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‘H-detected multiple-bond correlation (HMBC) provides an extremely effective
method for long-range ‘H- 13C shift correlation (I). The sequence of this experiment
is sketched in Fig. 1. In the most common application, indirect detection of 13C via
‘H, a J filter (2 ) may be used to reject one-bond correlations that could cause overcrowding of the 2D spectrum (1). The delay A2 following the J filter is needed to
generate multiple-bond multiple-quantum
coherence. Typically, this delay is set to
about 60 ms. The dephasing of the ‘H magnetization caused by homonuclear coupling
present during this A2 period causes large phase perturbations in the F2 dimension
and makes the recording of 2D absorption spectra impossible. In principal, z-filtering
procedures (3), purging pulses (4, 5), and bilinear rotations (6, 7) could be used to
restore absorption-mode character in the ‘H dimension. In practice, however, the z
filters and purge pulses seriously decrease sensitivity; bilinear rotations require a substantial number of ‘H pulses and seriously affect the suppression of the much stronger
signals from protons not coupled to 13C. Regardless, it appears impossible in practice
to devise a generally applicable bilinear rotation that refocuses homonuclear ‘H coupling for protons that have a long-rangecoupling to a 13C nucleus. Therefore, it was
suggested previously to record the experiment in the phase-modulated manner, and
to use absolute value mode calculation on the data.
As will be demonstrated here, a more effective way of handling the acquired data
is to treat them in the hypercomplex format (8, 9). The data then can be processed to
be absorptive in the 13C dimension, followed by an absolute value mode calculation
in the ‘H dimension. This approach offers a gain in sensitivity of fi plus a significant
improvement in 13C resolution.
The signals acquired in odd- and even-numbered scans of the HMBC experiment
(when using the phase-cycling procedure given in the legend to Fig. 1) are stored in
separate memory locations. Both sets of detected signals are modulated in phase by
the homonuclear J couplings and modulated in amplitude by the offset frequency of
the 13C nucleus, Qc. In practice, the acquisition time in the tl dimension of the 2D
experiment is chosen quite short (about 30 ms). The J modulation during this time
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FIG. 1. Pulse scheme of the HMBC experiment. The delay A, is set to l/(2&) and AZ is set to 1/(2bJ&,
where Ja is the one-bond and ‘Ja is the long-range ‘H-l% coupling. To minimize the eEects of relaxation,
a shorter compromise value of about 60 ms is typically used for A*. The phase cycling used is p = x, X, s,
x, -x, -x, -x, -x, $ = x, y, -x, -x Acq. = x, x, -x, -x. Data for odd- and even-numbered scans are
stored in separate locations.

will be small and is neglected in the following discussion. Assuming all pulses are
infinitely narrow, the odd-numbered scans are modulated by cos&t,), the even-numbered scans by sin&t,).
Addition or subtraction of these two sets of data (after incrementing the phase of the signals of even-numbered scans by 90’) followed by 2D
Fourier transformation yields either the coherence transfer echo or the antiecho spectrum (10, II), also known as n-type or ptype spectra (12). The noise in these two
spectra is uncorrelated and it has been proposed previously that reversing the FI dimension of one of the two spectra followed by addition to the second spectrum will
increase sensitivity (13). This communication demonstrates a more efficient way to
treat the data, calculating a spectrum that is absorption mode in the FI dimension
and absolute value mode in the F2 dimension. Such mixed-mode representations have
been used before, mainly for reasons of convenience (14-16). As mentioned above,
pure 2D absorption spectra cannot be obtained in the HM3C experiment and therefore
the mixed-mode representation is the best alternative. For completeness, the hypercomplex approach will be briefly discussed below.
The time-domain data formally are described by what is generally referred to as a
hypercomplex or four-component signal (Z7),
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where i and j are the imaginary units in the t2 and tr dimension, respectively. Hence,
every data point in the time domain consists of four components that can be represented
by a 2 X 2 matrix:
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The first index refers to tl and the second to t2. Horizontal pairs in this matrix are the
complex data points acquired during t2. Thus, in the phase-cycling scheme of Fii. I,
S, and & correspond to the complex data points acquired during the odd-numbered
scans. Vertical pairs concern the quadrature detection in the tl dimension. Thus, S,
and 5& correspond to the x component of magnetization measured in odd- and even-
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numbered scans, respectively. Therefore, if S, is modulated by cos(Qcti), Sir is modulated by sin( Qc tl ).
Fourier transformation of Eq. [2] with respect to t2 yields
so,,
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Below, the frequency variables Ii, and F2 will be omitted from the matrix notation.
This process of hypercomplex Fourier transformation, first introduced by Mtiller and
Ernst (8) and States et al. (9), now is widely used in 2D NMR (17). As mentioned
before, the phase in the F2 dimension is affected by homonuclear J modulation during
the relatively long interval A2 and cannot be restored to absorption in this dimension.
If all pulses were 6 pulses, the phase of S, and S, would be purely absorptive in the
F, dimension. The finite widths of the ‘H 180” pulse and the 13C 90” pulses cause a
frequency-dependent phase shift in the F1 dimension which may be quite large and
can be difficult to adjust interactively. To a good approximation, the 90; pulse can
be replaced by a 6 pulse followed by a delay of 4~,,,./2~ (=0.64~~~.). Similarly,
the last 90” I3C pulse can be replaced by a 6 pulse preceded by a delay of duration 0.64~900. The first real value of tl is therefore equal to T = 7i8a0(‘H) + 2
X 0.64~~~(~~C). The linear phase correction needed in the tl dimension is therefore
27r/T per hertz (18). The phase at the center of the spectrum in the FI dimension
should be zero. Phase adjustment in the F, dimension is then described by

W,,Fd=[~ :I=[

cos(27rF, /T)
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PI

Instead of calculating the regular magnitude spectrum, defined as
S mag= (S& + s:

we propose to calculate the mixed-mode

+ SL + sy2,

spectrum

S mm = (SE + sy2.

[71

Figure 2a shows such a mixed-mode spectrum, recorded for the antibiotic desertomycin (MW 1192), the structure of which was recently determined by NMR (19).
To eliminate the absolute value mode tl noise from the contour plot, a “skyline projection” onto the F2 axis is made of a region in the 2D spectrum where no i3C resonances are present, from 165 to 145 ppm in the spectrum of Fig. 2a. This “skyline
projection” is then subtracted from each of the F2 traces of the 2D matrix, resulting
in an improved appearance of the spectrum (Fig. 2b). Of course, the improvement
resulting from this type of nonlinear processing is only cosmetic. As is the case for
symmetrization of 2D spectra, ti-noise subtraction has inherent pitfalls; but unlike
symmetrization, it may be impossible to tell whether t,-noisesubtraction has been
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FIG. 2. Mixed-mode (F, absorption, F2 absolute value) HMBC spectra of the antibiotic deaerkoinycin
(18), (a) without and (b) with t, noise subtraction. The spectrum is rec&ed at 270 MHz ‘H fpesuency and
results from a 2 X 330 X 5 12 data matrix. Acquisition times were 27 and 160 ms in the F, and F2 dimtrtmion,
respectively; 128 scans were recorded per tl value and the total measuring time was 13 h. Spectra were
recorded using 15 mg of desertomycin (MW 1192) in 0.5 ml DMSO-&, at 55°C.

used. Therefore, it is recommended that all published spectra using this type of tlnoise subtraction acknowledge this procedure.
The improvement in resolution obtained with this new data processing is demonstrated in Fig. 3, comparing the absolute value mode spectrum and the mixed-mode
spectrum for the boxed region of Fig 2b. Both spectra are derived from the same set
of acquired data. In the F2 dimension, sine-bell multiplication was used for both
spectra. For the spectrum of Fig. 3a, 20 Hz Lorentzian line narrowing followed by 40
Hz Gaussian line broadening was used in the t, dimension, maximizing Fl x-e&&ion
of the absolute value mode spectrum. For Fig. 3b, 25 Hz Gaussian broadening was
used to suppress truncation artifacts in the I;; dimension.
The correlation peaks in Fig. 3a show a skew that is due to phase modulation from
‘H-‘H J coupling. This skew is not present in the mixed-mode spectrum of Fig. 3b
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FIG. 3. Comparison of the boxed region of spectrum 2b in (a) the absolute value mode and (b) the mixedmode representation. The skew of the cross peaks in (a) is indicated with an arrow.

because dispersive data in the Fi dimension are not used for this spectrum. The phase
modulation from homonuclear J coupling is converted into amplitude modulation
by eliminating the imaginary part of the data. If the acquisition time in the ti dimension
is longer than l/J, this J modulation will cause a splitting in the Fi dimension of the
cross-correlation multiplet, decreasing Fr resolution. Hence, the mixed-mode representation can only be used successfully if the acquisition time in the t, dimension is
short relative to the size of the homonuclear couplings. In practice, the J coupling
artifacts are invisible if the tl acquisition time is shorter than about 50 ms.
The procedure outlined here yields considerable improvements in sensitivity and
resolution of HMBC spectra. One might argue that the increase in F, resolution is
not real since the mixed-mode approach only works well if a short tl acquisition period
is used, However, in practice ‘H signals rapidly dephase during increasing tl durations
because of homonuclear J couplings and hence, for obtaining a high signal-to-noise
ratio per unit of measuring time, it is important to restrict the maximum ti value. It
should be noted that the procedure described here for calculating the F, phase is
applicable to all phase-sensitive 2D experiments. In our experience, the calculated Fi
phasing is always as good or better than what can be obtained by interactive manual
phasing in the FI dimension.
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