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Abstract: We demonstrate the creation and observation of para-hydrogen-induced polarization in
heterogeneous hydrogenation reactions. Wilkinson’s catalyst, RhCI(PPhs)s, supported on either modified
silica gel or a polymer, is shown to hydrogenate styrene into ethylbenzene and to produce enhanced spin
polarizations, observed through NMR, when the reaction was performed with H, gas enriched in the para
spin isomer. Furthermore, gaseous phase para-hydrogenation of propylene to propane with two catalysts,
the Wilkinson'’s catalyst supported on modified silica gel and Rh(cod)(sulfos) (cod = cycloocta-1,5-diene;
sulfos = ~03S(CsH4)CH,C(CH;PPh,)3) supported on silica gel, demonstrates heterogeneous catalytic
conversion resulting in large spin polarizations. These experiments serve as a direct verification of the
mechanism of heterogeneous hydrogenation reactions involving immobilized metal complexes and can be
potentially developed into a practical tool for producing catalyst-free fluids with highly polarized nuclear
spins for a broad range of hyperpolarized NMR and MRI applications.

Introduction phenomenon, termed PASADEN#A4dra-hydrogen and syn-
Molecular hydrogen (k) is known to have two spin isomers thesis allow dramatic enhancement of nuclear alignment), was
ortho-H, with the total nuclear spih = 1, andpara-H, with " first observed and misinterpretédhen predicted theoreticafly

| = 0. The equilibrium ortho/para ratio is almost 3:1 at room 2and confirmed experimentalf; and later developed into a
temperature (RT), while at liquid hydrogen temperature (20.4 mechamstlc tool for studylng . homogeneous hydrogenatlon
K) it shifts toward an almost purgara-H, form. Deviations of ~ 'eactions catalyzed by transition metal complex€s? In
nuclear spin alignment from the statistical 3:1 ratiopara- particular, enormous signal enhancement in the NMR spectra
enriched mixtures result in enhanced spin polarizatioag; allows one to observe intermediate species and their rearrange-
proaching in some cases 9G%hese polarizations are orders ments and .to mo_nitqr reaction kinetics for hydrogenations
of magnitude larger than the thermal polarizations traditionally carried out in the liquid phase.

encountered in NMR. For example, at RT, 10p&ba-hydrogen In the following discussion, it is also useful to distinguish
can, at least theoretically, offer an enhancement &f 40% on between the experimental schemes termed PASADENA and
a 300 MHz NMR instrument (7 T magnetic field), and even ALTADENA (adiabatic longitudinal transfer engenders net
larger enhancements can be expected for instruments with loweralignment)}® The PASADENA effect gives rise to anti-phase
field magnets. To detect and utilize this enhancement, however,
the equivalence of the two hydrogen atoms has to be broken, (4) Seidler, P. F.; Bryndza, H. E.; Frommer, J. E.; Stuhl, L. S.; Bergman, R.

. . . . . G. Organometallics1983 2, 1701-1705.
for example, by using Hin a suitable hydrogenation reaction  (s) Bowers, C. R.; Weitekamp, D. B. Am. Chem. Sod.987, 109, 5541

i i i i 5542.
with th.e parg—hydroge_n derived prOtonS endmg up at magnetl (6) Eisenschmid, T. C.; Kirss, R. U.; Deutsch, P. P.; Hommeltoft, S. I;
cally inequivalent sites on the substrate moleédul€his Eisenberg, R.; Bargon, J.; Lawler, R. G.; Balch, A.JLAm. Chem. Soc.
1987, 109 8089-8091.
T International Tomography Center. (7) Oldham, S. M.; Houlis, J. F.; Sleigh, C. J.; Duckett, S. B.; Eisenberg, R.
+ i ; ; i i Organometallics200Q 19, 2985-2993.
Berkl_eall(\;\;rence Berkeley National Laboratory and University of California, (8) Hibler, P.- Giemoth. R.- Kmmerle, G.: Bargon, J. Am. Chem. Soc.

1999 121, 5311-5318.

$ University of California, Santa Barbara. o (9) Duckett, S. B.; Sleigh, C. Prog. Nucl. Magn. Reson. Spectrod€99
I'Present address: Department of Chemistry, Texas A&M University, 34, 71-92.
College Station, Texas 77843. (10) Godard, C.; Duckett, S. B.; Polas, S.; Tooze, R.; Whitwood, Al.@Gm.
(1) Natterer, J.; Bargon, Prog. Nucl. Magn. Reson. Spectro$697, 31, 293— Chem. Soc2005 127, 4994-4995.
315. (11) Blazina, D.; Duckett, S. B.; Dunne, J. P.; GodardP@lton Trans.2004
(2) Anwar, M. S.; Blazina, D.; Carteret, H. A.; Duckett, S. B.; Halstead, T. 2601-26009.
K.; Jones, J. A.; Kozak, C. M.; Taylor, R. J. Rhys. Re. Lett.2004 93, (12) Lopez-Serrano, J.; Duckett, S. B.; LlegjoA. 3. Am. Chem. So2006
040501. 128 9596-9597.
(3) Bowers, C. R.; Weitekamp, D. Phys. Re. Lett. 1986 57, 2645-2648. (13) Pravica, M. G.; Weitekamp, D. Ehem. Phys. Letl988 145 255-258.
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multiplets in the NMR spectra of reaction products and involves catalysts is carried out at elevated temperatures and pressures
the sudden breaking of magnetic equivalence when hydrogena-and involves dissociative chemisorption of hydrogen molecules
tion is carried out at high magnetic fields. The ALTADENA onto the metal particles, migration of hydrogen atoms over the
effect, on the other hand, involves hydrogenation at a low field metal particle surface, and spillover onto the support. Under
followed by an adiabatic transfer of the hydrogenated product such circumstances, the chances that the quantum correlation
to the high magnetic field and also results in nonequilibrium of the nuclear spins of the initighara-H, molecule will be
population distributions. The exact pattern of the ALTADENA retained and that the two hydrogen atoms of the molecule will
signal depends on the spin system, experimental parametersend up in the same product molecule are indeed very shall.
and the flip angle of the radio frequency detection pulse, but is It appeared, therefore, that observation of PASADENA was
generally distinguished by characteristic emission and absorptionlimited to homogeneous catalysis only.
patternst*15 One of the growing trends in modern catalysis is an attempt
The problem of low equilibrium polarization in NMR and  to combine advantages of homogeneous catalytic processes with
MRI has instigated the use of hyperopolarized spin systems. Inthose of heterogeneous catalysis. This can be achieved, for
particular, it has been demonstrated recently plaas-hydrogen- example, by immobilizing a (modified) homogeneous catalyst
induced polarization can be used to produce liquid solutions on an appropriate porous supp#2 To date, numerous
with highly polarized!*C nuclei for high quality, single-shot,  immobilization strategies have been developed, based on
sub-second angiography of blood vessels of a guinea pig or ahydrogen bonding, ion pairing, chemical tethering to organic
rat6-18 However, the fact that the homogeneous catalyst is or inorganic supports, etc. Many of these approaches have also
dissolved in the fluid along with polarized products can be a been applied to hydrogenation cataly®=8 yielding stable,
major obstacle for a much wider practical utilization of the efficient, and selective catalysts for heterogeneous hydrogenation
hyperpolarization phenomenon. Catalyst recovery is important under mild conditions. The immobilization should, ideally,
in many applications where the toxicity and biocompatibility preserve the chemical characteristics of the catalyst, implying
of the catalyst are of prime concern or whenever the catalyst is that the reaction mechanism remains unchanged, but a direct
expensive and must be recycled. This proves difficult in the proof of this is difficult to furnish. In this paper, we observe,
case ofpara-hydrogen-induced polarization because the lifetime for the first time, PASADENA and ALTADENA spin polariza-
of nuclear spin polarization in the substrate molecule is of the tion patterns in hydrogenated product molecules using several
order of several seconds. Bhattacharya et al. have stated, in theiheterogenized catalysts, demonstrating that immobilized homo-
angiographic studie’$, that it is possible to rapidly remove  geneous catalysts retain their mechanism of pairwise molecular
charged homogeneous catalysts from a polarized solution, yetaddition, preserve the original spin correlation between the
this approach cannot be applied to all kinds of catalysts. Another protons of thepara-H, molecule, and are therefore suitable for
viable approach is to use a heterogenized catalyst instead. Suclproducing polarized fluids without the concomitant problems
a catalyst can be supported on a porous surface, on a nanocrystahf dissolved homogeneous catalysts.
a microbead, or held between frits. One can then envisage a ] )
reaction scheme in which the reactants make sufficient contactEXPerimental Section
with the catalyst and react to form the polarized product, which  Supported Catalysts.In the present study, we used three kinds of
is then physically transported to the NMR detection (or imaging) catalysts: Wilkinson’s catalyst) supported on styrene-divinylbenzene
coil, while the catalyst remains fixed in position and is easily copolymer (thereafter referred to H#polymer);1 supported on modified
recoverable, still active for the next batch of reactants. silica gel, RhCI(PP),PPh(CH,).—Si0, (USi0y); and a supported
To the best of our knowledge, there are no previous reports tridentate complex Rh(cod)(sulfes§iO; (2/Si0;; cod = cycloocta-
of observing PASADENA or ALTADENA in a heterogeneous ~ 1:>-diene; sulfos= ~0sS(GHa)CH.C(CHPPh);). The 1/polymer
hydrogenation reaction. One study uses the PASADENA effect catalyst was obtained from STREM Chemicals Inc. (catalog number:

. . 45-0670, 5 g, maroon beads, 260 mesh, 20% cross-linked). The
to probe a solid ZnO surfac,but no hydrogenation of a 1/SiO, was synthesized according to the procedure described else-

substrate is performed, and the study investigates adsorption,ere sing commercial Wilkinson's catalyst (Sigma-Aldrich, product
dynamics. Another study was published that used colloidal 4 199982, 1 g) and 2-diphenylphosphinoethyl-functionalized silica gel
catalyst particle$? where it was conjectured that heterogeneous (sigma-Aldrich, product # 538019, 5 g, extent of labeling: 0.7 mmol/g
catalysts are not expected to give rise to the PASADENA effect. loading, 208-400 mesh) as the starting materials. The RhCIgRPh
Indeed, industrial hydrogenation and related manufacturing catalyst is known to undergo rapid ligand exchaffgand therefore
processes often use heterogeneous catalysts comprising highlyhe addition of an approximately stoichiometric amount of 2-diphe-
dispersed Pt or Pd metal particles supported on an appropriate —
porous material such as alumina. Hydrogenation on such g%g gg",g‘fﬂg‘r';]"%n?gﬁbj"éggefég‘oggtggéof%ﬁ1%_6?2'

(23) Bianchini, C.; Burnaby, D. G.; Evans, J.; Frediani, P.; Meli, A.; Oberhauser,

(14) Aime, S.; Gobetto, R.; Reineri, F.; Canet, D.Chem. Phys2003 119, W.; Psaro, R.; Sordelli, L.; Vizza, B. Am. Chem. Sod.999 121, 5961~
8890-8896. 5971.

(15) Bowers, C. R. Ifencyclopedia of NMRGrant, D. M., Harris, R. K., Eds.; (24) Merckle, C.; Haubrich, S.; Blumel, J. Organomet. Chen001, 627,
Advances in NMR, Vol. 9; Wiley: Chichester, 2002; pp 75070. 44—54

(16) Golman, K.; Axelsson, O.;"Bannesson, H.; Mansson, S.; Olofsson, C.;  (25) Mehnert, C. P.; Mozeleski, E. J.; Cook, R.@hem. Commur2002 3010~
Petersson, J. 34agn. Reson. Med2001, 46, 1-5. 3011.
(17) Johannesson, H.; Axelsson, O.; Karlsson(\MR. Physiqu@004 5, 315— (26) Huang, L.; Kawi, SCatal. Lett.2004 98, 57—62.
324. (27) Simons, C.; Hanefeld, U.; Arends, I. W. C. E.; Minnaard, A. J.;
(18) Bhattacharya, P.; Harris, K.; Lin, A. P.; Mansson, M.; Norton, V. A;; Maschmeyer, T.; Sheldon, R. £&hem. Commur2004 2830-2831.
Perman, W. H.; Weitekamp, D. P.; Ross, B.Nbagn. Reson. Mater. Phys., (28) Barbaro, P.; Bianchini, C.; Giambastiani, G.; Oberhauser, W.; Bonzi, L.
Biol. Med.2005 18, 245-256. M.; Rossi, F.; Dal Santo, VDalton Trans.2004 1783-1784.
)
)

(19) Carson, P. J.; Bowers, C. R.; Weitekamp, DJPAm. Chem. So2001 (29) Shyu, S. G.; Cheng, S. W.; Tzou, D. Chem. Communl999 2337
123 11821-11822. 2338.
(20) Eichhorn, A.; Koch, A.; Bargon, J. Mol. Catal. A: Chem2001, 174, (30) Brown, J. M.; Evan, P. L.; Lucy, A. Rl. Chem. Soc., Perkin Trans. 2

293-295. 1987 2, 1589-1596.
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Scheme 1. Schematic Diagram of the Experimental Setup? spin echo sequence with 1 ms echo time was used to diminish the
contribution of the residual water to the detected NMR signal. The
background signal was measured after purging alumina with nitrogen
gas and was later subtracted from the signal intensity measured in the
presence of Bl The decrease in signal relative to the normalgives

(a) a quantitative measure of the conversiop#oa-H,. We observed that

we could achieve the desired 1:1 para/ortho ratio at flow rates up to

150 standard cfmin™! (sccm).

Experimental Setup. Our experiments were performed on a 300

H 77K mixture propylene MHz Bruker Avance DRX spectrometer equipped with a 10 mm BBO

(broad-band observe) probe. A variable-temperature unit was used to

——vent keep the samples at 65 or 8C to increase the rate of the reactions.

- All spectra were acquired using 48 pulses to obtain maximum sigrial

from the PASADENA experiments. Our flow setup comprises five fused

(b) silica capillaries (34m OD, Polymicro Inc.) that extend to the bottom

of the 10 mm NMR tube to provide the inflow of gas and a 1/16” tube

at the top to vent the gas to a hood (Scheme 1b). These are attached to

ortho/para Hz a Teflon insert that seals the tube to prevent oxygen from entering and
deactivating the catalyst. A pinch valve is located just above the magnet
to close both the input and the output lines to allow very quick initiation

WJ_ and termination of the gas flow. Both the pinch valve and the selection

of gas are controlled from the spectrometer via TTL lines.

3 vent Heterogeneous Hydrogenation in SolutionThe samples compris-

ing 4 mL of GsDe and 50uL of styrene were deoxygenated for several

(C) 70-150°C minutes by bubbling B through the solution before adding the

supported catalyst. The,;Nlow was left on while assembling the flow
setup to purge any oxygen in the NMR tube or other tubing. The
ortho/para H, prepared sample was placed inside the NMR magnet, and an initial

& propylene delay of 15 min was used to allow the reaction mixture to equilibrate

at 65°C. The reaction was initiated by bubblirgara-enriched H

through the solution for some duration of time (rangingniré s to 5

min) at a flow rate of 100 sccm. After the pinch valve was closed, a

2(a) Production ofpara-enriched H and preparation of a mixture of  delay d 5 s was used to allow the supported catalyst particles to settle
gaseous reactants. Norma} £25% para-Hy) is passed through an ortho/ gyt of the RF-sensitive region before acquisition, protecting against
para conversion catalyst (FeO(OH), labeled as 1) held at 77 K, producing susceptibility-induced broadening in the PASADENA spectra. ALTA-

a stream of 50%ara-H,. For gas-phase experimenpgra-enriched H is . . -
stored in a small cylinder (up to 100 psi), to which propylene gas is then DENA spectra were obtained by bubblipgra-enriched H through

added. (b) Liquid-phase hydrogenation experiment. The solution is bubbled the sample while holding it outside the magnet, and then quickly placing
with para-H, through an arrangement of 348 OD capillaries. The bottom it in the magnet bore. The Hised in these experiments came directly
of the 10 mm NMR tube contains one of the supported catalysts (labeled from the conversion setup described above, thus being nominally 50%
2), and the solution contains approximately 0.1 M styrene in deuterated para-H,.

benzene. (c) Gas-phase hydrogenation experiment. The mixtyraraf Heterogeneous Hydrogenation in Gas Phas&ach sample was

H, and propylene gas flows through a small reactor (labeled 3) consistin . . .
ofzcoppgr tﬁging pgcked with a su%ported catalyst an(d heldatl%0°C. 9 prepared by purging the NMR tube with, Before adding the supported

The resulting mixture of propane gas with the unreacted propylene and H catalyst and leaving the flow of 2on while assembling the flow setup.
flows into the NMR tube residing in the probe of the NMR spectrometer. For the PASADENA experiments, the sample was placed inside the
NMR magnet, and an initial delay of 10 min was used for the sample
nylphosphinoethyl-functionalized silica gel to a toluene solution of to reach 80C. The gaseous reactant mixture was prepared by purging
wilkinson's catalyst leads to formation of the required cataiy&to an aluminum cylinder (by alternately filling it with ultrahigh purity,N
ensure full replacement of ligands, the mixture was stirred overnight and evacuating with a pump) and then filling it with 50 psi frbm
at RT. The supported catalyst was then removed from the solution by the conversion setup already described. This cylinder was then filled
filtering, washed three times with toluene, and dried under vacuum at With an additional 50 psi of propylene, yielding a mixture of 50%
RT. To prevent oxidation of the catalyst, all manipulations were carried propylene, 25%ara-H,, and 25%ortho-H, (Scheme 1a). PASADENA
out under nitrogen atmosphefeThe catalys®/SiO, (0.54 wt % Rh) experiments were performed by completely opening the needle valve
was obtained from P. Barbaro and colleagties. regulating the gas flow, and driving the gas at full pressure-(@D
para-Hydrogen Production. Approximatey 5 g of FeO(OH) psig) to maximize stirring of the catalyst in the NMR tube. The spectrum
(Sigma-Aldrich, 36-50 mesh, used as received) was placed in the was acquired while the gas was still flowing through the NMR tube.
straight section of a heat exchanger, which was then immersed in aFor the gas-phase ALTADENA experiment, we made a small S-shaped
liquid nitrogen dewar (Scheme 1a). Ultrahigh puritywas first passed ~ reaction cell from a short (6”) length of 1/8” copper tubing (Scheme
through the coiled section of the exchanger and, only thereafter, camelc). About 0.1 g of the catalyst was packed between plugs of glass
in contact with the catalyst. This produces a constant flow of wool. The cell was held at 70150°C while the mixture of propylene
approximately 50%para-H,. We verify this using porous aluming and H flowed through the cell and then into the bore of the magnet to
Al,Os) that had been dried fal h at 250°C under vacuum. Either the NMR tube. Typical flow rates ranged between 50 and 225 sccm.
normal orpara-enriched H gas was freely flowing through the cell
filled with alumina beads while NMR spectra were acquired. A 2-pulse

BB,
A 4

Results

Heterogeneous Hydrogenation in SolutionBoth 1/SiO, and

31) Barbaro, P.; Bianchini, C.; Dal Santo, V.; Meli, A.; Moneti, S.; Psaro, R.; i

) i Soradeli L Vizaa. o Am. cham. So8006 126, Toas. Upolymer supported catalysts hydrogenate styrene whea H
7076. bubbled through the sample tube containing the solution of
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) b ¢ bara-H
Ce¢Hs-CH=CH, ———— > C¢H;-CH-CH,
catalyst [
a Ha Hg
B I I I I
b € 6 4 2 0
a A . .
ﬁ A Ja N b < Chemical shift, ppm
(an’ ~J \’JL, (b) uL_U__Aﬂ,.JF* Figure 2. Proton NMR spectra from ex situ (ALTADENApara-
f‘ hydrogenation of styrene ingDeg in the presence of th&SiO, catalyst.
The ALTADENA peaks appear as emission and absorption signals=at
1.2 and 2.6 ppm, respectively. The spectrum was acquired witt #ig5
@ angle pulse, after bubblingara-H, for 10 s and subsequent transfer to the
high field magnet for detection.
o b
0 8 6 4 2 0 0 8 6 4 2 O
Chemical shift, ppm Chemical shift, ppm Opph3

Figure 1. Proton NMR spectra for in situ (PASADENAara-hydrogena-
tion of styrene in @Dg at 65°C. The spectra in (a) and (c) are frdi8iOy,

and those in (b) and (d) are froddpolymer. Antiphase peaks from the
polarized protons in the ethylbenzene product labeled A and B appéar at
= 2.6 and 1.2 ppm. Spectrum (a) was acquired gitea-hydrogenation

for 8 s inside the magnet. Spectrum (b) was acquired gftma- Wilkinson's catalyst
hydrogenation for 15 s. Spectra (c) and (d) were acquired after bubbling Ph3Py, «P.Ph
para-H- gas through the supernatant solutions after removing the catalysts; B o 3
(c) was acquired after 15 min of bubbling, no PASADENA or product phapa( ‘CI
formation is observed. The spectrum in (d), acquired after 15 s of bubbling, (a) P.

shows a very small anti-phase pattern. The spectra [(a) and (c)] [(b) and
(d)] are plotted to the same vertical scale.

. Py PPh3
styrene and the catalyst. More importantly, both catalysts

produce clear PASADENA signals gmraenriched H is

bubbled through the sample at high field. The catalysts also (b)
produce ALTADENA signals whepara-enriched H is bubbled

outside the magnet. We also observed that the polymer-

T T T T

supported Wilkinson’s catalyst beads appear to be very sensitive ' :
to conditions allowing efficient diffusion of the reactants and 50 40 30 20 10
products into and out of the beads. Long activation times, Chemical shift, ppm

sometimes greater thal h atelevated temperatures, were Figure 3. 3P NMR spectrum of (a) homogeneous Wilkinson's catalyst
needed before the catalyst became active, presumably allowingdissolved in GDs and (b) supernatant solution, recovered aftera-

; ; _ hydrogenation of styrene witti/polymer. The sharp peak arourd=
the beads to swell and expose their catalytic cetdesirther 38 ppm is assigned to OPBHN (a), the multiplets at shift® — 44

more, having high flow rates OT gas that produced good Sj[imng and 54 are from the metal-bound phosphoruses; in (b), neither of these
of the beads and long bubbling times (more than 1 min) to peaks are observed, whereas the broad hump in spectrum (b) indicates
ensure saturation of the solution with, Hvere critical to thel likely PfesencefOf very ﬁr:le hesfefoge”eous Fio'ymef Pafﬁ;'esh in

. S . . : solution accounting for the small PASADENA signal in Figure 1d. The
consistently observe polarization with this thalys’t' &0, two spectra were detected using identical experimental parameters except
catalyst, on the other hand, becomes active as soon as th&ne number of accumulations, which was 512 for spectrum (a) and 4096

temperature is raised above RT and produces large polarizatiorfor (b).

even for bubbling times as short as a few seconds. The resunscatalyst andparaenriched H was bubbled through the
from the high-fieldpara-enriched hydrogenation (PASADENA)  gynernatant liquids. The resulting spectra are shown in Figure
employing these catalysts are shown in Figure 1a and b, and; ¢ ang d and demonstrate that the contribution of the homo-
the ALTADENA spectrum for thel/SiO; catalyst is shown in geneous process is negligible. Additionally,3% spectrum

Figure 2. . o . detected for this solution is shown in Figure 3 (see discussion
To exclude the possibility that polarization is produced in a below).

homqgeneous hydrogenation rea_lction due to metal complex Heterogeneous Hydrogenation in Gas Phasds a further
leaching off the support, the following test was performed. After gemonstration that the supported catalysts produce PASADENA
hydrogenation, the solution was separated from the supportedsi(\:]nmS heterogeneously and not via a homogeneous reaction

(32) Gordon, B.; Butler, J. S.; Harrison, I. B. Polym. Sci., Part A: Polym. mechanism, we uset/SiO, and 2/Si0; to pgr&hydroggn_a_te
Chem.1987, 25, 2139-2142. propylene gas. In the gas phase, there is no possibility for

J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007 5583
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) b Ppara-H,
CH;—-CH=CH, — > C(H;-CH-CH,
catalyst [
a Ha Hg

C A

b
| _: b |
M L” J\ P L9 LM.W,_.,J\J |

e
7 654321 0-1 7 654321 0-1
Chemical shift, ppm Chemical shift, ppm

Figure 4. Proton NMR spectrum from the in situ hydrogenation of propylene with p@¥&-hydrogen. Spectrum (a) shows the result obtained using the
1/SiO; catalyst, and (b) is from th®&/SiO; catalyst. The sample temperature was’80 The peaks from the polarized spins in the propane product appear
ato = 1.4 and 0.96 ppm and are labeled as A and B in the spectra. The remaining peaks are from the unreacted propane, and the hudng detween
and 5 ppm is fronortho-H,. Because of the absence of a lock reference, the chemical shift scale is internally calibrated with respect to the propylene CH
peak.

| the NMR tube before and after each experiment, to ensure the
‘ absence of catalytic contaminants from prior hydrogenations
‘ as even small amounts can produce enhanced polarizations. We
I ‘ | also observed large signal enhancements from ALTADENA
‘ (b) ’ ||| experiments with both th&/SiO, and the2/SiO, catalysts, the
d A ) | — spectra being shown in Figure 5.

— - — |-
6 > 4 3 21‘ 0 6 > 4 3 2 ]| 0 O It titute the first direct fi ti f th

; : ; ; ur results constitute the first direct confirmation of the
chemical shift ppm Chemical shift, ppm mechanism of the hydrogenation reaction utilizing immobilized
| metal complexes. The clear PASADENA and ALTADENA
spectral patterns confirm the preservation of the longitudinal
spin order between the protons derived from the saare-
hydrogen molecule, proving that the addition is, indeed,
Figure 5. Proton NMR spectrum from the ALTADENA experiments,  pairwise. Moreover, there can be no a priori certainty that an
hydrogenating propylene in the presence of 1£8i0; and (b) 2/SI0, immobilized complex will produce polarization even if the
catalysts, packed in a catalytic cell, at 180 and subsequently flowing . ) . . .
the gaseous mixture into the high field of the magnet, at flow rates of 100 chemical mechanism of the reaction remains essentially the same
and 225 sccm, respectively. The ALTADENA peaks from thara- as in homogeneous solution. Indeed, the transfer of both
hyd_rogen (:!erived protons appear as significantly enhanced absorption andhydrogen atoms of antinolecule to the same product molecule
emission signal peaks 4t= 1.4 and 0.96 ppm. is a necessary condition for the observation of PASADENA or

catalyst leaching, and any observation of polarization must stemALTADENA, but is not a sufficient one. In the transient
from a heterogeneous catalytic reaction. Both catalysts weredihydride complex formed upon interaction of; kvith the
very active in the gas phase and produced exceedingly strongcatalyst, the equivalence of the two H atoms is lost, and the
antiphase multiplets and fast product formation, the results of initial coherence of nuclear spins starts to decay due to spin
which are shown in Figure 4. Because of the increased catalytic
activity observed with these complexes, we found it important (33 Halpern, 2.; Wong, C. Shem. Commur 973 629 630.

. X (34) Buntkowsky, G.; Walaszek, B.; Adamczyk, A.; Xu, Y.; Limbach, H.-H.;
to acquire background spectra with the catalyst removed from Chaudret, BPhys. Chem. Chem. Phy200§ 8, 1929-1935.

(a)
. ._/Mw—-._._,_v -I |\.|

|
!
=

Discussion and Conclusions
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relaxation processéé Therefore, significant polarization in the  could immensely benefit from the ability to produce polarized
product can be expected only if the lifetime of the intermediate media (both liquid and gas phase), free of dissolved cat&#lyst.
dihydride complex is not much longer than its splattice For low field measurements, the thermal polarization is exceed-
relaxation time. Because the mobility of the dihydride complex ingly small, and it is, therefore, very attractive to utilipara-
is expected to change substantially upon immobilization, this hydrogen-induced polarization for increased sensitivity. Our gas-
could lead to a significant enhancement of nuclear relaxation phase ALTADENA experiments demonstrate that it is also
processes and to a complete loss of spin coherence. Furthermoregossible to hyperpolarize a continuously flowing stream of a
for homogeneous hydrogenation with transition metal com- fluid by passing it through a catalytic reactor packed with an
plexes, it is well known that subtle modifications of the catalyst active heterogenized catalyst. This mechanism can become a
and its environment, for example, slight variation of the ligand promising candidate for replacing the cosiye or!2°Xe gases
structure, can have a pronounced effect on the reaction ef-that are currently used for void-space MRI. Previously dem-
ficiency, and in particular on the lifetime of the dihydride onstrated applications include hyperpolarized lung imagfintj,
complex. A more stable dihydride intermediate may still yield or measuring profiles of fluid flow in porous medtaor
hydrogenation product, but could be detrimental for the microchannel$243Heterogenized catalysts can also contribute
observation opara-hydrogen-induced polarization. The results to the rapidly advancing area of studying catalyzed reactions
presented above demonstrate that there are systems where thigith NMR microfluidic technology**4>For example, a porous
does not happen. silicon layer supporting the catalyst and etched in the form of
With reactions catalyzed by supported complexes, there is a microchannel can simulate a catalytic microreattatlowing
always a question of whether the formation of the product and/ the possibility of investigating multiphase reactions in the silicon
or polarization is indeed due to heterogeneous catalysis and notchip. It should also be mentioned that heterogeneously catalyzed
catalyzed by rhodium complexes that leach off the surface and para-hydrogenations can, just as their homogeneous counter-
are present in solution. To establish a control for this potential parts, lead to enhanced signals on other nuclei. For example,
problem, we separated the solutions from the catalyst after thethe ALTADENA and field cycling methods can efficiently
hydrogenation experiment and bubbfeata-enriched H through transfer polarization t&C nuclei, which are especially attractive
the supernatant liquids. The resulting spectra shown in Figure for their slow longitudinal relaxation rates. It is straightforward
1c and d demonstrate that the solution from the polymer- to implement these methods using immobilized catalysts and,
supported Wilkinson’s catalyst beads gave a very small polar- therefore, to achieve long-lived, polarized nuclear spin states
ization (with an absolute integrated intensity that is approxi- opening up possibilities for enhanced signal-to-noise imaging
mately 3% of the PASADENA signal with the catalyst). Such and spectroscoplf:16-18

a dramatic decrease of polarization efficiency rules out the | ast, we would like to stress that conditions of hydrogenation
possibility of seeing polarization due solely to catalyst leaching and sample transfer used in this work were not optimized, and
into solution and acting homogenously. Furthermoré'®  yet hydrogenation at a reasonable temperature and atmospheric
spectrum of this solution, shown in Figure 3, contains no peaks pressure has yielded pronounced nuclear spin polarization. This
from free Wilkinson’s catalyst, but only a sharp peak from the gives us confidence that this first observatiorpafa-hydrogen-
oxidized form of the PPhligand, which dissociates from the  jnduced polarization in a heterogeneous reaction can be

Rh precatalyst® Additionally, a very broad peak is also evident, developed into a useful practical tool for sensitivity-enhanced
which is consistent with small polymer particles dispersed NMR and MRI.

through the solution. Both the distribution of polymer chain
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