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Abstract: We have developed methodology for the determination of solution structures of small molecules
from residual dipolar coupling constants measured in dilute liquid crystals. The power of the new technique
is demonstrated by the determination of the structure of methyl S-b-xylopyranoside (1) in solution. An oriented
sample of | was prepared using a mixture of C1,Es and hexanol in D;O. Thirty residual dipolar coupling
constants, ranging from —6.44 to 4.99 Hz, were measured using intensity-based J-modulated NMR
techniques. These include 15 Dy, 4 *Dcy, and 11 "Dcy coupling constants. The accuracy of the dipolar
coupling constants is estimated to be <+0.02 Hz. New constant-time HMBC NMR experiments were
developed for the measurement of "Dcy coupling constants, the use of which was crucial for the successful
structure determination of I, as they allowed us to increase the number of fitted parameters. The structure
of | was refined using a model in which the directly bonded interatom distances were fixed at their ab initio
values, while 16 geometrical and 5 order parameters were optimized. These included 2 CCC and 6 CCH
angles, and 2 CCCC and 6 CCCH dihedral angles. Vibrationally averaged dipolar coupling constants were
used during the refinement. The refined solution structure of | is very similar to that obtained by ab initio
calculations, with 11 bond and dihedral angles differing by 0.8° or less and the remaining 5 parameters
differing by up to 3.3°. Comparison with the neutron diffraction structure showed larger differences attributable
to crystal packing effects. Reducing the degree of order by using dilute liquid crystalline media in combination
with precise measurement of small residual dipolar coupling constants, as shown here, is a way of
overcoming the limitation of strongly orienting liquid crystals associated with the complexity of *H NMR
spectra for molecules with more than 12 protons.

Introduction the studied systems, including selectioe randoni deuteration,
Liquid crystal NMR spectroscopy is a well-established multiple-quantum filtratior?, separated local field (SLF) spec-

method for obtaining accurate geometries of small, reasonablytroscomé in combination with variable-angle sample spinning
rigid moleculest It is through vibrationally averaged dipolar  (VASS).>and proton-detected local field (PDLF) spectroscopy.

couplings of oriented solutes that this information can be Reducing the dipolar couplings to an extent that makes spectral
retrieved. Although this method has been applied during the (3) (a) Emsley, J. W.; Lindon, J. C.; Tabony, J. M.; Wilmshurst, TIHChem.
; Soc., Chem. Commu971, 1277. (b) Meiboom, S.; Snyder, J. Bcc.

past three decades to numerous molecules, the route from dipolar  2p,¢r “Resio71, 4, 81. (c) Canlet, C.. Fung, B. M. Phys. Chem. B
couplings to molecular structures is not an easy one. The main @ %o)og mrﬁ'ﬁﬁlp' A\ R M. E.: Rucker. S. P Schmidyia

. . . . o a) Gochin, M.; Pines, A.; Rosen, M. E.; Rucker, S. P.; Schmi .
complication is that the solutes in liquid crystals_normall_y exhlt_)lt Phys 1990 69, 671. (b) Ciampi, E.; De Luca, G.; Emsley, J. W.Magn.
complex, second-order spectra. Beyond 10 interacting spins, 5 Resgntggzel-zl%'zm'/\-s o S Weitkamn. b W o
such spectra usually become too complicated to be analyzed © (Sa;?mg%%m.go;'t%%sg 1329, (b) Warrren. W. S.: Pines, A Am. Chem.

properly? Various approaches have been developed to simplify Soc.1981, 103 1613. (c) Field, L. D.; Terry, M. LJ. Magn. ResoriL.986
69, 176. (d) Field, L. D.; Pierens, G. K; Cross, K. J.; Terry, MJLMagn.

: . : Reson 1992 97, 451. (e) Polson, J. M.; Burnell, E. H. Magn. Reson.
IUnlverSIty .Of Ec_ilnburgh. Ser A.1994 106, 223. (f) Chandrakumar, T.; Polson, J. M.; Burnell, E. E.
Slovak University of Technology. . . . . J. Magn. Reson. Ser. 2096 118 264. (g) Sandstrom, D.; Levitt, H. H.
#Present address: Deparment of Physics, University of Warwick, Am. Chem. Socl996 118 6966. (h) Syvitski, R. T.; Burnell, E. EI.
Coventry CV4 7AL, U.K. Magn. Reson200Q 144,58. (i) Field, L. D.; Ramadan, S. A.; Pierens, G.
(1) (a) Saupe, AAngew. Chem., Int. Ed. Endl968 7, 97. (b) Emsley, J. W.; K. J. Magn. Reson2002 156, 64.
Lindon, J. C.NMR spectroscopy Using Liquid Crystal Sehts Perga- (6) (a) Fung, B. M.; Afzal, JJ. Am. Chem. Sod986 108 1107. (b) Courtieu,
mon: Oxford, 1975. (c) Dong, R. Wuclear Magnetic Resonance of Liquid J.; Bayle, J. P.; Fung, B. Mrog NMR Spectrosc 994 26, 141.
Crystals Springer: New York, 1994. (d) Emsley, J. W. Encyclopaedia (7) (a) Weitkamp, D. P.; Garbow, J. R.; Pines, AChem. Phys1982 77,
of Nuclear Magnetic Resonanc8rant, D. M., Harris, R. K., Eds; Wiley: 2870. (b) Schmidtrohr, K.; Nanz, D.; Emsley, L.; Pines JAPhys. Chem.
Chichester, 1996; pp 2782799. 1994 98, 6668. (c) Hong, M.; Pines, A.; Caldarelli, 3. Phys. Chem.
(2) Algieri, C.; Castiglione, F.; Celebre, G.; De Luca, G.; Longeri, M.; Emsley, 1996 100,14815. (d) Caldarelli, S.; Lesage, A.; Emsley, JLAm. Chem.
J. W. Phys. Chem. Chem. Phy200Q 2, 3405. So0c.1996 118 12224.
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interpretation possible was explored by designing special pulsefirst time, the structure of a small molecule dissolved in a dilute

sequencésand by application of VASSor the switched-angle
spinning technique (SASY.

The recent introduction adlilute liquid crystalline medi&
brought about the possibility of imposing very low order on
the solute molecules, resulting in significant reduction of dipolar
coupling constants, referred to assidual dipolar couplings
(RDCs). Preserving the first-order character of spectra in such
media greatly facilitates the extraction of RDCs, which have
become a rich source of structural information for large
biomolecules? Their application to smaller molecules has been
mostly limited to carbohydrates, for which the RDCs are used
to obtain information about the orientation of individual
monosaccharide rings of oligosacchari#eRDCs of small
organic molecules have been interpreted in a qualitative
mannert* providing useful stereochemical information. For
example, conformational analysis of an alanine dipeptide in
water-based liquid crystals using 13 relatively smah-1{30
Hz) dipolar couplings has been reported recetttiy. this report
the dipolar coupling constants were obtained from the best-fit
simulated spectra.

The precision of molecular structures emerging from liquid
crystal NMR data arises directly from the precision with which
dipolar couplings can be measured. As dipolar couplings of up

liquid crystalline medium. On the basis of 30 residual dipolar
couplings ranging from-6.44 to+4.99 Hz and with an average
value of|D| = 1.56 Hz, we have determined the structure of a
simple monosaccharide, metf#b-xylopyranoside (compound

I, CsH1205), the first almost-complete determination of the
structure of a sugar in solution. We compare the solution-phase
structure with the lowest energy ab initio and the neutron
diffraction!® structures ofl and discuss the strengths and
limitations of this approach to the liquid-state structure deter-
mination of small molecules.

Materials and Methods

Spectra were recorded on an 800 MHz AVANCE spectrometer using
a triaxial gradient triple-resonance 5 mm probe. The temperature was
set to 25°C. The air flow was increased to 1200 L/h in order to
eliminate any temperature gradients across the sample volume. No
decoupling was used during the experiments in order to eliminate any
external sample heating. The temperature stability during the pulse
sequences was checked by using a sample of ethylene glycol, a widely
used NMR temperature standard. Spectra recorded before and im-
mediately after 10 min of pulsing using the pulse sequences employed
throughout this work did not register any temperature variations. The
sample was prepared by dissolving 50 mg of methgtxylopyranoside

to several thousand hertz are observed in strongly oriented(l), purchased from Sigma-Aldrich, in 99.99% An oriented sample
systems, as opposed to only several hertz (or tens of hertz) inWas prepared by dissolving 50 mg ofl in 13.8% (w/w) GaEs +

dilute liquid crystalline media, it is more difficult to achieve

the same relative precision in the latter case. We have recently
developed intensity-based methods for the measurement of

proton—protort® and one-bond protencarbor’ residual dipolar

hexanol in DO. The molar ratio of GEs:n-hexanol was 0.99:1. The
residual quadrupolar coupling constant glDwas 64 Hz. All spectra
were acquired during the course of one week, during which the
alignment did not change, judging from the splitting of th€ignal.
Parameters of NMR Experiments. The proton-proton coupling

couplings of small molecules, which provide coupling constants ¢onstants were measured using the 1D directed-COSY experiments
with the precision of afew hundredths of a hertzThese (pulse sequences of Figure 1a,b). The optional refocusing interval was
techniques were designed for the measurement of dipolarused for measurement of small scalar coupling constants and all dipolar
coupling constants from unresolved proton multiplets containing coupling constants. Values of 50 and 200 ms were used for this interval,

numerous protoaproton dipolar coupling constants. Here we

the latter for coupling constants less than 3 Hz. All selective pulses

extend our methodology (a) to the measurement of long-rangeWwere 30 ms Gaussian-shaped pulses. Sixteen data sets were acquired

proton—carbon coupling constants, (b) by using a vibrational
force field, calculated ab initio, to derive vibrational corrections
to the dipolar coupling constants, and (c) by using all three types
of coupling constantsOun, Dcw, "Dcn) to determine, for the

(8) Lesot, P.; Ouvrard, J. M.; Ouvrard, B. N.; CourtieuJJMagn. Reson.
Ser. A1994 107, 141.

(9) (a) Courtieu, J.; Alderman, D. W.; Grant, D. Nl. Am. Chem. S0d.981,
103,6783. (b) Courtieu, J.; Bayle, J. P.; Fung, B.Rfog. NMR Spectrosc.
1994 26, 141.

(10) (a) Havlin, R. H.; Park, G. H. J.; Pines, A. Magn. Reson2002 157,
163. (b) Havlin, R. H.; Park, G. H. J.; Mazur, T.; Pines,J AAm. Chem.
S0c.2003 125 7998.

(11) Tjandra, N.; Bax, ASciencel997 278 1111.

(12) (a) de Alba, E.; Tjandra, Nerog. NMR Spectros@002 40, 175. (b) Bax,
A. Protein Sci 2003 12, 1.

(13) (a) Tian, F.; Al-Hashimi, H. M.; Craighead, J. L.; Prestegard, J.tAm.
Chem. Soc2001, 123 485. (b) Almond, A.; Bunkenborg, J.; Franch, T.;
Gotfredsen, C. H.; Duus, J. @. Am. Chem. SoQ001, 123 4792. (c)
Martin-Pastor, M.; Bush, C. Al. Biomol. NMR2001, 19, 125. (d) Lycknert,
K.; Maliniak, A.; Widmalm, G.J. Phys. Chem2001, 105 5119.

(14) (a) Thiele, C. M.; Berger, Srg. Lett.2003 5, 705. (b) Mangoni, A.;
Esposito, V.; Randazzo, AChem. Commun2003 154. (c) Yan, J. L.;
Kline, A. D.; Mo, H. P.; Shapiro, M. J.; Zartler, E. R. Org. Chem2003
68, 1786. (d) Verdier, L.; Sakhaii, P.; Zweckstetter, M.; GriesingerJ.C.
Magn. Reson2003 163 353. (e) Klochkov, V. V.; Khairutdinov, B. |.;
Klochkov, A. V.; Shtyrlin, V. G.; Shaykhutdinov, R. AAppl. Magn. Reson.
2003 25, 113. (f) Aroulanda, C,; Lesot, P.; Merlet, D.; CourtieuJ JPhys.
Chem. A2003 107, 10911. (g) Emsley, J. W.; Lesot, P.; Merlet, Bhys.
Chem. Chem. Phy2004 6, 522.

(15) Weise, C. F.; Weisshaar, J. £.Phys. Chem. B003 107, 3265.

(16) Pham, T. N.; Liptaj, T.; Barlow, P. N.; Ul D. Magn. Reson. Chem.
2002 40, 729.

(17) Pham, T. N.; Liptaj, T.; Bromek, K.; Uhr) D. J. Magn. Reson2002
157, 200.

by varying delayT from 65 ms to 1.1 s in variable-time experiments
and from 65 ms to 3.5 s in the constant-time experiments. In one
experiment, 480=€ 16 x 15 x 2) 1D spectra were acquired for 15
pairs of coupled protons and 16 evolution intervals. Eight scans were
accumulated using an acquisition time2s and relaxation delay of
1.5 s for isotropic samples, while 1 and 2.5 s, respectively, were used
for aligned samples. This resulted in an overall acquisition time of
approximatel 5 h per one experiment.

The one-bond protonacarbon coupling constants were obtained by
analysis of 12 20ch_h spectra acquired using the pulse sequence of
Figure 1c by incrementing the evolution interva),in 1 ms steps. To
minimize the effects of evolution of geminal proteproton coupling
constants in Ckigroups (i.e., @in I), this interval was centered around
N/2JnseqHsaxd the isotropic ( = 4, Te = 343 ms) sample aW/(2Juseq Hsax
+ 2DhseqHsa) in the aligned if = 4, Te = 310 ms) sample. In addition,

a spectrum withl ~ 0.50ch was acquired. This was added to the set
of fitted spectra as this improved the parametrization of the effective
spin—spin relaxation timeT>*f, used in transfer functions. The spectral
width in theF; dimension was 12 ppm, and 8 scans were accumulated
in each of 32 complex increments. The acquisition times irFthend

F, dimensions were 10.6 ms and 1 s, respectively. Together with a
relaxation delay of 1.2 s, this resulted in the total experimental time
for one measurement of 4.25 h.

(18) Takagi, S.; Jeffrey, G. AActa Crystallogr. B1977, 33, 3033.

(19) Ruckert, M.; Otting, GJ. Am. Chem. So@00Q 122, 7793.

(20) States, D. J.; Haberkorn, R. A.; Ruben, DJJMagn. Reson1982 48,
286.
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Figure 1. Pulse sequences for the measurement of residual dipolar coupling constants. Thick and thin rectangles reprasetB®@ulses, respectively,
applied from thex axis unless specified otherwise. Selective °18@ussian pulses are indicated by open Gaussian envelopes. All pulse field gradients were
1 ms long. (a,b) Pulse sequences of variable- and constant-time 1D directed-COSY experiments, respectively. The selective pulses wereiagplied to sp
or I, as indicated. The refocusing interval enclosed in square brackets is optional; RD is the relaxation delay, ms, andl' andz; are the variable and
refocusing delays, respectively. Gradient pulses were applied alormyijeor X, y directions #). Gradient strengths wet®, = 5 G/cm,G; = 20 G/cm,

G, = 15 G/cm,G3 = 8 G/cm, andG, = 11 G/cm, and the following phase cycling was applied: = X, y; @2 = 2%, 2(—X); ¥ = X, —X. In experiment (a)

the delayT was incremented, while in experiment (b) the first Gaussian pulse applied tb wpism moved to the left in successive experiments. (c) Pulse
sequence of a modifigidh_hexperimentT is the variable time delay\ = 0.5/1Jcn. BIRDX inverts magnetization of carbons and protons directly bonded

to 13C. The following phase cycling was usegi = X, —X; @2 = 2X, 2(—X); @3 = 4X, 4(—X), andy = X, 2(—X), x. The States-TPPI meth#tvas employed

for sign discrimination inF;. The gradients had the following strengthSy = 11 G/cm,G; = 7.5 G/cm,G; = 22 G/cm, ands; = —24 G/cm. (d) Pulse
sequence of the constant-tildenodulated HMBC experiment. (e) Selective version of (d). In (d) and (e), the first ¥80pulse was applied as a,90
180,90, composite pulse and was moved to the left in successive 2D experiments. Delays adjusted in accord with theincrementation so that the
delay A, was constant. Delays was set to 1.2 ms and0.5/JcH in experiments (d) and (e), respectively. The following phase cycling was usgeek X,

=X @2 = 4%, 4(—X); g3 = 2X, 2y; Y1 = 2(X,—X),2(—%,X); Y2 = X,2(—X),X, —X,2X,—X. The sign of the5, gradient was changed in evearincrements, together

with the @1 phase. The pulse field gradients w&e = 11 G/cm,G; = — 80 G/cm,Gsz = 80 G/cm,Gs = 40.2 G/cm, andss = 17.0 G/cm.

The long-range protoncarbon coupling constants were determined points to compensate for a frequency shift, which we have occasionally
usingJ-modulated constant-time HMBC experiments (pulse sequences observed in the 1D directed-COSY experiments.
of Figure 1d,e). For the isotropic sample, both nonselective and selective  Tyansfer Functions. Transfer functions developed for the variable-
experiments were used, while only the latter were applied to the aligned {je 1D directed-COSY experiment and a three-spin sy'tevere
sample. Twelve 2D spectra were acquired for the nonselective experi- 3 qopted for the two-spin case, as selective inversion of two spins was
ment, while e|g_ht_ gD spectra were acqw_red fqr each of six ring protons always possible in compouridat 800 MHz. Only the intensities of
of I.bThed acqultlpn parameters Werﬁ |den_t|(t:)z;\l to thlos_e used forl the ¢ross-peaks were used during the fitting, as these, unlike the intensities
one-bond correlation experiments. The variable evolution intemval, ¢ o 15 peaks, do not depend on the accuracy of the selective inversion
was varied from 50 to 400 ms. The constant time intervals were set to pulses. A four-parameter fil%, Ky, T2°", and Ay) was performed
A1 = 405 ms,A :_16 ms, andAs = 2.2 ms, while the last interval using the following transfer functionl; = 19 sinfrKw(T + Aw)] exp[—
was increased ta; = 80 ms when it was used as a refocusing period (T + A)/Tae', where the symbols have the following meaning:
in th lecti riment. . - ; . . : . i
In the selective experiment is the scaling factorTxc is the effective relaxation timejy is the

Determination of Peak Intensities. The signal intensities were frocti i lution time during th lecti | Wil
determined from 1D traces of 2D spectra or directly from 1D spectra. e. ective coupling evolution |me. urng .e selective puises, i
eitherJ or J+ D. In the constant-time 1D directed-COSY experiments,

High digital resolution (typically 0.1 Hz in homonuclear and 0.2 Hz in
gh ag (typically the relaxation is identical for all measured points and the relaxation

heteronculear spectra) was used. A small region containing only the s 4
multiplet of interest was extracted from a series of related spectra. The Eff€Cts are absorbed by thigfactor. The data from the constant-time

most intense signal of the series was selected and assigned the role ofxperiment are therefore evaluated using the above transfer function
the reference spectrumy (= v11, v1z, ..., 1), wheren runs through but without the exponential term. The one-bond heteronuclear coupling

all the selected points. A second spectrav,(= v21, V22, ..., v2n) constants were analyzed using the following transfer functipre=
identical toVs, was created and phase-shifted by.9hy experimental % SIN@KcnT) exp(—T/Tx). The same transfer function, but without
SpectrumYexy (= Y1, Y2, ..., Yo) from the same series can then be the exponential term, was used to evaluate the nonselective HMBC
expressed a¥ex, = l(V1 cosa + V, sin o), wherel, is the intensity spectra. Finally, the cross-peaks from the selective HMBC experiments

anda is the phase of spectrul These two variables are determined ~ were fitted by the following transfer functiorii = 1% sinfz"Ken(T +

by the least-squares fit running throughmfpoints for each spectrum.  Aw)]. Both nonselective and selective HMBC experiments use constant-
In this way, small phase anomalies were removed and a set of peaktime evolution intervals, and the corresponding transfer functions

intensities as a function of the evolution tinlg,was determined. We therefore do not contain the relaxation term. All fitting procedures use

have also incorporated into the minimization procedure a relative shift the minimum number of parameters necessary for each particular
of the reference and fitted multiplets on the frequency axis by a few method. Therefore, e.g., the four-parameter fit does not artificially

13102 J. AM. CHEM. SOC. = VOL. 126, NO. 40, 2004
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increase the goodness of the fit compared to a three-parameter fittingand ring oxygen atom were not included in the refinements and were

procedure required for a different experiment.

Theoretical Methods. All calculations were performed on a Linux
cluster using the Gaussian 98 progrémill MP2 calculations were
frozen core [MP2(fc)]. The molecular structure of meth§4p-
xylopyranoside was determined at the HF level using the 3-Z2liGisis
set, and at HF and MP2 levels using the 6-33®4sis set. The B3LYP
functionaf* was also used with the 6-31G*, 6-311&"and 6-31#G*
basis sets. The molecular structure of mefpwd-xylopyranoside was

fixed at the B3LYP/6-311+G* values. A model representative of
compound containing atoms {H1)Cx(H2)Ca(H3)Ca(H4)Cs(Hsex Hsax)

was therefore created. The 27 active parameters used to define the
structure included 4 ring €C distances, 6 fy—H distances, 3 ring
C—C—C angles, 6 Gg—Ciing—H angles, 2 ring €C—C—C torsion
angles, and 6 £g—Ciing—Ciing—H torsion angles. Finally, five order
parametersSy-yy, Sz Sy Se @andS,, were defined so that they may

be refined using theéd® coupling constants. The total number of

also determined by self-consistent reaction field calculations at the parameters that could, in principle, be varied is therefore 32.

B3LYP/6-31H-G* level using the Onsager modé&IThe solvent system

Vibrational corrections to the experimental dipolar couplings were

of water was investigated, with the solute set to occupy a fixed spherical calculated on the basis of the force field (B3LYP/6-313*), co-

cavity of radiusa, = 4.52 A, with a dielectric constant ef = 78.3
used for the solvent field. As this molecule is sitting in water,

variance matrix, internuclear vectors, and the five order-matrix elements
using the program bmgv. These vibrationally corrected dipolar coupling

realistically there are many hydrogen-bond interactions that can take constantspP®, were then included (in lieu of experimental diffraction
place with the molecule. As these would be difficult to anticipate and data) in the Edinburgh structure refinement program BE®%s
calculate, this has not been done. Analytic force fields calculated at additional (i.e., nondiffraction) spectroscopic data. The active structure
the HF and B3LYP levels with all basis sets confirmed that the parameters and order parameters were then refined agginsstages
optimized structures were minima on the potential energy surface. to gauge the response of the structure to the couplings (see Results).
Second derivatives of the energy with respect to the nuclear coordinatesThe number of structural parameters that can be refined is completely
calculated at the B3LYP/6-3#1G* level gave the force field, which dependent on the number of dipolar couplings used and the type of
was then used to correct the dipolar couplings for vibrational motion. structure under study. There is no predefined formula to follow in the

Vibrational Correction. An in-house program, bmgv, was used to
correct the experimental coupling®9) for vibrational effects to yield

refinement of the structure. However, as there are five order-matrix
parameters being refined on this occasion, at least five structural

D> couplings. These were then used to provide vibrationally corrected parameters must remain fixed at the ab initio values (see Results section
structural information about the molecule. The covariance matrices and for further discussion of this). In this particular case, the@and

internuclear vectors were obtained from the force field (B3LYP/
6-311+G*) using the program ASYM48" The five order-matrix
elementsSuyy, Sz Sy S andS,;, were refined using the experimental
dipolar couplings® These were then read into bmgv along with the
D¢ couplings to obtain the vibrationally corrected couplifiifs These

C—H distance parameters were not refined. One CCC angle also
remained fixed, as otherwise the ring began to open, giving a completely
unrealistic structure. Inclusion of 1MD¢y coupling constants was

therefore crucial; without them, the structure could not have been refined
using 16 parameters defined above. Therefore, we are confident that,

were then used to generate a new order matrix, and the secondin this case, the maximum number of parameters have been refined,

generation of vibrationally corrected dipolar couplings was then
obtained. The second generation correctidd®) (wvere then used in
the structural analysis.

Structure Model and Refinement Method.The molecular structure
of methyl 5-p-xylopyranoside was defined in terms of 27 parameters,
describing only the part of the structure affected by the dipolar
couplings. As only protorproton and protosrcarbon dipolar coupling
constants of the ring atoms of methybp-xylopyranoside were

giving as good a structure as is possible for the number of dipolar
coupling constants used.

Results

Methyl 3-p-xylopyranoside adopts“C; chair conformation
that is, according MM3 calculations, 2.62 kcal/mol below the
nearest low-energy forif?. These minima are separated by high

measured, parameters relating to the hydroxyl groups, methoxy group, ENergy barriers that would lead to observation of separate signals

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann
Jr, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98, Revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(22) (a) Binkley, J. S.; Pople, J. A.; Hehre, WJJAm. Chem. S0d98Q 102
939. (b) Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, W. J.; Hehre,
W. J.J. Am. Chem. S0d982 104, 2797. (c) Pietro, W. J.; Francl, M. M,;
Hehre, W. J.; DeFrees, D. J.; Pople, J. A.; Binkley, JJSAm. Chem.
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(26) (a) Wong, M. W.; Frisch, M. J.; Wiberg, K. B. Am. Chem. Sod.991
113 4776. (b) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. Am. Chem.
So0c.1992 114, 523. (c) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. Am.
Chem. Soc1992 114, 1645.
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for both forms, which is not the case. MettBAb-xylopyrano-
side therefore exists in solution exclusively a4Ca chair and
represents a suitably rigid model system for testing our
methodology without a complicating factor of conformational
averaging!H NMR spectra of methyB-p-xylopyranoside in
the isotropic and oriented media are shown in Figure 2.
Chemical shift differences of less than 2.0 Hz between corre-
sponding signals of nine nonexchangeable protons in the two
spectra indicate that the solute molecules are effectively in
identical environments, surrounded by molecules g h both
instances. Proton multiplets in the spectrum of the oriented
sample are broadened by numerous homonuclear RDCs. The
two-dimensional DQFCOSY spectrum of the aligned sample
(data not shown) contained cross-peaks between all non-
exchangeable protons bfreflecting the presence of numerous
dipolar interactions.

Measurement of Dipolar Coupling Constants. Residual
dipolar coupling constants are determined from the differences
between the splittings observed for the aligned and unaligned

(29) (a) Cradock, S.; Koprowski, J.; Rankin, D. W. H.Mol. Struct.1981, 77,
113. (b) Boyd, A. S. F.; Laurenson, G. S.; Rankin, D. W.JHMol. Struct.
1981 71, 217.

(30) Dowd, M. K.; Rockey, W. M.; French, A. D.; Reilly, P. J. Carbohydr.
Chem.2002 21, 11.
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time evolution intervals are employed, each transfer function
also contains a relaxation term.

Although frequency-based methods could be used for the
OMe determination of coupling constants from well-resolved proton
multiplets observed in isotropic samples of small molecules,

we have used identicdimodulated techniques for both isotropic

H Hseq Ha Hy Hsax He and aligned samples. By doing so, we have minimized possible
systematic errors in determination of RDCs, as these are
(b) - calculated as differences between the values obtained from
J »NU H oriented § + D) and isotropic J) samples. Providing > D
@) M and the same method is used for isotropic and aligned samples,
44 42 40 | 38 a6 a4 | a2 ppm it is likely that accurate values dd will be obtained, even

Figure 2. 800 MHzH NMR spectra of methyB-p-xylopyranoside in (a) though determined andJ + D values may, for some reason,
the isotropic and (b) the aligned state. The asterisks indicate the residualdeviate from their true values. The evidence of a potential

signals of the aligning medium. Its intensity is much reduced compared to ; ; ;
that of sugar resonances due to the 50 ms CPMG pulse train that was use(PrOblem in this way is demonstrated by the use of our

to acquire spectrum b. The inset shows the structure of mefhy J-modulated technique for the measurementfy coupling
xylopyranoside together with the atom numbering. constants, where deviations from tr@ndJ + D values are
caused by strong coupling effeéfaNevertheless, we were able
samples. This preposition assumes that the differences betweeio show that whenAo — 0.5%Kcp)/Kpn > 5, this technique
the contributions to the observed splitting from the dynamic provides accuratet{0.02 Hz) values otDcy, even though the
frequency shift§2 and the magnetic orientations due to the JandJ -+ D values determined using the first-order approxima-
anisotropic magnetic susceptibifiy for the two samples are  tion were precise but not accuratAd is the chemical shift
negligible. These are valid assumptions as long as all spectradifference; Kcy and Kyy are the hetero- and homonuclear
are acquired at the same magnetic field. Small chemical shift constants, with values ¢8 | or |J + D] in isotropic or aligned
anisotropy of'H and sg **C nuclei and low anisotropy of  samples, respectively). We observe a similar phenomenon for
magnetic susceptibility of methy-p-xylopyranoside meanthat  the techniques developed during the course of this work for
contributions to the observed resonance frequencies of individualthe measurement of tf#®cy coupling constant. In the following,
spectral lines due to both mechanisms are very small. We the methods for the measurement@fy and D¢y are only
therefore refer to the splitting measured for the unaligned and briefly mentioned, as these have been described in detail
aligned samples a$ coupling constants and+ D splittings, elsewheréb.17 while the new techniques for measurement of
respectively. Measurement of splittings from unresolved proton D, are presented in full.
multiplets, which are typically obtained in weakly aligned media,  proton—Proton Residual Dipolar Coupling Constants.All
requires the employment of intensity-based methods. Suchqs residual dipolar protomproton coupling constants (Table
methods were developed originally for the measurement of 1) between the ring protons df were measured using 1D
scalar coupling constants in biomolecules, where the proton girected-cOSY experimenfs(Figure 1a,b). No attempt was
signals are broadened by the fast spipin relaxation. In small * age to measure the coupling constants of methoxy protons,
molecules dissolved in dilute liquid crystalline media, the spin 54 this flexible group was not included in the structure

spin relaxation times are long and practically identical to those yetermination. Nevertheless, many of the ring proton multiplets
observed for isotropic samples. The lack of resolution in weakly \yare broadened by dipolar interactions with the OMe protons.

aligned samples originates from numeroDg coupling The 1D directed-COSY experiment relies on the selective
constants. Long evolution intervals can therefore be employed jnersion of two protons in order to achieve polarization transfer

in the measurements of small coupling constants in small oy petween these protons in each experiment. In this way,
n’_nolecule&a yltal prerequisite for_prems_e determination of small 4 coupling constants are determined with high precision by
dipolar coupling constants. The intensity-based methods can beiing the signal intensities to a simple transfer function (see
|mple3r;1ented in two different ways. In quantitatifespectros-  \aterials and Methods). Theoretical simulations show that the
copy; each coupling constant is calculated from the intensity ., dition of chemical shift difference greater thad for
ratio of two peaks obtained in one Oezéa maximum of o 534 by must be satisfied for this method to produce accurate
experiments. InJ-modulated techniques, peak intensities 5,65 of coupling constants. This was always the case for
measured in several spectra are fitted to known transfer compound in both isotropic and aligned samples at 800 MHz.

functions. The latter techniques, although requiring more tyyica| results of 1D directed-COSY experiments, together with
spectrometer time, are more precise due to the acquisition offiie " neak intensities, are shown in Figure 3.

multiple experimental points. It is important that the intensity-
based experiments are designed in such a way that correspondin(};n
transfer functions are as simple as possible, oaly one

coupling constaniodulates the signal intensity. When variable-

Coupling constants with absolute values 0.3 Hz were
easured using constant-time 1D directed-COSY (Figure 1b),
as the reproducibility of measurements of smaller coupling
constants using this method was higher than that with variable-
(31) (a) Werbelow, L. G. IrEncyclopedia of Nuclear Magnetic Resonance  time experiments. Inspection of Table 1 shows that coupling
Grant, D. M., Harris, R. K., Eds.; Wiley: London, 1996; Vol. 6, p 4072.  ¢onstants below 0.1 Hz are not determined accurately by either
(b) Bothner-By, A. A. InEncyclopedia of Nuclear Magnetic Resonance
Grant, D. M., Harris, R. K., Eds.; Wiley: London, 1996; Vol.5, p 2932.  Of these methods. Only absolute valu¢d or |[J+ DJ|) are
(32) Bax, A,; Vuister, G. W.; Grzesiek, S.; Delaglio, A. C.; Wang, A. C.; provided by these experiments, and the signs of the coupling

Tshudin, R.; Zhu, GMethods Enzymoll994 239, 79. .
(33) Tjandra, N.; Bax, AJ. Magn. Reson1997, 124, 512. constants must be determined by other means. For many two-
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Table 1. Scalar and Dipolar Coupling Constants (in Hz) for Methyl 3-p-Xylopyranoside?

no. spin pair J J+D DPbs D= prae
Proton-Proton Coupling Constarits
1 Hi—H> 7.87+0.00 7.90+ 0.01 0.03+ 0.01 0.02 0.03
2 Hi—Hs —0.08+ 0.06 1.95+ 0.00 2.03+ 0.06 1.97 2.00
3 Hi—Ha 0.0¢ —0.88+ 0.02 —0.88+0.02 —0.89 —0.88
4 Hi—Hsax —0.04+ 0.06 —6.57+0.01 —6.53+ 0.06 —6.44 —6.42
5 Hi—Hseq —0.31+ 0.0# —1.71+0.01 —1.40+ 0.04 -1.41 —1.42
6 Ho—Hs 9.33+0.01 8.73+ 0.01 —0.60+ 0.01 —0.61 —0.63
7 Ho—Ha 0.0 —4.70+ 0.02 —4.70+ 0.02 —4.63 —4.63
8 Ho—Hsax 0.o¢ —0.33+0.03 —0.33+0.04 —0.33 -0.27
9 Ho—Hseq 0.15+ 0.03 0.0° —0.15+ 0.03 —0.15 —0.15
10 Hs—Ha 9.11+ 0.00 8.82+ 0.00 —0.29+ 0.00 —0.30 —0.32
11 Hs—Hsax —0.20+ 0.02° 4.84+0.03 —5.04+0.03 4.99 4.99
12 Hs—Hseq —0.36+ 0.04 0.78+ 0.03 1.144+0.04 1.15 121
13 Ha—Hsax 10.55+ 0.00 10.51+ 0.01 —0.04+0.01 —0.04 —0.11
14 Hs—Hseq 5.49+0.01 9.69+ 0.01 4.20+ 0.01 4.24 4.23
15 Hsax—Hseq —11.65+0.01 —12.88+ 0.01 —1.23+0.01 -1.32 —-1.32
One-Bond ProtorrCarbon Coupling Constants
16 Hi—C1 161.77+ 0.04 158.46+ 0.01 —-3.31+0.04 —3.43 —3.42
17 H—C, 144.95+ 0.02 142.03t 0.01 —2.92+ 0.02 —3.07 —3.06
18 Hs—Cs 145.51+ 0.00 142.24+ 0.01 —3.27+£0.01 —3.54 —3.55
19 Hseq—Cs 151.38+ 0.03 151.72+ 0.01 0.34+ 0.03 0.39 0.39
Long-Range ProtonCarbon Coupling Constants

20 H—Cs —4.544 0.00 —5.34+0.00 —0.80+ 0.00 —0.81 —0.80
21 H—Cy —6.17+ 0.01 —5.53+0.01 0.64+ 0.01 0.66 0.67
22 Hs—C> —4.694 0.00 —5.29+ 0.00 —0.62+ 0.00 —0.62 —0.66
23 Hs—C4 —4.444 0.00 —4.47+ 0.00 —0.03+ 0.00 —0.03 0.00
24 Hyi—Cs —3.944 0.01 —4.22+0.01 —0.28+0.01 —0.29 —0.29
25 Hs—Cs —3.264+ 0.00 —2.77+0.00 0.49+ 0.00 0.51 0.51
26 Hsax—Ca —3.084+ 0.00 —2.54+0.00 0.54+ 0.00 0.56 0.56
27 Hseq—Cs —3.884 0.0 —1.48+0.01 2.40+ 0.01 2.47 2.44
28 Hsax—C1 2.76+0.01 1.88+0.01 —0.88+0.01 —0.89 —0.94
29 Hseq—Cs 9.43+0.00 9.85+ 0.00 0.42+ 0.00 0.43 0.42
30 Hseq—Ca 10.26+ 0.01 9.78+ 0.01 —0.48+ 0.01 —0.49 —0.47

apobs D andDeac are the experimental, vibrationally corrected, and calculated dipolar coupling constants; standard deviations of expkantshtal
+ D coupling constants were determined using three consecutive measurements; standard deviations of dipolar coupling constants were a&léulated as [
+ 6(J + D)3¥2. P Homonuclear coupling constants were calculated using six values per coupling constant, as these were measured by starting the polarization
transfer on each of the two coupled protons in separate experini&itgis determined during structure optimizati®iNo transfer of polarization observed.
e Signs determined from E.COSY experimeirigns determined from; 13C-filtered DQF-COSY experiment (see Supporting Information).

24 z
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Figure 3. lllustration of the 1D directed-COSY methods. Signal intensities of proteyq &$ a function of the evolution tim€in (a) variable-time H—
Hseq directed-COSY acquired using the aligned sample and (b) constant-tirre feq directed-COSY using the isotropic sample. The four-bongHk,
coupling constants were determined by fitting the signal intensities to appropriate transfer functions (see Materials and Methods), as shiesaisn the

and three-bond coupling constants in weakly aligned samples,coupling constants can, in some instances, be obtained experi-
233y > 23Dy and the signs of the geminal and vicinal dipolar mentally from the analysis of the E.COSY multiplets or, as with
coupling constants are immediately obvious. The sigrSDf the sign determination of°Dpy coupling constants, derived
coupling constants are determined one at a time during the earlyduring the course of the structure calculations, typically in their
stages of the structure refinement, by considering both positive later stages.

and negative values while optimizing the order-matrix elements.  One-Bond Proton—Carbon Residual Dipolar Coupling
Signs that yield higher sums of the squares of differences Constants. The D¢y coupling constants (Table 1) were
between the experimental and calculated dipolar coupling measured using a modification of theh_h experiment’ A
constants are rejected. The absolute values of these couplinghon-refocused version without tRéC decoupling (Figure 1c)
constants depend also on the signé3f;y coupling constants ~ was used to eliminate possible sample heating that could change
that are usually very small. The signs of these long-range the alignment slightly. The BIRD pulse applied in the middle
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Figure 4. lllustration of theJ-modulated constant-time HMBC methods. The intensities of %@ ldross-peak as a function of the evolution tifée (a)
the nonselective HMBC experiment for the isotropic sample and (b) the selective HMBC experiment acquired using the aligned sample. The ##@&-bond H
coupling constants were determined by fitting the signal intensities to appropriate transfer functions (see Material and Methods), as shogetsn the i

of the evolution interval removes the evolution of protgmoton nents due to the evolution of proteproton scalar coupling
coupling constants, while allowing the evolution of one-bond constants. While it is adequate for isotropic samples, severe
heteronuclear coupling constants. Cross-peak intensities obtainegignal attenuation due to line cancellation of anti-phase com-
in a series of 2D spectra as a function of the evolution interval, ponents makes this experiment unsuitable for aligned samples
T, were fitted to a simple transfer function (see Material and containing unresolved proton multiplets.

Methods), yielding precise values of coupling constants. As  simple modifications of the basid-modulated HMBC
stated above, only when there is sufficient chemical shift experiment solve this problem. In the modified experiment, the
separation in th&’C satellite spectra af®cy coupling constants  gyolution of proton-proton coupling constants during the (i
accurately determined by this procedure. This was not the case— 1, 2, 3) intervals is removed by applying selective 288

for Hs and Hax protons in the aligned sample due to a large pyises instead of the nonselective ones. The in-phase rather than
*Dhs Hsax COUpling constant. The two heteronuclear coupling ani-phase multiplets with respect to the heteronuclear long-
constants involving protonsgénd Haxwere therefore excluded range coupling constants are obtained by setgg- 0.5/ Jc

from the analysis, and only fodDc coupling constants were 44 applying an extraC 180 pulse in the middle of this

used inlthe structure calculation. SinéBcy | < *Jcu > 0, the interval. The cumulative effect of these changes brings about a
signs of'Dc coupling constants were determlned automfaltlcally. significant increase in the cross-peak intensities. The price that
Long-Range Proton-Carbon Residual Dipolar Coupling has to be paid for this improvement is a longer overall

Constants.Two newJ-modulated constant-time HMBC experi-  experimental time. A series of 2D experiments needs to be
ments (Figure 1d,e) were designed for precise measurement ogcquired for each proton independently, yielding coupling
nDCH COUpling constants. An overall constant-time interval used constants for all |Ong.range Coup|ed carbons from one set of
in these pulse sequences ensured that equal evolution of proton gata. An example of series of multiplets extracted from 1D traces
proton coupling constants took place while the evolution of of the selective, constant-tindemodulated HMBC experiment
heteronuclear coupling constants could be varied. The latter wasjg given in Figure 4b. Since all carbon resonances wfere
achieved by changing the position of a $88C pulse applied  resolved by using a shott evolution time, theA, delay was

labeling took place during the constant-time interval and applied in the middle of thé, period.

was achieved by increasing thenterval, while simultaneously
reducing ther intervals. Sign discrimination if; was done by
pulsed field gradient¥ and proton chemical shifts were
refocused by 1801H pulses applied amid\; (i = 1, 2, 3)
intervals. In the resulting spectra, the cross-peak intensities ar
modulated by a simple transfer functibn= 1% sin@r "KcuT).

An example of series of multiplets extracted from 1D traces of
J-modulated HMBC spectra and the analysis of £Hcross-
peak is shown in Figure 4a. These multiplets shows a typical
mixed-phase pattern with the heteronuclear coupling constant
in anti-phase and a mixture of in-phase and anti-phase compo-

To assess the influence of higher-order effects on the fitted
values of coupling constants, a series of simulations using the
NMRSIM module of the XWINNMR Bruker software was
performed. The following spin system was consider&@.H,—

elZCHb with coupling constant&Jc, = 138.7 Hz,3Jy 4, = 9.3

Hz, and?Jc,, = 4.3 Hz. The proton chemical shifts were set
so that the difference between the low-frequem&y satellite

of proton H, and the chemical shift of protonHould be
expressed as a multiple of the protgproton coupling constant
[F = (A6 — 0.5%c.1)/Pnpn, WhereAd = 6, — Op). A series

of 2D J-modulated constant-time HMBC spectra was simulated

(34) Boyd, J.; Soffe, N.; John, B.; Plant, D.; Hurd, R.Magn. Reson1992 usmg the pU|se sequences of Figure ld’d:fmanging from 3
98, 660. to 30. 1D traces were extracted from the spectra, and multiplets
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465 [ T T ' ' ' ' Unlike ey and 3Jcy, which are always positive2lcy
4605_ coupling constants can be either positive or negafiva.
Tr convenient method of sign determination &y coupling
N 455 a constants is provided by the; 13C-filtered 2D DQFCOSY
S £ experiment (see Supporting Information). In this experiment,
g 4s0 b the tilt of the E.COSY-type cross-peaks mediated iy
g aas E- coupling constants is compared with the t_||t of the diagonal _peak,
g F which reflects the positive sign édcy coupling constants. Using
440 this experiment, the signs of all measurélty of | were
E determined as negative. Since BDcuh| < |"Jcy| in our case,
435 - the signs of'D¢y coupling constants were determined automati-
430 a cally.
0

Structure Refinement. The structure of methy$-p-xylopy-
Figure 5. Relationship between the truéé,  4.30 Hz) and apparent ranoside in solut|_on was refined using 30 dipolar coupling
2Jc coupling constants determined from simulated HMBC experiments as Constants determined by themodulated methods. Standard
a function ofF = (Ad — 0.5%c)/ 3Jnp, See text for details. deviations given fod andJ + D values in Table 1 were obtained
as a result of three repetitive measurements. The average
of Hp were fitted using the appropriate transfer functions (see standard deviation of dipolar coupling constants was calculated
Materials and Methods). The results of the simulation experi- to be 0.018 Hz. For the purpose of structure calculation, this
ments can be summarized as follows. (i) Large differences werevalue was increased to 0.05 Hz to allow for uncertainties in
observed between the actual and calculated coupling constantsvibrational corrections and for any systematic errors in the
and these values converged very slowly as the factocreased bonded interatomic distances that were fixed at their ab initio
(Figure 5). (ii) BelowF = 5, the variations in the shape of the values. The minimum energy ab initio (B3LYP/6-3#G*)
Hy, multiplets were too large for reliable determination of the structure ofl calculated for a single free molecule served as a
relative intensities of the multiplets in a series and therefore of starting point for the structure refinements.
the apparent coupling constant. Below this threshold, variations  During the first step of structure calculation, all parameters
of >0.01 Hz were observed for the apparent coupling, depending of the model were fixed at their ab initio values, and five order-
on which of the multiplets was chosen as a reference multiplet matrix elements were refined using the experimental dipolar
for the determination of their relative intensities. (i) Values coupling constantsD°. Vibrational corrections to the experi-
obtained using the selective and nonselective HMBC experi- mental dipolar coupling constants were then calculated using
ments were identical. This analysis showed that the intensity- the refined order matrix and the ab initio structurel oA set
based methods are very sensitive to higher order effects andof vibrationally corrected coupling constants was then used to
the values they provide should be characterized only as apparentalculate a new order matrix and subsequently the second
coupling constants. When aiming for precision in the determi- generation of vibrationally corrected coupling constaits,
nation ?Dcy better thant0.02 Hz, weak alignments must be  These were then used throughout the subsequent geometry
used so that the contribution of proteproton dipolar coupling optimization. When the vibrational corrections were later
constants alters thie factor between the isotropic and aligned calculated using the final structure, they were found to be
samples only marginally. If this is the case, accurate values of practically identical to those used to calculate the second
"Dcw are obtained from the differenc@l¢n + "Dcn) — "Jen. generation of vibrationally corrected coupling constants. Given
Strong coupling affects the accuracy of determitiigdl coupling the small difference between the ab initio and the optimized
constants also in the frequency-based metfio@verall, the  structure, this was to be expected and confirms that it was
results of this analysis suggest that a full density-matrix justified to calculate the vibrationally corrected coupling
treatment of thad-modulated experiments is preferable, and more constants only at the beginning of the structure optimization.

research in this direction is needed. The largest vibrational correction observed ¥ coupling

In compound, factorF > 7.7 was observed for all protons,  constants was-0.27 Hz for IDcsns (—3.27 Hz), while the
except for H and Hax in the aligned sample, whefe = 3.2. maximum for Dyy coupling constants was-0.09 Hz for
Consequently, théDcy coupling constants of s and HaCs 1Dhinsax (—6.53 Hz). These values are larger than the experi-
pairs were excluded from structure calculations, and €kt mental uncertainties of dipolar coupling constants, which makes

and thre€Dcy (Table 1) were eventually used. This setincluded the use of vibrational corrections mandatory.

all possible two-bond heteronuclear coupling constants with the  Four further rounds of structure refinement were performed,
exception ofDyic2 The correspondingluiczcoupling constant  in which the order-matrix elements were always optimized
was too small {1 Hz) to be measured accurately. Thn together with an increasing number of molecular parameters.
coupling constants of axial protons in pyranose rings are usually First two CCCC dihedral angles were refined, followed by six
very small because of the small dihedral angle between the CCCH dihedral angles, three CCH angles, and finally two out
interacting atoms. Given the possibility that these can be further of the three CCC angles. The;GCs angle diverged when
decreased by negative dipolar coupling constants, the measureincluded, causing the six-membered ring to open, and it was
ment of3Dcy coupling constants is rather difficult. Only three  subsequently removed from the list of refining parameters. This

3Dcr coupling constants, all including protons of the Gitoup, demonstrates the earlier comment regarding the choice of
were therefore used in the structure calculation. parameters to be refined being based on observation of the
(35) Richardson, J. M.; Titman, J.; Keeler,JJ.Magn. Reson1991, 93, 533. (36) Hansen, P. ERProg. NMR Spectrosd 981, 14, 175.
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Table 2. Geometrical Parameters (Angles, in Deg) of the Solution (a b
Structure of | .
parameter (angle O, solution solution minus solution minus 9 L -
or dihedral angle ¢) structure? ab initio® neutron structure® /4 _HTT'S' |
DC1C2C3 :|.:|.0.3j 2.0 o - f—--.___'l - __"I
0CoC3Cs 111.1(8) -0.7 -0.7 | 5 27 wa
0CsC4Cs 111.2(6) 2.6 (4) 0.2 | |= |
0C,CiH: 113.0(15) 3.1(2) 2.2 ( - I
DC3C2H2 109.7(8) 0.4 0.1 4 |
OC,CsH3 108.7(8) 0.2 0.5 L _L___I
OC3C4H4 108.8(8) -0.5 0.5 4 \ \5 /
OC4CsHseq 110.7(6) -0.8 0.2 Y B I T
OC4CsHax 109.5(5) -0.1 -0.4 l3 |2 1
$#C1CCaCs —51.2(8) 0.4 0.8 |
PC2C3C4Cs 52.4(6) -1.1(2) 3.4 T
¢C3CoCiH1 —63.7(14) 3.3(2) —-3.8
¢C4C3CoH> 66.7(9) 0.1 0.9 Figure 6. Comparisons of methypB-p-xylopyranoside structures. (a)
$C1C,C3H3 68.0(10) 0.7 0.8 Calculated solution-phase structure loin the coordinate system of the
@CrC3CyH4 —68.8(7) —2.6(3) 1.6 inertia tensor. The eigenvectors of the principal axis coordinate system of
$C3CaCsHseq —175.2(7) 0.3 —-3.4 the alignment tensor are given with their relative lengths, showing their
PC3C4CsHsax 64.6(7) -0.2 —-4.6 corresponding eigenvalues. (b) Overlay of the solution-phase and the ab

initio structures. (c) The corresponding overlay of the solution-phase and
a Estimated standard deviations obtained during the structure refinement the neutron diffraction structures bfDashed lines show those parts of the

are given in parenthesesNumbers in bold indicate where the differences ~ molecule that have not been refined against experimental data.

in angles were more than one estimated standard deviation; the deviation

as a multiple of the standard deviation is given in parentheses. The

distribution of deviations is statistically appropriatd®ifferences larger than 08 F T T T T T ]

1° are in bold.? This angle was fixed at its ab initio value. HH,

06 | Fie

behavior of the refining data, rather than being predetermined
before structure refinement. The total variance of the data
decreased steadily from 131.2 when only the orientation
parameters were refined to 99.4, 59.1, 17.7, and finally 9.9.
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Similarly, the root-mean-square deviation of the dipolar coupling o2 F e O i ]
constants decreased steadily (0.105, 0.086, 0.062, 0.029, an HiFa M, © 00

0.021 Hz). The correlation matrix for the refining parameters 04 r C:H i
showed consistently small values for off-diagonal elements, 06 5o 4
indicating the absence of any major correlation between the ;4 | g% _
parameters (see Supporting Information). The values of 17 0 5 10 15 20 25 30
parameters that define the solution-state structuteaoé given Figure 7. Differences between 30 observed, vibrationally corrected residual

in Table 2. As expected from the shape of the pentopyranosedipolar coupling constants and those calculated on the basis of the (*) refined
ring, when aligned the molecule dfshows large anisotropy, solutioln state,(()_gb ir}li_tri]o, and (I)_) neutrort] ditffractionI stttrugt_uresgf m?t_rll_ylbl
characterized by the following elements of the diagonalized §%{opyraneside, Tne couplng constas re ltt n oder of Tatle
order matrix: S,z = —46.6 x 1075, S,y = 39.2 x 1075, and filled symbols. The dashed lines are plottect.15 Hz.

Sex = 7.4 x 1075 (Figure 6a).

Analysis of the Structures. The agreement between the The closer agreement with the calculated free molecule structure
observed, vibrationally corrected dipolar coupling constdd ( suggests that the crystal environment causes significant distortion
of I and the calculated dipolar coupling®°f9) based on the  of the molecules, and that structures in solution should not be
solution structure is very good. The rms deviation of 0.021 Hz presumed to be identical to those determined crystallographi-
is comparable to the average uncertainty (0.018 Hz) of the cally.
experimentally determined coupling constants (Table 1). For  Several dipolar coupling constants calculated on the basis of
some pairs, the differences are larger than the errors bars orthe neutron diffraction structure showed large differences, e.g.,
the experimental dipolar coupling constants. This is to be Dpinz (A = —0.79 Hz),Dus Hsax (A = 0.59 Hz), orDcs Hseq
expected, as the calculated dipolar coupling constants are a resul{A = —0.44 Hz). Altogether, nine coupling constants differed
of an optimization procedure, and therefore their deviations by more than 0.15 Hz. The largest differences involved dipolar
follow the normal distribution. A detailed comparison of the coupling constants betweent and HHsax protons, suggest-
differences between the experimental, vibrationally corrected ing that these interproton distances are significantly different
dipolar coupling constants and those calculated on the basis ofin the solid and solution-phase structures. Indeed, when the
(i) the optimized solution structure, (ii) the ab initio structure, distances between the 1,3 diaxial protons of the six-membered
and (iii) the neutron diffraction structures is shown in Figure 7. ring were calculated, they were found to differ in the various
Inspection of this figure indicates that the ab initio structure structures (Table 3). The degree to which these differ correlates
approximates the solution structurelofuch better than does  with the differences in the calculated dipolar coupling constants.
the neutron diffraction structure. We chose to use the ab initio Nevertheless, this is not a straightforward dependence, as
C—H distances rather than those from neutron diffraction, as slight differences in alignment tensors calculated for different
this type of parameter is likely to be reliable from the structures contribute significantly to the calculated dipolar
calculations, especially for the ratios of the calculated distances.coupling constants.
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Table 3. Distances (in A) between the 1,3 Diaxial Protons of This number is further reduced by correlations between observa-
Methyl f-0-Xylopyranoside tions (which may effectively give the same, or similar, structural
structure Hi-Hs Hi~Hsa Hy—Hsax Ho~H, information). The distance parameters were chosen to be fixed
solution structure 2.67 2.40 2.63 2.66 at the ab initio values, because the ratios of these relative to
ab initio 2.64 2.44 2.54 2.66 one another are very well determined by theory. One angle

neutron diffraction 2:53 2.32 2.69 2.67 parameter could not be refined, as it was effectively holding

] o ] the sugar ring together and there was not enough residual

The largest difference in dipolar coupling constants between iytormation to refine its value once the other angle and torsion
the refined solution-phase and ab initio gas-phase structures igsarameters were refining. At the time of the final refinement,
—0.26 Hz Dwa sy, and only six coupling constants, labeled  he five order-matrix elements and 16 of the possible 24
in Figure 7, show deviations between 0.15 and 0.26 Hz. Four harameters were refining. As a test, it was attempted to refine
of these involve either Idor Cy, indicating that the differences  ihe c—C distances as a fixed ratio to one-C distance. but
between the two structures may be localized in this part of the s jed to an unrealistic €C distance and unrealistic estimated
molecule. This observation can be correlated with the observedgisngard deviations. Therefore. we believe that we have
differences in the €C.Cs and GCsC4sH, angles between the  eyiracted all possible structural information for this molecule

two structures. O_vergll,_the ab initio and experimental splution from the vibrationally corrected dipolar coupling constants, to
structures are quite similar. Only 5 out of 16 bond and dihedral give the first structure of a sugar in solution.

angles that were optimized during the calculation of the liquid- )
state structure differ by more than one standard deviation, andConclusions
the largest deviation is less than 3(Fable 2). This proportion We have demonstrated that it is possible to use very small
is statistically reasonable. The remaining 11 angles are identicalresidual dipolar coupling constants, measured in dilute liquid
to within 1°. A similar comparison of the solution and the crystalline media, for the determination of solution structures
neutron diffraction structures shows slightly large#(6°) and of small molecules. We have measured three types of residual
more frequent (seven angles differing by1°) differences in dipolar coupling constant®uy, 'Dcn, and™Dey, in order to
bond and dihedral angles. It is intriguing that four out of five generate sufficient experimental data to determine the molecular
parameters that differed significantly between the solution-state parameters that define the molecular structures. The incorpora-
and the ab initio structure show also large differences when the tion of "Dcy coupling constants was crucial in the case of methyl
solution-phase and the neutron diffraction structures are com- -b-xylopyranoside, but these coupling constants are likely to
pared. Comparison of these deviations suggests that the solutiorbe required for any small molecule, because the prepoton
structure lies between the solid-state and the gas-phase ab initiand one-bond heteronuclear interactions alone will usually be
structures and is closer to the latter. Figure 6b shows an overlaytoo few to allow optimization of numerous molecular param-
of the calculated solution and ab initio structures, and the sameeters. To this end, we have developed new NMR experiments
comparison for the solution and neutron diffraction structures for precise measurement of long-range pretoarbon dipolar
is shown in Figure 6¢. The different orientation of the OH coupling constants. This technique extends the family of
groups in the neutron diffraction structure is caused by the J-modulated experiments designed for accurate measurement
network of hydrogen bonding observed in the solid staitese of small dipolar coupling constants. We emphasize that these
diagrams show clearly the differences in the 1,3 diaxial proton techniques provide accurate dipolar coupling constants only for
distances. first-order spin systems that satisfy the following conditions:
From Table 2, it can be seen that one of the larger differences Ad/Kyy > 5 or (Ad - 0.5®Kcp)/Kyy > 5 for 1H or H,13C
between the solution structure and the ab initio structure is satellite spectra, respectively, whet@ is the chemical shift
$C,C3C4Cs, which dictates the overall conformation of the ring  difference between coupled protons dd eitherJ or J + D.
and therefore the position of the protons relative to each other. If these conditions are met, the dipolar coupling constants can
Long-range coupling constants therefore have an importantbe determined by fitting the signal intensities to simple transfer
effect on the structure refinement. Other torsions with significant functions. This was the case for all the coupling constants used
differences includepCsC,CiH; and ¢C,C3C4H4, the proton in our analysis, and in order to achieve this we have resorted to
positions of which are determined from couplings including the using an 800 MHz NMR spectrometer. Otherwise, a full density-
long-rangeDys 1a coupling constant. The £L1H; angle also matrix treatment must be invoked, and further work is needed
deviates from the ab initio value, but tH#®u; > coupling in this direction to make these techniques applicable to more
constant was not measured. Therefore, the positionoisH  strongly coupled spin systems and/or more widely used lower
dictated by other long-range couplings within the molecule, and field NMR instruments. The use of selective pulses required
this has an effect on the local parameters. for the measurement of theyy and"Dcy coupling constants
There is a fine balance between the number of parametersmay seem to be a further limitation of the proposed approach,
that can be refined and the number of data observations presentbut it is likely to be covered by the above condition of sufficient
Effectively, the parameter limit idlp — Ns (whereNp is the chemical shift separation. Overlap of proton resonances between
number of dipolar coupling constants aNg is the number of spins from different spin systems should not necessarily be an
order-matrix elements). As five order-matrix elements were obstacle to successful application of these techniques. The
being refined, we were obliged to fix five potentially refinable experimental uncertainties of the signs and sizes of very small
parameters to compensate for this, and there is therefore ascalar long-range protetproton coupling constants is the
theoretical maximum of 25 parameters that can be refined atlimiting factor affecting the accuracy of determined dipolar
any one time. In practice, the maximum number of refinable coupling constants. Further method development in this area is
parameters to obtain a reliable result is smaller by one, i.e., 24.required.
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The use of ab initio methods has allowed the calculation of crystals, can be determined using this approach. Indeed, as the
a force field for methy|3-p-xylopyranoside. From this, it has  number of dipolar couplings increases with molecular size, but
been possible to correct the experimental dipolar coupling the number of orientation parameters is constant, the potential
constants for vibrational effects. The ab initio results have also value of the method is greatest for large molecules.
provided an excellent starting point for the determination of
the solution structure of methglp-xylopyranoside. Using the Acknowledgment. This work was supported by EPSRC
corrected values dd* as extra pieces of experimental observa- (grant R59496) and NATO collaborative linkage grant PST-
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better known for determining gaseous molecular structures, to N24407. This work was initially presented at the 16th Interna-

determine the solution structure of metifyb-xylopyranoside. tional RSC Meeting on NMR Spectroscopy, June 2003,
Although very small dipolar coupling constants were measured campridge, UK.

in this work, their calculated vibrational corrections often

exceeded the experimental uncertainties in the values of the sypporting Information Available: Pulse sequence of the
constants. Vibrationally corrected dipolar coupling constants ,, 13C_filtered COSY experiment used for the sign determina-
must therefore be used in such structure refinements. tion of 2Jcy coupling constantsy, 13C-filtered COSY spectrum

Reducing the orientation of solutes thus provides a general of methyl 5-p-xylopyranoside, least-squares correlation matrix
method for the determination of solution-phase structures of ¢, the final refined structure of methyl-p-xylopyranoside

small molecules. Thi_s app_roach requ_ires fine-tuning of t_he coordinates of the solution-phase structure of metbyi-
alignment, so that various dipolar coupling constants, including xylopyranoside, and ab initio coordinates from the B3LYP/
those of long-range coupled protons and carbons, can be6-311+G* calculation of methyl 5-p-xylopyranoside. This

measured with sufficient accuracy. With the availability of very L . .
S - - material is available free of charge via the Internet at
high field NMR instruments, it is foreseeable that structures of .

http://pubs.acs.org.

molecules containing more than 12 protons, a limit imposed
by the complexity of'H spectra in strongly aligning liquid ~ JA047242+
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