtamed by applymg 
a resolution-enhancement factor of 1 5, C, a factor of 1 0; D, a factor of 0 8, and E, a factor of 0 7 
The progressive mcrease both m resolutton and norse level should be noted In D, the H-l resonance 
rs clearly vrsrble as a doubletted quartet wrth long-range couphngs of rr0 5 Hz The spectrum shown 
m E rllustrates the effect of applying too sharp a welghtmg function ] 
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Fig 6 Dlagrammatlc representation of the recovery of magnetlzatlon along the z-axis (Mz) folIowIng 
Its mverslon by a 180”-pulse, from Its m~tial value (-MU) to + M. me exponential, recovery 
curve shown m A depicts the return of magnetization that would be found m a typlcal “two-pulse” 
experunent The curve 111 B would be obtamed from a “three-pulse” sequence and plots (MO-&). 
which decreases from an mltlal value of +2Mo to zero at mfimte time m this class of expenment, 
translhons with the shorter relaxation-time (lugher relaxation-rate) decrease most rapldly towards 
zero mtenslty 1 

m the mtenslty of magnetxation to zero mtenslty, followed by a recovery back to its 
eqmhbrmm value If the spectrum is sampled with a 90°-pulse apphed at precisely 
the time when the magnetxzatlon has decayed to zero mtenslty, no resonance signal 

will be detected. As mdrvrdual protons have Merent T1 values, they wrll each have a 
different “null time” and, hence, each can be made to “drsappear” m turn12 

Tlus process IS illustrated m Frg 7, wrth reference to methyl 2,3 4,5-dr-0- 
isopropyhdene-/3-D-glucoseptanoside The normal, ‘H n m r spectrum is shown in 
Fig 7A. together with a diagrammatic, first-order assrgnment The spectra m Figs 7I3, 
7C, and 7D show the effect of mcreasmg the delay time between the 180”-pulse and 
the 90”-pulse In Frg 7B, essentrally all of the magnetrzatron 1s stall mverted However, 
rt may be seen that the more raprdly relaxmg nuclei have already started to revert 
to their normal, posrtrve-gomg mtensity, and the spectrum in Fig 7C now shows 
both H-6 resonances m their normal absorptron mode. In the spectrum shown in 
Frg 7D, these two resonances have been joined by H-5, which 1s the next most 
rapidly relaxmg proton, that same spectrum now shows the other protons wrth 
their magnetization essentially at the null point 

From these spectra, rt 1s obvrous that selectron of the correct delay-time between 
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the 180“-pulse and the 90°-pulse enables a rather clear lstmctron to be made between 
in&wdual resonances that have different T, values Although not illustrated here, 
the removal of unwanted solvent-resocances by thus techmque IS mvaluable1~‘2, 
especially where quite llute solutions are bemg studied 

Frg 7 Part&, 100~MHz, ‘H n m r spectra of methyl 2,3 4,5-dr-O-Isopropyhdene-fl-D-ghtco- 
septanoside m benzene-d= solutron (0 2~) usrng an acqursmon tune of 4 0 set [A and B were each 
obtamed by usmg 9 transrents, and C and D, by using 16 transients The spectrum shown m A IS 
the normal spectrum That m B was obtamed by mvertmg the magnetmatron wrth a IgO”-pulse and 
then samphng the resrdual magnetmatron after 10 set by usmg a 90°-pulse The spectra m C and D 
were obtamed m the same way, but usmg puke-delay times of 1 6 and 2 5 set, respectrvely ] 
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For the F t method, the final advantage lscussed here follows from the fact 
that the 90°-pulse used to assay the magnetization of the sample excites all of the 
nuclear resonances simultaneously As the entire spectrum IS sampled rather rapidly 
(commonly less than 2 set of acqulsltron tune), It 1s possible to study systems whose 
compositxon 1s changmg as a function of time 

The example Illustrated m Fig 8 is the mutarotatlon of a freshly lssolved 
sample of the calcmm chlonde complex of a-D-allopyranose The fall m intensity 

0 IO 20 30 40 50 60 70 80 90 loa 
Time (minutes) 

Fig 8 Mutarotation of a freshly mixed solution of 0 15 molar a-D-allopyranose-catclum chloride 
m 99 96% D20 at 33” nhe mtensltles were obtamed by addmg the peak heights of the two transl- 
t~ons of each anomerlc proton 1 

of the H-la transltlons, and the correspondmg nse m that of the H-lb transItions, 
are plotted in Fig 8 In thus expenment, the two-pulse sequence prevxously described 

was used to partially nullify the HOD peak Thus was necessary because, although 
the anomenc regon of the spectrum of D-allose at 33’ IS well sepvated from the HOD 
peak, the spmmng side-bands of the latter completely obscure the resonances of 
/3-D-allopyranose, and distort those of the a anomer Partial nulhng of the resldual- 
water peak allowed both transItions to be momtored cleanly 

CONCLUSIONS 

Access to a Fourier-transform, n m r spectrometer makes possible, on a 
routme basis, a number of useful n m r experiments Spectra can be obtamed rapldly 
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from rather small quantities of material, wrth the added advantage that systems 
changmg as a functron of time can also be studred. The posslbrhtres of data mampula- 
tion can be exploIted n-r two, qrute drstmct, ways. On the une hand, the magnetrzatron 
of the nuclei bemg studied can be so manipulated that resonances can be selectively 
ehminated from the observed spectrum A partrcular set of condrtions under which 
to obtain the basrc, free-induction decay signal havmg been selected, rt is then 
possible to process the data pnor to Fotnzer transformatron so that the resolutron 
of the frequency-domam spectrum IS sigmficantIy enhanced The resolution obtamed 
in this way is so much higher than any previously attamable that it WIU be necessary 
to study anew the entrre area of long-range couplings Fmally, It should be noted 
that the chenucal mampulatton of spm-latttce relaxatron-tunes by paramaguetrc 
species1 3 provides a further level of control, and thus should further extend the 
apphcatron of T, values m n m r. studres 

EXPERIMENTAL 

The n m r measurements were made as described prevrously’_ The sample of 
1,2&l-tetra-U-acetyl-B-D-rrbopyranose was prepared by the standard method14. 
Methyl 2,3 4,5&-O-isopropyhdene-D-n-gIucoseptanoside’ 5 and hydrated cc-D-allo- 
pyranose-calcium chlonde complex’ 6 were provrded by one of us (J D S ). 
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