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Abstract An apparatus for the production of hydrogen for hydrogenation-induced
polarization studies was developed. The apparatus provides hydrogen gas from a
solid source, thereby simplifying the requirement for siting of the apparatus. The
produced hydrogen can be either isotopically enriched (with deuterium) or spin-
enriched (with parahydrogen). These specialty gases were produced at small
predetermined quantities and ambient pressure. The properties of the hydrogen
mixtures were characterized by gas-phase nuclear magnetic resonance. The T of the
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hydrogen mixtures (3.7 ms) was not affected by para-enrichment. The line width of
the hydrogen signal in the para-enriched mixture was 34% larger. The reaction of
ethyl propiolate hydrogenation served to evaluate the performance in terms of the
ability to create hyperpolarized states. In this reaction, a polarization of 11.2% was
measured for protons. Consecutive alkene hydrogenations as well as hydrogenations
of the catalyst ligand resulted in additional hyperpolarized signals which were
systematically assigned.

1 Introduction

The parahydrogen-induced polarization (PHIP) methodology has been studied since
the mid-1980s [1-6] and gained renewed interest following the application of this
concept for producing contrast in in vivo magnetic resonance imaging (MRI) [7-
10]. Particularly attractive is the ability to transfer the increased spin order of the
parahydrogen molecule to a neighboring nucleus such as carbon-13 or nitrogen-15
in a hydrogenated molecule and create, in effect, multinuclear “hyperpolarized”
molecular probes. Upon administration of such hyperpolarized molecular probes
to the circulation, “background free” images can be obtained using in vivo
multinuclear imaging [7, 9]. A parallel approach for obtaining such background free
images, and specifically spectroscopic images, is the dynamic nuclear polarization
(DNP) approach [11-13]. The main advantage of this methodology is its ability to
create the hyperpolarized state in many types of molecular sub-structures. However,
the main disadvantage of this technology is the costly DNP apparatus and
maintenance, combined with the long time (more than 30 min) of a single sample
preparation. The main advantages of the PHIP methodology are its possible low-
tech setup and the quick preparation of the hyperpolarized sample (few seconds).
The latter offers a major advantage for dynamic biological studies and especially to
in vivo studies.

The ability of the PHIP methodology to achieve enhancement of nuclear magnetic
resonance (NMR) signals of two to four orders of magnitude for in vitro and in vivo
applications has been well documented [7, 14-16]. The performance of the parallel
approach, the orthodeuterium-induced polarization (ODIP), has been demonstrated
only in vitro [4, 17]. Despite this wealth of information, the main challenge in
implementing this technology is the practical setup of a PHIP or ODIP apparatus for
cost-efficient and reproducible studies. Here, we report on such a PHIP apparatus that
may serve for ODIP studies as well and characterize its performance.

Molecular hydrogen (H,) comprises two nuclear spin isomers, parahydrogen with
opposed nuclear spins and orthohydrogen with parallel nuclear spins. At 7 > 298 K,
the equilibrium proportions are 25:75 para:ortho, respectively, and this mixture is
referred to as “normal hydrogen” [18]. Below that temperature the equilibrium ratio
increases, such that a 52:48 equilibrium ratio exists at liquid nitrogen temperature
(77 K) [5].

On the other hand, in the deuterium molecule (D,), the orthodeuterium spin
isomer is always dominant. The fraction of orthodeuterium is ca. 67% at room
temperature and increases to 70% and ca. 98% at 77 and 20 K, respectively. In order
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to reach a mixture that is significantly enriched with the orthodeuterium spin
isomer and demonstrate the ODIP effect, a low temperature (7 < 65 K) [4, 17] is
needed.

We have designed and implemented an apparatus for PHIP studies which may,
pending further development, also serve for ODIP studies. Due to the relatively high
temperature used here (77 K), the actual ODIP effect had not been demonstrated.
However, generation of D, gas is demonstrated and the means for its future spin
enrichment are described.

The apparatus is composed of three main components: (1) a hydrogen source (for
either H, or D»); (2) a spin conversion system; and (3) a unit that regulates pressure.
In addition, we describe a hydrogen injection system and a hydrogenation reactor
containing solvent, hydrogenation catalyst, and reactants. The specific design
described here takes into consideration the following desired features of such a
system: (1) local production of hydrogen in sufficiently small amounts to avoid the
risk of explosion; (2) minimization of heat exchange in the spin conversion system,
to create two different temperature zones (room temperature and liquid nitrogen);
(3) complete immersion of the spin conversion catalyst in the cooling liquid, to
avoid back conversion at room temperature; and (4) immediate use of the spin
converted hydrogen.

For production of hydrogen, we have relied on extensive knowledge that
accumulated with regard to the “hydrogen economy”, an alternative suggested to
substitute the non-sustainable fossil fuel-based economy. The reactions developed
in this field provide the basis for supplying hydrogen to fuel cells [19]. Of the
various approaches for in situ hydrogen generation described in the literature [19,
20], we have selected the sodium borohydride reaction with water specifically
because it was commercially available both in the hydride and the deuteride form. In
general, the supply of hydrogen in small quantities is safer; however, we note that
sodium borohydride itself and its reaction with water are not completely harmless
and the reaction should be carried out with the appropriate precautions. In the past,
hydrogen for PHIP or ODIP studies was supplied by means of pure gas (pressurized
tank) or by water hydrolysis.

The NMR properties of the hydrogen mixtures produced by this apparatus and
thereby, the performance of this apparatus were characterized using the NMR-
visible spin isomer of H,, namely, orthohydrogen. Then, the ability to produce PHIP
effects with the para-enriched mixtures was investigated in two in situ alkyne
hydrogenations, which were previously shown useful in generating such effects.
These reactions include the hydrogenation of ethyl propiolate [5] and ethyl
phenylpropiolate [21]. We note that these reactions are not bio-compatible and were
carried out at low yield.

2 The PHIP Apparatus: Description of Parts and Operation
(With Notes Regarding ODIP)

The assembled apparatus is shown in Fig. 1. This apparatus contains three main
parts: (1) a part that produces the hydrogen gas—the hydrogen production reactor
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Fig. 1 Apparatus for production of isotopically and spin-enriched hydrogen for induced polarization
studies. A Hydrogen production unit, B spin conversion unit, C sealed plastic bag for regulating pressure

(Fig. 1A); (2) a spin conversion part which facilitates the spin conversion of the
hydrogen molecule (H, or D,) with respect to the thermal equilibrium (Fig. 1B);
and (3) a unit that regulates pressure (Fig. 1C).

2.1 Production of Hydrogen

Hydrogen (H,) or deuterium (D,) is produced by a chemical reaction of sodium
borohydride or sodium borodeuteride with water or deuterated water (D,0),
respectively, in the presence of platinum on carbon catalyst, as described in
Schemes 1 and 2, respectively. These reactions take place in the hydrogen
production reactor (Fig. 1A). Sodium borohydride and sodium borodeuteride are
both solid compounds which allow for safe storage. Both are available in a powder
form that allow quick production of small predetermined amounts of hydrogen (H,)
and deuterium (D;). The hydrogen production reaction is started under vacuum.
This is important in several aspects: (1) to ensure that gas accumulating in the

NaBHy (s) + 2H2O Pie, NaBO»> (aq) + 4H2 (g)

Scheme 1 Production of hydrogen (H,) from sodium borohydride and water

Pt/C
NaBD4 )+ 2D,0 —> NaBO, (aq) + 4D2 (g)

Scheme 2 Production of deuterium (D,) from sodium borodeuteride and deuterated water
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system is exclusively hydrogen and therefore to perform subsequent hydrogenation
reactions efficiently in terms of the purity level of hydrogen used; (2) to avoid the
presence of oxygen in the system in order to avoid the risk of explosion/
flammability of the hydrogen production reactor; and (3) to diminish the possibility
of reducing the level of spin enrichment by interaction with oxygen or another air
component.

2.2 Hydrogen Collection at Regulated Pressure

Hydrogen gas that is produced by this reaction flows through drying tubes (see Sect.
3.1) into the spin conversion part (Fig. 1B), which is inactive at room temperature,
and is collected in a flexible sealed plastic bag (the collection bag). This bag serves
as a unit that maintains production at ambient pressure (Fig. 1C). When sufficient
amount of hydrogen has accumulated in the collection bag, extra hydrogen that
might continue to be produced in the reactor is routed to another collection bag
through outlet I (Fig. 1).

2.3 Spin Conversion Finger

The spin conversion occurs in a glass trap (Fig. 1B). The dimensions of this glass
trap are as follows: height of 220 mm and diameter of 42 mm for the external
cylinder; length of 170 mm and diameter of 10 mm for inner tube. The glass trap
contains iron(IIT) oxide at its bottom (about 25 g). Iron(Ill) oxide was previously
shown to catalyze the spin conversion at liquid nitrogen temperature [22]. Prior to
the spin conversion, the reactor is sealed away from the spin conversion finger by
the valve at position I (Fig. 1). Then the spin conversion finger is immersed in liquid
nitrogen. This is done by lowering the glass trap into the Dewar (shown in Fig. 1)
down to a level where the catalyst is about 10 cm below the liquid nitrogen level.
This immersion in liquid nitrogen results in a quick decrease in the gas volume. This
is visible as a substantial decrease in the volume of the plastic bag. Hydrogen gas
accumulates at the bottom of the cold finger next to the iron oxide catalyst. To
isolate hydrogen undergoing spin conversion from hydrogen that may remain in the
collection bag, the passage between the two compartments is blocked by the valve at
position II (Fig. 1).

This setup was designed in order to enable free passage of hydrogen between two
temperature zones: a liquid nitrogen temperature (where the catalyst is placed and
hydrogen undergoes spin conversion) and room temperature (where gas is found in
a state amenable for withdrawal from the apparatus). Hydrogen that underwent spin
conversion in the cold zone does not undergo back spin conversion at room
temperature because the catalyst is located exclusively in the cold zone and the
transition without a catalyst is a forbidden one.

Many of the systems that are described in the literature use a metal tube for the
spin conversion part [4-6, 23]. The choice of a glass trap was made due to two
reasons: first, because the glass is transparent, the exact location of the catalyst is
readily known. This is important because iron oxide (or other spin conversion
catalyst) catalyzes the conversion not only from ortho to para but also from para to
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ortho (at room temperature). If there is any catalyst at room temperature, some of
the para-enriched mixture may convert back to the ortho state and the overall
efficiency of the system may decrease. The second reason for using the glass trap is
the low thermal conductivity of the glass. It is expected that the heat exchange from
the surrounding to liquid nitrogen through the glass is much lower than the heat
exchange that occurs when copper tubes or other kind of metal tubes are used [23].
Indeed, the upper part of the trap was at room temperature while the lower part of
the trap was placed in liquid nitrogen.

2.4 Utilization of Enriched Hydrogen

Enriched hydrogen is taken out of the spin conversion finger via outlet II (Fig. 1)
and used immediately. The spin ratio of ortho to para hydrogen is expected to
increase with time at liquid nitrogen temperature. However, the specific ratio at a
specific time duration would be related to the catalyst surface area available to the
hydrogen molecules and the total amount of hydrogen undergoing conversion. Here,
the level of spin conversion was quantified at ca. 2 and 4 h in liquid nitrogen and
reached approximately 46% parahydrogen at 4 h (as described in Sect. 4). However,
significant PHIP effects were obtained already after 1 h in liquid nitrogen (see Sect.
4). We note that the apparatus described here produced about 600 ml of spin-
enriched H, per batch, which is sufficient for about 120 PHIP reactions (under
conditions described herein).

3 Experimental
3.1 Materials

Sodium borohydride, sodium borodeuteride, 1 wt% platinum on activated carbon (1%
Pt/C), ethyl propiolate, ethyl phenylpropiolate, acetone-d6, and (1,5-cyclooctadi-
ene)1,4-bis(diphenylphosphino)butane rhodium (I) tetrafluoroborate [Rh(COD)
(dppb)BF,4] were purchased from Sigma-Aldrich (Rehovot, Israel). Plastic drying
tubes for gases were purchased from Sigma-Aldrich and were filled with Molecular
Sieve Dehydrate Fluka with indicator for drying gases (Sigma-Aldrich).

3.2 NMR

NMR measurements were carried out at 11.8 T (Varian Inc., Palo Alto, CA). Proton
spectra were acquired with either direct or indirect detection 5 mm probes. “H and
13C spectra were acquired with a broadband direct detection probe.

3.3 Hydrogen and Deuterium Production

Sodium borohydride or sodium borodeuteride (0.7 g) and 1% Pt/C (150 mg) were
placed in a 15 ml plastic tube and combined with 3 ml of purified water under
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vacuum (see Sect. 2). Under these conditions, about 600 ml of hydrogen or
deuterium was produced within 20 min.

3.4 Gas-Phase Studies

Prior to the gas-phase NMR measurements, NMR tubes (5 mm, Wilmad, NJ, USA)
were thoroughly washed with 3% HCI, then washed with purified water containing
30 mM ethylenediaminetetraacetic acid, and then dried. Hydrogen was injected in
excess into the NMR tube in an inverted position at ambient pressure using a long
NMR pipette (Wilmad, NJ, USA). The tube was then sealed with polytetrafluoro-
ethylene NMR tube caps (Sigma-Aldrich, Rehovot, Israel), and immediately
transferred in an inverted position to the NMR spectrometer. Above the spectrometer
bore, the tube was turned to an upright position and immediately measured.

3.5 H, Spin Enrichment

"H NMR spectra were recorded using 320 averages, 55 ms relaxation delay, and a
90° flip angle. The enrichment of the hydrogen mixture with the para spin isomer
was determined by comparing the intensities of the NMR-visible orthohydrogen
signal (signal height multiplied by the full width at half-height). Normal hydrogen
(see above) and enriched mixtures were sampled prior to and during the time that
the spin conversion finger was immersed in liquid nitrogen, respectively. The data
were analyzed using Matlab (The Mathworks Inc., Natick, MA).

3.6 T, and T, Measurements of H, Mixtures

T, measurements of H, mixtures were performed with the standard inversion—
recovery pulse sequence using 320 averages per inversion delay and a relaxation
delay of 55 ms. T, measurements of H, mixtures were performed with the Carr—
Purcell-Meiboom-Gill (CPMG) pulse sequence. Calculation of 7| and 7, was
performed using the curve-fitting tool in Matlab (The Mathworks Inc., Natick, MA).

3.7 Isotopic Enrichment, ?H-NMR

D, spectra were acquired using 1,024 averages, 90° flip angle, and 60 ms relaxation
delay.

3.8 PHIP Studies

Hydrogen was injected into a 5 mm NMR tube containing the reaction mixture, via
PEEK tubes (outer diameter, 1.6 mm, inner diameter, | mm, Upchurch Scientific,
Washington, USA) through rubber septa (Wilmad, NJ, USA). The rate of the
injection was 5 ml per 5 s. A small (ca. | mm) opening at the top of the NMR tube
allowed gas outflow and ambient pressure conditions. For ALTADENA (adiabatic
longitudinal transport after dissociation engenders nuclear alignment) experiments
[24], the reaction was carried out inside a magnetic shield (two concentric tubes, 10
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and 15 cm in diameter, 50 cm long, Mu-Metal, The MuShield Company, New
Hampshire, USA) and the hyperpolarized 'H spectrum was recorded about 15 s
after the injection (one transient at minimal receiver gain). The magnetic field inside
the shield was of the order of a few nT, as per manufacturer specifications.
Performing the hydrogenation reaction inside the shield ensured zero interference of
the spectrometer’s fringe field that could lead to mixed ALTADENA and
PASADENA (parahydrogen and synthesis allow dramatically enhanced nuclear
alignment) effects. For PASADENA experiments [5], the same reaction using the
same hydrogen injection system and conditions was performed inside the
spectrometer, and the spectrum was recorded immediately after the end of the
hydrogen injection (one transient, minimal gain). Both PASADENA and ALTA-
DENA PHIP studies were carried out using 45° pulses as previously described [5].

The enhancement factor was calculated by comparing the integration of the PHIP
signal to that of the product signal after relaxation (via intensity comparison of both
signals to the substrate signal). Both signals were compared on the basis of their
intensity in a single scan following a single hydrogenation (injection of 5 ml H, at
ambient pressure). The concentration of each was deduced by comparison to the
substrate signal, accounting for the reaction yield. However, because the thermal
equilibrium signal of the ethyl acrylate that was produced following a single
hydrogenation was small and close to the detection threshold, the intensity of this
signal was calculated using a spectrum showing the product of 10 hydrogenations
with 128 transients and optimal gain.

For '*C hyperpolarization studies, the enhanced spin order of the H, molecule was
transferred to '*C at natural abundance by means of magnetic field changes, similar to
previously described magnetic field cycling [7, 10, 25, 26]. In fact, the hydrogenation
reaction and timing for both proton and carbon-13 ALTADENA studies was the same.
Specifically, the hydrogenation reaction was performed at low magnetic field (of the
order of nT) which was achieved using the Mu-Metal shield. Within 15 s, the sample
was taken out of the magnetic shield, moved through the fringe field of the magnet,
and placed in the spectrometer. A single '*C spectrum was recorded immediately. The
full intensity solvent signals were used as an internal standard for concentration and
enhancement factor calculation. These were acquired after the hyperpolarization
decay using a long relaxation delay (>20 s) prior to the acquisition.

3.9 Reaction Conditions
3.9.1 Ethyl Propiolate Hydrogenation (Scheme 3)

The reaction mixture contained ethyl propiolate (214 mM in 700 pl acetone-d6) and
the rhodium catalyst [Rh(I)(COD)(dppb)]BF, (10 mg, 20 mM). Similar conditions
were described by Jonischkeit et al. [5]. High-intensity PHIP signals are observed
when H; enriched in the para spin state is added in a pair-wise manner to a metal
center or an unsaturated substrate while spin correlation between the two protons is
maintained [22]. This specific thodium catalyst was chosen as a simple but efficient,
commercially available catalyst precursor that had already shown ability to produce
large PHIP signals [5].

@ Springer



Production of Isotopically and Spin-Enriched Hydrogen 337

% 1. p-H, / D, 0
| . _2.Rh() cat D/H | PN
. cat.
—_—
H é 0 Acetone R.T. ‘ 0
D/H H
D/H i S R et om
A~ _2.Rh(D) cat.
‘ O Acetone R.T. DA O/\
H/D
D/H H H H/D

Scheme 3 In situ hydrogenation of ethyl propiolate to ethyl acrylate and subsequent hydrogenation to
ethyl propionate
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Scheme 4 1In situ hydrogenation of ethyl phenylpropiolate to ethyl cinnamate

3.9.2 Ethyl Phenylpropiolate Hydrogenation (Scheme 4)

The reaction mixture contained ethyl phenylpropiolate (216 mM in 700 pl acetone-
d6) and the rhodium catalyst [Rh(I)(COD)(dppb)]BF,; (13 mg, 25 mM). Similar
conditions were described by Jonischkeit et al. [21].

4 Results and Discussion

An apparatus for production of spin- or isotopically enriched hydrogen for
hyperpolarization studies is described above and is shown in Fig. 1. This apparatus
was used to generate hydrogen mixtures that are either spin-isomer enriched (the
para spin isomer for H,) or isotopically enriched (D).

4.1 Parahydrogen Enrichment

The effect of hydrogen mixture enrichment with the para spin isomer can be seen in
Fig. 2. Since only the ortho spin isomer is NMR visible, the signal of the para-
enriched mixture is of lower area (ca. 1.33:1 area ratio of non-enriched:enriched).
This area ratio was converted to % enrichment taking into account the natural
distribution at room temperature, in which 25% of hydrogen in the mixture consists
of the para spin isomer. The level of para-enrichment reached 42.3 £+ 0.4% (n = 4)
following 127 £ 9 min in liquid nitrogen. This level had increased with the time of
spin conversion (in liquid nitrogen), reaching 46.3 £ 1.3% (n = 4, P = 0.0045,
paired, two-tail, ¢ test) at 221 + 11 min. These values include data collected on three
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15 5 ppm 15 5 ppm

Fig. 2 Typical orthohydrogen signal in “normal hydrogen” (a) and para-enriched hydrogen mixture (b)

different experimental days. We note that this increase was not linear with time in
liquid nitrogen. The theoretical occupancy of the para spin isomer at liquid nitrogen
temperature is 52%; therefore, the expected orthohydrogen signal ratio at room
temperature equilibrium and at 77 K equilibrium is 1.56:1. We predict that given a
longer immersion periods in liquid nitrogen, this equilibrium value can be attained.

4.2 Hydrogen Mixtures Relaxation Times

Interestingly, the line width of the orthohydrogen signal in the para-enriched
mixtures was wider than that of the “normal hydrogen” (840 + 44 Hz,n = 15, and
629 £ 14 Hz, n = 9, respectively, P = 2 x 10712, two-tail, t test). For this reason,
the T, of the hydrogen mixtures was investigated. A typical CPMG experiment is
shown in the Supplementary material. Indeed, the 7, of the para-enriched mixture
was found to be shorter than that of the “normal hydrogen” (0.47 £ 0.03 ms,
n =3, and 0.54 &+ 0.01 ms, n = 3, respectively, P = 0.015, two-tail, ¢ test).
However, this decrease did not fully explain the increase in the line width of the
signal. Also, we note that determination of the difference in such short 7,s may be
close to the border of accuracy of the spectrometer as the difference is on the order
of tens of ps which is close to the 180° pulse (ca. 10 pus).

The T of the hydrogen mixtures was investigated as well. It was found that this
relaxation time was not affected by the enrichment with the para spin isomer.
A typical inversion-recovery experiment is shown in the Supplementary material.
The T measured here for hydrogen mixtures at room temperature and ambient
pressure was 3.7 = 0.9 ms, n = 14. To the best of our knowledge, the T, of
orthohydrogen in the gas phase was previously determined only in one publication
[27]. In that study, low temperatures (3440 K) were used at up to 40 atm, and very
dilute orthohydrogen conditions, i.e., high levels of parahydrogen enrichment of
86-99.4%. The T, of orthohydrogen under these conditions ranged from 2.7 to
14.5 ms.

4.3 Hydrogen Gas Sample Stability

All of the above studies in the gas phase were carried out immediately upon
withdrawal of the gas sample from the apparatus. However, to test the stability of

@ Springer



Production of Isotopically and Spin-Enriched Hydrogen 339

these samples in the NMR tube, fully relaxed spectra of the hydrogen mixtures were
recorded for up to 20 min from the time of withdrawal. The level of orthohydrogen
was found to be constant during this period. Therefore, it is not likely that any of the
above measurements are affected by sample instability over the time frame of the
measurement.

4.4 D, Production

By exchanging sodium borohydride and H,O for sodium borodeuteride and D,O,
the same apparatus was used for production of deuterium (D,). This reaction is
shown in Scheme 2. As opposed to the H, mixture, where at liquid nitrogen the
mixture reaches a significant excess of parahydrogen over “normal hydrogen”, the
D, mixture is expected to reach only a small excess of orthodeuterium under
the same conditions (70 vs. 67% at 77 K and room temperature, respectively) [28].
Therefore, as expected, the difference in the D, signal area in the mixtures that
underwent spin conversion in liquid nitrogen and the mixtures at room temperature
equilibrium was too low to be significantly measured. The signal area of the
respective D, mixtures was 2,127 + 97, n = 3 and 2,167 + 110, n = 3 (normal-
ized arbitrary units). Thus, the error in these measurements was larger than the
expected difference in percent enrichment. Therefore, the change in signal intensity
could not be determined.

4.5 PHIP Performance

The ability to use para-enriched hydrogen produced by the apparatus in PHIP
reactions was investigated using the alkyne in situ hydrogenation reactions
described above. Specifically, the ethyl propiolate reaction was repeated numerous
times to quantify and determine the reproducibility of the ALTADENA and
PASADENA effects.

4.6 Hydrogenation of Ethyl Propiolate

The in situ hydrogenation of ethyl propiolate to ethyl acrylate with the aid of a
rhodium catalyst is described in Scheme 3. The ALTADENA and PASADENA
PHIP spectra of this reaction are shown in Fig. 3. The averaged ethyl acrylate
concentration per injection of 5 ml p-H, (para-enriched hydrogen) was 1.75 mM
and the reaction yield was about 1% (Table 1). The 'H-ALTADENA spectrum
(Fig. 3a) demonstrates large signals of the hyperpolarized product at 5.85 and
6.15 ppm. The third vinylic hydrogen at 6.3 ppm is also enhanced, as previously
described [29]. The spectrum in Fig. 3c was recorded after the decay of the
hyperpolarized signal. The product signal at thermal equilibrium level is visible.
The intensities of both the ALTADENA and PASADENA (Fig. 3b) hyperpolarized
signals were expressed in concentration values, from which the average values of
the enhancement factors were calculated (ca. 3,000 and 1,000, respectively,
Table 1).
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L (N

9 5 ppm

Fig. 3 PHIP 'H spectra of ethyl propiolate hydrogenation reaction. a ALTADENA spectrum, single
transient recorded ca. 15 s after the para-enriched hydrogen injection (minimal gain). b PASADENA
spectrum, single transient recorded immediately at the end of the enriched hydrogen injection (minimal
gain). ¢ Reference spectrum recorded after decay of the hyperpolarized signal in a. This spectrum is 22-
fold enlarged in comparison to spectrum a, as evident from comparison of the intensity of the substrate
signal at ca. 1.25 ppm in both spectra
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Table 1 PHIP reactions and effects observed in "H spectra

Substrate/solvent Ethyl propiolate/acetone Ethyl phenylpropiolate/acetone
Reaction yield (%) 0.82 (n = 10) 0.23

Product concentration® (mM) 1.75 £ 04 (n = 10) 0.49 (n = 4)

ALTADENA PHIP level (mM) 5,578 £ 2,824 (n = 11) 1,288°

ALTADENA enhancement factor 3,187 £ 1,614 (n = 11) 2,653°

PASADENA PHIP level (mM) 1,975 £ 314 (n = 10) 462°

PASADENA enhancement factor 1,129 4+ 180 (n = 10) 953°

? Per one hydrogenation step, i.e., injection of 5 ml of para-enriched hydrogen mixture at ambient
pressure

° Best result out of two studies

200 100 ppm

Fig. 4 PHIP "°C spectra of ethyl propiolate hydrogenation reaction. a '*C-ALTADENA spectrum with
field cycling. A single transient was recorded at high gain. b '*C spectrum of the same sample as in a after
the decay of the hyperpolarized signal recorded with the same acquisition protocol and parameters. In
addition, a relaxation delay of about 1 min was provided to allow the signals of the solvent to reach
maximum intensity. Asterisk acetone signals, EA hyperpolarized ethyl acrylate signals

The results of a typical '>C-ALTADENA study are illustrated in Fig. 4.
Figure 4a demonstrates the hyperpolarized product signals which were recorded
using one transient. The spectrum in Fig. 4b was recorded after the hyperpolar-
ization decay and after full alignment of the solvent signals with the main magnetic
field (full intensity solvent signals). The averaged intensity of the hyperpolarized
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signal at 167 ppm was equivalent to 7,162 & 1,545 mM (n =4) and the
enhancement factor was calculated to be 4,094 + 885 (n = 4).

4.7 Hydrogenation of Ethyl Phenylpropiolate

The in situ hydrogenation of ethyl phenylpropiolate to ethyl cinnamate with the aid
of a rhodium catalyst is described in Scheme 4. The ALTADENA and PASADENA
PHIP spectra of this reaction are shown in the Supplementary material. The
averaged product concentration and the reaction yield are summarized in Table 1.
The maximal enhancement factors measured in these studies were ca. 2,700 and
1,000, respectively (Table 1).

4.8 Enhancement Factor and Polarization Level Considerations

Previous studies reported on various orders of enhancement factors or polarization
levels under varying experimental conditions. It is important to note that the
enhancement factor and, therefore, the calculated polarization level depend
critically on the combination of all of the experimental parameters such as the
magnetic field strength and the temperature, at which data were recorded,
the duration from reaction to recording, the level of parahydrogen enrichment,
and the PHIP type of experiment (ALTADENA or PASADENA). Also, it is
important to note whether the reported polarization levels are the measured ones or
values obtained by extrapolation of the measured values taking into account the
particular 7, and the duration to recording. For this reason, comparing the
performance of our apparatus to previously published studies is not straightforward.
Nevertheless, a short review of several relevant publications is given as follows.

For protons, after enrichment at 77 K, in an ALTADENA type of study: a
polarization level of 0.3% (corresponding to ca. 670 enhancement factor) had been
obtained at 1.5 T [7]; an enhancement factor of 300 was obtained in the gas phase at
7 T (corresponding to 0.6% polarization) [15]; and an enhancement factor of 12,000
(corresponding to 17.7% polarization) was obtained at 4.7 T [5]. At the same
conditions, an enhancement factor of 1,800 was obtained in a PASADENA type of
study [5].

For carbon-13, using the PASADENA approach, a signal enhancement of 4,400
[9] (corresponding to 0.49% polarization) and a polarization level of —4% [7] had
been reported at 1.5 T, and an enhancement factor of 37,400 corresponding to ca.
13% polarization was obtained at 4.7 T [16]. The latter represents an estimate of the
initial polarization based on the measured enhancement factor, the duration to
recording, and the product 7. Using a hydrogen mixture that was about 98%
enriched with parahydrogen (at 14 K), the '*C signal enhancement at 7 T in an
ALTADENA type of study was found to be —37,700, corresponding to a
polarization of —21% [10].

Here, using enrichment at 77 K, we report on an averaged 3,187 enhancement
factor for protons in an ALTADENA study (Table 1) at 11.8 T, corresponding to
11.2% polarization. For '*C, we report on 3.8% polarization at the time of the
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recording. The PHIP effects and the corresponding polarization levels obtained with
the current apparatus (Table 1) are within the range described previously.

We note that current studies were performed at 11.8 T where the polarization at
thermal equilibrium is higher (linearly with the field) and therefore the expected
enhancement factor is proportionally lower. The enhancement is commonly
evaluated with respect to the thermal equilibrium state. However, the signal
intensity obtainable from the thermal equilibrium state depends on the magnetic
field strength (By) and the temperature (7) and is proportional to yB/kT, where y is
the gyromagnetic ratio and k is the Boltzmann constant. Therefore, even though the
p-H»-derived polarization is field-independent, the enhancement factor does depend
on the magnetic field in which the thermal equilibrium state is established [5, 15].

In addition, we note that several previous studies consider the extrapolated
enhancement factor, taking into account the duration between the PHIP generation
and the actual measurement. However, the data presented here correspond to actual
and not to extrapolated enhancement factors. The actual enhancement factors
provide relevant order-of-magnitude data for future biomedical applications.

4.9 The PHIP Signals

The data summarized in Table 1 emphasize the various parameters that affect the
PHIP signals. For example, the reaction yields: the reaction yield and the product
concentration are about four folds higher in the reaction of ethyl propiolate,
compared to ethyl phenylpropiolate. In agreement, the signal intensity for the latter
reaction is fourfold lower for both ALTADENA and PASADENA experiments.
However, we note that the reaction yield and the product concentration per se
cannot serve as sole predictive factors to the PHIP effect which is reaction
dependent.

4.10 PHIP Signals from Other Products

Interestingly, in the two reactions described here and in most other alkyne reactions
carried out at our laboratory, in addition to the expected vinyl PHIP signals, a PHIP
signal has been continuously observed also at ca. 1.5 ppm. To reveal the source of
this signal, a series of studies was carried out using the reaction of ethyl propiolate
hydrogenation (Scheme 3). This series is described in the Supplementary material.
The source of the PHIP signal at 1.5 ppm was identified as cyclooctane which
resulted from hydrogenation of cyclooctadiene—one of the catalyst ligands
(Scheme 5). Additional signals at ca. 2.25 ppm and at 1.05 ppm were attributed
to ethyl propionate, the product of the sequential hydrogenation of ethyl acrylate
(Scheme 3), and the signal at ca. 5.6 ppm was attributed to cyclooctene, the product

Scheme 5 Hydrogenation of 1.p-H, /D, D/H H/D
the COD ligand to cyclooctane 2. Rh(I) cat. f /
Acetone R.T.
D/H H/D
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of a single hydrogenation of the COD ligand [14]. Explanatory notes for these
assignments are provided as Supplementary material.

5 Conclusion

The apparatus described herein is compact, cost-efficient, and aids in the generation
of small predetermined amounts of hydrogen (either H, or D,). The parahydrogen
enrichment level reached by the apparatus and the consecutive polarization levels
reached in the ALTADENA studies on the ethyl propiolate reaction are within the
range of previously published reports. The system proved to be an adequate source
of parahydrogen for PHIP studies in a biomedical environment.
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