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Abstract: The PASADENA or PHIP effect originates from the breakdown of the parahydrogen symmetry when the
two protons are found in magnetically inequivalent positions after hydrogenation. As a result, a signal enhancement
of up to 1@ in the proton NMR spectra can be observed. We introduce three polarization transfer techniques,
namely PH-INEPT, PH-INEPF, and INEPT{/4), that are highly effective to recoid situ hetero NMR spectra

of parahydrogen-labeled compounds. A complete product operator treatment as well as experimental r&llts for
and2°Si have been given. With these sequences we obtained a signal enhancement of 500 whicin alituvs

NMR investigations of hetero nuclear systems at natural abundance.

The parahydrogen labeling experiment under hydrogenation (abbreviated by the acronym PASADENA) and (b) hydrogena-

conditions has ever since its theoretical postuldtiamd

experimental verificatiot® been of great use for studying short-

lived reaction intermediates during hydrogenatfoaad for
mechanistie® investigations.

tion at low magnetic field outside the spectrometer and
subsequently transporting the sample for detection into the
spectrometer (termed ALTADENA(for Adiabatic Longitudinal
Transport After Dissociation Engenders Net Alignment).

The PASADENA (Parahydrogen And Synthesis Allow In addition to these two techniques, entirely different behavior
Dramatically Enhanced Nuclear Alignment) or PHIP (Parahy- with regard to polarization transfer (PT) during hydrogenations
drogen Induced Polarization) effect originates from the break- with p-H; is exhibited by strongly and weakly coupled systéms.
down of the p-H symmetry when the two protons are found in The density matrix of p-bican be described by Cartesian
magnetically inequivalent positions after hydrogenation. As a product operators A%parahydroger= 1112, This density matrix is
result, a signal enhancement (SE) of up td itDthe proton propagated by the Hamiltonian of the system. Performing this
NMR spectra can be observed. Recently, a few studies havepropagation with the weak coupling Hamiltonian and averaging,

attempted to transfer the p;Hpolarization to hetero nuclei,
employing conventional INEPT or INEPT pulse sequences,
or methods that exploit the nature of special spin sysfehhs.

over the propagation time, the density matrix of the two former
p-Hg nuclei S|mpI|f|es toopasapDENA = |12 2z, in contrast to the
initial density matrix for two hydrogen nuclei at thermal

this article, we present an analysis of the product operator equilibrium,ginerma= 11z + l22. In order to achieve polarization

treatment of the p-kHmagnetization with the goal to transfer

transfer from the two former p-Huclei to hetero nuclei, we

the parahydrogen polarization to hetero nuclei. The pulse substituted the initial 7t/2,) pulse in the standard INEPT
sequences derived yield a SE of about 500 which allows in situ sequence by/4y), the first and the last pulse in tA-channel
NMR investigations of hetero nuclear systems at natural now having the same phase. Applying this PH-INEPT (Para

abundance.
When performing hydrogenations with p;Hwo cases of

Hydrogen INEPT) sequence on the initial density matrix for
PASADENA experiments yields signals on the hetero nuclei

different initial proton magnetization have to be distinguished: that are antiphase with respect to the couplings. Just as
(a) hydrogenation and detection inside the NMR spectrometer for the conventional INEPT sequence, the antiphase signals of
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the PH-INEPT sequence can be refocussed by employing an
additional delay. The inphase signals that result from this so
obtained PH-INEPF sequence can be decoupled for further
signal enhancement, which facilitates the detection of small
polarization signals. It should be noted that the PH-INEPT
sequence does not transfer any proton magnetization stemming
from systems at thermal equilibrium. Consequently, a PH-
INEPT spectrum only displays signals stemming from the
product just formed with p-b the signals of the educt and
product at thermal equilibrium are absent. This feature facili-
tates spectral analysis considerably. Scheme 1 displays the
results of INEPT, PH-INEPT, and PH-INERTapplied on
opasapena for simple three-spin systems consisting of the two
former p-H nuclei (3, I2) and one hetero nucleusS)(
Incorporation of additional protons and hetero nuclei does not
alter the essential features of the product operator expressions
derived. For all sequences other than INEPT, only terms that

(10) Pravica, M. G.; Weitekamp, D. Ehem. Phys. Lett1988 145,
255.
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of sequences as well as the INERR{/4) sequence performed
considerably better than the INERTsequence.
All product operator transformations were evaluated using

I),1,, PHINEPT. sin(nd)t) sin(nd, gt)/2 I},Sy + sin(nJot) sin(nyst)/2 Iy, Sy

45, 180 90, 180 POMA! a Mathematick® implementation of the product
PH-INEPT+ o operator formalism. When performing PASADENA with
- ‘L/Z(—M ‘12/2 t/2 strongly coupled spin systems, the very nature of the spin system

enables PT from protons to hetero nuclei without any further

180 90y 180 spin manipulations being necessary. A simpl2 pulse on the
X JU m hetero nucleus is sufficient to observe hetero nuclear NMR
— M\N\M spectra with a high degree of polarizatonWe wish to
PHINEPTs ) _ " emphasize that this effect does not occur for weakly coupled
Tzl ———> sin(lpaty) sin(nlst,) sin(nsty) cos(nlagty)/4 S spin systems, e.g. for vinylsilap as discussed in this study.
* sin(ahiaty) sin(mlzst) cos(mhisy) sin(asty)4 Sx For an ALTADENA experiment? the picture is completely
different. At low field any proton network is strongly coupled.
00, 180  90u45 Consequently, hetero nuclear NMR spectra with a strong SE
INEPT(+n/4)  —" o can be obtained directly with any spin system in an ALTA-
, t/2 luz Hﬂ DENA setup with a simplet/2 pulse on the hetero nucl,
H 180 e just as demonstrated for PASADENA experiments using
X

- strongly coupled systems. In some cases, such as the hydro-
- genation of norbornadiene to norbornene, we could observe
X_ | J\(U”\UJ‘UW polarization signals of the entire carbon skeleton of the
I hydrogenation product.
12hay NEFTET D sin(m (Jys + Jas) 1) 11,15,y To support the theoretical predictions by experimental
. evidence, we have investigated the hydrogenation with pfH
are_c_)bservable on the_ hetero nucleus have been listed. In(a) 1,4-diphenylbutadiyneld) to 1,4-diphenylbut-1-en-3-yne
addition to the terms listed, the PH-INERTsequence also 15y ang of (b) (trimethyisilyl)acetylenella) to trimethylvi-
generates antiphase signals on the hetero nucleus, Wh'crhylsilane (Ib) using in both cases the rhodium catalyst [Rh-

however are of no relevance when proton decoupling i_s (Ph3-glup-OH)(COD)]BR.2 To carry out the experiments,
employed. As can be seen from the product operator expressiorgianqard 5-mm NMR tubes were charged with either 30 mg
for the PH-INEPT sequence, the occurrence of a signal on the(o_15 mmol) ofla or 50 4L of lla (0.35 mmol), 5 mg of the

hetero nuclei crucially depends on the size of fe-1H catalyst, and 50@L of deoxygenated acetordy: For PASA-

_coupling,le. For cases whera, is_smfall or_non-existent, 35 DENA experiments, the NMR tube was connected to a glass
is the case for some organometallic dihydrides or for all cases ,na about 50 cm in length and 8 mm in diameter. A glass

other than vicinal or geminal hydrogenations, this feature makes capillary, 1 mm in diameter, was connected to the gsblrce
signal detection on the hetero nuclei with the PH-INEPT i3 novethylene tubing and inserted through the glass tube into

sequence diff_icult or impossible. There is however a simple e NMR tube. The glass capillary reached down to the bottom
remedy for this problem: As shown in Scheme 1, the conven- ¢ yhe NMR tube, i.e. well inside the area of the receiver and

tional INEF.)T sequence yields_trilinear. terms of the Kinth,Sc transmitter coils. Despite the glass capillary in the detection
when applied on the p4Hensity matrix. Such terms are not zone, shimming proved little problem, i.e. a resolutieh Hz
detectable on the hetero nucleus. However, they can be. easily be achieved. No sample spinning was employed.

transf_erred into d_gtectable terms of the kidz.S, simply by Between subsequent scans, p-€hriched to 50% over charcoal
applying an additionatr/4; pulse on the protons after the 54 77 K \vas bubbled through the solutior fo s atambient

conventional INEPT sequence. The entire sequence which we ; it ;

. ) pressure. During acquisition, the hydrogen stream was inter-
named INEP /1) as well as s effects on e poHdensity  rupted. For the PH-INEPT, PH-INEPH, and INEPT{-/4)
matrix is displayed in Scheme 1. Itis evident that polarization g, eriments, the delay timtavas optimized for each spin system

transfer using this sequence does not depend. ortHheH using the product operator expressions in Scheme 1. For the
coupling. The last two pulses on the protons in the INEPT-

I

(+7/4) sequence, namelyrd2,) and (z/4y), could be combined 195(921)163]'11'1”1%%_ fé;ggclhgaefggsN.; Otting, G.; Wich, K. J. Magn. Reson.
to a @/2¢) pulse with the phasg = 45°, which however was (12) Mathematica is a registered trademark of Wolfram Research.
not available on our spectrometer. (13) This effect is hard to observe for quickly exchanging systems, i.e.
It has been shown that PT is also possible with the INEPT  for organometallic dihydrides, and for products with short relaxation times,
sequencé,which yields antiphase signals with pridystems i.e. short with respect to the time it takes to insert the sample into the
' spectrometer.

and inphase signals with systems at thermal equilibrium. ™ (14) selke, RJ. Organomet. Chem 989 370, 241. Selke, R.; Facklam,
However, throughout all our experiments, the PH-INEPT family C.; Folken H.; Heller, DTetrahedron: Asymmetry993 369.
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Figure 2. (a) 2°Si spectrum oflla (6 = —17.5 ppm) andlb (6 =
—6.5 ppm) at thermal equilibrium. Spectrum reference is tetramethyl-
silane ¢ = 0 ppm). (b)?°Si PH-INEPT spectrum (8 scarnts= 0.032

s) of llb after a total of 1 min hydrogenation under PASADENA
conditions. Note the complete absence of any signal belongifig to

(c) 2°Si INEPT(Hx/4) spectrum (8 scans,= 0.036 s) ofllb after a
total of 1 min hydrogenation time under PASADENA conditions. The
signal oflla is slightly visible. (d)?°Si INEPT spectrum (16 scans,

= 0.070 s) after 8 min hydrogenation time (5 mgltif formed) and
after the system had returned to thermal equilibrium?$®j spectrum
after the ALTADENA experiment usinga/2 (*°Si) pulse, single scan,

. . spinning sample.

ALTADENA experiments, 5 mm screw cap NMR tubes with a

PTFE/silicone septum were charged with 3 bar of para-enriched in o 3 mg (1.5umol) of Ib had been formed, corresponding
HZ,OUtS'_de the magnet. The tubes were shaken vigorously and, 5 SE of about 300. Polarization is observed on the four
quickly inserted into the spectrometer for detection. The pulses .51 0n nuclei constituting the butane skeleton (marke8 i
were placed after the spinner had started and after the lock Signai:igure 1) as well as on the aromatic carbon nuclei (1, 6,

had r_eturned to a normal level, i.e. after about 15 s. All “arom.”). All signals in Figures 1b and 1c belong i, the
experiments Swere carried out on a Bruker AC 200 NMR signals of the 90-fold excess l&f being completely suppressed.
speptromete%._ 1 16 Figure 2a shows thé®Si spectrum oflla'® and b ,1® and
Figure 1a displays the therm&C—{'H} spectrum ofla Figure 2b,c demonstrate the performance of the PH-INEPT and
and Ib** obtained after the hydrogenation had proceeded for o |NEPT@-7/4) sequence, respectively. Both were obtained
10 min by continously bubbling ithrough the solution. The i, g 5cans each and a total of 1 min hydrogenation time, cor-
performance of the PI_-I-INEPT sequence_and its refocussedresponding to 0.6 mg (6mol) of lib being formed. In agree-
extension, PH-INEP¥, is demonstrated in Figure 1b,c. These nont with the product operator expression displayed in Scheme
spectra were each obtained in 8 scans and a total of 1 miny ‘y,o pH.INEPT sequence yields an antiphase signal with inten-
hydrogenation time. From Figure 1a we derived that after 1 gjiag t/,, —), whereas the signal obtained with the INEPT-
(+x/4) sequence diplays intensities of the kindy,(—%>,

Figure 1. (a) *3C—{'H} spectrum ofa andlb obtained in 600 scans
after the hydrogenation had proceeded for a total of 8 min hydrogenation
time. The signals ofb are marked with tick marks. Four signalslbf

are masked by the signal d¢& at 129.4 ppm. (b}'3C-PH-INEPT
spectrum ofb (8 scanst = 0.042 s) after a total of 1 min hydrogenation
time under PASADENA conditions. (¢JC—{*H}-PH-INEPT+ spec-
trum (8 scanst; = t, = 0.042 s) oflb after a total of 1 min
hydrogenation time under PASADENA conditions. The transitions are
numbered as depicted in the inlet; “arom.” symbolizes aromatic carbons.
All spectra were apodized with a line broadening of 0.5 Hz.

(15) On our spectrometer, the resonance frequencié#i pt3C, and

295 are 200, 50, and 39 MHz, respectively. Y,) as expectedd of the terml12,S,. The PH-INEPT appears
(16) Selected NMR data fda (acetoneds, room temperature)*3C (50

MHz) 6 74.3, 82.2, 122.1, 129.4 (meta), 130.2 (para), 133.2 (ortho). (18) Selected NMR data fdka (acetoneds, room temperature)H (200
(17) Selected NMR data fdb (acetoneds, room temperature)*H (200 MHz) 6 2.80 @Jsiy = 11.0 Hz), 0.21 Psin = 7.2 HZz).2°Si (39 MHZz) &

MHz) ¢ 6.83 €y = 12.0 Hz), 5.9913C (50 MHz) 6 88.3 @Jc; = 15.1 -175.

Hz), 95.9 fJcn = 9.9 Hz,3Jcy = 5.3 Hz), 107.3¥Jch = 165.8 Hz), 123.5, (19) Selected NMR data fdlb (acetoneds, room temperature)*H (200

129.0 ey = 158.6 Hz,3Jon = 7.3 Hz,3Jcn = 12.3 Hz), 131.6 ey = MHz) ¢ 0.15 @l = 6.7 Hz), 6.20 ¥nn(trans)= 19.9 Hz,3Jun(cis) =

169.5 Hz), 136.9%0ch = 11.8 Hz,2Jch(aromatic)= 7.2 Hz), 139.1 YJcn 14.6 Hz,2Jsin(gem)= 6.5 Hz), 5.93 {Jun(gem) = 4.3 Hz,3Jsiu(trans)=

= 159.1 Hz,3Jcy = 4.9 Hz). 15.3 Hz), 5.69 Ysin(Cis) = 8.7 Hz).29Si (39 MHz) 6 —6.5.
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to yield better results than the INEPH£/4) in this case. to 170 Hz forlb. The ability to employ proton decoupling for
Generally, the performance of both sequences should bethe PH-INEPH sequence should prove a valuable feature. The
comparable. The PH-INEPT sequence effects complete sup-INEPT(+x/4) sequence is particularly suited for systems where
pression of the educt signals, whereas the INBR&4) the lH—1H coupling is small or absent, as well as for systems
sequence only reduces the signal intensities of the educt signalsvhere the twotH—X couplings are of similar size. We found
(1;S) by a factor of 2”2 as compared to the standard INEPT all three sequences to work considerably better than the INEPT
sequence. After a total of 8 min reaction time and after the sequence employed previously for p-$ystems. An additional
sample had relaxed to thermal equilibrium, the spectrum in striking feature of the PH-INEPT family of sequences is its spin
Figure 2d was recorded using the INEPT sequence. In thisfilter property. It is designed to exclusively transfer the
sample]la at—17.5 ppm is present in 9-fold excess with respect magnetic label of p-kto hetero nuclei, and suppresses all
tollb at—6.5 ppm, the latter being hardly visible. Comparing solvent and educt signals. This characteristic is extremely useful
the spectrum in Figure 2b with 2d, we estimated a SE of 500 if unexpected product formation occurs. Due to its simplicity,
for the PASADENA/PH-INEPT experiment. It should be noted the PH-INEPT family of sequences can be easily applied. It
that no2°Si polarization could be observed usingr® pulse should be pointed out that all features presented in this article
after a PASADENA experiment. The reason for this is that can also be employed for the editing f spectra.

IIb is a weakly coupled spin system at high field. Using
ALTADENA conditions,lIb represents a strongly coupled spin
system, which experiences strong cross relaxation from thg p-H
protons to?°Si. Spectrum e in Figure 2 has been recorded with
an/2 (3°Si) pulse following an ALTADENA experiment. The
multiplet obtained appears to be in antiphase with respect to
all couplings. Just as in the PH-INEPT experiments, the signal
of lla at —17.5 ppm is not visible. This, however, is due to
:gghlr(])iv(;/useensnwlty of?°Si, and is not caused by any filtering H.: Freeman, R.: Barkemeyer, J.: BargonJJMagn. Reson.
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Note Added in Proof. After acceptance of the present article,
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