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Two-dimensional'®C correlation spectroscopy at the natural a
abundance isotope level has enabled the application of nuclear 'H ?I "H decoupling I I J
magnetic resonance (NMR) to industrial and academic problems 20F
that would be impractical if labeled materials were required. The ¢
challenge of natural abundan®€ spectroscopy is the loss in signal e mL. T I T " TI T I . ‘

intensity due to the 1% isotope concentration of the spins. This

loss is particularly acute for correlation spectroscopy, which relies

on pairs of nuclei to be spin active, decreasing the sensitivity of

the technique by 4 orders of magnitude as compared to correlation b
experiments on uniformly labeled materials. Yet, liquid-sté@
correlation spectroscopy continues to play an important role in the
assignment and determination of structure in unenriched compounds

through robust methods such as the INADEQUATE experimient, ppm . s
which works despite this unfavorable scaling. In solids, however, 20 - e
there are far fewer examples of natural abunddfCecorrelation : '-~.".5,¢_
experiments, particularly on molecules with more than a dozen 40 + ': ;{' it .
carbon siteg.Here, we show thafC natural abundance correlation JUEEE
in solids can be extended to moderately sized molecules, using the 601 D
uniform-sign cross-peak double-quantum-filtered correlation spec- 804
troscopy (UC2QF COSY) to assign the 54 peaks of the solid-state
NMR spectrum of microcrystalline vitamin{D In this case, 100 -
comparison between the assigned peaks and ab initio calculations
of the chemical shifts based on the crystal coordinates permits a 120 ~
refinement of the average structure in dynamic regions reported as -
. . 140 ’ .

disordered in the crystal structute. “

Recently, we introduced the scalar-coupling-driven UC2QF : : , : : : :
COSY as an effective through-bond correlation spectroscopy for 140 120 100 80 60 40 20 ppm
disordered solid$.This experiment is robust even under fast (35 '3C Chemical Shift

kHz) magic-angle-spinning (MAS) and in the presence of dynamics. Figure 1. (a) The pulse sequence for the UC2QF COSY experiment (ref

The latter is particularly relevant in the characterization of molecules ) @ppends twa—z— refocusing elements about the double-quantum filter
(2QF) to produce a correlation spectrum with in-phase cross-peaks. Thin

such as Hg", where anisotropic molecular motion rendéiG— vertical lines indicater/2 pulses, and thick vertical lines indicatepulses.
13C dipolar-driven correlation ineffective. The scalar-coupling- (b) The UC2QF COSY of microcrystalline vitamins@Solvay Duphar)
driven UC2QF COSY, however, was shown to provide a reliable allows for the complete assignment of the 54 peaks in the solid-state

experimental characterization of the direct bond between the sp ?r%?]:t(r;;n 6? :;aﬁe;eTa;?SEee? g;;r(lgsggcrggr?qfestgﬁmﬁp:leeqire\cri]é;es%lgs’wequuence

cationic site and the protonated3sgite in a 10%*C enriched equipped with a double resonance 4 mm MAS probe spinning at a MAS
sample. At natural abundance isotope concentrations, correlationrkfiljtze \ZL rlezulélt;ls.lig Zgugggir?tg ;ﬁgegscgl ggiﬁtmzriﬁaﬁqﬁ%uﬂm% itp ;Lgt(r)al
?522:}?;?:%; r?r(l)rs:;:&:::f:gt??r.lzertetlgivzﬁzl(gvﬁ/ %Sj;llcgg\[/l:eures width of 20 kHz in both_ dimension§ and a recycle delay of 2 was set

! to 5 ms, and, on the basis of results in glycine, we expect a transfer efficiency
delivered to thé3C channel, which allows for good stability during  of ~45%.
the longer signal averaging periods necessary to increase the signal-
to-noise ratio. Excellent correlation spectroscopy can typically be MHz instrument, however, a full correlation spectrum and complete
performed on smaller molecules {0 unique sites) in less than 24 assignment of the 54 peaks from the cross-peak connectivities are
h on a 500 MHz spectrometer with 80 mg of sample. For larger obtained.
molecules such as vitaminsDFigure 1), significantly longer signal In a single molecule of vitamin-£xhere are 27 carbon sites, but

averaging is required. With 2 weeks of signal averaging on a 500 Vitamin-Ds crystallizes in a unit cell with two inequivalent molecular
conformations ¢ andp3),®® so there are two peaks for each carbon

t University of California, Riverside in this microcrystalline sampl. To determine which set of
+Bruker Biospin Corp. assignments for the two overlapping carbon spectra corresponds
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Figure 2. Calculated chemical shifts based on the crystglgnd refined

(+) coordinates versus experimental chemical shift forAle@nformation

of vitamin-Ds. Although no attempt is made to include the effect of
vibrational motion on the chemical shifts, the sum of squared residuals for
the refined side-chain structure is 1/10 that for the crystal geometry. The
particularly ill-defined nature of the aliphatic side chain for the
conformation requires structural refinement before the chemical shifts can
be calculated, while the fully refined solid-state structure again agrees well
with the assigned chemical shifts.

o

160

to theat and3 conformations, we compare the calculated chemical
shifts from ab initio theory (B3LYP functional, 6-331G(2d) basis,
Gaussian 98 based on the reported crystal coordinatesthe

ing and can be used to ensure consistency in ab initio structural
refinements. To assign larger molecules, two-dimensional correla-
tion is imperative, and the ability to accomplish this at natural
abundance levels for molecules between 10 and 100 carbons in
size promises chemically and biologically significant applications.
Many steroid and pharmacological agents are found in this size
range, and outstanding questions often include the assignment of
spectra for different crystal isomorphs and hydrates as well as the
definition of disordered regions in crystal structutegvhile week-

long acquisition times for these experiments may seem time-
consuming, in comparison to the synthetic efforts that would be
necessary to selectively or uniformly label molecules such as the
vitamin-D; sample, they are far less daunting. As probe sensitivity
and magnetic fields continue to increase, we expect that the time
for full correlation of moderately sized molecules will become even
more favorable.
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disorder noted in the crystal structure is not reflected in the NMR
spectral line widths or in additional peaks. NMR line widths are
typically a good measure of conformational heterogergityplying

that the crystal disorder results purely from dynamic motion of the
side chain.

To better define the side-chain conformation, we make use of
CPMD¢ a solid-state density functional theory pseudopotential
structural package. This ab initio program implements periodic
boundary conditions and implicitly includes condensed phase
intermolecular (crystal packing) forces. For our calculations, a
Troullier—Martins norm-conserving pseudopoteritisith an energy
cutoff of 70 Ry and the BLYP gradient corrected functidfalre

used. Regions of the molecule showing no conformational disorder

are fixed according to the crystal coordinates, giving a framework

in which the side-chain conformational space can be explored. The

calculated chemical shifts for the refined molecular geometry show

improved consistency with the assigned carbon spectrum (Figure
2), decreasing the sum of the squared residuals for the side chain

by a factor of 10. Most significantly, €C bond lengths that were

short in the disordered regions of the X-ray structure are corrected

in the minimized structure, while the torsion angles along the
aliphatic side chain are not significantly altered¢). The good

agreement between the refined and experimental chemical shifts

implies that there is a single ground-state conformation undergoing
significant vibrational motion rather than multiple conformations
undergoing fast exchange.

Together, X-ray crystallography, ab initio structural minimization,
and solid-state NMR provide complementary techniques for defin-
ing solid-state structures. Crystallography gives excellent overall
structural information for well-ordered regions, but underestimates

bond lengths due to molecular motion and does not necessarily

differentiate dynamics and disorder. NMR can distinguish fast
molecular motion from disorder, and the average chemical shift is
not particularly sensitive to small-amplitude conformational averag-

References
(1) Bax, A.; Freeman, R.; Frenkiel, T. &. Am. Chem. So&981, 103 2102~
2104.

(2) Frey, M. H.; Opella, S. JJ. Am. Chem. Sod984 106, 4942-4945.
Colombo, M. G.; Meier, B. H.; Ernst, R. Ehem. Phys. Letl988 146,
189. Maas, W. E. J. R.; Veeman, W. Shem. Phys. Lett1988 149
170. Benn, R.; Grondey, H.; Brevard, C.; PagelotJAChem. Soc., Chem.
Commun.1988 102-103.

(3) Toan, T.; DeLuca, H. F.; Dahl, L. . Org. Chem1976 41, 3476~
3478.

(4) Mueller, L. J.; Elliott, D. W.; Kim, K.-C.; Reed, C. A.; Boyd, B. Am.
Chem. Soc2002 124, 9360-9361.

(5) Wing, R. M.; Okamura, W. H.; Pirio, M. R.; Sine, S. M.; Norman, A. W.
Sciencel974 186, 939-941.

(6) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, 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.; 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. G.; Chen, W.; Wong, M.
W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, H&ussian
98, revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(7) Sakellariou, D.; Brown, S. P.; Lesage, A.; Hediger, S.; Bardet, M.; Meriles,
C. A,; Pines, A.; Emsley, LJ. Am. Chem. So2003 125, 4376-4380.

(8) Hutter, J.; Ballone, P.; Bernasconi, M.; Focher, P.; Fois, E.; Goedecker,
S.; Parrinello, M.; Tuckerman, MCPMD, 3.7 ed.; MPI fu Festkaper-
forschung and IBM Zurich Research Laboratory, 199001.

(9) Trouiller, N.; Martins, J. LPhys. Re. B 1991, 43, 1943.

10) Becke, A. D.Phys. Re. A 1988 38, 3098. Lee, C.; Yang, W.; Parr, R.
G. Phys. Re. B 1988 37, 785.

(11) Frydman, L.; Medek, AJ. Am. Chem. Soc200Q 122 684—691.
Middleton, D. A.; Le Duff, C. S.; Berst, F.; Reid, D. @. Pharm. Sci.
1997, 86, 1400-1402. Middleton, D. A.; Le Duff, C. S.; Peng, X.; Berst,
F.; Reid, D. G.; Saunders, 0. Am. Chem. So200Q 122 1161-1170.
Middleton, D. A.; Peng, X.; Saunders, D.; Shankland, K.; David, W. I.
F.; Markvardsen, A. JChem. CommurR2002 2002 1976.

(12) Puchberger, M.; Reischl, W. Mitamin D endocrine system: Structural,
biological, genetic and clinical aspects: proceedings of thev&heh
Workshop on Vitamin D, Naslile, TN, May 27-June 1, 2000Norman,

A. W., Bouillon, R., Thomasset, M., Eds.; Printing and Reprographics,
University of California: Riverside, CA, 2000; pp 892.

JA036655S

J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003 11785



