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Addition of very small proporhons (- 1 mmolar eqmvalent) of gadolinium 
mtrate to aqueous solutions of several mono- and &-sacchades has been found to 
cause substantial changes m the proton spm-latice relaxation-rates of these com- 
pounds If the bmdmg of the gadohmum to the sugar IS regiospectic, tis approach 
has some interestmg diagnostxc potential, which IS lscussed 

INTRODUCTION 

Wfiams and co-workers2 and LaMar and Faller3 have pomted out? that the 
assoclatlon of a gadohmum ron with an organic molecule should lead to systematic 
changes m the spm-lattice relaxation-rates (R, values) of the protons of that moiecule 
these changes, AR,, should have the form d (R,) a/#, where r is the &stance between 
the gadolimum nucleus and the proton under mvestigation Although tis relation&p 
is apparentZy2 quite simple for orgamc molecules that have but a smgle locus for 
association with the gadohnium Ion, 1t.s potential for fac&.atmg stules of molecules 
having several potenhal bindmg-sites IS much less obvious. 

Prompted by an interest both m the assoclahon of lanthamde ions with carbo- 
hydrate derivahves5 and m the development of methods whereby spin-lattuze 
relaxahon-tunes can be used to study the conformahons of carbohydrate denv- 
ativeslg6, we have exammed the effects of very small proportions (typically, 0 1 to 
10 mmolar equivalent) of gadohmum Ions on the proton RI-values of some sugars 
m aqueous soluhon. A subsilary object of the expenments described here was to 
mcrease the merenhal between the RI values of m&ldual protons of a sugar, and 

*Part 6 of a senes entitled Apphsations of Pulsed, Nuclear Magnetic Resonance Spectroscopy For 
Part 5, see ref 1 
TAlked P Sloan FoundaQon Research FelIow, 1971-1973 
**Reclplent of a Natlonal Research Councd of Canada 1967 Science Scholars~p, 1970-1974 
Pit 1s wortt notmg that these stu&es were preceded by very extensive mvestigatxons of other paramag- 
netxc lo&. 
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thereby extend the effectiveness of the partral-relaxatron 
assignments 
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approach to spectral 

The first measurements were made wrth sugars not antxcrpated to have any 
spectic locus for associatron with a gadohnmm Ion The data obtamed by measurmg 
the spm-lattce relaxatron-rates of the anomerrc protons of an aqueous solutron 
(0 2~) of D-glucose are summartzed m Table I In the absence of gadohnmm Ions, 
there IS a systemat& dtfferenttal between the R, values of the two anomenc protons 

TABLE I 

EFFECT OF GADOLINIUM hITRAn ON THE SPIN-LATTICE RELAXATION-RATE OF 

THE PROTON ON c-1 OF THE ANOMERS OF D-GLTJCOPYRANOSE 

MOhUI tJ 

[ Gd(ZZo] x ZO ’ [ Gd(ZZZ)]/[D-ghcose] X IO 3 

Relaxation rate (see- I) 

H-la H-I/!? 

H-la/H-I/3 

0 00 000 0 22 037 0 60 

020 0 10 0 24 040 0 60 
040 0 20 0 33 0 50 0 66 

0 60 0 30 0 42 0 57 0 74 
10 0 50 0 57 070 0 81 
16 0 80 0 79 0 83 095 
26 13 12 I1 11 
30 I8 14 14 10 

100 50 39 39 10 

(i e , those on C-l of the two anomers) However, thrs dlfferentral decreases quite 
rapidly with mcreasmg molar proportions of gadohmum ions, wrth the relaxation 
rates of the two protons becommg rdenttcal* at - 1 5 mmolar eqmvalents of added 
gadohmum IOR At all concent-atrons above thus value, the two anomeric protons 
have Identical R, values, mdlcatmg that then spin-lattice relaxatton 1s now dommated 
by the paramagnetm contrrbutton from the gadohnmm tons assocratmg m an essenttaly 
random way with the two (or more) anomers It should be noted that a progressive 
Increase m the R, values occurs as further gadohnmm mtrate IS added 

In the absence of added gadolmmm ions, the nonreducmg, anomerrc proton 
of both maltose and cellobrose relaxes faster (see Tables II and III) than the anomenc 
protons at the reducmg end As before, progressive add&on of gadohnmm mtrate 
causes all of the proton relaxatron-rates to increase, however, the effects on the 
protons at the reducmg end are more marked A sunrlar effect 1s found for maltotrrose 
(see Table IV) There seems to be httle pomt m dtscussmg the numerical values of 

*The probable expenmental errcw IS of the order of f 5% 
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TABLE II 

EFFECT OF GADOLINIUhf NITRATE ON THB SPIN-LATl7CE RELAXATION-RATES OF 

THE ANOMERIC PROTONS OF MALTOSE 

Molarlty 

[ Gd(ZZZ)] x Z04 [Gd(ZZZ)]/[maZtose] X 10 3 

Relaxatron rate (set- ‘) 

H-Za H-I,!I H-ZCP 

H-la/H-&’ 

00 00 043 081 12 0 36 
02 01 049 094 12 041 
05 0 25 0 53 11 13 045 
08 04 07 10 13 0 54 
15 0 75 13 17 17 0 77 
22 11 18 21 19 0 95 
30 15 23 24 22 I 1 
80 40 50 58f15 46 11 

“Proton at nonreducmg, anomenc carbon atom 

TABLE III 

EFFECT OF GADOLINIUM NITRATE ON THE SPIN-LATTICE RELAXATION-RATES OF 

THE ANOMERIC PROTONS OF CELLOBIOSE 

Moiorrty 

[Gd(ZZZ)] x IO4 

Relaxatron rate (set- ‘) H-ZBJH-Ifi 

[ Gd(ZZZ)]/[celZcbrose] X IO3 H-la H-ZB H-Zj-I 

00 00 0 52 11 21 0 52 
02 0 10 0 53 10 22 046 
05 0 25 0 56 0 92 21 044 
10 0 50 0 65 11 21 0 52 
20 10 11 15 21 0 71 
27 14 19 20 24 0 83 
40 20 29 29 26 11 

10 50 71 8zk3 4fl 2 

“Proton at nonreducmg, anomenc carbon atom 

TABLE IV 

EFFECi- OF GADOLJNIUhi NITRATE ON THE SPIN-LATITCE RELAXATION-RATES OF 

THE ANOMERIC PROTONS OF htALTOTRIOSE 

Molarzty 

[Gd(ZZZ)] x IO4 [Gd(ZZZ)]/[ma1romose] 
x IO3 

Relaratron rate (set- ‘) 

H-la H-Zg H-Zap 

H-ZafH-Iti 

00 00 0 60 13 18 0 33 
04 03 0 61 13 18 0 34 
16 12 18 24 23 0 78 
30 22 29 36 29 10 
60 44 46 46 40 12 

10 74 71 110 56 13 

aProtons at noureducmg, anomenc carbon atoms 



56 L D. HALL, C M. PRESTON 

these data, but rt is apparent that nonspecific bmdmg of gadohnium rons by a sugar 
can produce substantral changes in the proton RI-values of that sugar. However, these 
changes do not appear to have any substantml, dragnostrc potent&, mdeed, the 
mtrmsic RI-drlTerentla1 assocrated wrth the intramolecular &poledrpole relaxation 
may be destroyed in these experiments 

Attention was next lrected to D-dlOSe Anpval’ has observed a highly specific 

associatton of a-D-allopyranose with europmm and other metal ions, and we anti- 
cipated that gadohmum Ions should have a most marked effect on the proton RI- 
values of that specres, with less effect on B-D-allopyranose The data given m Fig II3 
bear thrs out m a most convmcing fashion- add&ion of 1.5 mmolar eqmvalents of 

Gd3+ x ,03 

Allose 

loo- El 
90- 

p 0-p 

ao- 

70- 

_y 60- 

0 IO 20 30 40 50 60 70 f 

Gd3+ x K)3 

Allose 

Fig 1 Vanatlon of the relaxation rates (RI values) of the anomenc protons of D-allose m DZO, 
measured as a function of the molar ratlo of added gadolmmm mtrate 

gadohmum mtrate enhances the relaxatron of the cr-anomenc proton (the proton on 
C-l of the TV anomer) more than 50-fold, whereas that of the &anomenc proton 1s 
changed less than Z-fold; thus change IS accompamed by a rather substantial increase 
m the hne-wrdth of the H-la resonance, which eventually becomes so broadened 
that tt 1s effecttvely removed from the spectrum (see Frg 2) 

A smuhu senes of effects was observed for the furanose forms of D-allose (see 
Frg IA), and rt 1s important to note that, once agam, the CL anomer shows favored 
complexmg wrth the gadohnium 

In all of the expernnents just described, continued addmon of gadolinium 
mtrate resulted in the increased dommance of paramagnettc relaxatron, and the 
eventual equahzation of the RI values of all of the rdentiable ring-protons In one 
expernnent, addttron of a vast excess of gadohmum mtrate appeared to lead to a 
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Fig 2 Proton II m r signals (100 MHz) of the anomenc protons of D-allose (0 2nf) III D20 (99 96% 
deutenum) at 42” [Spectrum A was measured for the pure solution, B was measured after the addl- 
tton of 1 mmolar eqmvalent of gadohnmm m&-ate, C was measured after the addttton of 2 mmolar 
eqmvalents of gadolmmm mtrate See Fxg 3 for full assignment.] 
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further drvergence of the RI values; however, at very hrgh concentrations of gadohnium 
10x1, the resonance of the residual water becomes so broadened that It precludes 
accurate measurement of the intensities of the anomenc-proton resonances, and, 
for that reason, tius expenment was not further pursued 

FIN 3 IOO-MHz, Fourier-transform, ‘H n m r spectra of fully mutarotated a-o-allopyranose- 
calcmm chloride, 0 ZM, III 99 96% D20 at 33” lThe peak asstgnments are 1, a-furanose, 2, p-furanose, 
3, a-ppanose, 4, &pyranose, and 5, HOD A shows the normal spectrum, obtamed by averagmg 
16 transxents and mcorporatmg a two-pulse sequence wtth a delay-ttme of 9 3 set to null the residual 
HOD peak In B, 0 5 mmolar eqmvalent of gadohnmm(III) had been added, and the spectrum IS 
the sum of 24 transients In C, the GdflII) concentratxon was doubled to 10 mmolar equrvalent, 
and 50 scans were used In both B and C, the HOD peak has its full intensity For spectrum D, 
50 transtents were again used, but the HOD peak was lessened m mtensity by using a three-pulse 
sequence, wrth a delay-trme of 0 3 set ] 



PROTON SPIN-LATTICE RELAXATION-RATES 59 

Extensive studies by Angyal ‘*’ have shown that two types of bmdmg site can 
lead to strong assoclatlon between a sugar and an alkahne-earth cation (I) an aural- 
equator&-axial arrangement of three hydroxyl groups on a pyranose rmg, and (2) a 
czs-czs arrangement on a furanose ring Wzth these groupmgs, the assoclatlon can be 
so strong as to (a) cause a reversal of the normal conformatron’@), or (b) change the 
maJor product of a reaction from one anomenc form to the other’ It occurred to us 
that, in the same way that “sh&.mg” and “broademng” lanthamde reagents can be 
combmed2 g, a concentration of a nonparamagnetic, “bindmg” catron, such as 
calcmm(II), h& enough to produce a large chenucal perturbation of a system could 
be combmed with a very small propomon of a freely exchanging, competitive, 
‘rbroadenmg” cation, such as gadolmmm(III), to effect removal of one set of res- 
onances from the spectrum Thrs type of expenment 1s Illustrated m Fig 3 for the 
calcmm chloride complex of cc-D-allopyranose 

Fig 3A IS a spectrum of the equlhbnum mixture, It was obtamed by usrng a 
two-pulse sequence, to null the HOD peak almost completely, and 16 transients to 
increase the slgnal-to-noise ratio Frg 3B shows the effect of the addition of 0 5 mmolar 
equlvaIent of Gd(III), and, again, the spectrum was time-averaged In ths case, the 
relaxation rate of water, which also bmds to gadohmum, was comparable to that 
of the sugar protons, so that It was not possible to null the residual HOD peak It 
may be noted that the H-l doublet of the a-pyranose form has broadened much more 
than that of the P-pyranose form, and a small peak, vlslble as a shouIder on the 
downfield side of H-lcr m spectrum A, IS emerging In spectrum 3C, the Gd(III) 
concentratron was doubled, to 1 0 mmolar eqmvalent, and 50 transients were time- 
averaged The signal due to H-l of the or-pyranose has been so broadened that It 
has been completely removed from the spectrum, whlIe a peak with a smaller, 
unresolved sphttmg, probably H-l of the p-furanose, can readily be dlstmgulshed 
At this concentration of gadohmum Ion, the relaxation rate of the HOD peak was 
higher than that of the sugar protons, so an attempt was made to remove I: from the 
spectrum by usmg the three-pulse sequence However, the dlfferentlal was not large, 
and a great deal of noise and basehne dlstortlon was mtroduced It was possrble to 
achieve a dlmmution m the relative intensity of this peak by usmg a short delay- 
time, t, of 0 3 set m the three-pulse sequence The result of this procedure IS shown m 
spmtrum 3D, which was recorded at the same settmgs and number of transients as 
spectrum 3C. Although the signal-to-noise ratio of the sugar peaks IS somewhat 
lower, the overall quahty of the spectrum IS much better, and It IS now possible Just 
to resolve the sphttmg m the B-furanose peak 

CONCLUSIONS 

The results of these studies Imply that attempts to use gadohmum Ions to 
Increase the dlfferentlal between the spin-IatQce relaxation-times of mdlvldual protons 
of sugars m aqueous solution are only IlkeIy to be fnutful If there be some dominant 
locus for the association between the sugar and the gadohmum lcn Fortunately, a 
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number of important carbohydrate systems are hkely to satisfy that requirement For 
such systems, one obvious advantage of this approach over the more conventronal one 
of lanthamde-induced, chermcal-shift changes is that sigmflcant effects are produced 
by far smaller molar ratios of added lanthanide; hence, the expeIvnent is accompanied 
by a much smaller, chenncal pe_rturbatzon of the orgamc system under study. In that 
regard, this class of lanthamde expervnent may offer significant advantagesg* lo 
in the area of carbon-13 n m r. spe&oscopy. 

It 1s also worth commenting that the effects of other paramagnetic Ions are 
hkely to repay investigation For example, it should now be possrble to re-mvestrgate 
some of Reeves’s classical studies11 of cuprammonium complexmg, however, it may 
prove diEcult to provide more than a quahtative rationale 

EXPERIMENTAL 

The Fourier-transform n m r expenments and the subsequent calculations 
of the spm-lattice relaxation-ties were performed as previously descnbed1e6 
As an added convenience, we have now mterfaccd a tape deck (Lmc Tape, Model 
CO600) to our Varian system, this enables preprogrammmg of a senes of 10 measure- 
mcnts, each being defined by a different value of the pulse delay-time (“httle t”), 
and storage of the output of these experments as the free-mductron decay signals 
It IS then a sample matter to recover the desrred spectra as needed The sugars used 
were commercrally avdable samples celloblose from IPfanstrehl, and maltotriose 
and D-allose from Calblochem Addmonal samples of D&lose were obtained from 
Drs Keith N Slessor and John D. Stevens, the latter also provided the cr-D-allo- 
pyranose-calcmm chloride complex 

All measurements were made at 42’ with 200 mmolar solutions of the particular 
sugar in DzO (99 96%), because of solubtlity problems, the expenments with malto- 
trrose were made at 140 mmolar concentration 

Some of the experiments described here are extremely time-consuming; for 
example, the measurements of the a anomers of D-allose required - 12 h 
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