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Obtaining Proton Chemical Shifts and Multiplets FDM 45° projection O\F
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A broad-band proton-decoupled proton NMR spectrum, in J\fL M J\/\/J\,/L\/\,k _J\AJL
which all of the proton multiplets collapse to sharp singlets, has Vi S Nl
been pursued since the early days of NMR. Two-dimensional 74 70 70 o/ppm
(2D) methods, like a skew 45rojection of an absolute-value
(AV) J-spectrum or a constant-time (CT) experiméfitare
hampered by poor resolution because of phase-twist line shapes

Furthermore, high resolution is required in the dimension, Ac-Trp-Pro-Trp-OMe. The two tryptophans have been cross-linked,
lengthening experiment time and reducing sensititityfhe enforcing an inversg turn conformatiort® About 10 mg of material
J-spectrum has thus fallen into disuse; the® 4Bojection is was dissolved in 1 mL of DMS@e. The spectral widths for the 2D
unimpressive, and the 2D spectrum is of only marginal help for j.spectrum were SW= 80 Hz and SW = 8 kHz. The purely phase-
assignment. Heavy digital filtering by a “pseudo-ectiaiproves modulated 2D time signal with four FIDs each of 12000 complex points,
AV line shapes but introduces intensity distortions and sensitivity N; x N, = 4 x 12000 was processed with 2D FDM. Small strong
loss. Frequency-domain fitting routifesquire a high-resolution  coupling artifacts are noticeable midway between protons B and C and
data matrix of lines with similar widths and do not necessarily b and c. Proton Aj = 7.75 ppm, is outside the window shown.
converge. _ _

We present a promising new way to compute 1D projections 1D proton spectrum. The smoothing parameter 0 is used to
directly from a 2D time-domain signal using a new numerical Proaden the lines asothfrequencyand width are subtracted in
procedure, a 2D extensibnf the filter diagonalization method ~ @p« leading, as in the CT experiment, to narrow spikes that are
(FDM).8° The result is a decoupled-proton spectrum and, for inconvenient for presentation to the eye.
each decoupled signal, an estimate of the corresponding multiplet. For signals well-represented by the plane-wave form of eq 1,
Remarkably, no 2D spectrum is ever constructed: problems with resolution in the ersatz spectrum can be extremely high even with
2D line shapes and the time-frequency uncertainty principle are Very fewt, increments. This property of 2D FDM follows from
thereby avoided. Good results can be obtained with a few asinformational considerations that are entirely different than the

Conventional 1D proton spectrum

Figure 1. The absorption-mode FDM 4%rojection (upper trace), the
conventional 1D proton spectrum (second trace), and estimates of all eight
proton multiplets from the aromatic region of a ditryptophan tripeptide,

four t; increments, Figure 1. FT uncertainty principle. The utility of singtemultiplet pre-
FDM, in the 2D case, amounts to f|tt|ng a discrete uniform|y sentations is ObViOUS; the Steps required to obtain them will now
sampled 2D time signal(n,,ny) with 0 < n; < N; — 1 and 0< be summarized. The signai(n;,ny) is written as the time
n, < N, — 1 to the form autocorrelation function of a fictitious quantum dynamical syStem
clnyny) = 3 d expinyron) explingzmy) (1) el = (dexpC-inm@exp(-inrR)b) (3

with two commuting complex symmetric “evolution operators”
whered, w1, w2, are a set of unknown complex-valued spectral Ui = exp(~i71€2;) andU, = exp(-i72£2;) defined implicitly by
parameters characterizing amplitude, phase, position, and width.their eigenvaluesiy = exp(i tiwiw), Ux = expi tawa), and

Using these parameters, an “ersatz” absorption-mieu®jection the overlap integralgy = (®o |Yy) (Yk |Po) between the
is given by eigenfunctionsYy and the “initial state"®, that belong to an
abstract space. Diagonalizingy, U, is equivalent to inverting
d, eg 1 and can be used to construct an entire 2D FDM spectiim.
Ag(w) = —Zlm _— (2) FDM is the key advance that makes such diagonalizations feasible.
0 —wgtly More efficient, if only thep-projection is of interest, is to use
FDM to diagonalize the operator
_ 71 N N N
where p = (pup2) and wp = T_zplwlk + powx The 4B UﬁzeXp[_i(p1T191+ P,7,£2,)] (4)
T
projection of a 2DJ-spectrum is obtained with = (— T—Z 1) with the eigenvaluesy = exp(—it.wp). The number of peaks

d . B _the (0.1 action is th 1 tional for the “chemical shift operator” corresponding to the°45
and oy = wax — wi the (0,1) projection is the conventiona projection is reduced compared to the conventional 1D spectrum,
* To whom correspondence may be addressed. E-mail: mandelsh@uci.edu.SO fewert; increments are needed to get a good fit and extract
E-mail: ajshaka@uci.edu. the shifts with high accuracy.
(1) Aue, W. P.; Karhan, J.; Ernst, R. B. Chem. Physl1976 64, 4226.
(2) Bax, A.; Mehlkopf, A. F.; Smidt, JJ. Magn. Reson1979 35, 167.
(3) Bax, A.; Freeman, RJ. Magn. Resonl981, 44, 542.

(4) Ernst, R. R.; Bodenhausen, G.; Wokaun, inciples of Magnetic . 1
Resonance in One and Two Dimensio@gford University Press: New York, a spectral range of interest and construct three small complex

T
Computationally, fop = (— T—Z 1), (i) choose a basi¥/; over

1987. symmetric matrixesJo, U, U,, corresponding to the matrix
(5) Bax, A. Freeman, R., Morris, G. Al. Magn. Reson1981, 43, 333.
(6) Shaka, A. J.; Keeler, J. Freeman, R.Magn. Reson1984 56, 294. (10) Mandelshtam, V. A.; Hu, H.; Shaka, A.Magn. Reson. Chen998
(7) Mandelshtam, V. A.; Taylor, H. SI. Chem. Phys1998 108 9970. 36, S17.
(8) Wall, M. R.; Neuhauser, 0J. Chem. Phys1995 102 8011. (11) Stachel, S. J.; Hu, H.; Van, Q. N.; Shaka, A. J.; Van Vranken, D. L.
(9) Mandelshtam, V. A.; Taylor, H. SI. Chem. Phys1997, 107, 6756. Bioorg. Med. Chem1998§ 6, 1.

10.1021/ja9824977 CCC: $15.00 © 1998 American Chemical Society
Published on Web 11/05/1998



12162 J. Am. Chem. Soc., Vol. 120, No. 46, 1998 Communications to the Editor

representations of, respectiver,Ul, U, in the basisW;. The Clearly, by solving
formulas for these matrix elements in terms onl\c@f;,n,) have
been published. (ii) Assuming thatr; > 7, (SW < SW) as is U,B, = u, Uy By 9
the case inJ-spectroscopy, solve the generalized eigenvalue
problem (GEP) the conventional 1D spectrum (or the (0,1)-projection) is obtained,
indistinguishable from the second trace of Figure 1. Some
U,By = uyUgBy ®) multiplets in this spectrum overlap, making it difficult to discern

) ) ) ) their structure. However, using FDM we can separate these
with uy = exp(-iziwy). Normalize the column eigenvectors  myltiplets, even when the peaks from different multiplets are quite

B« by broad and overlapping, and display them one at a time. Namely,
T each peak of the well resolved 4projection is a superposition
BiUBy=1 (6) of several contributions corresponding to a particular single
multiplet. The eigenvectors of these contributions form the single-
(iii) Scale theU; matrix using multiplet subspace in which we can simply evaluate the conven-
tional (0,1)-projection, thus obtaining estimates of each single
0,= Z(ulk)(fz/“)UOBIUO (7) multiplet, as displayed in Figure 1.
FDM projections are a powerful addition to the data processing
arsenal for multidimensional NMR. Intrinsic limitations of
(iv) Solve another GEP J-spectroscopy, like strong coupling, are still in effect, and some
_ o spectra will not be resolved even in the’4Bojection. However,
U;B, = upU.B, the method outlined here is quite general and can also produce
. higher-dimensional decoupled spectra of stunning clarity. We
normalizing theBy with respect tdJo as in eq 6 and use thegg will outline these developments soon.
= exp(—it.wp) and By to obtainwy anddy for input into eq 2.
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