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SIAM, a Novel NMR Experiment
for the Determination of
Homonuclear Coupling Constants**
Thomas Prasch, Peter Gröschke, and Steffen J. Glaser*

The most important NMR parameters for the determina-
tion of molecular conformations in solution are cross-relax-
ation rates and coupling constants.[1] With the help of
empirical Karplus relations, vicinal coupling constants (3J)
yield information about dihedral angles. For example, in
peptides and proteins the 3J(HN,Ha) coupling is related to the
backbone angle f.[2] However, the quantitative determination
of coupling constants is difficult if the line width is not
significantly smaller than the coupling constants of interest
(Figure 1). In the case of in-phase doublets (e.g. in NOESY[3]

Figure 1. The apparent splittings of in-phase (a) and antiphase (b) doublets
deviate markedly from the actual coupling constant J12 if the line width is
not much smaller than J12 .[6] The individual doublet components are shown
at the top and their superposition is shown at bottom. In this case the
superimposed in-phase signal does not show any resolved splitting (a),
whereas the apparent splitting of the superimposed antiphase signal is
significantly larger than the coupling constant J12 (b).

appended fluorophore. A further increase in pH does not
influence the position of the side chain, but simply increases
the quenching efficiency. Most of the previously reported
fluorescence switches typically exhibit two states: on or
off.[10, 11] Systems displaying multistage emission are more rare
and include 2-naphthol[12] and a tin(iv) complex of a function-
alized porphyrin.[13] Ligand 2 is a novel high/low/off fluores-
cence switch whose control has a mechanical nature.

Experimental Section

3 : 2-Bromoethylamine was allowed to react with a stoichiometric amount
of 9-anthracenecaraldehyde in CH2Cl2. The reaction mixture was dried
over Na2SO4, filtered, and evaporated to dryness. The residue was
recrystallized from n-hexane/diethyl ether (1/1); yield 45%. Correct
C,H,N analysis.

2 : Cyclam (0.48 g, 2.4 mmol) was disolved in hot toluene, and 3 (0.14 g,
0.45 mmol) added as a solid. The resulting solution was heated at reflux for
3 h and then cooled to room temperature. The ammonium salts of excess
cyclam were removed by filtration, and the clear solution extracted with
0.1m NaOH to separate the remaining cyclam. The dried organic layer was
filtered and evaporated to dryness. The resulting yellow oily substance was
dissolved in EtOH (20 mL) and reduced with excess NaBH4. Compound 2
was obtained as a pale yellow oil; yield (based on 3) 70 %. MS (ESI): 434
[M�H�]. The NMR spectra were consistent with the proposed structure.

[NiII(2)](ClO4)2 ´ H2O: 2 (150 mg, 0.35 mmol) was dissolved in EtOH
(30 mL), and a stoichiometric amount of an aqueous solution of 0.55m
Ni(ClO4)2 added. The obtained mixture was heated at reflux for 2 h and
then evaporated to dryness. The residue was recrystallized from water.
[NiII(2)](ClO4)2 ´ H2O was obtained as a pale brown solid; yield 63%.
Correct C,H,N analysis; MS (ESI): 590 [MÿClO4].
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or TOCSY spectra[4]) the finite line width results in a reduced
separation of the maxima of the two doublet lines (Figure 1 a).
This is in contrast to the case of antiphase doublets (e.g. in
DQF-COSY spectra[5]), where the finite line width leads to an
increased separation of the doublet maxima and hence to an
apparent splitting that is larger than the actual coupling
constant (Figure 1 b).[6] However, the precise determination of
coupling constants is possible irrespective of the experimental
line form if both in-phase and antiphase multiplets are
available.[7, 8]

Here we present a new experimental approach for the
simultaneous acquisition of in-phase and antiphase multiplets
that provides spectra with a minimum of overlap and
markedly enhanced sensitivity compared to conventional
methods. The experiment is based on the fact that several
coherence transfer processes occur simultaneously during the
mixing period t of TOCSY experiments. For example, in a
spin system consisting of two spins 1/2, polarization of the first
spin (I1z) is transformed not only into polarization of the
second spin (I2z), but also into zero-quantum coherence
(ZQy� I1yI2xÿ I1xI2y) between the two spins [Eq. (1)].[4]

I1z!I1z cos2(pJ12t)� I2z sin2(pJ12t)ÿZQysin(2pJ12t) (1)

In conventional TOCSY experiments only the polarization
transfer I1z!I2z is exploited, resulting in cross peaks with in-
phase splitting in w1 and w2 (Figure 2 a). The second transfer

(I1z!ZQy), which results in an in-phase splitting in w1 and an
antiphase splitting in w2 (Figure 2 b), was so far either ignored
or suppressed.[4] The separation of polarization I2z and zero-
quantum coherence ZQy poses a problem because both terms
have the same coherence order p� 0.[1] However, if the two
mutually coupled spins have well-resolved chemical shifts,
selective pulses can be used to convert the zero-quantum
coherence ZQy selectively into double-quantum coherence
(DQy� I1yI2x� I1xI2y) with coherence order p�� 2. The two
terms I2z and DQy can be conveniently selected with the help
of a zero-quantum filter (ZQF) and a double-quantum filter
(DQF), respectively (Figure 3 a). It is even possible to realize

both filters by processing a single experimental data set in two
different ways (see Experimental Section). Since this allows
the simultaneous acquisition of in-phase and antiphase
multiplets, we refer to the new method as the SIAM experi-
ment. Because the cross peaks of both ZQF-SIAM and DQF-
SIAM spectra have an in-phase splitting in w1, it is possible to
further increase the resolution and the sensitivity by w1

decoupling[9](Figure 2 a', b'). This is not possible in a conven-
tional DQF-COSY experiment with antiphase splittings in w1

and w2 (Figure 2 c, c'). Figure 3 b shows an optimized SIAM
experiment with w1 decoupling and band-selective excitation
for the quantitative determination of 3J(HN,Ha) couplings in
peptides and proteins. In addition, a band-selective TACSY
mixing sequence (tailored correlation spectroscopy)[10] is used
which provides more efficient coherence transfer than a
nonselective TOCSY sequence (total correlation spectrosco-
py) (see Experimental Section).

Figures 4 a and b show a section of the fingerprint region of
the protein BPTI with HN,Ha cross peaks; the ZQF-SIAM and
DQF-SIAM spectra were obtained from the same experi-
mental SIAM data set. For comparison, Figure 4 c shows the
corresponding region of a conventional DQF-COSY spec-
trum (same total measurement time). The resolution of the
DQF-SIAM spectrum (Figure 4 b) is markedly better than
that of the DQF-COSY spectrum because of w1 decoupling.
Furthermore, the intensity of the antiphase signals is signifi-
cantly larger in the DQF-SIAM experiment. For example, the
cross sections of the DQF-SIAM cross peaks of Ala 25, Ala 58,
and Ile18 are up to a factor of four more intense than those of
the corresponding DQF-COSY cross peaks (see Figure 5).
The fact that a ZQF-SIAM spectrum with in-phase splitting
and a DQF-SIAM spectrum with antiphase splitting can be
obtained from the same data set not only saves measurement
time, but also guarantees that the in-phase and antiphase
multiplets have identical center frequencies. This is not

Figure 3. a) Schematic pulse sequence of a SIAM experiment (narrow
vertical lines: 908 pulses; broad vertical lines: 1808 pulses; bell-shaped
symbols: selective 908 pulses acting only on spin I1; hs: homospoil gradient;
phase cycles of fa , fi , and frec : see Experimental Section). For a two-spin
system, the characteristic operators created during the sequence are
indicated. b) Optimized SIAM experiment for the determination of
3J(HN,Ha) couplings in peptides and proteins (see Experimental Section).

a) a')

ω2

ω1

c) c')

b) b')

Figure 2. Schematic representation of characteristic multiplets in 2D
NMR spectra: a) in-phase splitting in w1 and w2 (e.g. NOESY, ROESY,
TOCSY, and ZQF-SIAM), b) in-phase splitting in w1 and antiphase
splitting in w2 (DQF-SIAM), c) antiphase splitting in w1 and w2 (e.g. DQF-
COSY). Positive signals are white, negative signals are black. a') ± c') show
the corresponding multiplets when w1 decoupling is used. In the first two
cases this leads to a signal enhancement and to an improved resolution,
whereas in the third case the signals completely cancel.
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warranted if two different experiments (e.g. DQF-COSY and
TOCSY) are acquired because of nonidentical sample heat-
ing. Hence, the novel SIAM experiment is almost ideally
suited for the determination of 3J(HN,Ha) coupling constants
in peptides and proteins. Based on the traces of the ZQF-
SIAM and DQF-SIAM cross peaks shown in Figure 5,

3J(HN,Ha) coupling constants of (3.6� 0.25) Hz for Ala 25,
(6.1� 0.25) Hz for Ala58, and (9.7� 0.25) Hz for Ile 18 were
determined by using the Keeler ± Titman extraction pro-
cedure.[8] These coupling constants differ significantly from
the apparent in-phase splittings of 0, 6.3, and 6.5 Hz,
respectively.

Figure 4. Section of the fingerprint region of a ZQF-SIAM (a), a DQF-
SIAM (b), and a conventional DQF-COSY spectrum (c) of the protein BPTI
at 600 MHz. Positive and negative signals are shown with gray and black
contour lines, respectively. Arrows indicate w2 traces shown in Figure 5.
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Figure 5. w2 traces of the (HN,Ha) cross peaks of a) Ala 25, b) Ala 58, and
c) Ile 18 (see arrows in Figure 4) with representative 3J(HN,Ha) coupling
constants and line widths. The top panels show the in-phase signals of the
ZQF-SIAM spectrum and the bottom panels show the antiphase signals of
the DQF-SIAM spectrum (solid lines). The dashed lines represent the
antiphase signals of the conventional DQF-COSY spectrum for compar-
ison.

The SIAM method is not restricted to the determination of
3J(HN,Ha) couplings nor to applications to peptides and
proteins. A necessary condition is that the two mutually
coupled spins of interest (here HN and Ha) have different
chemical shifts. Furthermore it must be ensured that in large
spin systems the pure in-phase and antiphase multiplets are
not contaminated by other signals. A sufficient (but not
necessary) condition for this is that the detected spin (here
HN) has no further coupling partners. Hence, the SIAM
method complements the powerful E.COSY technique,[11] for
which a third common coupling partner is mandatory.

Experimental Section

The SIAM technique is based on the conversion of zero-quantum
coherence ZQy to double-quantum coherence DQy, which requires a
band-selective inversion pulse with a simultaneous suppression of chemical
shift evolution. This can be implemented by a composite pulse element
consisting of a hard (nonselective) 180o

ÿx pulse sandwiched between two
band-selective 90o

x pulses (see Figure 3). A ZQF- and a DQF-SIAM
spectrum can be obtained from the same experimental data set if for each t1

increment two free induction decays FID1(t1,t2) and FID2(t1,t2) with
different phase cycles are acquired and stored separately. The phase cycle
fi of the last 908 pulse (Figure 3) and the phase frec of the receiver are fi�
x,ÿ x and frec� x,ÿ x for FID1(t1,t2), whereas for FID2(t1,t2) fi� y,ÿ y and
frec� y,ÿ y. Addition and subtraction of FID1(t1,t2) and FID2(t1,t2) yields,
after a two-dimensional Fourier transformation, a ZQF- and a DQF-SIAM
spectrum, respectively. Only an additional 908 phase correction in w2 is
required for the DQF-SIAM spectrum.

The spectra shown in Figures 4 and 5 were acquired with the SIAM
experiment shown in Figure 3 b, which was optimized for the determination
of 3J(HN,Ha) couplings in peptides and proteins. The RF irradiation
frequency was positioned at 6.2 ppm. The water signal was presaturated by
CW irradiation for a duration of 2 s (not shown in Figure 3 b). For band-
selective excitation we used a Ha-selective 908 pulse (Q5)[12] with a duration
of 3.731 ms and an offset of ÿ1.072 kHz in combination with two Ha-
selective 1808 pulses (Q3)[12] with a duration of 3 ms and an offset of
ÿ1.072 kHz. (Offset frequency, amplitude, and duration of the band-
selective pulses are matched for experiments at 600 MHz but can be scaled
for applications at other spectrometer frequencies.) The two Ha-selective
1808 pulses were bracketed by different B0 gradients (G1� 15 Gcmÿ1, G2�
25 Gcmÿ1) with a duration of 1 ms each.[13] This made it possible to reduce
the spectral width in w1 to 1 kHz and the number of t1 increments to 200

(spectral width in w2: 4.194 kHz, 2048 complex data points in t2). The phase
fa was incremented by using the TPPI scheme.[14] A composite pulse
consisting of two Ha-selective 90o

x pulses (Q5)and a nonselective 180o

ÿx

pulse was used both for w1 decoupling in the center of t1 and for the
conversion of zero-quantum coherence ZQy to double-quantum coherence
DQy at the end of the sequence. Prior to the mixing step, x magnetization
was selected by two 90o

y pulses and a B0 gradient (G3� 35 G cmÿ1). The
band-selective HNHA-TACSY sequence CABBY-1[10] was used in the
mixing period. The radio frequency amplitude of CABBY-1 was 4.4 kHz,
corresponding to a bandwidth of about 3.4 kHz, which allows efficient
polarization and coherence transfer between Ha and HN (in the range
between 3.4 and 9.0 ppm). The mixing time used was 43 ms (according to
relation (1) the optimal mixing time for the creation of zero-quantum
coherence ZQy between HN and Ha is given by t� 1/(4J12) with J12�
3J(HN,Ha)). For the clean conversion of ZQy to DQy it is important that
the HN spins can be inverted without affecting the Ha spins. This is usually
possible because the HN and Ha resonances are well separated. Overlap
between Ha and Hb resonances (e.g. of Ser or Thr) does not pose a problem.
Although this leads to a loss of sensitivity (due to incomplete w1 decoupling
of the 3J(Ha,Hb) couplings and nonselective TOCSY transfer), the addi-
tional coherence terms (involving more than two spins) do not lead to any
detectable signals if not all participating spins are coupled to the detected
spin (HN). As 4J(HN,Hb) couplings can be neglected, the Ha,HN cross peaks
in ZQF-SIAM and DQF-SIAM spectra show even in the presence of
overlapping Ha and Hb resonances purely absorptive in-phase and
antiphase splittings with respect to the desired 3J(HN,Ha) coupling. (Only
in the case of Gly, where HN is coupled to Ha and Ha', can the Ha,HN cross
peaks of the ZQF-SIAM spectrum can contain in addition to the desired
absorptive in-phase signals also dispersive signals in double antiphase with
respect to Ha and Ha').

A SIAM experiment and a DQF-COSY experiment were acquired for the
protein BPTI at a temperature of 310 K using the same band-selective
excitation and the same total measurement time of 9.5 h with a total of 64
scans per t1 increment (32 scans for FID1(t1,t2) and 32 scans for FID2(t1,t2)
in the SIAM experiment). Except for the addition and subtraction of
FID1(t1,t2) and FID2(t1,t2) for the ZQF-SIAM and DQF-SIAM spectrum,
respectively, and an additional 908 phase correction (0th order) in w2 for
the DQF-SIAM spectrum (as described above), the 2D spectra shown in
Figure 4 were processed and scaled identically (no apodization in w2 ,
skewed sinebell with a phase of 908 and a skew parameter of 0.8 in w1,
polynomial baseline correction in w1 und w2). In order to increase the
digital resolution of the traces shown in Figure 5, the traces were inversely
Fourier transformed and the first 1024 points of the resulting interfero-
grams were extended to 16384 points by using linear prediction with 110
poles. After a final Fourier transformation, the digital resolution of the
traces was 0.25 Hz per point.
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Catalytic Hydrogenolysis at Low Temperature
and Pressure of Polyethylene and
Polypropylene to Diesels or Lower Alkanes by
a Zirconium Hydride Supported on
Silica-Alumina: A Step Toward Polyolefin
Degradation by the Microscopic Reverse of
Ziegler ± Natta Polymerization
VeÂronique Dufaud* and Jean-Marie Basset*

Transition metal catalyzed polymerization of ethylene and
propylene was discovered in the 1950s by Ziegler and Natta.[1]

Since then, there have been many applications and a large
production of these polymers. However, at the end of this
century, the presence of such polyolefins in our daily life has
reached such a level that its environmental consequences can
no longer be underestimated. The solutions to overcome this
environmental challenge with catalytic methods at low
temperature and pressure are not known at the moment.[2]

The scientific reasons for this deficit may be divided in two
categories: the chemical inertness of polyolefins and the
thermodynamic limitations to achieving the reverse of the
Ziegler ± Natta polymerization.

Although they are formed from olefins, polyolefins such as
polyethylene or polypropylene are not ªolefinicº materials
since they become ªparaffinicº upon polymerization. These
long-chain paraffinic materials are extremely inert, and there
is no simple way to transform them selectively, especially at
moderate temperature, into valuable products.

It would be very fascinating to transform polyolefins into
olefinic oligomers or monomers, which is theoretically
possible from a mechanistic point of view according to the
principle of microreversibility. The insertion of an olefin into a
metal ± alkyl bond, the key step in the Ziegler ± Natta
polymerization,[3] can be considered as the microscopic
reverse of the b-alkyl transfer [Eq. (a); the polymer chain is

represented by 
P ].[4] However, since such transformations
are thermodynamically impossible at moderate temperature,
it is necessary to find solutions to overcome this limitation.

We report here that it is possible to polymerize ethylene or
propylene to the corresponding polyolefins with a zirconium
hydride supported on silica-alumina.[5] We also demonstrate
that under hydrogen the same catalyst that can polymerize
ethylene or propylene is able to cleave statistically all the CÿC
bonds of polyethylene or polypropylene to a range of short-
chain saturated oligomers, diesels, or eventually methane,
ethane, and lower alkanes.

We recently disclosed a new catalyst that is able to carry out
the catalytic cleavage of the CÿC bonds in several simple
alkanes under hydrogen. The catalyst is a well-defined silica-
supported zirconium monohydride (�SiO)3ZrH (1)[6±8] that is
obtained by surface organometallic chemical reactions.[9] For
example, 1, which is very electrophilic,[10] is able to cleave the
CÿC bonds of propane, butanes, and pentanes (but not
ethane) under a moderate hydrogen pressure (<1 atm) and at
mild temperatures (typically 25 ± 150 8C).[11, 12] Considering
that polyolefins are simply long-chain hydrocarbons, the
catalytic cleavage of the CÿC bonds in these higher alkanes
might be possible with our electrophilic silica-supported
zirconium hydride or some more strongly electrophilic
supported zirconium hydride.

To render the supported zirconium hydride even more
electrophilic than on silica, we treated tetraneopentylzirco-
nium with the surface silanol groups of a silica-alumina that
was partially dehydroxylated at 500 8C (silica-alumina500). The
reaction led to the formation of a surface species which can be
formulated as (�SiO)ZrNp3 (2). Treatment of 2 with hydrogen
at 150 8C provided the formation of a zirconium hydride
supported on silica-alumina with the concommitant genera-
tion of silicon dihydride and aluminium hydride. Based on
what is known for the structure of 1 on pure silica, we propose
two structures for the zirconium hydride supported on silica-
alumina (Scheme 1): One can be formulated as (�SiO)3ZrH
(3a), in which the zirconium hydride is a monohydride grafted
to silica-alumina through three covalent bonds. This was
already demonstrated for pure silica by several techniques
including EXAFS.[8] The second structure 3b is very similar.
However, aluminium hydride groups could be in close
proximity to the zirconium center, and the zirconium atom
would be even more electrophilic than on pure silica.

When 3 was exposed to an ethylene pressure of 200 torr at
room temperature, the IR spectrum of the solid showed the
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