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Heteronuclear multipulse methods range among the most im-
portant pulse techniques in modern NMR spectroscopy. These
include, for example, two-dimensional (2D) pulse sequences for
heteronuclear chemical shift correlation'™ or relayed correlation” 3
spectroscopy and one-dimensional (1D) polarization transfer and
editing techniques.!*'* Common to all these techniques is that
radio-frequency (rf) pulses are applied to two nuclear isotopes.
Thus, such experiments must be preceded by determinations of
the decoupler (usually 'H) and observe rf field strengths.

Observe fields are traditionally calibrated by determining the
180° or 360° pulse widths. Determination of the decoupler rf
field strength can be done by various indirect methods'® which
search for zero-crossings of the observed S spin (e.g., 1*C or N)
signal while incrementing the length of decoupler pulses. A very
high accuracy can be achieved,'” but the key experiments (the
zero-crossing of S spin signals) are unfortunately associated with
low sensitivity.
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Figure 1, Contour plot (absolute value representation) of a *C 2D
SEMUT spectrum of menthol recorded on a Varian XL-300 NMR
spectrometer. A section at 70.8 ppm of a phase-sensitive 2D transfor-
mation (zero-filled to 32K points along ¢,) is shown as an insert. The
decoupler rf field strength determined from such sections of phase-sen-
sitive spectra yields too('H) = 29.1 & 0.2 us for all ten 1*C multiplets.
This value compares favorably with #50('"H) = 28.8 £ 0.3 us obtained by
the more time-consuming 1D SEMUT method.!® Instrumental time is
3.2 min.

In this paper we introduce two new 2D pulse techniques for
fast and accurate calibration of the decoupler rf field strength.
In addition the second method can be extended to include cali-
bration of the observe channel in a way which, compared to the
2D observe channel calibration technique suggested earlier,® does
not exhibit the disturbing modulation effects observed when re-
laxation between the individual experiments is incomplete.?!

The first technique, useful in 1*C NMR, is a 2D version of
SEMUT:"18

I (*H): decouple |

-7= 68 -1 —decouple
S (XSC): (1)

90° =7 — 180° = r — acquire

where the 8° pulse incremented to constitute the evolution period
1, of the 2D experiment. 7 and 7 should be adjusted to (2'Jc) ™%
they can be chosen unequal (7’ < ) to suppress J cross-talk.!%!?
The resulting 2D spectra have the attractive feature that they
contain multiplicity information. C, CH, CH,, and CH; reso-
nances appear as singlets, 1:1 doublets, 1:2:1 triplets, and 1:3:3:1
quartets, respectively. The line separations in these multiplets
are determined by twice the decoupler rf field strength. For a
separation of v Hz, the 90° decoupler pulse time is

too(‘H) = (20)7! (2)

Figure 1 shows a contour plot of a 2D SEMUT spectrum of
menthol along with the section through the high-frequency CH
carbon resonance.

To avoid foldings, the w; spectral width must be larger than
6 times the decoupler rf field strength, v,B,/27 (Hz); for our
spectrometer we use increments Af; = 16.7 us, corresponding to
about 60 kHz. After the standard ¢, Fourier transformation, the
imaginary (dispersive) part is discarded and the ¢, data apodized
by using a Lorentzian to Gaussian transformation followed by
zero-filling to typically 1024 points. For the sake of generality,
a complex Fourier transformation is then applied along 7, where
the real part represents the 2D SEMUT spectrum; for other 2D
calibration techniques (vide infra) the 2D spectrum is found as
the imaginary part. The number N of ¢, increments determines
the accuracy of the calibration. We typically employ NV = 32 (i.e.,
;™% = 534 us, which yields an accuracy of about 1% for the 90°
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Figure 2. Sections through phase-sensitive >N 2D SINEPT spectra of
pyridine obtained with simultaneous ,, §, incrementation and employing
N = 32 zero-filled to 32K. (a) « = 1.0, At; = 16.7 us; (b) « = 0.4, Ay
= 20.0 us.

pulse width. The total recording time for 2D SEMUT with
concentrated samples and NV = 32 is a few minutes.

Pulse sequence 1 should not be employed if polarization transfer
enhancement is essential for sensitivity reasons. In addition, the
sequence is unsuitable for calibration via long-range couplings
because complicated multiplet patterns may occur. SN NMR
of pyridine is an example where polarization transfer enhancement
and calibration via long-range couplings are required. For this
purpose we introduce the 2D version of INEPT'415 or SINEPT: !¢

I(H): 8., —% - (180°) - % - By - 7 — decouple

S(**N,'3C): —% - (180°) - % -6, -7 - (180° - 7' —acquire
€)]

The refocusing pulses in parentheses should be employed if ap-
proximate knowledge about the rf field strengths is available.??
8 is adjusted to the estimated value for a 90° rotation (not critical).
The delays 7 and 7 are selected as for INEPT*!5 when one-bond
couplings are exploited. Otherwise, 7 = 7/ = (4J)7}, where J is
the largest relevant homo- or heteronuclear long-range coupling
constant. Incrementation of one of the # pulses while keeping the
other constant (~90°) leads to an antiphase doublet with splitting
determined by the corresponding rf field strength.

Here we demonstrate the experiment with simultaneous in-
crementation of 6, and 6, which results in a doublet of doublet
four-line pattern in the w, dimension of the 2D spectrum. The
apparent “J splittings” reflect the rf field strengths of the applied
two fields. To avoid overlap of the four components, one of the
doublet splittings may be scaled, e.g., by incrementing 8, according
to 8, = xf,. The relevant section through the 2D SN spectrum
of pyridine by using « = 1.0 and 0.4 is shown in Figure 2. This
experiment yields zo5('H) = 26.4 £ 0.2 us and #e,(**N) = 22.1
+ 0.2 us which compare favorably with 1D results: too('H) =
26.2 0.3 s and 19o(!*N) = 22.1 £ 0.3 ps.

We should note that instrumental imperfections can affect the
results of the 2D calibration techniques. It is therefore recom-
mended, once and for all, to compare the 2D result with the result
of a detailed equivalent 1D calibration.!® This yields a scaling
factor to put on future rf field strengths determined by the 2D
techniques.? As a consequence, instrumental imperfections are
unimportant for routine applications of the presented techniques.?*

In conclusion, we have in this paper introduced simple 2D pulse
techniques for calibration of rf field strengths with significantly

(22) Inaccurate 180° pulses do not affect the calibration. To improve
sensitivity the S spin 180° pulses can be replaced by composite pulses.

(23) On modern spectrometers (e.g., the Varian XL-300 applied in this
research) such scaling factors are close to 1.
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higher sensitivity and shorter performance time than 1D methods
yielding equivalent information. The time saving can easily reach
an order of magnitude for samples of low inherent sensitivity. The
multiplicity information in '*C 2D SEMUT spectra makes the
performance of separate editing experiments!é~'® superfluous,
which results in additional time saving. Furthermore, the ideas
presented in this paper can be extended to the more sensitive
heteronuclear “inverse” experiments with proton detection.
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The rich literature on “thiosulfines”, R,C=S=S,! oddly con-
trasts the scant experimental observations of their transient oc-
currence. In our opinion, this report offers the first unequivocal
evidence for their existence.

According to Staudinger,? 3,3,5,5-tetraphenyl-1,2,4-trithiolane
(1) decomposes above the mp 124 °C to give thiobenzophenone
(2) and sulfur. AH®; = 92.0 kcal mol™ for singlet sulfur atom,
S('D,),? forbids a concerted fragmentation into two thiobenzo-
phenones and an S atom. Instead, a 1,3-dipolar cycloreversion
may furnish thiobenzophenone S-sulfide (3) and 2. In the absence
of reaction partners, the molecules of 3 may undergo mutual
transfer of the terminal sulfur; long sulfur chains are built up which
may roll around and eliminate cyclooctasulfur. We succeeded
in intercepting both dissociation products by cycloaddition.

S
{CeHs)a¢” s — CSHS\C//S\\S

CgHc)oC=S +
S—/ «——  (CgHs)a C
{CgHs); CeHs

1 2 i
+

CsHs\cl://S\5

[CeHs)C=S + S5 <+—— CeHs

!

+
CsHs\ézs\\s

|
CgHs

3

Warm solutions of the colorless 1 turn deep blue indicating 2
as dissociation product. After reacting 1 with 4 equiv of dimethyl
acetylenedicarboxylate 4 h at 60 °C, '"H NMR analysis indicated
68% of 4 (s, H1, 6 5.14) and 83% of 7 (s, OCHj,, 3.41). Chro-
matography on silica gel separated the colorless 1H-2-benzo-
thiopyran derivative 4, mp 91-92 °C, the Diels—Alder adduct of
2,* and the light-yellow dimethyl 3,3-diphenyl-3H-1,2-dithiole-

*Dedicated to Professor Leopold Horner on the occasion of his 75th
birthday.

(1) Review articles: (a) Senning, A. In IUPAC Organic Sulfur Chemistry;
Freidlina, R. K., Skorova, A. E., Eds.; Pergamon: Oxford, 1981; p 151. (b)
Kutney, G. W.; Turnbull, K. Chem. Rev. 1982, 82, 333. (c) Senning, A.;
Hansen, H. C.; Abdel-Megeed, M. F.; Mazurkiewicz, W.; Jensen, B. Tetra-
hedron 1986, 42, 739. (d) Senning, A. Sulfur Lett. 1986, 4, 213.

(2) Staudinger, H.; Freudenberger, H. Ber. Dtsch. Chem. Ges. 1928, 61,
1576, 1836.

(3) Sherwood, A. G.; Safarik, I.; Verkoczy, G.; Almadi, G.; Wiebe, H. A;
Strausz, O. P. J. Am. Chem. Soc. 1979, 101, 3000.

© 1987 American Chemical Society



