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Through-bond and through-space solid-state NMR correlation experiments at natural isotopic abundance
(refocused cross-polarization incredible natural abundance double quantum transfer experiment (CP-
INADEQUATE), H—13C HETCOR, 'H—13C magic-angle spinning) heteronuclear multiple-quantum
coherence (MASFHMQC)) are presented on a moderately sized molecule of simavastatifz£Os).
Refocused*C—13C CP-INADEQUATE with an optimized performance of high-power decoupling provides

full correlation spectrum within a day of acquisition. Complete unambigdbluand'3C signal assignment

was achieved byH—C MAS-J-HMQC and dipolar heteronuclear correlation spectroscopy. Dipgblar

13C correlation with Lee-Goldburg CP (LG-CP) was used to promote long-range polarization transfer. More
than 80 heteronuclear contacts were detected in 2D spectra measured with gradually increasing LG-CP. The
majority of these interactions reflects polarization transfer between neighboring structural units. Approximately
30 cross peaks correspond to desired long-range correlation, and 20 of them can be unambiguously used to
derive interatomic distances. Formation of additional coherences indicatingH polarization transfer was
observed applying standard Hartmatttahn on-resonance CP as a mixing period in 2D HETCOR. No sharp
distance border between inter- and intramolecular correlations was found by careful analysis of X-ray diffraction
data. IntermoleculatH—'3C contacts correspond to a polarization transfer range—-5 A. Short-range
intermolecular interactions (3-8.3 A) are indicated by NMR aggregation shifts. In many cases, correlation
signals must be considered as a contribution of both inter- and intramolecular polarization transfer events.
High selectivity and good resolution of 2D LG-CP HETCOR restricts the size of the mutually interacting
spin system reflected by a single cross peak. As the number of protons interacting with one carbon does not
usually exceed 34, the observed dipolar oscillations of correlation signals can be analyzed with respect to
heteronuclear dipolar couplings. The obtaidkld-13C and*H—H contacts used in conjunction witfC and

'H NMR aggregation shifts thus appear to be a practical and efficient tool to determine conformation and
mutual orientation of well-organized molecules within crystal at natural isotopic abundance.

The first step for structure determination is unambiguous
signal assignment for which through-bond correlation techniques

Advanced techniques of solid-state NMR spectroscopy Now- 4re ysually applied due to their unique selectivity. There are
adays provide a wide range of qualitative and quantitative o dimensional (2D) experiments such as correlation spec-
structural and dynamic data, which are of serious interest to troscopy (COSY}, heteronuclear multiple-quantum coherence
methodological development as well as to application, especially(HMQC)’z heteronuclear multiple-bond correlation (HMBC),
for bio-organic solids. The majority of these recently developed 4.4 incredible natural abundance double guantum transfer
techniques based on dipeldipole interaction between hetero- experiment INADEQUATE}# which are frequently used in

nuclei (i.e., recoupling experiments, double cross polarization jjq ig-state NMR. In the solid state, these techniques are rare
(CP), etc.) require selective or uniform isotopic enrichment. The ¢« the scalar couplings between the adjacent nuclei are

requirement of labeled materials, however, renders application significantly weaker than the dipolar couplings, which are thus

of t(?esg tecdh'nlgue;s. |Impratl)(|:t|cal f?]r the St?]lu;[.'onﬁOft Some preferred. That is why the first solid-state correlation technique
academic and industrial problems where Synthelic efiort NeCes-y,, ;o4 oy coupling, known as total through-bond correlation

sary to selectively or uniformly label the molecules can be nearly spectroscopy (TOBSY), was reported in 1996 by Meier &al
daunting. Recent advances in NMR spectrometers and prObe'During the following ;/ears, heteronucleaH—13C magic

heads de§|gn |mp_roved sensitivity and resolution in such way angle spinning (MAS)-HMQC (HSQCY and homonuclear
that a basic experimental concept intended for labeled materlals,13c_13C CP-INAEQUATE® experiments were developed and
can be partially used also for systems at natural isotopic demonstrated not only on labeled systems but also on small-
abundance. size organic compounds at natural isotopic abundance. Signifi-
" ;. — y @ cant sensitivity enhancement was achieved by refocused CP-
* To whom correspondence may be addressed. E-mail: brus imc'cas'CZ'INADEQUATE 10 allowing detection of in-phase cross peaks
Telephone:+420 296 809 380. Fax:+420 296 809 410. ’ SR :
ereﬁcgggmy of Sciences of the {a;);ech Republic. For example, four-day acquisition in a 7-mm rotor (_SOO-MH_z
*IVAX Pharmaceutical sro. spectrometer, 300 mg of sample) provides a high-quality
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spectrum of native crystalline cellulose and allows resolution
and signal assignment for both &nd k allomorphst! Newly
developed UC2QF COSY (uniform-sign cross-peak double-
quantum-filtered correlation spectroscopy) leads to a highly
resolved symmetrié3C—13C correlation spectrum of a moder-
ately sized spin system within two weeks of acquisitfon
(unlabeled vitamirds, C7H430 with two inequivalent molecules

in unit cell). Quite recently reported transverse-dephasing
optimized refocused CP-INADEQUATE providing nearly five
times the improvement in sensitivity, is a very promising tool,
which can be applicable also for moderately sized unlabeled
molecules. Nevertheless, up to now, there are only a few
examples of natural abundan®€ correlation experiments on
molecules with more than a dozen of carbon sites.

The second step in three-dimensional structure elucidation

is the determination of geometrical constraints, mainly inter-
atomic distances. This is usually achieved by multidimensional
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CHART 1. Molecular Structure of Simvastatin with
Numbering of All 13C Sites

cross polarization is discussed with respect to formatiottef
1H polarization coherences providing further geometrical con-
straints. Comparison of solid-state NMR results with known

experiments in which correlation between heteronuclei such asx.ray diffraction data! is a necessary clue for further structural

13C—13C, 18C—15N, etc. is mediated by through-space dipolar
interactions. For instance, global fold of SH®-¢pectrin src-

study of unknown materials. The longest-detected interatomic
1H—-13C distance and the number of mutually interacting spins

homology 3 domain) has been recently calculated on the basisefiected by a single cross peak as well as discrimination of

of a large set of3C—13C and!>N—15N inter-residue restraints
derived from proton-driven spin diffusion (PDSE)However,

in unlabeled systems, we must focus % spins which high
magnetogyric ratio and high isotopic abundance allow tracing
of interatomic contacts theoretically up to-8 A. Recent
improvement in homodecoupling techniques employing the
Lee—Goldburg (LG) approadh (e.g., FSLG, frequency
switched!® or PMLG, phase modulate¥)leads to a detection

of 2D ™H—13C correlation spectra with resolution sufficient to
separate correlation signals. Unambigudidisignal assignment

is achieved by*H—13C MAS-J-HMQC or 'H—13C HETCOR

in which polarization transfer occurs during a very short time.
The efficient suppression of unwantéld—'H spin exchange
during CP achieved by LG spin-lock (LG-CP) leads to oscil-
latory behavior of3C magnetization reflecting strength i —

13C dipolar coupling. It has been reported that this time evolution
can be evaluated with respect to interatomic distaht#&.ong-
range'H—13C correlations have been recently successfully used
to establish the stacking of molecules in the fully labeled
chlorophyll a/H,O assembly3

In this contribution, we present an initial solid-state NMR
study of structure and dynamic of simvastatin4dssOs) at
natural isotopic abundance. Simvastatin as an active metabolit
(simvastatin acid) inhibits 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase, an enzyme that is necessary in an
early step of the cholesterol synthesis. Although in this case
X-ray structure has been determirfddplid-state NMR-derived
structures and dynamic behavior are required for further
formulation of other related drugs due to the low tendency of
this substance to form a single crystal suitable for X-ray
diffraction studies. The aim of our work was an evaluation of
the ability of solid-state NMR techniques to determine on an
unlabeled system sufficient structural information to elucidate
conformation and aggregation of the molecules.

First, we demonstrate the discrimination of main functional
groups employing editing techniques based on dipolar and
J-couplings (CPPI, cross-polarization polarization-inversin,
and SoS-APT, solid-state attached proton #&séspectively).

inter- and intramolecular contacts is discussed.

Experimental Section

Sample.To a solution of simvastatin (BIOCON, India Ltd.)
in acetone (1.1 g per 3.5 mL) was addetieptane (6.5 mL).
The mixture was allowed to stand overnight, and the resulting
crystals were washed witltheptane. A powdered sample was
used for further NMR analysis without any purification.

NMR Experiments. NMR spectra were measured with a
Bruker Avance 500 NMR spectrometer (Karlsruhe, Germany,
2003) in a 4-mm Zr@ rotor. MAS speed was 11 kHz in all
cases, nutation frequency of the(BC) field was 62.5 kHz,
and repetition delay was-24 s. The polarizatiorinversion
period for the CPPI experiméfitwas 55us. Both evolution
periods in the SoS-APT experiméhtvere 5.5 ms. Evolution
delays in refocused CP-INADEQUATEwere 5.4 ms, and 128
t1 increments consisting of 320 scans were collected (total
acquisition time was 23 h). TPPM (two-pulse phase-modulated)
decoupling? was applied during evolution and both detection
periods. The phase modulation angle was, End the flip-
pulse length was 4.8s. Applied nutation frequency of the;B
(*H) field wasw1/27 = 89.3 kHz. For recording of thi#H—13C

eMAS-J-HMQC7 spectrum, a FSLG decoupling field strength

of w1/2r = 100 kHz was applied during both evolution delays
(r = 1.4 ms) and detectidn period consisting of 128 increments
each made of 320 scans. The same intensity of tif#iBfield
was used for measurement ¥1—3C HETCOR"23 spectra.
Because of higher sensitivity, 680 scans were sufficient to
reach an acceptable signal-to-noise ratio. On-resonance CP and
LG-CP ranging from 0.05 to 2.0 ms were used as mixing
periods. Intensity of the §H) field for CP wasw:/27 = 62.5
kHz. Thel3C scale was calibrated with glycine as an external
standard (176.03 ppm, low-field carbonyl signal). The external
standard I-[U-13C, 15N] Ala was used for calibration of thé
scale. AH chemical shift of 8 was set to 1 ppm, and the
proton chemical shift scale was corrected to achieviHa
chemical shift of H« and NH;™ signals ca. 3.8 and 9.2 ppm,
respectively.

Complete signal assignment is obtained by optimized refocusedResults and Discussion

CP-INADEQUATE and a series 8H—13C correlation experi-

Simvastatin, or ($,3R,7S8S8aR)-8- 2-[(2R,4R)-4-hydroxy-

ments. Subsequently, we focus to the observation of long-rangeoxo-3,4,5,6-tetrahydro+2-pyran-2-yl]ethy} -3,7-dimethyl-

IH—13C contacts evolved under LG-CP conditions. Detection
of additional®H—13C coherences created during Hartm&tahn

1,2,3,7,8,8a-hexahydronaphthalen-1-yl 2,2-dimethybutanoate,
CosH380s5 (Chart 1), provides an example of a highly organized
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Figure 1. 3C NMR (solutlon, 3072 scans, A)?C CP/MAS NMR (1-ms contact time, 64 scans, B); CCPI (B5polarization inversion time, 128
scans, C); and SoS-APT (5.5-ms evolution time, 512 scans, D) spectra of simvastatin. (Signal assignment is introduced in Chart 1).

2 (A)
23 3C NMR
solution

(B)

crystalline organic solid. As simvastatin crystallizes in a unit providing accurate data must be applied to check the results,
cell in which all molecules have equivalent conformations, there although some CHsignals may be completely lost, e.g., £H

is only one set of3C NMR signals corresponding to carbon unit at 24 ppm, Figure 1D).

atoms and the line-width of all signals ranges between 20 and Through-Bond Correlation (CP-INADEQUATE). For a

12 Hz. Consequently, in #C CP/MAS NMR spectrum, we  complete signal assignment, it is necessary to employ 2D
resolve all'3C sites while only signals of two structure units correlation techniques3C—3C connectivity can be directly
overlap. Because of the significant conformation changes and/probed by refocused CP-INADEQUATE, the primary limitation
or molecular packing caused by crystallization forces (non- of which at natural isotopic abundance is, however, low
covalent bonding such as hydrogen bonds,r interactions, sensitivity. As correlation spectroscopy relies on pairs of nuclei
etc.), signal assignment obtained from solution NMR cannot to be active, only 193C isotope natural concentration leads to
be simply applied for the crystalline material. The differences a decrease in sensitivity of the technique by 4 orders of
in liquid- and solid-staté3C NMR chemical shifts are demon-  magnitude as compared to correlation experiments on enriched
strated in parts A and B of Figure 1. materials.

Spectral Editing. Before complete signal assignment, we By omission of isotopic enrichment of systems, sensitivity
discriminated carbon atoms according to number of attachedin the solid state is usually enhanced by MAS, CP, and high-
protons applying editing techniques which are based either onpower decoupling. In CP-INADEQUATE especially, efficiency
differences in CP dynamics or evolution of carbon coherences of high-power heteronuclear decoupling, under which both
under the influence of carbon-proton scalar couplings. As the detection and evolution periods occur, significantly affects the
former experiment is affected by segmental motion modulating resulting signal-to-noise ratio. This fact requires careful opti-
dipolar couplings and may fail at high magnetic field and fast mization of decoupling performances directly on the studied
spinning regimeé? the obtained results must be carefully sample at particular conditions (temperature and spinning speed).
evaluated. (In general, C and gHignals should be positive,  Simple observation of line width and intensity of signals with
CH, negative, and CH signals suppressed in CPPI spectra.)respect to decoupling parameters, however, is not useful for
Using 55us of a polarization inversion period (optimized value), narrow signals with a half width less than 20 Hz because one
we observe in a CPPI spectrum an unexpected positive signallimiting factor of resolution is acquisition tim@@nax= 50 ms).
with full intensity reflecting high segmental motion of the In addition, it has been mentioned quite recently that even once
flexible part of the molecule (Figure 1C, signal marked by the limiting line width had been reached, decoupling sequences
asterisks). The latter technique, which is insensitive to molecular continue to act strongly on transverse-dephasing tihkshas
motion, provides very straightforward results. (With optimized been shown that an actively developed and optimized decoupling
evolution delays, the signals of nonprotonated and &iibons sequence (eDROOP%)can increase the coherence lifetimes
are positive while signals of CH and GHnits are negative.)  up to a factor of 2, although there is no difference in the 1D

Unfortunately, fast transverse dephasing of carbon coherencespectrat?
during long-time evolution offH—13C J couplings leads to We optimized the TPPM sequence starting from the best
suppression of Ciresonances. Nevertheless, all £éignals result obtained for the € signal of glycine at 11 kHz (pulse
were detected (Figure 1D) and provide identification of the length was 4.9us). The phase modulation angle was kept
unexpected positive signals to the £structure unit in which constant, at 15 as was the decoupling field strengtb,"/2z
the effective strength dH—13C dipolar coupling is motionally =~ = 89.3 kHz. For selected signals, the pulse length was optimized
reduced to be comparable with dipolar couplings in rapidly by using a spirecho procedure to yield as long a transverse-
rotating methyl. Such fast rotation motion can be expected only dephasing lifetime as possible. Although a very small modifica-
for an ester tail (units 1823), as clearly proved bjH—13C tion of decoupling pulse lengthH0.05-0.1 us) causes almost
dipolar spectra, which will be introduced later. As the CPPI negligible differences in intensity and line width of selected
experiment is in some cases confusing, the SoS-APT techniquesignals (less than 2 and 1%, respectively), optimization of
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Figure 2. The transverse-dephasing curves obtained by using-spin 150 100 50 ppm
echo pulse sequence for a €kR) signal at various lengths of the
decoupling pulse (A) and corresponditif CP/MAS NMR spectra
(B). The selected signal is marked by an asteriskAv and T, ppm E

correspond to intensity, line width and transverse-dephasing constant,
respectively. 40 \ 3

decoupling sequence saves more than 14% of coherence (Figure gg 4 8, b 7
2). An additional increase i, can be expected with increasing ‘ | ; ....... x |'|
strength of the decoupling field; however, we are limited by | |
total time during which the decoupling field is on (70 ms). 80 -
Dissipation of a higher amount of energy would require intensive '
cooling and longer repetition delay.

An excellent CP-INADEQUATE spectrum was acquired 100+ \
within 23 h of measurement (Figure 3), while satisfactory results s\
had been obtained even after 16 h. A high signal-to-noise ratio
is clearly apparent from single-quantum projection. Full cor- 1207
relation was obtained for all saturated (aliphatic) structure units
for which evolution delays corresponding ta(}:Jc-c) were
optimized ¢ = 5.4 ms for caldc—c = 46 Hz; synchronized ! J y T U T J U
with spinning speed). As scalar couplings including unsaturated 80 70 60 50 40 30 20 10 ppm )
carbons are larger, signals correlating corresponding groups ardi9ure 3. Refocused*C—1:C CP-INADEQUATE spectrum acquired
not fully evolved. For a full evolution of these correlation With &4-mm DR CP/MAS probe with a full rotor and with 320 scans

. : . . for each of the 128 increments in Full spectral range (A); aliphatic
signals, the estimated evolution period should be shorter, region (B). Single- and double-quantum projections are depicted in the
3.4 ms, for'Jc—c = 72 Hz. Because of the limited number of  ypper and right side of 2D spectra.

t; increments resulting in partly reduced resolution in double-
quantum dimension, the previous distinction of main function  The line width of the signals processed without any window

groups is a helpful clue for accurate tracing HC—3C function is ca. 0.50.6 ppm. This makes possible to exactly
connectivity. This connectivity was nicely traced for the ester assign chemical shifts of all directly bonded protons. Liquid-
part of the molecule from carbon atoms CO (18) toGEB), and solid-state NMR chemical shifts are summarized in Table
from CO (1) to CH (25), from CH; (25) to (24) through CH 1.

(9), (8), etc., and finally from=CH~— (17) to=CH- (12). The By use of the listed assignment, “aggregation” shifts=
absence of correlation between saturated and unsaterétek- diq — 0, reflecting differences in electronic structure between

carbons leaves signals at 127.55 and 127.76 ppm correspondingnonomeric (dissolved) and aggregated (crystallized) molecules
to carbon atoms (17) and (12) unassigned. The final solution were calculated. The largest upfield aggregafié® shifts A

was achieved in series 6H—3C HETCOR experiments as = 3,61 and 2.39 ppm were detected for carbonyl carbon (1)
discussed below. and CH= (17), respectively, and the largest downfield sift
Heteronuclear 'H—13C Correlation (MAS-J-HMQC, FS- = —1.87 ppm corresponding to G+(10) indicates sites that

LG HETCOR). Following almost completé3C assignment, are probably involved in noncovalent bonding.

IH resonances were assigned and interatomic contacts deter- From the point of view of selectivity of polarization transfer,
mined by H—13C heteronuclear correlation spectroscopy. it was found thatH—13C MAS-J-HMQC and!H—13C HET-
Although the resolution of'H resonances obtained as a COR experiments are nearly comparable. By use of 4006f
projection of 2D spectra (parts A and B of Figure 4) is not still on-resonance CP, cross peaks reflecting long-range correlation
comparable with resolution achieved in liquids, &l signals are almost suppressed and can be easily distinguished from direct
are nicely resolved in 2D spectrum. one-bond correlation signals. On the other hand, also the
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TABLE 1: Solution and Solid-State IH and 3C NMR

Chemical Shifts, d, and Their Differences,A = djq — 0

solid-state NMR liquid-state NMR differences

5 (13C)v 6 (lH)v 6”0{ (130)1 6 lig (lH)r A (lSC)r A (lH)‘

no. ppm ppm ppm ppm ppm ppm

1 170.66 174.27 3.61
2 38.31 3.24 38.82 2.7 0.51 —0.54
2 1.91 2.5 0.59
3 62.35 4,53 63.07 4.24 0.72 —0.29
4 37.17 1.71 36.12 1.87 —1.05 0.16
4 0.83 1.71 0.88
5 76.83 4.41 78.38 4.57 1.55 0.16
6 35.16 0.64 33.84 1.35 -1.32 0.71
6 1.31 1.86 0.55
7 2478 1.44 24.92 1.37 0.14 —0.07
7 0.55 1.37 0.82
8 3734 1.7 37.86 1.62 0.52 —0.08
9 29.65 3.09 31.68 2.38 2.03 —-0.71
10 13591 6.09 134.04 578 —-1.87 -0.31
11 128.26  6.06 129.33 5.94 1.07 -0.12
12 133.98 132.8 —-1.18
13 3734 1.7 38.43 2.28 1.09 0.58
14 70.91 4.96 70.04 5.3 -0.87 0.34
15 32.80 2.03 33.56 1.87 0.76 —0.16
15 1.55 1.87 0.32
16 2776 2.35 28.34 2.39 0.58 0.04
17 128.05 5.47 130.44 5.45 2.39-0.02
18 180.28 180.22 —-0.14
19 43.02 44.14 1.12
20 32.16 1.23 34.01 1.52 1.85 0.29
21 995 0.6 9.78 0.77 -0.23 0.17
22/2% 2552 0.73 25.15 1.06 —0.53 0.33
22/23 2425 0.81 25.15 1.06 0.90 0.25
24 2295 0.65 23.57 1.01 0.62 0.36
25 1430 0.50 14.04 0.83 —-0.34 0.33

aThe differences between C23/C22 and H23/H22 are not resolved
in solution. The estimated errors for the solid-state NMR shift of 0.02
ppm for*C and 0.08 fotH as followed from two repeated experiments.

intensities of signals of highly mobile methyl groups (22 and
23) are significantly reduced (Figure 4A). Of-couré¢—13C
MAS-J-HMQC experiment provides unique selectivity; how-
ever, because of lower sensitivity, experimental time must be
increased by a factor ca. 2. In contrast, using off-resonance
LG-CP (100us), we observe formation of additional coherences.
During the LG-CP, an off-resonance RF field locks proton spins
in the rotating frame along the axis containing angle S¥ith
the direction of static magnetic field, while carbon spins are
locked on resonance in the plane. In this way, heteronuclear
spin locking is achieved with simultaneous suppressiottef
1H flip flops. Consequently,'H polarization is selectively
transferred to carbon atoms.

The suppression of strondH—!H dipolar interactions ap-
parently increases the efficiencyf—13C polarization transfer
in a rigid pair of nuclei, and consequently, the intensity of

J. Phys. Chem. A, Vol. 108, No. 18, 2003959

From the presented 2D spectra, it is clear that alp Gidtons,
except rapidly moving methylene unit (20) in the ester part of
the molecule, are nonequivalent, reflecting various shielding in
“axial” and “equatorial” position in cycles as well as in short
—(CHy)2— chains. The most pronounced nonequivalence (1.33
ppm) is observed for the GHunit (H2, H2) in a lacton cycle.
This difference iftH NMR chemical shifts is much larger than
observed in solution (0.2 ppm), reflecting significant changes
in conformation and/or participation in formation of noncovalent
bonding in the solid state. In additio chemical shifts provide
better resolution of CH units. The difference if3C NMR
chemical shift of CH= (C11) and (C17) is 0.2 ppm, while they
both differ about 0.6 ppm in thetH NMR chemical shift.

In general, these large differencesthNMR chemical shifts
and nonequivalence of Ghprotons indicate the possibility to
selectively detect long-rang&H—13C polarization transfers
between remote atoms’ii—H spin exchange during CP will
be suppressed by L@H spin lock. In 2DH—-13C LG-CP
HETCOR spectra measured with increasing spin-lock time,
formation of coherences reflecting long-ranige—13C dipolar
through-space interactions is quite pronounced. Cross peaks
correlating CH= protons (H11) and (H17) with carbon atoms
CH (C9) and (C16), respectively, finally complete assignment
of 13C and™™ NMR signals in this system (Figure 5A, signals
marked by arrows).

Long-Range!H—13C Correlation. The subsequent step for
structure analysis is the selection of unambiguously assigned
long-range heteronuclear coherences containing required struc-
ture information. Recently, it has been shown that protons in
CHs; groups can transfer magnetization over considerable
distances, providing thus an attractive route to the detection of
long-range transfer evert$.Although the resolution intH
dimension is not perfect, the most upfield shifted methyl protons
(H25) provide a useful probe into the longest polarization
pathways. In 2D spectra measured with long mixing times of
900us and 2 ms (parts B and C of Figure 5) for a rigid part of
the molecule (i.e., excluding rapidly moving ester tail), we trace
correlation from CH protons (H25) to carbon atoms (C9),
(C10), (C11), (C6), and finally (C1).

As H magnetization transverse dephasing of CH or,CH
groups is faster than that of Glrhoieties, the correlation signal
between (H25) and (C6) becomes well resolved at longer mixing
times (Figure 5C). Not only Ckfrotons transfer magnetization
over a relatively large distance. We observe polarization transfer
from well-resolved CH-O (H14) to carbon atoms (C13), (C15),
(C18), (C19), and finally (C24). The longest polarization transfer
pathway 4.2-4.6 A (H25-C1, H3-C8, extracted from X-ray
diffraction data, Figure 6) is in accord with the previously
reported value for the longe¥t—13C contact detected during
LG-CP contact time 2 ms.

corresponding long-range correlation signals is enhanced (Figure The slightly upfield shifted position of the expected (H2

4B, signals are marked by arrows). Even using a very short
polarization transfer time (50s), selectivity of the experiment

is not quite improved and unwanted signals are still apparent.
The differences in efficiency of polarization transfer during on-
resonance and LG-CP are reflected in a pattefiigfrojections.
While suppression diH—H spin diffusion enhances efficiency
of polarization transfer between rigid structural units (e.g;H3
C4) as a result of restricted number of other polarization transfer
pathways, polarization transfer is less effective in highly mobile
(rotating) methyl groups. It implies that fa&i—H flip flops
within rotating methyl groups can partly compensate motional
weakening oftH—13C dipolar interactions.

C3) correlation signal is surprising. The position in the
dimension exactly indicates polarization transfer from tbe
hydrogen atom (H9); however, its shortest distance, 5.1 A, from
(C3) is too large to evolve this coherence during short LG-CP
(100us, Figure 4B). There is no other identified proton which
could affect shape and the position of the correlation signal by
this way except close-OH proton (ca. 1.9 A; see Figure 6).
Although we could identify very weak interaction of this
hydroxyl proton with carbonyl carbon (C18) this explanation
seems to be unlikely, because thé¢ NMR shift ca. 3.2 ppm
does not correspond to usual chemical shift of hydrogen bonded
hydroxyl protons. In this case this hydrogen bonding must be
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Figure 4. 'H—3C HETCOR (A) and LG-CP HETCOR (B) spectrum of simvastatin. Scans (56) for each of the 128 incrententsrimacquired.
Duration of on-resonance and off-resonance spin lock wasu$0tH and*3C projections are depicted in the upper and right side of 2D spectra.
QSINE window function was used for processing in fhedimension.

relatively weak. (Intermolecular hydrogen bonding follows from = ysB;s, by west — w1s = +wy, then the'H-S heteronuclear
X-ray diffraction data with interatomic distance ca. 2.9 A; see dipolar interaction is maintained and scaled by a factor of sin-

Figure 8.) (54.7). By incrementing the LG-CP contact time (i.e., 2D
IH—13C Dipolar Oscillation (Selectivity of Polarization HETCOR is extended into 3D dipolar correlation experiment),
Transfer). Because of the spectral overlap in t&chemical the dipolar interactions are measured in indirect dimensions and

shift dimension, only a part of coherences apparent in 2D spectraresolved according téH and S-spin isotropic chemical shift.
can be quite precisely assigned. Several cross peaks are not
completely resolved due to the partial overlap of tHeNMR
responses of neighboring protons that contribute to polarization
transfer to a particular carbon. The most prominent example is
the correlation signal reflecting polarization transfer from

protons (H5) and (H14) to carbon (C7) (Figure 5B). This gives . . . .
a single signal centered between both expedtecesonances. general, the time dependencies of tHe-13C correlation signals,

The position of this cross peak is independent of mixing time, obtained during I._G-CP, provide after Fourier transformation
becauséH—13C distance is almost equal for both spin pairs (FT) accurate dipolar spectra because resynchronous
(ca. 2.75 A). In the case whetel—13C distances of both spin measurements can use long evolution time. Because of the
pairs are more different (e.g., HE6 and H5-C6, 4.6 and 2.1 enhanced selectivity of polarization transfer in 2D HETCOR,
R), the position of correlation signal depends on the duration the number of interacting spins is restricted at most-td 34
of LG-CP because the time evolution of both coherences is notatoms correlating with one carbon atom as followed from
exactly the same. In general we do not observe continuous build-inspection of X-ray diffraction data. This makes it possible to
up of correlation signals but rather oscillation in signal intensity. analyze and simulate dipolar spectra in detail because precise
Recently a LG-CP experiment under fast MAS was analyzed €valuation of the spin behavior requires a multispin calculation.
as a new tool for measuring dipolar coupling. As mentioned Successful analysis of a seven-spin system, including one carbon
above, under this condition, tH&1—'H homonuclear dipolar ~ and six protons, using Floguet theory has been recently
interactions are suppressed. If the effective field strength, reported.’ It has been also shown that LG-CP MAS experiments
= yuBuet, IS matched to th&spin spin-lock field strengthyis can be well described by the effective time-independent Hamil-

Although the resolution intH dimension does not allow
separation of all overlapping proton contributions (e.g., above-
mentioned signal (H3/H5C6) at 34.7 and 4.5 ppm), the
observed oscillation of the signal intensity allows resolution of
both contributions through analysis of the time evolution. In
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Figure 5. H—3C LG-CP HETCOR spectra of simvastatin. Scans (56) for each of the 128 incrementwéne acquired. Duration of off-
resonance spin lock was 0.5, 0.9, and 2 ms for A, B and C, respectively. The dashed lines ntartNi& chemical shift and assist in the
assignment of overlapping heteronuclear coherences.

tonian, which allows enlarging of the size of the spin system evolution of particular coherence depending on interatomic
that can be efficiently studied numericalf. distance but also molecular motion, i.e., changes of the position
Analysis of the correlation pattern is a bit complicated for of a given group in time and consequently changes in probability
the mobile ester tail of simvastatin. Although X-ray diffraction of polarization transfer pathways. The correlation pattern
data propose significant disorder (Figure 6), we observe only indicates that the motion of this unit has the form of jumps
one set of very narrow signals with a line width less than 15 between several preferred conformations. Although these cor-
Hz in this part of the molecule in th#C CP/MAS NMR relation signals provide qualitative information about the
spectrum. This indicates that inhomogeneous line broadeninggeometry of the motion, accurate interatomic distance cannot
resulting from variation in a local electronic environment is be evaluated from their intensity and time oscillation.
almost negligible as the result of rapid motion of this ester unit. ~ Thus taking into account all these transfer processes, the total
High-amplitude motion indicated by CPPI is confirmedbi— number of heteronucledH—13C coherences detected in HET-
13C dipolar spectra measured by incremented a LG-CP experi- COR spectra of simvastatin is more than 80. In addition to 25
ment, indicating that heteronuclear dipolar interaction in the CH one-bond correlations, we observe about 45 through-siphee
unit (20) is comparable with dipoldiH—'3C coupling within 13C contacts from which approximately one-half reflects struc-
rapidly rotating methyl group (Figure 7). turally important long-range coherences between remote struc-
Consequently in 2D HETCOR spectra, we observe formation ture units. Consequently this technique provides valuable
of a wide range of long-range correlation signals with signifi- structural data almost comparable with information aB&Dt-
cantly oscillating intensity (see small rectangle sections in parts 13C distances obtained by, e.g., proton-driven spin-diffusion
A—C of Figure 5). This oscillation reflects not only the time experiment (PDSD), which is, however, at natural isotopic
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Figure 6. Conformation of a single molecule of simvastatin and Figure 8. Molecular packing in crystalline simvastatin with a proposed
proposed disorder of an ester tail (X-ray diffraction d&tepetected disorder of an ester tadt. Examples of intermolecular contact detected
interatomic*H—13C contacts are marked by arrows. Presented inter- by 2D HETCOR and NMR aggregation shifts are presented.
atomic distances are approximate values as positions of hydrogen atoms

were not refined* carbon using X-ray diffraction data. It is assumed that a
11.9 kHz dominant contribution ofH polarization to a given carbon atom
~— originates from the closedH nucleus, and thus detected cross

peak predominantly reflects the shortést—13C interatomic
distance. For a rigid part of simvastatin molecule, we identify
CH, (15) _10 signals in 2D HETCOR spectra that predomingntly_reflect
intermolecular 'TH—13C correlations (corresponding intra-
molecular contacts are larger). It must be stressed that five of

> the detected intermoleculdH—12C contacts are significantly
43 shorter than expected, less than 3.5 A ¢€21, 3.3 A; H9-
C1,3.0 A; H12-C11, 3.2 A; H25-C16, 3.1 A; H25-C17, 3.1
CH; (20) A). The rest of the intermolecular correlations approximately
39 fall within the expected region (3-%.1 A). In some cases,
A corresponding intramoleculdH—13C distances are too large

to produce heteronuclear coherences. For instance, intra-
molecular'H—13C distances for detected interactions-H®1,

CH; (24) H25—-C16, or, H2_—C_18 are 5.4, 5.7, or 8.8 A, res_pective!y.
However, the majority of detected heteronuclear interactions
probably reflects both intra- and intermolecular polarization

L /R transfer events because béH—13C distances are smaller than

Figure 7. 'H—13C LG-CP dipolar spectra of CHyroups (15 and 20) 5 A, the latter usually being less than 2 times the former ones.

and CH (25). 200 increments of LG-CP with 1@ dwell time were In principle, these contributions can be resolved after FT of the
used. Motional averaging 8H—3C dipolar coupling within CH (20) time evolution of cross-peak intensity during incremented spin
and CH (25) units is quite apparent. lock if the distance of the more remote proton is at lest-1.2

1.4 times that of the nearer oielf the differences in intra-
abundance very time consuming and impractical, because serieand intermolecular distances are smaller, both contributions
of spectra with various mixing time must be recorded to observe cannot be resolved (e.g., HtC13, 3.44 and 3.42 A, respec-

time evolution of correlation pattern. tively). Fortunately, we have found by analysis of X-ray
Intermolecular vs Intramolecular Interactions. A crucial diffraction data that more than 70% of detected heteronuclear

step for a reconstitution of a structural model of every crystalline interactions in crystalline simvastatin fulfill this condition and

material is the resolution of inter- and intramoleculel—13C thus contributions of inter- and intramolecular interactions could

interactions in HETCOR spectra. Recently it has been demon- be in principle resolved. However, quite unambiguous separation
strated that high-field correlation spectroscopy provides deep of inter- and intramolecular contribution still remains open.
access to intermolecular correlations. The heteronuclear cor- As no sharp border in distances between inter- and intra-
relation of hydrocarbons especially favors the detection of molecular correlations was found, additional indication of short-
intermoleculafH—13C interaction, since protons are located at range intermolecular interaction by NMR aggregation shifts is
the exterior of moleculé It is assumed that intermoleculd— promising. For instance, the shortest intermolecular contacts
13C correlation involves polarization transfer over large distances C1—H9 (2.97 A) or C17H25 (3.08 A) are reflected by the
from 4 up to 5 A. This corresponds with heteronuclear dipolar largest'*C andH NMR aggregation shifts (3.61, 2.03, and
couplings of ca. 206100 Hz, for which evolution requires a  —1.21 ppm or 2.39 and 0.33 ppm, respectively, see Table 1).
long transfer time. That is why for each assigned cross peak From this follows that the detailed analysis of time evolution
we measured all possible intra- and intermoleculdr!3C of heteronuclear coherences under LG-CP followed by careful
contacts within enclosure sphere up ta 8aA from central simulation together with carbon and proton NMR aggregation
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Figure 9. 'H—13C HETCOR spectra of simvastatin. Scans (56) for each of the 128 incremetmntséne acquired. Duration of on-resonance spin
lock was 300 and 50@s for A and B, respectively.

shifts can provide the required geometrical restraints to calculateusing 3D*H—H—13C correlation experiment proposed by L.
conformation and mutual orientation of crystallized molecules Elmsly et al?’
of simvastatin and related compounds. )

1H—1H Polarization Transfer. From 2D HETCOR spectra ~ Conclusion
measured without suppression’sf spin diffusion during CP In this contribution, we tried to demonstrate the potential of
(Figure 9), it is clear that during on-resonance CP, transversesolid-state NMR techniques to study and determine the 3D
dephasing of CH and Citoherences is much faster than that structure of moderately sized spin systems at natural isotopic
of rapidly rotating methyls and the GH20). Consequently,  abundance. Through-bond and through-space solid-state NMR
these hydrogen atoms become the main source of protoncorrelation experiments (CP-INADEQUATEH—13C HET-
magnetization transferred to carbons, and their signals dominateCOR, H—13C MAS-J-HMQC) are presented on crystalline

in H projection of 2D HETCOR spectra. simavastatin (gH3gOs).
Evidently, we lost part of the long-range correlation signals (i) Because of the ideal organization of molecules in a crystal
involving transfer of'H polarization from CH and Chlto unit resulting in narrowt3C NMR signals and because of the

carbonyls C1 and C18 as well as quaternary carbon C19 andoptimization of high-power decoupling, refocusé@—13C CP-
other rapidly moving carbon atoms (C22, C23, etc.). This reflects INADEQUATE provides a full correlation spectrum within a
truncation of weak heteronuclear dipolar interactions by more day of acquisition. Complete unambiguoti$ and 13C signal

intensive homonucleaiH—H couplings. assignment was achieved BPyH—1C MAS-J-HMQC and

On the other hand, we observe formation of additional dipolar heteronuclear correlation spectroscopy.
coherences corresponding fi—IH transfer. Behind the (i) 'H—13C HETCOR with LG-CP was used to promote long-
contacts between neighboring protons (correlation—B8 range heteronuclear polarization transfer. We observe significant

mediated by hydrogen H8, Figure 6), there are several long- oscillation in the buildup of correlation signals. For a rigid part
range interactions that provide additional geometrical constraints. of the molecules, this oscillation corresponds to the strength of
For instance, intramolecular correlation between hydrogen atomdipolar coupling while for a rapidly moving ester structure group
H9 and carbon atom C6 mediated by directly bonded proton also reflects molecular motion. The total number of hetero-
H6 (Figure 6) as well as intermolecular correlation between nuclear'H—13C coherences detected in HETCOR spectra of
hydrogen atoms H11/H10 and carbon atoms C15 and Cl6simvastatin is more than 80. In addition to 25 one-bond
(Figure 8). In principle, the time evolution of these interactions correlations, we observed ca. 45 through-spate*C contacts
could be analyzed with respectid—'H interatomic distances.  from which approximately one-half reflect long-range coher-
However, as evolution ofH—13C and'H—'H coherences in  ences between more remote structure units, which are suitable
the 2D HETCOR experiment is mixed and can be hardly for structure determination.

resolved, for measurement of interatomic distances, it is (iii) No sharp border between inter- and intramolecular
necessary to increase selectivity of experiments for instancecorrelations was found. The range of intermolecudldr-13C
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