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Contribution from the Laboratoire de Ste´réochimie et des Interactions Mole´culaires,
UMR-5332 CNRS/ENS, Ecole Normale Supe´rieure de Lyon, 69364 Lyon, France, and Bruker Analytik
GmbH, Silberstreifen, 76287 Rheinstetten, Germany

ReceiVed May 25, 2000. ReVised Manuscript ReceiVed July 27, 2000

Abstract: The assignment of the NMR spectra of natural abundance medium-sized solid-state organic molecules
still represents a challenging problem. In this paper, we show that a complete assignment of all the carbon-13,
nitrogen-15, and proton NMR lines of a natural abundance solid peptide can be performed by combining
various one-bond and multiple-bond correlation techniques for rotating solids. The assignment of the MAS
spectra is shown to be unambiguous and relatively straightforward.

1. Introduction

For small powdered crystalline organic compounds, cross
polarization (CP), magic angle spinning (MAS), and high power
proton decoupling yield high-resolution high-sensitivity one-
dimensional NMR spectra of lowγ nuclei like carbon-13 or
nitrogen-15 in a routine fashion. However, the assignment of
the NMR resonances, which is necessary either to characterize
the molecule or to further investigate the structure and dynamics
in the solid state, remains a difficult task for natural abundance
compounds.

In the past two decades, several spectral editing techniques,
which separate carbon-13 resonances according to their multi-
plicity, i.e., the number of directly attached protons, have been
proposed and applied to characterize the CPMAS carbon spectra
of small organic molecules.1-8 However, even when combined
with chemical shift analysis, these one-dimensional techniques
are not always sufficient to provide a complete and unambiguous
assignment of the NMR spectra. In parallel, a large number of
homonuclear (13C, 13C)9-24 and heteronuclear (13C, 15N)25,26

transfer sequences have emerged, and have been applied in
multidimensional correlation experiments to characterizeiso-
topically enriched compounds.27-30 However, for sensitivity
reasons, most of these correlation techniques are not currently
applicable to natural abundance materials.

One way to proceed toward the assignment of CPMAS
spectra of unlabeled materials is to correlate the high-resolution
spectra of the rare nuclei,13C or 15N, with the abundant proton
spins. The proton spectra of powdered organic molecules usually
yield broad resonances due to the strong homonuclear proton-
proton dipolar couplings. However, the resolution in the proton
dimension can be improved by applying a homonuclear decoupl-
ing sequence which partially averages out the proton-proton
dipolar couplings. All the carbon-proton correlation experi-
ments reported so far were based on a dipolar-driven magnetiza-
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tion transfer.31-35 Recently, we introduced a new two-
dimensional proton-carbon correlation experiment, dubbed
MAS-J-HMQC (Heteronuclear Multiple-Quantum Correlation),
which relies on a polarization transfer using heteronuclearJCH

couplings.36 The scalar couplings constitute an interesting
alternative to dipolar couplings since they provide through-bond
connectivities and since they are not modulated by MAS or
molecular motion.

In this paper, we demonstrate, by using various MAS-J-
HMQC experiments, the complete1H, 13C, and15N resonance
assignment of a natural abundance tripeptide Boc-Ala-Ala-Pro-
O-Bzl (where Boc stands fortert-butoxycarbonyl and Bzl for
benzyl). The analysis of both one-bond (through1JCH scalar
couplings) and multiple-bond (through2JCH or 3JCH scalar
couplings) MAS-J-HMQC experiments enabled us to assign
unambiguously the whole carbon spectrum and, in parallel, to
measure all the proton chemical shifts of this tripeptide.
Additionally we show that a (1H,15N) MAS-J-HMQC experi-
ment, based onJNH scalar couplings, is also feasible, and can
be used to assign the nitrogen-15 MAS spectrum of the
tripeptide. To our knowledge, this is the first example of a
completeassignment of such a relatively complex molecule at
natural abundance in a powder sample.

2. The MAS-J-HMQC Experiment

The pulse sequence for the (1H,13C) MAS-J-HMQC experi-
ment is shown in Figure 1 and has been described in detail in
ref 36. Briefly, the experiment relies on the fact that, under
proton-proton homonuclear decoupling, for example, under

FSLG (Frequency Switched Lee Goldburg)37,38decoupling, and
relatively fast MAS, the one-bondJCH scalar couplings (typically
130 Hz) can be resolved in the carbon spectrum and thus can
be used to transfer magnetization from the carbon spins to their
attached protons. In the MAS-J-HMQC experiment, a hetero-
nuclear multiple-quantum coherence is created after the first
evolution periodτ, which evolves duringt1 under the proton
chemical shift, before being converted back into in-phase carbon
magnetization which is directly detected duringt2. In a manner
analogous to the liquid-state HMQC experiment, the resulting
two-dimensional spectrum yields pure in-phase chemical shift
correlations between pairs of bonded protons (inω1) and carbons
(in ω2).

3. Assignment of the13C Spectrum

One-Bond (1H,13C) Correlations. For short values of the
evolution periodsτ (typically 2 ms), the carbon-proton
magnetization transfer is highly selective, i.e., leads to only one-
bond chemical shift correlations. Figure 2a shows the one-bond
MAS-J-HMQC spectrum of the tripeptide Boc-Ala-Ala-Pro-O-
Bzl (the three amino acids will be referred in the text as A1,
A2, and P). The tripeptide was synthesized in our laboratory
and crystallized from diisopropyloxide.39 As reported previ-
ously,36 a few resonance lines of the13C spectrum can be
identified from this 2D correlation map alone. First, we can
readily identify the three carbon resonances at low field as well
as the one around 77.3 ppm as quaternary carbons since they
are not correlated with any proton in theω1 dimension. From
carbon chemical shift considerations, the carbon resonance at
77.3 ppm can be assigned to the quaternary carbon of thetert-
butyl group, and that at 137.3 ppm to the quaternary carbon of
the benzyl group; the remaining two quaternary resonances must
therefore correspond to the three amino acid carbonyl groups
(171.9 ppm) and to the carbonyl carbon of the Boc group (155.7
ppm). The carbon peaks between 127 and 131 ppm yield
correlations with protons at about 7 ppm, and are therefore likely
to correspond to the protonated carbons of the benzyl group.
From carbon peak intensity, the high-field resonance must
correspond to the para carbon. A specific assignment of the
two other aromatic resonances is not possible.

In the high-field part of the spectrum, the three carbon
resonances at 19.4, 20.3, and 29.6 ppm can be assigned to the
three methyl groups since they correlate with protons around
1.3 ppm. Tentatively, from carbon chemical shifts and peak
intensity, we assume that the peak at 29.6 ppm corresponds to
the tert-butyl methyl groups, and the other two to the Câ of
alanine residues. However, at this stage, it is not possible to
determine to which alanine residue (A1 or A2) each methyl
carbon resonance belongs. Of the remaining peaks, the two
carbons at 25.7 and 30.8 ppm, which correlate with protons at
around 2.3 ppm, are likely to correspond to the prolineγ- and
â-carbons, respectively. The remaining five peaks between 40
and 70 ppm therefore correspond to the prolineR- and
δ-carbons, to the two alanineR-carbons, and to the O-CH2

group.
Thus, if the analysis of the one-bond (1H,13C) MAS-J-HMQC

spectrum alone enables us to go a relatively long way toward
the assignment of the carbon spectrum of the tripeptide, several
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Figure 1. (a) Pulse sequence for the (1H, 13C) MAS-J-HMQC
experiment.θm is a 54.7° pulse. (The pulse program is available from
our website,45 or by request to the authors.) After cross-polarization
from 1H (I spins), the magnetization of carbons (S spins) evolves during
the delayτ under only an isotropic scaled heteronuclearJCH coupling
Hamiltonian. For a pair of covalently bonded1H-13C spins, the carbon
magnetization evolves from in-phase (Sx) into antiphase (2IzSy) coher-
ence with respect to the attached proton. A 90° pulse applied on protons
transforms the antiphase carbon coherence into a multiple-quantum
heteronuclear coherence which evolves duringt1 only under the effect
of the proton chemical shift. At the end of thet1 evolution period, the
MQ coherence is converted back into an antiphase carbon coherence
by the second 90° proton pulse. During the secondτ period this
coherence evolves to become an in-phase observable carbon coherence.
FSLG homonuclear decoupling37,38 was used in this study, but other
decoupling schemes can be employed.46 Note that the pulse sequence
has been slightly modified since our previous publication36 to minimize
artifacts. The optimization of the experiment will be described
elsewhere.
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uncertainties remain and a complete identification of all the
NMR lines is not possible at this stage.

Multiple-Bond ( 1H,13C) Correlations. Geminal 13C-1H
couplings (2JCH) and vicinal13C-1H couplings (3JCH) are also

active during the evolution periods, and thus contribute to the
creation of heteronuclear multiple-quantum coherences. If the
evolution periodsτ are long enough (in theory of the order of
1/(2‚nJCH)), multiple-bond couplings may yield significant

Figure 2. Carbon-proton two-dimensional MAS-J-HMQC spectra of the natural abundance tripeptide Boc-Ala-Ala-Pro-O-Bzl recorded with an
evolution period (τ value) of (a) 1.6 and (b) 16 ms. The experiments were performed on a Bruker DSX 500 spectrometer (proton frequency 500
MHz) using a 4 mmtriple resonance MAS probe. The sample volume was restricted to about 25µL in the center of the rotor to increase the radio
frequency (RF) field homogeneity. Approximately 20 mg of sample was used. A total of 256t1 acquisitions with 64 and 256 scans each were
collected for the one-bond (a) and multiple-bond (b) correlation experiments, respectively (repetition delay 3 s). The spectral width in the proton
dimension was 27063 Hz. The spinning frequency was 12.5 kHz. The proton RF field strength was set to 100 kHz during both theτ delays (FSLG
decoupling) and acquisition (TPPM decoupling47). The best performance of the FSLG decoupling sequence was achieved when using a mean offset
frequency of about 5 kHz from the center of the proton resonance line. For the cross-polarization step, the RF field was set to 70 kHz for carbon,
while a ramped RF field was applied on protons,48,49 and matched to obtain optimal signal. Theτ delay was synchronized to be an integral number
of rotor periods. Quadrature detection inω1 was achieved using the States method. An exponential line broadening of 100 Hz was applied in the
proton dimension. The 1D CP-MAS13C spectrum is shown above the 2D spectrum. Figure 2c shows the carbon spectrum extracted at the HR(A1)
resonance (4.11 ppm) from the multiple-bond MAS-J-HMQC spectrum (Figure 2b).
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correlations. Note that in this case, the MAS-J-HMQC experi-
ment should rather be compared to the liquid-state HMBC
(Heteronuclear Multiple-Bond Correlation) experiment.40 In
organic compounds in the liquid state, values between-10 and
+66 Hz are usually found for2JCH couplings, whereas the3JCH

couplings have values between 0 and 16 Hz.41 In amino acids,
the 2JCH(CO-HR) values range from-4 to -7 Hz while
3JCH(CO-Hâ) values range from 2 to 6 Hz.42

The apparent13C line widths under FSLG decoupling are
obviously much larger than these multiple-bond scalar interac-
tions. However, the line width that is effective for the creation
of the heteronuclear MQ coherences (τ periods) is the refocused
line width (or the homogeneous line width) for which all the
inhomogeneous broadenings are removed by the carbonπ pulse.
We recently found that, under continuous wave decoupling, the
13C line broadening for crystalline organic compounds is mainly
inhomogeneous, and we measured refocused line widths as small
as a few hertz on model organic samples.24 Under homonuclear
proton decoupling, the homogeneous line width increases for
protonated carbons. However, it remains about the same for
nonprotonated carbons, i.e., of the order of a few hertz,thus
rendering the obserVation of multiple-bond correlations feasible
for these nuclei. Note that residual dipolar couplings, arising
from imperfect suppression by MAS, lead to a broadening of
the fine structure and will mainly contribute to the experiments
by attenuating the signal. They will only contribute to the
transfer of magnetization in this class of pulse sequences if they
change the value of the apparent splitting. This can only arise
through higher order residual terms, and experimentally is found
by comparison with typical literature values forJ couplings to
be small, even for the direct one-bond dipolar couplings. We
suspect that these terms should be negligible for the long-range
couplings. All our experimental data is so far are consistent
with pure through-bond transfer.

Figure 2b shows the MAS-J-HMQC spectrum of the tripep-
tide recorded with an evolution periodτ equal to 16 ms. Besides
the one-bond connectivities (except for those corresponding to
CH2 groups, all of them are present), many additional through-
bond “long-range” correlation peaks are observed. As expected,
all the nonprotonated carbons (four resonance lines in the carbon
spectrum) yield multiple-bond connectivities. (i) The quaternary
carbon of thetert-butyl group (77.3 ppm) correlates as expected
with its adjacent methyl protons at 1.26 ppm (2JCH correlation),
providing confirmation of these assignments. (ii) At 137.3 ppm
the quaternary carbon of the benzyl group gives two- and three-
bond cross-peaks with the ortho and meta protons, respectively.
Consistently, it does not give correlation with the para proton
resonance. This quaternary carbon peak is also correlated in
theω1 dimension to proton resonances at 5.16 ppm, which must
correspond to the O-CH2 protons (2JCH correlation). The carbon
resonance of the O-CH2 group can then be immediately
identified at 66.8 ppm from its correlation peak in the one-
bond MAS-J-HMQC spectrum. (iii) The carbonyl carbon of the
Boc group at 155.7 ppm is expected to correlate with the amide
proton of the N-terminal alanine residue (A1) through a2JCH

coupling, and also with theR proton of the same residue through
a 3JCH coupling. Indeed two cross-peaks, one very intense at
6.36 ppm and the other weaker at 4.11 ppm, are observed in
the ω1 dimension. From the proton chemical shift, they must

correspond to respectively the HN and HR protons of A1. In
the one-bond (1H,13C) MAS-J-HMQC spectrum, the carbon
resonance at 51.7 ppm is also correlated to the HR(A1) proton,
and can therefore be assigned to the CR(A1). (iv) Finally, the
quaternary resonances around 171.9 ppm which correspond to
carbonyl carbons C′ of the three amino acids (not resolved) show
several long-range correlations. Cross-peaks between 1 and 2.5
ppm and between 4 and 6 ppm inω1 correspond respectively
to correlations with theâ andR protons (through3JCH and2JCH

couplings). The correlation at 8.71 ppm is more interesting since
it must correspond to a correlation with the amide proton of
A2.

In addition to the quaternary carbons, the Câ carbons of
alanine residues (methyl groups) yield weak multiple-bond
correlations with the neighboringR protons (2JCH couplings).
As the ΗR(A1) proton could be previously assigned at 4.11
ppm from its correlation with the carbonyl carbon of the Boc
group (at 155.7 ppm), the assignment of the methyl carbons is
straightforward: the carbon resonance at 20.3 ppm corresponds
to the Câ(A1) and, by deduction, the resonance at 19.4 ppm to
the Câ(A2). From its correlation with its directly attached
proton, the CR(A2) resonance can then be identified at 45.3
ppm. From proton and carbon chemical shift considerations,
the two remaining unassigned peaks at 59 and 49 ppm can be
assigned to respectively theR and δ carbons of the proline
residue.

Thus, by combining the information obtained in the one-bond
and multiple-bond spectra we could unambiguously assign the
whole carbon CPMAS spectrum of the tripeptide. In parallel,
we obtained the unambiguous assignment of all the protons.
The carbon-13 and proton chemical shifts are summarized in
Table 1.

In MAS-J-HMQC experiments, the proton line widths depend
on the efficiency of the homonuclear decoupling scheme. Under
our experimental conditions, we measured proton full line widths
at half-height of about 200, 250, and 400 Hz for respectively
CH3, CH, and CH2 groups. However, for CH2 groups, the proton
resonance may correspond to two magnetically nonequivalent
protons. Despite the long evolution periods (16 ms) which are
required for the excitation of the long-range MQ coherences,
the multiple-bond experiment remains quite sensitive. Figure
2c shows theω2 trace extracted from the MAS-J-HMQC
spectrum of Figure 2b at the HR(A1) frequency (4.11 ppm).
The three multiple-bond correlations are clearly visible above
the noise. The relatively good sensitivity of the multiple-bond
experiment is related to the fact that, as pointed out previously,
the effective time constants, which characterize the decay of
carbon magnetization during theτ delays, are “refocused” time
constants and thus are longer than the apparent relaxation
times.24

4. Assignment of the15N Spectrum

As demonstrated previously for theJCH scalar couplings, the
JNH scalar couplings, although smaller (typically 90 Hz for a
one-bondJNH), can also be observed in the nitrogen dimension
when a homonuclear proton-proton decoupling scheme is
applied during the detection period. This is illustrated in Figure
3a, which shows the one-dimensional nitrogen-15 spectra of
15N-enriched glycine recorded under proton FSLG decoupling
(upper trace) and under proton continuous wave decoupling
(lower trace). Under homonuclear decoupling, the NH3 reso-
nance clearly shows a quartet pattern with the expected 1:3:3:1
intensity distribution, although the four lines are barely resolved.

(40) Summers, M. F.; Marzilli, L.; Bax, A.J. Am. Chem. Soc.1986,
108, 4285-4294.

(41) Kalinowski, H.-O.; Berger, S.; Braun, S.Carbon-13 NMR Spec-
troscopy; John Wiley & Sons: Chichester, 1988.

(42) Hansen, P. E.; Feeney, J.; Roberts, G. C. K.J. Magn. Reson.1975,
17, 249-261.
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The pulse sequence of Figure 1 can thus be applied without
any modification to acquire a (1H,15N) MAS-J-HMQC spectrum.
The 2D (1H,15N) MAS-J-HMQC spectrum of the tripeptide is
shown in Figure 3b. Using this 2D map, the assignment of the
one-dimensional15N MAS spectrum (shown above the 2D
spectrum) is relatively straightforward. First, the nitrogen
resonance at 123.8 ppm which does not correlate with any proton
chemical shift can be unambiguously assigned to the proline
residue. Then, the two other nitrogen nuclei are easily identified
from the chemical shift of their directly attached amide proton:
the 15N resonances at 89.5 and 111.4 ppm are assigned
respectively to the A1 and A2 residues (Table 1). Note that in

the multiple-bond (1H,13C) MAS-J-HMQC spectrum, the amide
proton line widths are slightly larger (about 400 Hz) than in
the (1H,15N) MAS-J-HMQC spectrum (about 300 Hz) and in
addition exhibit some splittings (data not shown). This effect
can be attributed to residual dipolar interactions between the
proton and nitrogen-14 nuclei, which are not fully averaged out
by MAS due to the strong quadrupolar moment of14N.44

5. Conclusions

In conclusion, we have shown that MAS-J-HMQC experi-
ments constitute a powerful tool for the characterization of the
NMR spectra of solid-state natural abundance organic molecules.
Despite the small size of multiple-bondJCH scalar couplings,
we have demonstrated experimentally the feasibility of observing
long-range through-bond correlations, which is an important step
toward complete assignment of13C CPMAS spectra. Note that
it would be difficult to reliably identify multiple-through-bond
correlations using dipolar-based techniques, since at long contact

(43) Brown, S. P.; Schnell, I.; Brand, J. D.; Mu¨llen, K.; Spiess, H. W.
J. Am. Chem. Soc.1999, 121, 6712-6718.

Table 1. Proton, Carbon-13, and Nitrogen-15 Chemical Shifts for
the Solid-State Boc-Ala-Ala-Pro-O-Bzl Tripeptide Measured from
2D MAS-J-HMQC Spectraa

a In the carbon-13 and nitrogen-15 dimensions, frequencies are given
with respect to liquid TMS (0 ppm) and solid ammonium chloride (35.9
ppm), respectively. In the proton dimension, the chemical shift scale
was adjusted by recording the proton spectrum of liquid TMS (0 ppm),
and under the same spectral conditions, the 1D proton spectrum of the
tripeptide under fast MAS (14 kHz). The chemical shift of the Boc
CH3 resonance, which is easily identified as the major peak in the high-
field part of the 1D1H spectrum, was measured at 1.26 ppm and then
used to reference the 2D HMQC spectra. Errors on the reported
chemical shifts are estimated to be around(0.05 ppm.

Figure 3. (a) One-dimensional nitrogen-15 cross-polarization spectrum
of [15N]-glycine acquired with FSLG proton decoupling (upper trace)
and with continuous wave proton decoupling (lower trace) during
acquisition. A proton decoupling field strength of 100 kHz was used
in both cases (spinning frequency 12.5 kHz). (b) Nitrogen-proton two-
dimensional MAS-J-HMQC spectra of the natural abundance tripeptide
Boc-Ala-Ala-Pro-O-Bzl. The spinning frequency was 12.5 kHz andτ
was 4.32 ms. A total of 110t1 acquisitions with 256 scans each were
acquired (repetition delay 2 s). The spectral width in the proton
dimension was 13042 Hz. The other experimental conditions are the
same as in Figure 2. The 1D CP-MAS15N spectrum is shown above
the 2D spectrum.
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times dipolar methods usually lead to a wide range of through-
space interactions, often including intermolecular contacts. This
highlights the interest of the long-range HMQC experiment
presented here, which will only yield pure through-bond corre-
lations. In fact, long-range dipolar and scalar experiments are
complementary techniques and differences in the correlation
patterns could be very informative to identify, for example,
effects such as hydrogen bonding in solids.

Additionally, we have shown that a natural abundance
(1H,15N) MAS-J-HMQC experiment is practicable. By com-
bining these various new MAS-J-HMQC correlation experi-
ments, we have demonstrated the complete proton, carbon-13,
and nitrogen-15 resonance assignment of a natural abundance
tripeptide. To our knowledge the study reported here is the first
example of a complete NMR characterization of a medium-
sized molecule (33 protons, 23 carbons, and 3 nitrogens) at
natural abundance in the solid state. The assignment procedure
is relatively straightforward. Thus the strategy proposed here
is expected to be practicable for the widespread characterization
of even more complex systems.
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