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1. Introduction

We are developing clinical scale production of two gaseous hyperpolarized contrast agents and
hyperpolarized MRI allowing for ultrafast (potentially sub-second) and high-throughput molecular imaging of lung
function. The key additional focus of this project is on significantly lower cost of our imaging technology of low-
field MRI compared to conventional high-field MRI (1.5 T and beyond) due to much higher patient
throughput/much faster exams and the use of low field = low cost MRI. We focus our research effort on the high-
risk critical challenges that must be solved to enable clinical implementation of hyperpolarized gases for
pulmonary imaging.

Specifically, the research efforts during Year 4 have focused on three specific aims as described in the
Statement of Work (Appendix 1):

Aim 1: Develop and construct a fully automated high-pressure low-cost stand-alone '*Xe
hyperpolarizer

During Year 3 the original laser of the '®*Xe hyperpolarizer failed (due to a design flaw), and it was replaced
by a different laser (from the same vendor) during Year 4 of the project performance. Our team at Wayne State
University has installed the laser, and performed tests. While this new laser has met the required specifications,
its performance has deteriorated within 4 months after the installation (as a reference, a similar laser previously
installed in the Pl lab has been operated for a period of 5 years without a noticeable changes in performance).
During this period of time our team has performed exhaustive tests on this hyperpolarizer device, identifying
areas of improvement of the hyperpolarization process. The performed work is described in the
accomplishments. Once the laser deterioration was noticed and characterized, the laser was sent back to the
vendor for repairs. We expect the laser to be fixed by vendor, and the device to be operational for integration
with the low-field MRI scanner.

Aim 2: Develop a large-scale hyperpolarization method for HP propane

As noted in the previous reports, we have developed and installed clinical-scale hyperpolarizer. The activities
during Year 4 have focused in improving the relaxation properties of hyperpolarized propane and researching
other biomedically suitable hydrocarbons as inhalable proton-hyperpolarized contrast agents.

Aim 3: Develop and construct a 0.35 T MRI scanner

As descried in the previous reports, we have placed the order for a custom 0.35 T clinical MRI scanner from
Time-Medical, which will provide FDA-approved proton imaging capability and clinical research '®Xe imaging
capabilities. This report describes our activities during Year 4 and the estimated time line for device installation
at Wayne State University.

2. Keywords

Low-field MRI, lung imaging, molecular imaging, functional imaging; propane; xenon-129; NMR; MRI;
hyperpolarization.



3. ACCOMPLISHMENTS
Please, refer to Appendix 1 for the statement of work of the entire project. The following sections describe
the specific areas/tasks of the project conducted during Year 4 of this project.

Aim 1.

Task 1.6 Final Testing of the '**Xe Hyperpolarizer

The key challenge that our team has faced with the new hyperpolarizer device is the failure of the laser
module during Y3 of the project. A new laser was received during Year 4. Unfortunately, it has failed after only
four months of moderate use. The laser was sent back to the vendor for repairs. We expect the repairs to be
finished during Year 5 of the project and the 129%%e hyperpolarizer to be ready for integration with the 0.35 T MRI
scanner. During the four-month period, we have performed extensive testing of the hyperpolarizer, detailing the
quality and the production rates of this stand-alone device. The results of these tests are now summarized in a
manuscript, which is being submitted for publication in a peer-reviewed journal. We found that indeed the new
hyperpolarizer device offers advantages over the previous-generation device primarily from the perspective of
significantly faster production of HP '**Xe gas (not to mention simpler device operation).

During this period of performance, we have also performed studies to investigate the utility of helium-rich
'29%e gas mixtures versus the previously employed N-rich mixtures for our hyperpolarization process. He has
much better thermal conductivity than N2, and therefore it was hypothesized that He may render better thermal
management of the spin-exchange optical pumping process of *?Xe gas hyperpolarization. Indeed, our results
confirmed this hypothesis. While the gains seen are modest (5-10%), they positively impact the process of
hyperpolarization, and we aim to employ them in our future studies. From the data presented in Figure 1a and
Figure 1b, we draw three primary conclusions. The first of these is that SEOP in the *“He-rich gas mixture resulted
in a slight increase in maximum achievable Px. (565.9 + 0.9% at a jacket temperature of 64 °C), relative to the N-
rich mixture (49.3 + 3.3% at a jacket temperature of 70 °C). Secondly, near-identical '**Xe polarization build-up
rates were achieved in the *“He-rich gas-mixture at substantially lower jacket temperatures (AT ~ 8 °C) for rapid
polarization build-up with ysgopr ~ 0.1 min™. Lastly, cells with “He-rich SEOP experienced a significantly more
stable maximum Px, as a function of changing jacket temperature, with a flatter plateau--illustrating '*Xe
polarization values between 50% and 60% being achieved over a range of temperatures from 58 °C to 67 °C.
By contrast, the N2-rich gas mixture began to show a steady reduction in Px. when performing SEOP above 69
°C. This result is of practical importance, because it means that the polarizer operation is easier to automate
(because of more stable operation over a wider temperature range), with a quicker cool-down cycle (resulting in
reduced dead time and increased duty cycle). As an aside, we note that there is an additional benefit for using
helium in the gas mixture: the less-dense gas mixture is easier to inhale, particularly for subjects with impaired
lung function.

Selected results of this work are summarized below in Figure 1, and will soon be submitted for peer-reviewed
publication in Year 5.

a) 1000Xe / 900He / 100N, b) 1000Xe / 900N, / 100He
100 0.25 _ 100
c r ) - -
o TPy £ o | TPy
‘g 80 | |—F—"seop 0.2 E § 80» —F—%seop
N o N
« 60t 015 ® & 60f
o | o o |
o o a
@ 40} 01 > o 40t
! : X7
o 20 0.05@ 20
o T, =107 £ 2 mins S ° T, =130 # 5 mins
0 0 0
58 62 66 70 74 64 68 72 76 80 84
Jacket Temperature (°C) Jacket Temperature (°C)

Figure 1. Steady state %Px. and ysgop measurements following rapid-buildup, high T; SEOP in both He-rich (1000 Torr Xe
/ 900 Torr He / 100 Torr Ny, (a) and Ng-rich (1000 Torr Xe / 900 Torr N, / 100 Torr He, (b)) gas mixtures as a function of
optical cell jacket temperature. Note the higher polarization achieved in (a) over a wider temperature range, despite the
somewhat shorter '**Xe T relaxation time constant.

While performing the extensive tests during Y4 of the project, we discovered that although the existing gas-
loading manifold of the '**Xe hyperpolarizer allows for reloading of the optical pumping cell with a new batch of
'29%e gas, the quality of the cell deteriorates in approximately 10 refills. During trouble-shooting we concluded
that the likely failure is caused by the solenoid valves employed. We note that the vendor of these valves rates
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them for the vacuum use, but we clearly experienced challenges likely due to oxygen contamination pointing to
the valves. As a result of these findings, we have redesigned the gas-loading manifold of the '**Xe hyperpolarizer
device using a different type of solenoid valves (which we have tested for vacuum and pressure performance in
our laboratory). A new manifold has been constructed during Year 4 of the project performance, and it has
passed initial pressure testing. During Year 5, we will perform a quality assurance study to demonstrate that the
SEOP cell can be refilled many times. Our metrics of success: successful refill of more than 200 times (monitored
by Px. (a change of no more than a factor of 2) and by '®Xe T, (more than 60 minutes)). We plan on testing the
new gas-loading manifold with our previously constructed hyperpolarizer when the laser module will be repaired
by the vendor. The photograph of the new manifold installed in the polarizer for testing is shown in Figure 1c.

We have also installed a glove box and other auxiliary equipment, which allows the team at Wayne State
University to fill Rb metal in spin-exchange optical pumping cells. This new equipment allows us to place Rb in
the SEOP cell, and then remove the SEOP cell from the glove box. The next step is applying vacuum and
spreading Rb metal on the walls of the SEOP cell. The final step is filling the SEOP cell with the custom Xe
mixture. Overall, we have already filled over 10 SEOP cells using this setup.

Aim 2. Following the success of clinical production demonstration reported in the previous report, the activities
during Year 4 of the project were focused around Task 2.4. The activities for task 2.6 will be performed after the
installation of the MRI scanner as described under the progress of Aim 3.

Task 2.4 Prototype Optimization NMR-visible NMR-invisible

a

Our previous reports have demonstrated the clinical-scale
propane hyperpolarizer. The corresponding publication has been
published during Year 4 of the project (peer-reviewed paper #6).
Moreover, we have also previously reported on the study of the
relaxation properties in the clinically relevant conditions, and the
corresponding results have been published during Year 4 (peer-
reviewed paper #2).

During this project, we have also investigated (and reported in
previous reports) the feasibility of parahydrogen (pH,) addition to
cyclopropane yielding more symmetric and potentially ultra-long-
lived spin states (ULLSS) of propane. We have recently employed
a Rh/TiO, heterogeneous catalyst to perform pairwise addition to
cyclopropane despite the lack of a double bond in the
cyclopropane molecular structure (Salnikov OG, Kovtunov KV,
Nikolaou P, Kovtunova LM, Bukhtiyarov VI, Koptyug IV,
Chekmenev EY. Heterogeneous Parahydrogen Pairwise Addition
to Cyclopropane. ChemPhysChem. 2018;19(20):2621-2626).
Unlike the case of propylene substrate (yielding one major spin
isomer product), pairwise pH, addition to cyclopropane leads to
formation of three spin isomers based on the proposed reaction
mechanism (Figure 2a). Only one of the three HP spin-isomers is
NMR visible. Because the HP states produced by route 2 and 3
(Figure 2) are NMR invisible, we have employed deuteration of
cyclopropane to provide more mechanistic insights. In case of
propylene, the deuteration primarily proceeds in accord to route 1
(Figure 2c), whereas in case of cyclopropane, deuteration
happens via all three routes (Figure 2c). The comparison of
thermal proton NMR spectra of the produced propane is shown in
Figure 2d (note the NMR lines are complex due to convoluted
multiplets): indeed, NMR spectra of cyclopropane-derived
deuterated products reveal additional spectral intensity (green
trace) compared to that of propylene-derived deuterated products
(blue trace). Depending on the experimental conditions the
contribution of route 1 varied from 15% to 30% in case of
cyclopropane. This finding is important, because it confirms that
deuterium addition to cyclopropane indeed undergoes
hydrogenation via all three routes (Figure 2)—indicating that route
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2 and 3 dominate over route 1 in case of pH; addition, even if the products are NMR invisible—as in the case of
parahydrogen addition to cyclopropane.

The products produced by routes 2 and 3 have a higher degree of symmetry, because both pH,-derived
protons are in the same type of chemical group (-CHj;), versus -CH, and -CHj in case of route 1. The enhanced
symmetry offers two advantages. First of all, different and more symmetric spin states may be populated and
the lifetime of the produced HP state can be enhanced significantly. In favorable cases, the exponential decay
constant Ty ss can exceed T1 by 50-fold and more, corresponding to up to 1000 seconds in favorable cases of
symmetric gases. Therefore, we hypothesize that more symmetric spin isomers of HP propane may indeed
render ultra-long-lived spin states (ULLSS) with decay time constants on the order of one minute—and
potentially up to 15 minutes. The second advantage of these more symmetric spin states is a minute frequency
difference (5a-0g) of less than 0.02 ppm, i.e. the condition of strong coupling Jag>(5a-08) is met at any clinically
relevant magnetic field (up to 3 T). As a result, these ULLSS may potentially remain long-lived on any clinical

MRI scanner. This study was accomplished during Year
4 of the project, and we submitted funding application to
DOD for the extension mechanism to continue this
project with the goal of developing an ultra-long lived HP
propane gas contrast agent.

Although our propane hyperpolarizer employs
heterogeneous catalysis, during project performance,
we have investigated the possibility of employing
homogeneous catalysis for hyperpolarization of propane
(Salnikov OG, Barskiy DA, Coffey AM, Kovtunov KV,
Koptyug IV, Chekmenev EY. Efficient Batch-Mode
Parahydrogen-Induced Polarization of Propane.
ChemPhysChem. 2016;17(24):3395-3398). Although
this process is relatively efficient, propane has
unfavorable properties for homogeneous catalysis.
Specifically, the boiling point is below -40 °C, which
leads to unwanted evaporation of HP propane during the
hyperpolarization process in our setup (Figure 3), which
employs the process of parahydrogen bubbling via
solution of catalyst and to-be-hyperpolarized substrate.
During Year 4, we have investigated the feasibility of
hyperpolarization of diethyl ether. Diethyl ether has a
boiling point of +35 °C, and it is therefore less
susceptible to evaporation under high pressure (typically
6-7 atm is employed). Figure 4 shows the feasibility
study for such process. Approximately 12% proton
polarization is demonstrated (Figure 3b) demonstrating
the possibility of preparation of highly concentrated and
highly polarized diethyl ether. This is very promising,
because high levels of polarization (i.e. significantly
exceeding 1% for HP propane) can be obtained.
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Figure 3. Schematic of polarizer setup for homogeneous
PHIP hyperpolarization.
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Figure 4. PHIP of diethyl ether (DE) in methanol-d,. (a)
Reaction scheme of molecular addition of parahydrogen to
vinyl ethyl ether resulting in HP diethyl ether, (b) high-
resolution NMR spectroscopy of HP diethyl ether in
methanol-d, at 1.4 T (NMR spectrum is acquired 10
seconds after production. (c) corresponding signal
reference spectrum of thermally polarized neat ethyl
acetate-1-"°C.

Aim 3. Develop and construct a 0.05 T MRI scanner

Task 3.1. Design low-field MRI system with commercial vendors

We have described our plan for acquisition of a 0.35 T MRI system from Time Medical previously. As a part
of transition to Wayne State University (WSU), WSU has made the commitment for space and infrastructure (up
to $1.1M) of the 0.35 T MRI system to support this funded project. No space option was found at VUMC (previous
institution).

The order to Time-Medical has been placed during Year 4 of the project for the MRI scanner and its delivery.
The space renovation to suit the needs of the proposed research has been approved and began during Year 4
of the project. The completion of the space renovation is expected by the end of February. The delivery and
installation of the magnet and the patient bed is scheduled for January 8-10 (2020) time frame and the installation
of the MRI scanner console is scheduled for March 2020.

The MRI scanner will be installed in ~850 sq. ft. facility consisting of four major areas:
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(1) chemistry space for production of parahydrogen and hyperpolarized '®Xe. The '**Xe hyperpolarizer
developed under this project will be installed in this facility. This space will also be equipped with dual
channel **Xe/"H benchtop NMR spectrometer for quality assurance of hyperpolarized '**Xe gas and
proton-hyperpolarized hydrocarbons;

(2) control room equipped with computer stations for MRI image acquisition and image processing;

(3) shield room that contains the 0.35 T MRI magnet equipped with patient bed. This area will also contain
the clinical-scale propane hyperpolarizer.

(4) equipment room, which will house the remaining equipment including the MRI scanner console.

The vendor (Time-Medical) plans to deliver the MRI system in Year 5; the scanner is FDA-approved in the
USA. This scanner will have a significant benefit in terms of the potential clinical translation of propane MRI scan
as the hardware is already FDA approved. Once the HP agent is approved, the entire scan can be easily
translated to clinical setting. During Year 4, we worked with the vendor on the logistics of the 129%%e
hardware/software frame, and also worked extensively on the siting preparation (of note our first siting option on
campus did not meet our collective requirements to bring together MRI and novel chemistries of HP contrast
agent production, but luckily this problem was remedied with the second siting option).

Time Medical (the vendor of the MRI scanner) agreed to develop the '**Xe hardware/software, which we
discussed extensively during Year 4 of the project. Specifically, the following listed items have been thoroughly
discussed with the vendor:

1) Additional RF excitation volume coil built and integrated in the body frame of the MRI scanner. This coil

will provide uniform RF excitation for '**Xe scans;

2) Additional electronic board to enable '**Xe transmit and receive; This board will be switchable: i.e. if the
board is physically powered off, the device will remain FDA compliant (for scanning of proton-
hyperpolarized contrast agents);

3) Ecoplanar imaging (EPI) sequence will be available on this MRI scanner for the purpose of ultrafast MRI
scans on 'H and '**Xe channels;

4) Custom chest RF coil will be developed to provide simultaneous acquisition of optimized '**Xe images
and coarse (for co-registration purposes) of anatomical proton scans;

5) Vendor will provide co-registration software for seamless co-registration of anatomical and 129Xe gas
images.

We expect the vendor to deliver all of these components by the end of the funding period 06/06/2020.

Task 3.2. Low-field MRI system construction by Vendors

The magnet construction and the construction of other components has started by the vendor. The delivery,
installation and training timelines have been provided by the vendor (during Year 5 of the project).

Task 3.4. RF coils (***Xe and "H) construction for pulmonary imaging

The RF coil design has been discussed with the vendor extensively during Year 4. The coil will be dual tuned
with the sensitivity optimized for '**Xe, while proton detection (in this RF coil) will have significantly reduced
sensitivity — primarily for the purposes of anatomy co-registration. The vendor will also provide their standard
suite of RF imaging coils for proton MRI.

Task 3.5. Pulse-sequence development and installation

Two sequences have been discussed with the vendor: gradient echo imaging and eco-planar imaging (2D and
3D). The vendor is aware of the requirement that the HP gas scan is to be completed on a single breath hold of
a large animal or a human.

What opportunities for training and professional development has the project provided?

Several trainees from the partnering site (SIUC) attended the 60" Experimental Nuclear Magnetic Resonance
conference

How were the results disseminated to communities of interest?
Several oral presentations (see below).



4. IMPACT

What was the impact on the development of the principal discipline(s) of the project?
Nothing to Report.

What was the impact on other disciplines?
Nothing to Report.

What was the impact on technology transfer?
Nothing to Report.

What was the impact on society beyond science and technology?
Nothing to Report.

5. CHANGES / PROBLEMS

We have fixed the issue with our laser diode array (LDA) during Year 4 by replacing LDA with the older (and
supposedly more reliable) model. Unfortunately, the new LDA has deteriorated very quickly (in 4 months of
relatively light use: less than 200h of total run time). The LDA has been shipped back to vendor. Repairs are in
progress.



6. PRODUCTS

Oral Presentations

1)

2)

Chekmenev EY. Parahydrogen Derived Polarization for Metabolic Imaging. The Fifth International
Workshop on Metabolic Imaging; October 18-20; University of Pennsylvania, Philadelphia, PA, USA
2018.

Goodson BM. New Approaches in SABRE: Cleavable Metabolic / pH-Sensing "Double Agents", and
Preparation of Purified Agents via Heterogeneous Catalysis and Catalyst Immobilization. The Fifth
International Workshop on Metabolic Imaging; October 18-20; University of Pennsylvania, Philadelphia,
PA, USA 2018.

Chekmenev EY. Parahydrogen Derived Polarization for Metabolic Imaging. Department of Chemistry
Seminar Series; April 23; Texas A&M University, College Station, TX, USA 2019.

Salnikov OG, Ariyasingha NM, Nikolaou P, Goodson BM, Kovtunov KV, Koptyug IV, Chekmenev EY.
Hyperpolarized Propane: Clinical-scale Production of Long Lived Spin States, Condensation, and
Imaging. The 2019 International Workshop on Pulmonary Imaging; February 28-March 2; University of
Pennsylvania, Philadelphia, PA, USA 2019.

Chekmenev EY. Long-lived hyperpolarized spin state enabled by low magnetic fields. Workshop on
Low Field Magnetic Resonance; August 11-13; NIST, Boulder, CO, USA 2019.

Goodson BM. New Developments in 129Xe and 131Xe Hyperpolarization via Clinical-Scale Stopped-
Flow Spin-Exchange Optical Pumping. The 2019 International Workshop on Pulmonary Imaging;
February 28-March 2; University of Pennsylvania, Philadelphia, PA, USA 2019.

Salnikov OG, Kovtunov KV, Ariyasingha NM, Nikolaou P, Chekmenev EY, Koptyug IV. New
developments in production of proton-hyperpolarized propane gas for MRl. EUROISMAR 2019; August
25-30; Berlin, Germany 2019.

Shchepin R, Birchall J, Chukanov N, Kovtunov K, Koptyug |, Theis T, Warren W, Gelovani J, Goodson
B, Rosen M, Yen Y-F, Pham W, Chekmenev EY. Efficient Spin-Relayed Heteronuclear Long-Range
Signal Amplification by Reversible Exchange. 60th Experimental NMR Conference; April 7-12;
Asilomar, CA, USA2019.

Conference Abstracts

9)

Bales L, Basler D, Albin K, Islam S, Barlow MJ, Chekmenev EY, Goodson BM. Developing
Hyperpolarized 131Xe as a Potential Target for Neutron Optics Searches for Time-Reversal Invariance
Violation. 60th Experimental NMR Conference; April 7-12; Asilomar, CA, USA 2019.

10) Limbach MN, Gemeinhardt ME, Gebhardt TR, Senanayake |, Mashni JA, Kidd BE, Chekmenev EY,

Hou Y, Goodson BM. Towards Synthesis of a Family of Novel Cleavable “Double Agents” for SABRE
Hyperpolarization. 60th Experimental NMR Conference; April 7-12; Asilomar, CA, USA 2019.

11) Porter J, Basler D, Plummer JW, Russell G, Kidd BE, Chekmenev EY, Barlow MJ, Goodson BM. 85Rb

/ 133Cs Optically Detected Electron Spin Resonance in “Hybrid” Spin-Exchange Optical Pumping Cells
in Clinically Relevant Regimes. 60th Experimental NMR Conference; April 7-12; Asilomar, CA, USA
2019.

Peer-Reviewed Manuscripts, Dissertation & Book Chapters

1)

2)

Ariyasingha NM, Lindale JR, Eriksson SL, Clark GP, Theis T, Shchepin RV, Chukanov NV, Kovtunov
KV, Koptyug IV, Warren WS, Chekmenev EY. Quasi-Resonance Fluorine-19 Signal Amplification by
Reversible Exchange. The Journal of Physical Chemistry Letters. 2019;10:4229-4236.

Ariyasingha NM, Salnikov OG, Kovtunov KV, Kovtunova LM, Bukhtiyarov VI, Goodson BM, Rosen MS,
Koptyug IV, Gelovani JG, Chekmenev EY. Relaxation Dynamics of Nuclear Long-Lived Spin States in
Propane and Propane-d6 Hyperpolarized by Parahydrogen. The Journal of Physical Chemistry C.
2019;18(123):11734-11744.

Chukanov NV, Kidd BM, Kovtunova LM, Bukhtiyarov VI, Shchepin RV, Chekmenev EY, Goodson BM,
Kovtunov KV, Koptyug IV. A versatile synthetic route to the preparation of "N heterocycles. Journal of
Labelled Compounds and Radiopharmaceuticals. 2019:doi:10.1002/jlcr.3699.
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Lindale JR, Eriksson SL, Tanner CPN, Zhou Z, Colell JFP, Zhang G, Bae J, Chekmenev EY, Theis T,
Warren WS. Unveiling coherently driven hyperpolarization dynamics in signal amplification by
reversible exchange. Nature Communications. 2019;10(1):395.

Salnikov OG, Chukanov NV, Shchepin RV, Manzanera Esteve 1V, Kovtunov KV, Koptyug 1V,
Chekmenev EY. Parahydrogen-Induced Polarization of 1-'>C-Acetates and 1-'*C-Pyruvates Using
Side-Arm Hydrogenation of Vinyl, Allyl and Propargyl Esters. The Journal of Physical Chemistry C.
2019;123(20):12827-12840.

Salnikov OG, Nikolaou P, Ariyasingha NM, Kovtunov KV, Koptyug IV, Chekmenev EY. Clinical-Scale
Batch-Mode Production of Hyperpolarized Propane Gas for MRI. Analytical Chemistry.
2019;91(7):4741-4746.

Shchepin RV, Birchall JR, Chukanov NV, Kovtunov KV, Koptyug IV, Theis T, Warren WS, Gelovani JG,
Goodson BM, Shokouhi S, Rosen MS, Yen Y-F, Pham W, Chekmenev EY. Hyperpolarizing
Concentrated Metronidazole "*NO, Group Over Six Chemical Bonds with More Than 15% Polarization
and 20 Minute Lifetime. Chemistry — A European Journal. 2019;25:8829-8836.

Inventions, patent applications and licenses:
Nothing to Report.

Funding applied for based on work supported by this award
1. Title “Ultra-Long-Lived Hyperpolarized Propane Gas for 3D Pulmonary Imaging”

Eduard Y Chekmenev, Wayne State University, Pl

Boyd M. Goodson, Southern lllinois University Carbondale (SIUC), co-investigator

Time Commitment: Pl (35% effort; 4.2 calendar months)

Supporting agency: DOD

Program Contact Name: not yet available

Program Contact Phone: not yet available

Program Contact Email: not yet available

Performance period: 4/1/2020 to 3/31/2023

Level of funding: $ 1,741,808 (total award including IDC) at

We have worked to develop an alternative to hyperpolarized noble gases for MRI imaging applications.
We recently demonstrated that hydrogen nuclei of gaseous propane can be hyperpolarized using
parahydrogen induced polarization (PHIP) to a sufficiently high level to enable high-resolution 2D and
3D MRI. Although early efforts with HP propane at high magnetic field revealed a very short exponential
decay constant of the HP state T1 of ~1 s, our recent research demonstrated the existence of long-lived
spin states (LLSS) in HP propane gas at lower magnetic fields. The LLSS of HP propane decays
exponentially with the constant T ss of ~3 s at 1 atm (and more than 13 s at elevated pressure).
Although it may be possible to perform in vivo imaging using this rapidly decaying LLSS, this approach
will require significant image correction to account for rapid signal decay during an MRI scan, and it will
require very fast HP propane administration work flow. Moreover, the propane LLSS requires a low
magnetic field of 0.35 T and below, and MRI detection requires application of specialized pulse
sequences. Here, we propose to develop ultra-long-lived spin states (ULLSS) of HP propane by
employing deuterated cyclopropane as a precursor for parahydrogen addition (the source of
hyperpolarization), which renders creation of more symmetric and therefore potentially longer-lived spin
states (i.e. higher decay constant Ty..ss) than those in HP propane LLSS prepared by hydrogenation of
propylene. We hypothesize that the ULLSS lifetime of HP propane can be enhanced significantly
— potentially by an order of magnitude, and these more symmetric ULLSS can exist at any
clinically relevant magnetic fields, and can be readily detected using conventional MRI pulse
sequences with 3D sub-second scan speed. These advances should enable the clinical use of HP
propane gas, which can be mass-produced at significantly higher production rates (one dose every 5
seconds) at a small fraction of the cost (<$1) of hyperpolarized '*Xe.

Specific Aims:

Aim 1. Develop a facile synthesis of deuterated cyclopropane: we will employ a deuterium
exchange process between D,0 and cyclopropane on zeolites to prepare deuterated cyclopropane
from cyclopropane.

Aim 2. Hyperpolarize ultra-long-lived spin states of propane by pairwise parahydrogen addition
of deuterated cyclopropane. We hypothesize that each of the many possible spin states will have a
characteristic decay constant. Here, we will study the lifetime of the HP state as a function of the level
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of deuteration, reactants’ temperature, and partial pressures. We will also investigate the possibility of
tuning the reaction conditions to predominantly prepare a spin isomer of interest.

Aim 3. Optimize the hyperpolarization process of parahydrogen induced polarization (PHIP) of
ULLSS of propane for efficient clinical scale production and MRI. In parallel to Aim 2, we will study
the process of clinical-scale production (0.5 L dose in < 5 seconds) of ULLSS of hyperpolarized
propane by investigating the effects of temperature, reactant’s mixture partial pressure, and particle
size of the Rh/TiO, heterogeneous catalyst.

2. Title “Low-Cost, High-Throughput 3D Pulmonary Imaging Using Hyperpolarized Propane Gas”
Eduard Y Chekmenev, Wayne State University, initiating PI

Boyd M. Goodson, Southern lllinois University Carbondale (SIUC), partnering PI

Time Commitment: Pl (35% effort; 4.2 calendar months)

Supporting agency: DOD

Program Contact Name: not yet available

Program Contact Phone: not yet available

Program Contact Email: not yet available

Performance period: 4/1/2020 to 3/31/2023

Level of funding: $ 1,732,500 (total award including IDC)

We have worked to develop an alternative to hyperpolarized noble gases for MRI imaging applications. We
recently demonstrated that hydrogen nuclei of gaseous propane can be hyperpolarized using parahydrogen
induced polarization (PHIP) to a sufficiently high level suitable for 2D and 3D MRI. Our early efforts with HP
propane at high magnetic field revealed a very short relaxation constant for the exponential decay of the
propane gas hyperpolarized state of ~1 s. Importantly, our research recently demonstrated the existence of
longer-lived spin states in hyperpolarized propane gas in lower magnetic fields (0.35 T and below). These spin
states allow significantly extending the lifetime of hyperpolarized propane (e.g. increasing the decay constant
of up to >13 s) making it suitably long-lived for administration as an inhalable contrast agent. Moreover, our
research clearly demonstrates that the low-field MRI detection of hyperpolarized contrast agents in general
offers the same or even better detection sensitivity as that of high-field MRI scanners. These two
developments--long-lived proton-hyperpolarized propane gas and low-field MRI on conventional FDA-approved
MRI scanners—should enable the clinical use of HP propane gas, which can be mass-produced at significantly
higher production rates (one dose every 2-5 seconds) at a fraction of the cost of hyperpolarized '*Xe.

In 2014, Chekmenev and Goodson received a partnering PI CDMRP award. This award enabled the
development of our human-scale hyperpolarizer device (successfully completed). Here, we propose taking the
next significant step to develop and test a hyperpolarized propane production technology device under the
following Specific Aims:

Aim 1. Develop a clinical low-cost and high-throughput biomedical device for production of
hyperpolarized propane contrast agent: the future propane hyperpolarizer will be developed to enable its
Good Manufacturing Practices (GMP), mass-production, and robust use;

Aim 2. Develop a safe method for HP propane gas administration and utilization, and test the purity
and safety of the HP contrast agent produced by our device;

Aim 3. Assess the feasibility of MRl using HP propane gas for in vivo functional imaging of normal
lungs and in a bleomycin-induced COPD model in sheep. We will compare the effectiveness of
hyperpolarized propane MRI to that using a more established contrast agent (hyperpolarized **Xe gas—
created using a polarizer we developed in our previous DOD-funded work), and also to the standards of care:
computed tomography and spirometry. Furthermore, we will also investigate the effectiveness of
hyperpolarized propane gas MRI to monitor the progression of bleomycin-induced lung injury in the sheep
animal model.

3. Title “Sub-second Functional Lung Proton MRI Using Hyperpolarized Propane Gas in a Clinical
Scanner’

Eduard Y Chekmenev, Wayne State University, PI

Boyd M. Goodson, Southern lllinois University Carbondale (SIUC), co-investigator

Time Commitment: Pl (35% effort; 4.2 calendar months)

Supporting agency: NIH

RHL152027A

Program Contact Name: not yet available

Program Contact Phone: not yet available
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Program Contact Email: not yet available

Performance period: 4/1/2020 to 3/31/2024

Level of funding: $ 3,074,142 (total award including IDC)

We propose in vivo validation of hyperpolarized propane gas as an inhalable contrast agent to perform a sub-
second functional 3D lung MRI scan using conventional FDA-approved low-field (0.35 T) non-cryogenic MRI
scanners already available in the US and around the world. The proposed technology will employ no ionizing
radiation, and it can be used for population screening, staging, and also for monitoring the response to treatment.
It will be superior to spirometry and chest X-ray methods practiced today in a number of important ways, including
early disease detection and characterization, which can be difficult to accomplish with these conventional
methods.

Specific Aims:

Aim 1. Develop a clinical, low-cost, high-throughput device for production and administration of HP propane
contrast agent for ultimate research use in human volunteers: the future propane hyperpolarizer will be
developed to enable its Good Manufacturing Practices (GMP), mass-production, and robust use.

Aim 2. Develop a safe method for HP propane gas administration and utilization, and test the purity and safety
of the HP contrast agent produced by our device.

Aim 3. Assess the feasibility of ultrafast '"H MRI using HP propane gas for in vivo functional imaging of normal
lungs and in a bleomycin-induced lung injury model in sheep. As part of this effort, we will compare the
effectiveness of hyperpolarized propane MRI to that using a more established contrast agent (hyperpolarized
129%%e gas—created using a hyperpolarizer we developed in our previously funded work, and also to the
standards of care: computed tomography and spirometry. Furthermore, we will also investigate the
effectiveness of hyperpolarized propane gas MRI to monitor the progression of bleomycin-induced lung injury
in the sheep animal model. We hypothesize that HP propane gas MRI will provide similar predictive power for
detection of lung injury compare to that of HP **Xe MRI.

4. Title “Hyperpolarized Diethyl Ether for Sub-second Pulmonary MRI”

Eduard Y Chekmenev, Wayne State University, Pl

Time Commitment: Pl (35% effort; 4.2 calendar months)

Supporting agency: NIH

Program Contact Name: not yet available

Program Contact Phone: not yet available

Program Contact Email: not yet available

Performance period: 4/1/2020 to 3/31/2024

Level of funding: $418,864 (total award including IDC)

We propose developing highly magnetized diethyl ether gas via pairwise addition of parahydrogen gas to vinyl
ether. The proposed low-cost and high-throughput technology for clinical-scale production of hyperpolarized
diethyl ether can be employed for sub-second gas pulmonary MRI, which we envision as a novel inhalable
contrast agent for functional regional mapping of lung function in a wide range of lung diseases without the use
of ionizing radiation.

Specific Aims:

Aim 1. Develop clinical-scale production of pure HP diethyl ether gas and optimize the production process to
maximize the degree of polarization. Specifically, we will perform optimization of the hydrogenation catalyst,
temperature and other reaction conditions. The metrics of success will be production of ~100 cubic centimeters
(cc) corresponding to 0.3 grams of diethyl ether gas with 40% proton spin polarization.

Aim 2. Perform characterization of the lifetime of HP state of diethyl ether. Parallel to Aim 1, we will
systematically study the T1 relaxation decay of HP state in several magnetic fields, partial pressures and in
liquid and gaseous phases.

Aim 3. Investigate the feasibility of sub-second 3D MRI in phantoms and excised animal lungs. We will perform
imaging studies on clinical FDA-approved MRI scanner with the goals of demonstrating the overall feasibility of
future clinical MRI scan and investigating the limits of spatial resolution. The metrics of success will be a sub-
second 3D scan speed on clinical MRI scanner with high in-plane spatial resolution of 22 mm2 pixel size over
320°320 mm2 field of view with pixel signal-to-noise ratio over 100 at physiologically-relevant contrast agent
concentration of 0.5 mM.

13



7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

Individuals worked on the project
The following personnel worked on the project

Name:

Eduard Chekmenev

Project Role:

Initiating P1 (Vanderbilt)

Researcher Identifier (ORCID ID):

orcid.org/0000-0002-8745-8801

Nearest person month worked:

1

Contribution to Project:

Dr. Chekmenev was responsible for the
overall progress of the project, performing
some experiments with hyperpolarized
propane and hyperpolarized xenon-129,
developing RF coils, analyzing some of the
data for the above-mentioned experiments,
preparing the manuscripts.

Funding Support:

DOD W81XWH-12-1-0159/BC112431,
NSF CHE-1416268;

Name:

Nuwandi M. Ariyasingha

Project Role:

PhD student

Researcher Identifier (ORCID ID):

Nearest person month worked:

1

Contribution to Project:

Nuwandi M. Ariyasingha

worked on many of the experiments
concerning hyperpolarized clinical-scale
propane hyperpolarization. She also
analyzed the data, prepared figures, and
manuscripts.

Funding Support:

DOD W81XWH-12-1-0159/BC112431

Name:

Boyd M. Goodson

Project Role:

Partnering PI (SIUC)

Researcher Identifier (ORCID ID):

orcid.org/0000-0001-6079-5077

Nearest person month worked:

1

Contribution to Project:

Prof. Goodson was responsible for the
overall progress of the project at the
partnering site, performing some
experiments with hyperpolarized xenon-
129, xenon-131, and ODESR polarization
measurements, analyzing some of the data
for the above-mentioned experiments,
preparing manuscripts and presentations.

Funding Support:

SIUC

DOD PRMRP W81XWH-15-1-0272
NSF-CHE-1905341

NSF DMR-1757954
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Name:

Liana Bales

Project Role:

MS chemistry graduate student

Researcher Identifier (ORCID ID):

Nearest person month worked:

2

Contribution to Project:

Led xenon-129 and xenon-131 spin-
exchange optical pumping experiments,
until she defended her MS thesis this
summer. Processed and analyzed data,
wrote up contents for presentations and
manuscripts.

Funding Support:

SIUC / NMR Facility

Name:

Dustin Basler

Project Role:

Undergraduate student researcher

Researcher Identifier (ORCID ID):

Now leads xenon-129 and xenon-131 spin-
exchange optical pumping experiments;
participates in some optically detected
ESR polarization measurements.
Processes and analyzes data. Prepared
conference presentations.

Nearest person month worked:

2

Contribution to Project:

Funding Support:

DOD PRMRP W81XWH-15-1-0272
SIUC Chemistry Alumni Foundation
Research Corporation Cottrell SEED
Award

Name:

Justin Porter

Project Role:

Undergraduate student researcher

Researcher Identifier (ORCID ID):

Nearest person month worked:

2

Contribution to Project:

Performed xenon-129 spin-exchange
optical pumping experiments, led use of
optically detected ESR efforts to
characterize spin polarization during
optical pumping. Analyzed data, prepared
conference presentions.

Funding Support:

DOD PRMRP W81XWH-15-1-0272
Research Corporation Cottrell SEED
Award

Name:

Kierstyn Albin

Project Role:

Undergraduate student researcher

Researcher Identifier (ORCID ID):

Nearest person month worked:

1

Contribution to Project:

Assisted with some xenon-129 spin-
exchange optical pumping experiments
and laser characterization experiments,
analyzed data.

Funding Support:

DOD PRMRP W81XWH-15-1-0272
NSF DMR-1757954

Research Corporation Cottrell SEED
Award
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Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the
last reporting period?

Yes, new NSF grant was awarded. Provided bellow, please see the detailed information.

Title “Collaborative Research: Exploiting Spin Networks and Efficient Catalyst/Substrate Separations for
NMR "SABRE" Enhancement of Complex Systems”

CHE-1904780 (Chekmeneyv, PIl; Goodson, collaborative PI)

Time Commitment: Principal Investigator (8.3% effort; 1.0 summer month)

Supporting agency: National Science Foundation

Program Contact Name: Kelsey D. Cook

Program Contact Phone: (703) 292-7490

Program Contact Email: kcook@nsf.gov

Performance period: 08/01/2019-07/31/2022

Level of funding: $282,000 (total award including IDC)

With support from the Chemical Measurement and Imaging Program in the Division of Chemistry, Professors
Boyd Goodson at Southern lllinois University (SIU) and Eduard Chekmenev at Wayne State University (WSU)
are working to improve the sensitivity of nuclear magnetic resonance (NMR), an important method of chemical
analysis which underlies the well-known clinical imaging modality, magnetic resonance imaging (MRI). The
Goodson/Chekmenev team is developing new, inexpensive, and easy-to-make means of enhancing nuclear
magnetization - a sensitivity-limiting factor in many NMR and MRI applications, including diagnostic tests for a
host of diseases. Anticipated cost savings can also make these methods more available for other lab settings,
particularly those that have more limited research infrastructure and/or that feature undergraduate research.
Several students are involved, gaining exposure to highly interdisciplinary training. The team is also engaged in
efforts to recruit undergraduate students and match them with a variety of mentored research opportunities on
both campuses, with a goal of increasing the numbers and diversity of undergraduate students seeking STEM
careers.

The NMR/MRI approaches being used are based on Signal Amplification by Reversible Exchange, or
SABRE. In SABRE, an organometallic catalyst is used to co-locate parahydrogen and a target molecule
(substrate) within a transient complex; with properly matched external magnetic fields, nuclear spin order can
transfer spontaneously and efficiently from parahydrogen to the substrate, giving rise to NMR and MRI signals
that are increased by several orders of magnitude. Work by the Goodson/Chekmenev team seeks to: (1) improve
the understanding and utility of long-range SABRE polarization transfer via spin-relay networks in model
systems, for both homonuclear and heteronuclear cases; (2) develop and characterize new heterogeneous
catalysts for SABRE (“HET-SABRE”), as well as approaches for catalyst recovery; and (3) broaden the range of
substances amenable to SABRE through improved understanding of the fundamental quantum mechanics of
complex spin behavior in model extended networks.

What other organizations were involved as partners?

In addition to the two performing sites (and consultant listed on the original application), we have been
collaborating with scientists engaged in this project for Aim 2.

Organization Name: International Tomography Center

Location of Organization: Novosibirsk, Russia

Partner's contribution to the project:

In-kind support: Our collaborators provided catalyst materials for propane hyperpolarizer development work
as well as for the final polarizer design;

Collaboration: We have enjoyed a planned two-month visit with two collaborators visiting us at Wayne State
University site in the fall of 2018. We have performed collaborative experiments, analyzed the data. The work
during this period has focused on preparing manuscripts for peer-reviewed publications. A new visit with the
collaborators is underway in the fall of 2019, and the results of this visit will be reported in the next (final) progress
report.

Personnel exchanges: see above.

Moreover, we have been collaborating with scientists engaged in this project for Aim 1 and Aim 3.

Organization Name: University of Nottingham

Location of Organization: Nottingham, UK

Partner's contribution to the project:

In-kind support: Our collaborators provided their insights in the design and installation of 0.35 T MRI
scanner, and their input in the improvement of 129Xe hyperpolarizer.
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Collaboration: We have enjoyed regular (monthly to weekly) teleconferences with the Nottingham team
(lead PI: Michael J. Barlow). Moreover, we hosted a six-week long exchange visit with PhD student Robert Irwin,
who visited Wayne State University site in the fall of 2019; two additional trainees from Nottingham, James Ball
and Eleanor Sparling, performed capstone experiments for their MSC degrees at the partnering site (SIUC) for
over 2 months.

Personnel exchanges:

See above.

8. SPECIAL REPORTING REQUIREMENTS

Collaborative Award
This is a collaborative award with two partnering Pls.
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9. APPENDICES

Appendix 1: Original Statement of work, Years 1-3

STATEMENT OF WORK - 10/10/2014
PROPOSED START DATE September 1, 2015

Site 1:Vanderbilt Site 2:Southern Illinois
University University
1161 21% Ave 900 SOUTH
South MCN AA- NORMAL
1105 AVENUE
Nashville, TN CARBONDALE,
37232-2310 IL 62901
PI: Chekmenev Partnering PI:
Goodson
Specific Aim 1 Timeline Site 1 (Vanderbilt) Site 2 (SIU)

Develop and construct
a fully automated

high-pressure low-cost Months

stand-alone '*’Xe

hyperpolarizer
1.1. Design 1-5 80% 20%
1.2. Prototyping 6-10 75% 25%
1.3. Prototype
construction and 11-15 90% 10%
testing
Milestone Achieved Prototype PXe

polarizer constructed

1.4. Final Design 16-20 80% 20%
1.5 Final 21-24 90% 10%
Construction
1.6. Final Testing 25-30 75% 25%
1.7. Polarizer
Integration with MRI 31-34 90% 10%
scanner

Milestone Achieved = Final '"*Xe polarizer
constructed

1.8. Replica Polarizer
Construction and 31-36 50% 50%
Testing

Milestone Achieved | Replica '**Xe polarizer
constructed
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Specific Aim 2

Develop a large-scale
hyperpolarization
method for HP
propane

2.1. Chemistry of
Large Scale PHIP of
propane

Milestone Achieved:

2.2. Initial Polarizer
Design

2.3. Polarizer
Prototyping

Milestone Achieved:

2.4. Prototype
Optimization

2.5. Final Polarizer
Construction

2.6. Final Polarizer
Testing and
Integration with low-
field MRI system

Milestone(s)
Achieved:

Specific Aim 3

Develop and construct

a 0.05 T MRI scanner

3.1. Design low-field

MRI system with
commercial vendors

3.2. Low-field MRI
system construction
by Vendors

3.3. Low-field MRI
system installation

and fine-tuning at site

1 (Vanderbilt)

Timeline

1-6

Clinical Scale
Production of HP
Propane is developed

7-12

13-18

Prototype Polarizer
Constructed

19-24

25-30

31-36

Final Propane Polarizer

Constructed

Timeline

Months

1-6

7-12

13-18

Site 1 (Vanderbilt)

75%

100%

100%

100%

100%

75%

Site 1 (Vanderbilt)

50%

50%

100%
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Site 2 (SIU)

25%

0%

0%

0%

0%

25%

Site 2 (SIU)

50%

50%

0%



Milestone Achieved:

3.4. RF coils ("’Xe
and 'H) construction
for pulmonary
imaging

3.5. Pulse-sequence
development and
installation

Milestone Achieved:

3.6. MRI system
integration with
Propane
Hyperpolarizer

3.7. MRI system
integration with
Propane
Hyperpolarizer

3.8. Demonstration of’

high-speed MRI and
high-speed contrast
agent production/
imaging scan

Clinical low-field MRI
system for high-
throughout pulmonary
imaging is installed

19-24 100%

25-30 50%

Low-field MRI system
is ready for use with
contrast agents

31-36 100%
31-34 90%
35-36 90%

Milestones Achieved: Functional high-speed

MRI of hyperpolarized
propane and ' Xe;
System ready for
clinical trial.
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50%

0%

10%

10%



Appendix 2: Abstracts Presented and Manuscripts Published and Accepted

9 abstracts and 7 published peer-reviewed publications are reported. PDF files of these materials are
provided below in the Appendix 2.
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ABSTRACT: We report a systematic study of relaxation dynamics of hyper- GAS LIQUID
polarized (HP) propane and HP propane-dg prepared by heterogeneous pairwise ;0] HP PROPANE 4iTLs>146s
parahydrogen (pH,) addition to propylene and propylene-d,, respectively. Long- & 8 =)

lived spin states (LLSs) created for these molecules at a low magnetic field of §6 8

0.0475 T were employed for this study. The parahydrogen-induced overpopulation % 4 // T 2

of a HP propane LLS decays exponentially with a time constant (Tj;g) '_jz HP PROPANE-d; &

approximately threefold greater than the corresponding T values. Both Ty;gand = 077373773 Y= %
T, increase linearly with propane pressure in the range of 1 atm (the most Pressure (atm) Time (seconds)

biomedically relevant conditions for pulmonary MRI) to S atm. The Ty ;¢ value of

HP propane gas at 1 atm is ~3 s. Deuteration of the substrate (propylene-dg) yields HP propane-ds gas with T ¢ values
approximately 20% shorter than those of HP fully protonated propane gas, indicating that deuteration does not benefit the
lifetime of the LLS HP state. The use of pH, or Xe/N, buffering gas during heterogeneous hydrogenation reaction [leading to
production of pure HP propane (100:0, i.e., no buffering gas) versus a 43:57 mixture of HP propane gas with buffering gas]
results in (i) no significant changes in T, (ii) decrease of T} values (by 35 & 7 and 8 = 7%, respectively); and (iii) an increase
of the polarization levels of HP propane gas with a propane concentration decrease (by 1.6 + 0.1-fold and 1.4 + 0.1-fold,
respectively, despite the decrease in Ty, which leads to disproportionately greater polarization losses during HP gas transport).
Moreover, we demonstrate the feasibility of HP propane cryocollection (which can be potentially useful for preparing larger
amounts of concentrated HP propane, when buffering gas is employed), and T ¢ of liquefied HP propane reaches 14.7 s, which
is greater than the T'; value of HP propane gas at any pressure studied. Finally, we have explored the utility of using a partial
spin-lock induced crossing (SLIC) radio-frequency (RF) pulse sequence for converting the overpopulated LLS into observable
'H nuclear magnetization at a low magnetic field. We find that (i) the bulk of the overpopulated LLS is retained even when the
optimal or near-optimal values of SLIC pulse duration are employed, and (ii) the overpopulated LLS of propane is also
relatively immune to strong RF pulses, thereby indicating that LLS is highly suitable as a spin-polarization reservoir in the
context of NMR/MRI detection applications. The presented findings may be useful for improving the levels of polarization of
HP propane produced by HET-PHIP via the use of an inert buffer gas; increasing the lifetime of the HP state during
preparation and storage; and developing efficient approaches for ultrafast MR imaging of HP propane in the context of
biomedical applications of HP propane gas, including its potential use as an inhalable contrast agent.

B INTRODUCTION

Hyperpolarization increases the nuclear spin polarization by

several orders of magnitude over its thermal equilibrium Received: February 17, 2019
value."”” This dramatic polarization increase results in corre- Revised:  April 9, 2019
sponding gains in NMR and MRI signals.”* The biomedical Published: April 11, 2019
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Scheme 1. HET-PHIP Polarizer Apparatus and Low-Field NMR Setup”
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“This setup consists of three major components (outlined by dashed lines): parahydrogen generator, propane hyperpolarizer, and the 0.0475 T
NMR spectrometer/pulse-programmable automated gas manifold controlled by a Kea2 NMR spectrometer with a pressurized phantom (~17.5

mL).

use of hyperpolarized (HP) spin states enables a variety of new
applications, such as probing metabolism and organ function
on the time scale of tens of seconds.”° In the case of gases
and lung MR, the potential of HP noble gases like *He and
129Xe for such applications was demonstrated over 20 years
ago,” "% and they have been shown to be safe in clinical trials
(e.g., ref 11). Although HP *He MRI was demonstrated before
129%e,'*~'* the supply of *He is limited (it is a product of
tritium decay), thus presenting a significant obstacle for a
sustainable widespread clinical use. As a consequence, '**Xe is
the leading HP noble gas for prospective use as an inhalable
contrast agent for imaging COPD,"* emphysema,'®'” brown
fat,"® and other applications.'”~*' However, while progress has
been made, the clinical-scale hyperpolarization hardware for
HP '*Xe Ereparation remains relatively complex and
costly.'»**™*" More importantly, clinical MRI scanners are
not equipped with the hardware or software required for HP
129%e imaging, because they are designed to image the 'H spins
from water and lipids in the body, whereas '?*Xe resonates at a
frequency that is several-fold lower than that of 'H. Because of
the above limitations of HP '**Xe production and imaging
technologies, the search for biomedically useful inhalable HP
contrast agents remains an active area of basic and translational
research.

HP gaseous hydrocarbons potentially obviate the short-
comings of HP '*Xe in the context of biomedical applications,
because protons of hydrocarbons can be hyperpolarized
quickly and cheaply via the parahydrogen utilization.”® >
Using heterogeneous catalysts, gaseous hydrocarbons can be
hyperpolarized via the pairwise addition of parahydrogen
(pH;_)“”‘H_35 to a suitable unsaturated substrate via a process
termed heterogeneous parahydrogen-induced polarization
(HET-PHIP). Although gas-phase proton T, values are
generally short—ca. 1 s at 1 atm®*—a number of approaches
have been developed to extend the lifetime of HP states in
hydrocarbons, including the use of high operating pressure’®
and reversible dissolution.”” Most importantly, the pioneering
works of Levitt,>*™*" Bodenhausen,*”** Warren,**** and
others**™* have demonstrated that the relaxation decay of
the HP state can be significantly prolonged when two HP
nuclear spins are entangled in a singlet state. More broadly in
spin systems with three’® and more spins,” long-lived spin

11735

states (LLSs) can exist because of the symmetry properties of
the spin Hamiltonian. The exponential decay constant of LLS
Ty can significantly (by up to several orders of magnitude)
exceed T).

HP propane has garnered our attention because it is
relatively inert,”** has low in vivo toxicit’y,53 and it is
approved by the FDA for its use in the food industry as a
propellant and for food storage.”* More broadly, it is used as a
food additive (E944). Therefore, we envision its potential use
as an inhalable HP gas in a manner similar to that of HP '*Xe.
However, unlike HP '*°Xe, HP propane can be produced using
relatively simple, low-cost, and high-throughput hyperpolariza-
tion hardware,”> and HP propane can be readily imaged using
conventional clinical MRI scanners which can readily detect
HP protons of propane gas,Sé_59 representing the clear
advantages for biomedical use. Recently, we have demon-
strated a clinical-scale hyperpolarization process for production
of pure (from catalyst) HP propane gas capable of producing
~0.3 standard liters of HP hydrocarbon gas in ~2 5.”> As a
result, access to HP propane for potential use in humans and
large animals is enabled. The work presented here is focused
on systematic relaxation studies of HP propane in the gas and
liquid states with the key focus on the biomedical application
of this potential inhalable contrast agent and extending the
lifetime of the HP state as much as possible for potential
bioimaging applications.

B METHODS

Parahydrogen Generation and Experimental Setup.
Two different NMR spectrometer systems were used in this
study: one setup used a dual-channel Kea-2 low-field NMR
spectrometer (Magritek, New Zealand) to study HP propane
at 0.0475 T (Scheme 1) with a previously built radio frequency
(RF) coil.”® The other setup employed a bench-top 1.4 T
NMR spectrometer (NMRPro 60, Nanalysis, Canada)
(Scheme S1).

Parahydrogen was prepared using a custom-made pH,
generator using 99.9995% hydrogen (Airgas), producing a
pH, enrichment fraction of ~87%. During operation, pH, is
produced continuously and collected in a storage chamber (0.5
L size) prior to its use in the experiments. pH, was combined

with propylene (Sigma-Aldrich 295663-300G) or propylene-d

DOI: 10.1021/acs.jpcc.9b01538
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(99% atom D, Sigma-Aldrich 455687) gas in a mixing
chamber™ to achieve a given desired ratio of the reagents. In
some experiments, an additional cylinder containing a
buffering gas was used (extra pH, was added or a 3:1 Xe/N,
mixture was added in parallel, Scheme 1). The prepared
reaction mixture was then sent through a mass flow controller
(MFC) set to approximately 2000 standard cubic centimeters
per minute (sccm) flow rate (unless otherwise stated), and
then into the reactor.’® The catalytic reactor (44 cm-long
copper tubing with 1/4 in. outer diameter, 0.d.) contains ~280
mg of 1% (by weight) Rh/TiO, catalyst mixed with 12 g of
copper particles (10—40 mesh size, >99.90% purity, Sigma-
Aldrich) in the gas-reaction section, Scheme 1. The gas heating
and gas cooling sections of the reactor were also filled with 12
g of the copper particles in each section (with Cu particles
added for even heat distribution), giving a total of ~36 g of
copper particles in this copper tube; the three sections were
separated by glass wool. In the first section, the gas mixture is
heated using cartridge heaters connected to a PID temperature
controller. The second reactor section is heated similarly but
contains the catalyst (with Cu particles added for even heat
distribution) to perform substrate hydrogenation with pH,
(Scheme 2a,d). The third/final section of the reactor is for gas
cooling, where a third PID temperature controller/heater/
cooling fan combination is employed to regulate the cooling of
the gas, which is facilitated by passing it through another ~12 g
of Cu particles (Scheme 1). The gas mixture exiting the reactor
is then directed to either the 0.0475 T or the 1.4 T NMR
system to collect enhanced "H NMR spectra of HP propane or
propane-dg. The following scheme was used for the 0.0475 T
system. The HP gas exiting the reactor was sent through a
valve (#2') into the small phantom (17.5 mL) located within
the RF coil of the 0.0475 T magnet. The flow of the gas is then
directed through another valve (#3'), after which the gas is
vented to the atmosphere (i.e. within a hood) via a safety valve
operating at 0—60 psi overpressure. The gas inlet and outlet
are also connected via a normally open valve (#1’) through a
bypass connection to enable the gas flow, when the phantom is
closed for the gas flow—this way, the production of HP gas
remains uninterrupted.

The details of the 1.4 T apparatus are provided in Scheme
S1 in Supporting Information. For these experiments, the HP
propane gas exiting the reactor system was directed to the
bench-top NMR spectrometer. The inlet was connected to the
bottom of a standard 5 mm NMR tube. This NMR tube was
cut at the bottom and glued with epoxy to 1/8 in. o.d.
polyethylene tubing. The NMR tube designed in this fashion
was placed inside the NMR spectrometer. The top of the NMR
tube was connected to a manual valve (via 1/4 in. o.d. Teflon
tubing), which was then vented via two manual valves and a
safety valve. Here, we also employed a bypass between the inlet
and the outlet lines of the NMR tube. A receiver gain of 4 dB
was used for all the spectra recorded using this 1.4 T NMR
spectrometer system. The 1.4 T bench-top NMR spectrometer
arrangement was used to directly measure the polarization
enhancement values and chemical conversion of HP propane
(Figure 1la) under the following experimental conditions: a
1.2:1 mixture of pH,/propylene was used at a gas flow rate of
2000 sccm at variable reactor temperatures. NMR spectra of
HP propane were acquired in two flow regimes: continuous-
flow (Figure 1b, under continuous flow) and stopped-flow
(Figure 1d, when the flow was terminated). The overpressure
was measured using a pressure gauge connected downstream

Scheme 2. (a) Diagram of the Pairwise Addition of pH, to
Propylene Over the Rh/TiO, Catalyst; (b) The Sequential
Steps of the Signal Acquisition Method Using the 0.0475 T
Setup for the Measurement of HP Propane Ty;g (Achieved
by Varying the Relaxation Delay 7), Optimization of the
Chamber-Refill Time 7¢g, and Optimization of SLIC
Transformation (Varying RF Amplitude, Power, and
Frequency Offset); (c) Corresponding Pulse Sequence Used
for HP Propane T; Measurements Using 90° RF Pulse (to
Create z-Magnetization) after SLIC Irradiation Followed by
a Small Angle (@) RF Pulse; Note the SLIC Pulse and
Chamber Refill Are Performed Once in the Sequence
Shown in (c) vs Multiple Refills Employed in the Sequence
Shown in (b); (d) Diagram of the Pairwise Addition of pH,
to Propylene-d; Over the Rh/TiO, Catalyst; (e) Pulse
Sequence Used for the Measurement of HP Propane-dg
Tyis- Note the pH, Symmetry Breaking is Achieved by the
Chemical Reaction, with Nascent Protons H, and Hg Placed
in Methylene and Methyl Chemical Groups in (a,d)
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of the NMR tube setup (Scheme S1). These experiments were
performed by flowing the HP gas mixture from the exit of the
catalytic reactor into the S mm NMR tube via the bottom side
of the bench-top NMR spectrometer (Scheme S1). The gas
exiting at the top of the NMR tube was then flowed through
the manual valves (#1” and #2”) to the vent, and the spectrum
was recorded under continuous-flow conditions. In the
stopped-flow condition, after flowing the gas for at least 20—
40 s the gas flow was stopped by setting the MFC to zero sccm
flow rate and closing the manual valve #2”, so the HP propane
gas would be trapped (and stopped) throughout the duration
of the NMR spectrum acquisition (Figure 1d). The time delay
between stopping the gas flow and the NMR acquisition was
0.5—1 s. After the relaxation of hyperpolarization, NMR
spectra of stopped-flow thermally polarized propane gas were
recorded (an example is shown in Figure 1c). Although the
stopped-flow mode exhibited a better spectral resolution
because the gas-flow artifacts were eliminated, we generally
used the continuous-flow mode for data acquisition owing to

DOI: 10.1021/acs.jpcc.9b01538
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Figure 1. '"H NMR single-scan spectroscopy of HP propane gas using
the 1.4 T setup (see Scheme S1 for details). (a) Schematic of
heterogeneous pairwise pH, addition. (b) 'H NMR spectrum of HP
propane acquired with the apparatus in the continuous-flow mode.
(c) "H NMR spectrum of the thermally polarized propane (blue) and
spectral fitting (red) using the Bruker Daisy software package. (d) 'H
NMR spectrum of HP propane acquired in the stopped-flow mode.
(e) Plot of NMR signal enhancement values of the HP methyl proton
(H,) at different operating temperatures obtained via a continuous-
flow operation (reactor prepared by mixing ~62 mg of the Rh/TiO,
catalyst and 6.6 g of Cu in the 2nd section of the hyperpolarizer).
Connecting lines in display (e) are meant only to guide the eye.

the less complicated experimental procedure, more reprodu-
cible data, and greater HP signals.

For the HP propane condensation, a slightly modified
version of the setup shown in Scheme 1 was employed: the
phantom inside the RF coil was replaced by a S mm NMR tube
via a Wye-connector in which the reaction mixture was
cryocooled inside a dry ice/ethanol bath at a flow rate of 1300
sccm for ~20 s in the Earth’s magnetic field. Then, the NMR
tube was rapidly placed inside the 0.0475 T magnet, and
spectra were collected using a RF spin-lock induced crossing
(SLIC) pulse (200 ms).

NMR Pulse Sequences. Both the filling of the pressurized
phantom and the acquisition of NMR spectra were fully
automated in Prospa software (Magritek, New Zealand) using
a custom-made pulse program and hardware of the pulse-
programmable polarizer described previously.”" This setup was
used for most of the experiments reported here to study the
effects of varying the refill duration, SLIC** pulse duration, etc.
All experiments were conducted by first filling the phantom
with HP gas, terminating the flow by closing valves #2’ and 3/,
and then applying the sequence of RF pulses of interest on the
static HP gas mixture (i.e., under stopped-flow conditions, in

contrast with our previous work on HP propane, where RF
pulses were applied to continuously flowing HP gas®®) and
finally collecting the FID as shown in Scheme 2b,c,e.

The exponential decay of the LLS in HP propane is
characterized by the exponential decay constant Ty;s,”” which
was measured by varying the relaxation delay time period as
shown in Scheme 2b. The corresponding NMR spectrum of
HP propane after SLIC is shown in Figure 2a. After the SLIC

Hyperpolarized propane Hyperpolarized propane-dg

-]

a after SLIC b 10° RF pulse
’_\60' —_
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& 40] N
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Figure 2. (a) 'H 0.0475 T NMR spectrum of HP propane after SLIC
transformation (as shown in Scheme 2b). (b) 'H 0.0475 T NMR
spectrum of HP propane-ds acquired using a small-angle (~10°) hard
RF pulse (as shown in Scheme 2e).

transformation of the pH,-induced overpopulation of the LLS
the observable magnetization is aligned along the axis of the
SLIC irradiation (i.e. x or y axis of the rotating frame, which is
a typical approach employed in NMR to describe the effect of
RF pulses), and a 90° pulse is applied to align the
magnetization of HP propane along the z-axis (i.e. along the
applied static magnetic field referred to as the z-axis of the
rotating frame, Scheme 2c. Although the LLS is denoted
schematically as a singlet in Figure 3a, it should be noted that
the spin eigenstates of protonated propane have eight protons,
and therefore the resulting spin system is different from the
prototypical “singlet” and “triplet” states—after pairwise
addition of the pH, singlet (as the two protons belonging to
the CH, and CH; groups, respectively), many collective states
of the proton spin system can be populated, and some of these
states can be long-lived because of the symmetry properties of
the spin Hamiltonian. Therefore, strictly speaking, LLS of
propane cannot be called a “singlet” state. After these RF-
induced transformations, the resulting z-magnetization decays
exponentially according to the spin-lattice decay time constant
T, which is measured by applying a small-angle excitation
pulse @ (~10°) followed by FID detection, applied several (N)
times to observe the decay (as shown in Scheme 2c). Although
LLS exists for HP propane-dg, the application of a SLIC pulse
for transformation of the LLS into observable magnetization is
not required because of the spin—spin coupling of nascent
protons with deuterons—see ref 58 for details. As a result, Ty g
can be conveniently measured by applying a small-angle
excitation pulse (~10°) followed by FID detection, repeated
several times to observe the decay (Scheme 2e). The
corresponding NMR spectrum of HP propane-dy is shown in
Figure 2b.

Bl RESULTS AND DISCUSSION

Optimization of SLIC RF Pulse Sequence and
Reaction Temperature, and Tests of Reproducibility.

DOI: 10.1021/acs.jpcc.9b01538
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Figure 3. Results from SLIC pulse optimization with HP propane
data acquired using the 0.0475 T NMR spectrometer setup shown in
Scheme 1 at a production/reactor/reaction temperature of 60 + 1 °C
(except for display (c) where the temperature was varied). (a)
Diagram showing the transformation of LLS of HP propane (denoted
schematically as a singlet) into observable magnetization achieved
using a SLIC pulse. (b) Results from a test of the shot-to-shot
reproducibility of the intensity of the HP propane signal. (c)
Temperature dependence of the average (over three data points) HP
propane SLIC-induced signal using a 1:1 gas mixture of pH, and
propylene. (d) Optimization of RF power of the SLIC pulse (note the
x-axis is provided in db units of the Kea NMR spectrometer due to
the nonlinearity of the RF amplifier at low power levels; the maximum
is expected at the B, RF strength between 10 and 30 Hz). (e) The
dependence of the HP propane signal on the SLIC pulse duration
(experimental data: black points; a fit using a sinusoidal function is
shown by the solid red curve). (f) The dependence of the HP
propane signal on the SLIC pulse frequency offset. Note a SLIC pulse
duration of 500 ms was employed for the data acquisition in panels
(b—d,f). Connecting lines in displays (b—d,f) are meant only to guide
the eye.

The effects of different experimental conditions toward the HP
propane signal intensity induced by the SLIC pulse were tested
in order to optimize the pulse parameters and thereby
maximize the HP propane signal (Figure 3). All the data
were recorded using the 0.0475 T experimental setup (Scheme
1) via the sequence shown in Scheme 2b. A 1:1 gas mixture of
pH, and propylene was used for the temperature variation
experiments in order to determine the optimal temperature for
the reactor, particularly in the second section of the
hyperpolarizer setup. The gas flow rate was 2000 sccm, and

the refill time was 5 s for each run. For refilling the phantom,
first the gas was allowed to flow through the phantom for ~5 s
with valve #1' closed and valves #2' and #3’ open, and after ~§
s of gas flow valves #2' and 3’ were closed, and the bypass
valve #1’ was opened. First, the consistency of the HP propane
signal was tested (Figure 3b) using a SLIC pulse duration of
500 ms; over numerous scans a standard deviation of ~9% was
found, indicating good shot-to-shot reproducibility for the
hyperpolarizer. Next, the SLIC sequence was used for the
experiment, and three HP propane spectra were collected at
each reaction temperature (recorded as the temperature of the
reactor’s aluminum jacket). The average signal value and the
corresponding standard deviation are plotted for each
temperature in Figure 3c. The strength of the SLIC RF
pulse also has a negligible effect on the signal, as identified in
previous studies.”” The results from SLIC pulse power
optimization are shown in Figure 3d; from this SLIC power
plot, the highest SLIC signal corresponds to a power setting of
—51.25 dB (this value likely corresponds to 20—30 Hz of B,
power™), and this optimal power was used for the remaining
studies using the SLIC sequence. The SLIC pulse duration was
varied from 2 to 1802 ms, and the signal was found to increase
with the SLIC pulse duration and was well-reproduced by a
sinusoidal function (in a manner similar to the B; nutation
curve, which is predicted by the similar works of Rosen and co-
workers,”* and the previous study of the HP propane system;"
note that data acquisition at long SLIC times is impractical
because of the T, relaxation effects®) (Figure 3e), yielding a
SLIC period (tsc) of 40 + 0.2 5. The last parameter
optimized was the SLIC pulse frequency offset.”’ The offset
was swept from ~10 to 80 Hz while monitoring the signal
strength, and the resulting signal intensity data indicated an
optimal offset of ~4S Hz for the system under study (Figure
3f) using the experimental setup presented here.

'H Relaxation Dynamics of HP Propane at 0.0475 T.
First, we measured T and Ty values for HP propane gas in
the pressure range between 1 and 4.6 atm, formed using a 1:1
mixture of pH, and propylene at 75 °C and 2000 sccm flow
rate. As discussed below, the chemical conversion was ~100%
at these conditions, that is, yielding a nearly 100% propane gas
product. We note that a previous T, and Ty;g study of HP
propane® was performed within a significantly higher pressure
regime (3—7.6 atm total pressure), whereas the present study
is focused on a lower pressure regime relevant for future in vivo
studies (wherein the gas would need to be imaged at 1 atm). In
the overlapping range of the pressure values, the épresent results
generally agree with those of the previous study:®” although the
T, and Ty ¢ values reported here are somewhat larger (by
approximately 10%), this difference likely reflects the fact that
the previous study employed reaction conditions where the
chemical conversion of substrates was incomplete. Examples of
the signal decay curves associated with T, and Ty;g of HP
propane are shown in Figure 4a,c respectively. Figure 4b shows
the dependence of HP propane T, time on the propane
pressure, yielding values in the range of ~1.05 s (at 1.6 atm) to
34 s (at 4.5 atm). Figure 4d shows the corresponding
dependence of HP propane T g time on the propane pressure,
showing values in the range of ~3.1 s (at 1.0 atm) to 9.4 s (at
4.5 atm). On average, the Ty values were approximately 3
times greater than the corresponding T, values, with nearly
linear dependence on pressure, which is in accord with the
previous report.”> Such a linear T, dependence is consistent
with the major contribution of the gas-phase nuclear spin
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Figure 4. Examples of T, (at ~3.6 atm pressure) and Tyg (at ~4.5
atm pressure) signal decays of HP propane and mono-exponential
fitting are shown in (a,c); (e) corresponding example of LLS decay of
HP propane-dg. Dependences of T; (b) and Ti;s (d) of propane
hyperpolarization on its pressure. (f) Dependence of T, ¢ of propane-
de hyperpolarization on its pressure (an example of experimental data
reporting on effective T, for HP propane-dg is shown in Figure S3).
All data are acquired at 0.0475 T using production/reaction
conditions of 75 °C and 2000 sccm flow rate with near-100%
chemical conversion of pH, and unsaturated substrates. See Scheme 1
for additional details.

relaxation being from the spin-rotation mechanism in the
intermediate-density (here, multi-amagat) regime.64’65 Under
such conditions, different relaxation times for T; and Ty (and
slopes with respect to density) would not be surprising as spin
states with different symmetries would likely couple to
different rotational states.’* Future theoretical studies are
certainly warranted to provide a more-detailed understanding
of the observed trends.

Effect of HP Propane Deuteration on LLS Decay at
0.0475 T. Because Ty is considerably greater than T, in HP
propane, the LLS of HP propane may be better suited for in
vivo experiments, which would likely require at least several
seconds of HP gas handling for inhalation and MR imaging.
Given the desire to further lengthen the lifetime of the non-
equilibrium spin order endowed by hyperpolarization,”*®” we
also studied the effect of deuteration on Ty in HP propane-dg
(the corresponding effective T, data are shown in Figure S3),
acquiring data under conditions similar to the HP propane
Ty s measurements discussed above (Figure 4c). We note that

the symmetry of nascent parahydrogen protons is broken in
propane-ds in a way that the magnetization is already
observable, even in the absence of significant chemical shift
differences (Figure 2b) at 0.047S T; for additional details the
reader is referred to ref 58. Therefore, the data acquisition for
HP propane-ds was performed differently from that for HP
propane (i.e. using the sequence shown in Scheme 2e), and
small tipping-angle (~10°) RF excitation pulses followed by
NMR signal detection were employed. An example of the LLS
decay of HP propane-ds is shown in Figure 4e. Such Ty
values were plotted against the gas pressure, and a linear fit was
performed for the data obtained (Figure 4f). According to
Figure 4f, Ty ;g for propane-dy increases linearly with pressure,
with Ty values being ~20% lower (on average) than the
corresponding T ¢ values of HP propane (Figure 4d). We
note that this small difference is likely a combination of two
effects: some depolarization losses due to RF excitation pulses
(not taken into account) employed for data collection for HP
propane-dg, as well as the effect of deuterium labeling of the
substrate; future theoretical studies are certainly warranted to
provide the understanding of the observed trends. Taking into
account the RF pulse excitation (which we did not perform
because of concerns described by Kharkov and co-workers®®)
would lengthen Ty;g values by less than 8%, which is
insufficient to account for the ~20% difference between the
Ty values of HP propane and HP propane-ds. We also note a
different slope of the curves shown in Figure 4d,f.

It should be noted that although HP propane-ds Tt values
are generally lower than the corresponding values for HP
propane, the detection of HP propane-d, offers the advantage
of direct detection using a hard, short RF excitation pulse,
whereas a long soft SLIC pulse is required to obtain observable
magnetization in case of using HP propane at low magnetic
fields. This advantage can be useful in the context of MRI
applications, because RF excitation pulses can be very short
(compared to SLIC RF pulses).

NMR Spectroscopy of HP Propane Gas at 1.4 T. We
note that the methylene and methyl proton resonances still
partially overlap at 1.4 T; the spectral appearance was well-
reproduced by spectral simulation. No traces of unreacted
propylene were seen (as evidenced by the lack of methine
proton resonances after multiple averaging, data not shown),
which is consistent with a full (i.e. near 100%) chemical
conversion of the unsaturated substrate in the hydrogenation
reaction with pH, under these experimental conditions: the
corresponding NMR spectrum of thermally polarized
propylene is provided in Figure S2.

We note that SLIC-based detection does not allow obtaining
the true value of polarization enhancement of the over-
populated LLS at 0.0475 T® because SLIC transformation
does not offer a 100% conversion efficiency of the LLS into
observable magnetization. On the other hand, direct detection
of HP propane gas at 1.4 T was employed to measure
polarization enhancement values. For this purpose, the integral
values of the signals from H, and Hy protons (the continuous-
flow mode) (Figure 1, we note that the absolute values for H,
and Hy were similar) were compared to the corresponding
integral values for thermally polarized propane under the same
pressure and multiplied by a factor of 8 (to account for eight
protons contributing to the NMR signal of thermally polarized
propane). The enhancement values recorded in such a manner
for the H, proton were nearly unchanged (ey, ranging from
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950 to 1150, Figure le) over the range of the reactor
temperatures studied (between 20 and 140 °C), which is in
agreement with our similar studies using the 0.0475 T setup
(Figure 3a). This trend is important for two reasons. First of
all, it indicates that a robust catalyst performance in production
of HP propane gas can indeed be obtained over a wide range of
temperatures with effectively ~100% chemical conversion
(note: 20% excess pH, was employed for data collection in
Figure le). Second, the highest levels of polarization
enhancement were observed at 40—60 °C, suggesting that
reactor temperatures near that of the human body (ca. 40 °C)
can be readily employed without sacrificing polarization
efficiency. This finding bodes well for future in vivo use of
HP propane gas because the produced HP propane can be
immediately inhaled by the subject without the need for
significant additional cooling.

Effects of Buffering Gases on Propane Hyperpolari-
zation Level and Decay. The effect of buffering gas on the
relaxation constants and polarization values of HP propane was
also studied using the 0.0475 T NMR spectrometer setup
(Scheme 1). For these experiments, we used a flow rate of
2000 sccm, a reaction temperature of 75 °C, and 38 psi
overpressure (total pressure of 3.6 atm); SLIC sequences were
used for all acquisitions. The results obtained with pH,
buffering gas and with variable propane concentrations are
shown in Figure Sa—c, whereas those obtained with the Xe/N,
mixture (3:1 ratio) as the buffering gas and with a variable
propane concentration are shown in Figure Sd—f. The
rationale for the mixture of Xe and N, was to test the effects
of reduced gas diffusion by using a dense gas (indeed, we note
that previous attempts employing pure Xe were challenging
because of high gas viscosity). The results indicate that T
decay of HP propane is not significantly impacted by the
presence of light (H,) or heavy (Xe/N,) buffering gases, as
shown in Figure Sa,d, respectively. However, LLS decay of HP
propane decreases significantly (by 35 & 7% from 100 to 43%
mixture) with the increased presence of a light buffering gas,
H, (Figure Sb). Yet in the presence of a heavy buffering gas
(Xe/N,, 3/1), the observed decrease in Tj;g is far more
modest (by 8 + 7% from 100 to 43% mixture, Figure Se).
Note, if we consider polarization levels, pH, is not truly a
buffering gas, because its concentration can influence the
processes occurring on the catalyst surface including the
percentage of pairwise hydrogen addition. On the other hand,
the Xe/N, mixture is inert relative to the catalyst operation
(except the dilution of the reactants leading to decrease of their
partial pressures). The 'H polarization values increase in the
presence of the buffering gas by 1.6 + 0.1 fold (100% propane
mixture vs 43% propane mixture) in the case of H, buffering
gas (in agreement with previous studies®®*”), and by 1.4 + 0.1
fold (100% propane mixture vs 43% propane mixture) in the
case of Xe/N, (3:1) buffering gas, as shown in Figure Sc,f
respectively. We note that the actual increase in (initial)
polarization of HP propane gas may be significantly greater
because in the case of more dilute mixtures, HP propane has
lower corresponding Tp g values (see Figure Scf), and
therefore, likely experiences disproportionately greater polar-
ization losses during more than 5—10 s of transport time from
the reactor to the detector.

The observation that the buffering gas boosts propane
hyperpolarization in the HET-PHIP process is important in
the context of biomedical applications with the goal of
maximizing the levels of hyperpolarization. Although the
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Figure 5. Effects of using different buffering gases on the
hyperpolarization decay constants and polarization levels of HP
propane determined using the 0.0475 T magnetic field NMR
spectrometer setup (Scheme 1). T; (a) and Ty (b) dependence of
HP propane on the propane fraction in the resultant gas mixtures with
the use of pH, buffering gas. (c) Dependence of propane 'H
polarization (arbitrary units, a.u.) on the propane fraction in the
resultant gas mixtures with the use of H, buffering gas. T, (d) and
Ty.s (e) dependence of HP propane on the propane fraction in the
resultant gas mixtures with the use of the Xe/N, (3:1) buffering gas
mixture. (f) Dependence of propane 'H polarization (arbitrary units,
a.u.) on the propane fraction in the resultant gas mixtures with the use
of the Xe/N, (3:1) buffering gas mixture. All data were obtained at 38
psi backpressure (~3.6 atm total pressure), and the pH, to propylene
ratio was 1:1 for the experiments shown in displays (d—f).
Connecting lines are meant only to guide the eye.

produced HP gas is diluted with the buffering gas, it can
potentially be separated by rapid cryocondensation of HP
propane gas, as discussed below.

Partial SLIC RF Excitation of HP Propane Gas at
0.0475 T. We carried out a series of experiments with a
variable SLIC pulse duration on HP propane gas using the
0.0475 T spectrometer setup (Scheme 1) for a 1:1 reaction
mixture of propylene and pH, at 38 psi overpressure (~3.6 atm
total pressure). Once the phantom was filled with fresh HP
propane gas, the SLIC pulse was applied followed by
immediate signal detection, and these two steps were repeated
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N times on a single fill of HP propane (Figure 6a). The signal
of HP propane obtained in this fashion falls exponentially as a
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Figure 6. (a) Pulse sequence comprising a series of partial SLIC
pulses with variable duration each followed by NMR signal
acquisition; note the sequence is repeated N times on a single
batch of static HP propane gas. (b) Decay of HP propane signals
obtained using the partial SLIC excitation scheme (with variable SLIC
duration); note the color coding of the SLIC pulse duration in the
figure legend (see Table S1 for additional details). (c) Intensity of the
first data point in display (b) plotted as a function of the SLIC pulse
duration. Connecting lines in displays (c,d) are meant only to guide
the eye.

result of a combination of LLS decay and the application of
SLIC pulses. Several different SLIC RF pulse durations
(varying between SO and 1600 ms) were employed to record
NMR spectra, the intensities of which are plotted against time
in Figure 6b. We note that in the case of longer SLIC
durations, the RF pulses were applied more sparsely, resulting
in a longer repetition time (TR) but in greater signal intensities
(Figure 6¢). An effective Ty, value was determined for each
experimental series in Figure 6b, and these effective Ty s values
(detailed in Table S1) are plotted in Figure 6d. As expected,
when the SLIC pulse duration is increased, the effective decay
time constant decreases, indicating faster depletion of the HP
state. All effective T, ¢ values measured in this fashion were in
the range of 4.7—8.1 s (due to decay and RF depletion), which
is less than the corresponding T;, ¢ value (~8.4 s) obtained at
otherwise identical conditions using the procedure described
above (cf. Figure 4d). This finding indicates that partial SLIC
can be applied to HP propane to convert only a fraction of the
hyperpolarization pool at one time (prolonging the useful
lifetime of the enhanced spin order). We note that even though
near-optimal values of SLIC pulses are applied (i.e. 800—1600
ms durations, making an analogy with a 90° excitation pulse—
note the corresponding signal produced by SLIC pulse
increases with duration, Figures 3e and 6c), the overpopulated
LLS remains largely intact, because subsequent RF excitation
pulses produce comparable signal levels, Figure 6a. This
finding is useful for several reasons. First, a short SLIC pulse
(i.e, with the duration significantly shorter than the optimal

value) can be employed in a manner similar to a small tipping-
angle excitation pulse for applications ranging from measure-
ments of relaxation of HP species to MRI encoding. In the case
of MRI applications, we note that the resulting magnetization
(after SLIC pulse) is in the x—y plane, and therefore, can be
conveniently combined with the echo-planar imaging (EPI)
readout. As a result, SLIC can provide both partial excitation of
overpopulated LLS to record 2D slices, and also enable singlet
order selection filtering”® for selective excitation of the singlet
states in the presence of proton background signal of tissues.

There are at least two possible explanations for the observed
retention of overpopulated LLS even after the application of a
SLIC pulse of optimal duration (which in principle is designed
to convert most of the singlet order into observable
magnetizationéz). First, gas convection and B, inhomogeneities
may lead to subpar performance of the SLIC pulse sequence,
leaving the bulk of the HP LLS unaffected by the SLIC pulse
sequence.”® Second, the HP propane spin sgfstem cannot be,
strictly speaking, treated as a true singlet””**®* because there
are eight spin—spin coupled protons, and therefore, the
application of the SLIC sequence may indeed generate
observable magnetization while retaining some overpopulated
LLS in the spin system of HP propane gas. Future studies using
stronger magnets and more homogeneous excitation RF coils
are certainly warranted to delineate the relative contribution of
these two effects.

We have also tested the immunity of the overpopulated LLS
with respect to irradiation by hard RF pulses. The applied
sequence is shown in Figure 7a, and the corresponding decay
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Figure 7. (a) Pulse sequence comprising a series of partial SLIC
pulses with 200 ms duration followed by NMR signal acquisition. The
200 ms SLIC pulse is followed by NMR detection; this loop is
repeated 4 times, and a train of sixty-four (equally spaced) hard 90°
RF pulses is applied and the entire sequence is repeated three times.
(b) The recorded SLIC NMR signal intensities (comprising 12 data
points). The mono-exponential fitting (red) yielded an effective Ty
constant of 5.3 #+ 0.1 s. The corresponding decay curve without the
use of hard RF pulses is shown by a blue trace with triangles. All
experiments were performed at 38 psi of overpressure (~3.6 atm total

pressure).

data are presented in Figure 7b (red curve). Specifically, we
have employed a SLIC pulse duration of 200 ms, which was
followed by signal acquisition. This partial SLIC detection was
repeated four times. Next, 64 hard 90° RF pulses were applied
back-to-back. This process was repeated three times, and the
integral intensity of the HP signals (obtained via partial SLIC
and shown as red squares in Figure 7b) is plotted versus time.
The resulting data were fit to give an effective T} ;s constant of
5.3 + 0.1 s. This value is close to a corresponding value
obtained when no hard RF pulses were employed: effective
Tyis of 6.3 + 0.4 s (Figure 7b, blue curve), indicating that the
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overpopulated LLS is relatively immune to the application of
hard RF pulses. This observation is useful in the context of
future MR imaging studies, where the application of strong RF
pulses may be desirable for background signal suppression,
while retaining the overpopulated LLS of HP propane gas.

Feasibility of Condensation of HP Propane Gas and
LLS Decay of Liquefied HP Propane at 0.0475 T.
Cryocollection of HP gas is a common practice in a
continuous-flow production of HP noble gases, a practice
that is designed to make the contrast agent more
concentrated.”®”"”* Because the addition of buffering gas
increases the degree of propane hyperpolarization (Figure
Scf), we have investigated the feasibility of HP propane
cryocollection. A slight modification to the 0.0475 T
experimental setup was made to perform HP propane
condensation (Scheme 1 and Methods section for details).
The phantom inside the RF coil was replaced by a 5 mm NMR
tube, wherein the reaction mixture was cryocooled. The
cryocooling was performed at a flow rate of 1300 sccm for ~20
s inside a cooling bath with dry ice and ethanol (ca. —78 °C)
outside the magnet, that is, at the Earth’s magnetic field. Then
the NMR tube containing liquid HP propane was carefully
placed inside the magnet, and a series of NMR spectra were
collected using partial SLIC excitation with 200 ms pulse
duration. The typical NMR spectrum of the liquefied propane
(Figure Sla) was similar to the one of HP propane gas (Figure
2a). The fitting to monoexponential decay (Figure S1b—d)
revealed an effective Tj;g time constant of 14.7 + 0.5 s. We
note that this value is actually a lower-limit estimate, because
the partial SLIC excitation reduces the pool of HP LLS (Table
S1), and the effect of the RF pulse-associated losses was not
taken into account in our data fitting. Nevertheless, this
relatively long Ty value is significantly greater than any T
value of HP propane in the gas phase measured here or
elsewhere.”® This lower-limit Ty; g value for liquid HP propane
is somewhat lower than the T value of HP propane dissolved
in deuterated organic solvents (28—35 s).”’

Because higher polarization values can be obtained via HET-
PHIP using buffering gases, and because buffering gases can be
potentially separated from cryocollected HP propane, this
approach may be a viable option for future experimentations to
boost propane hyperpolarization via HET-PHIP. Moreover,
the relatively long T value of cryocollected HP propane may
be a useful means for temporary storage of HP propane gas
prior to its use as an inhalable contrast agent.

B CONCLUSIONS

A systematic study of nuclear spin relaxation dynamics at
0.0475 T of HP propane prepared by HET-PHIP is reported
using a clinical-scale hyperpolarizer device under conditions
providing nearly 100% chemical conversion. We find that the
HP propane Ty;g is ~3 s at 1 atm, that is, under clinically
relevant conditions. Ty;g and T, values generally exhibit a
linear dependence on propane pressure. At the pressures
studied, the Ty ¢ values are approximately 3 times greater than
the corresponding T, values. The use of deuterated propylene
as a HP propane precursor (i.e. production of HP propane-dg)
reduces Ty g by as much as ~20%, indicating that deuteration
of the precursor maybe somewhat detrimental to the lifetime of
the HP state. The use of light and heavy buffering gases (pH,
and a 3:1 mixture of Xe/N,) is found to have a negligible effect
on T, and generally results in somewhat lower T g values: the
Tys reduction is concentration dependent. At the same time,

the use of buffering gases increases the polarization levels of
HP propane gas during HET-PHIP production, which is
welcome in the context of biomedical applications. Although
the buffering gas dilutes the HP propane gas, it can be
separated through a process of HP propane cryocollection, the
feasibility of which was demonstrated here. The added benefit
of HP propane cryocollection is the increase of the Ty, g value
to 14.7 s in the liquid state, which is significantly greater than
any reported Ty value for HP propane gas at any pressure,
and which can be useful for temporary storage of produced HP
propane prior to its in vivo administration. We have also
investigated the possibility of applying a partial SLIC pulse to
HP propane LLS, and we find that most of the pool of the
overpopulated LLS is retained even after application of an
optimized SLIC pulse. The overpopulated LLS of propane is
relatively immune to the application of hard RF pulses. This
behavior of the HP propane spin system with respect to
application of partial SLIC and strong RF pulses can be
potentially useful for developing efficient ultrafast MR imaging
approaches, especially those involving EPI readout. To
summarize, the results presented in this study may be
beneficial for guiding future work studying the preparation of
highly polarized batches of HP propane and designing efficient
MR imaging approaches.
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ABSTRACT: *C-hyperpolarized carboxylates, such as pyr-
uvate and acetate, are emerging molecular contrast agents for
magnetic resonance imaging (MRI) visualization of various
diseases, including cancer. Here, we present a systematic study
of 'H and “®C parahydrogen-induced polarization of acetate
and pyruvate esters with ethyl, propyl, and allyl alcoholic
moieties. It was found that allyl pyruvate is the most efficiently
hyperpolarized compound from those under study, yielding 21
and 5.4% polarization of 'H and "*C nuclei, respectively, in
CD;0D solutions. Allyl pyruvate and ethyl acetate were also
hyperpolarized in the aqueous phase using homogeneous
hydrogenation with parahydrogen over a water-soluble
rthodium catalyst. '*C polarization values of 0.82 and 2.1%

H H
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polarization transfer to '3C by magnetic field cycling

were obtained for allyl pyruvate and ethyl acetate, respectively. '*C-hyperpolarized methanolic and aqueous solutions of allyl
pyruvate and ethyl acetate were employed for in vitro MRI visualization, demonstrating the prospects for translation of the

presented approach to biomedical in vivo studies.

H INTRODUCTION

Hyperpolarization of nuclear spins allows one to enhance the
NMR signal by several orders of magnitude at magnetic fields
of a few tesla.'~* The obtained hyperpolarized (HP) molecules
can be used as contrast agents for metabolic studies and
molecular ima‘ging.s’6 Currently, in this context, the most
important HP compound is pyruvate, which is metabolized to
lactate in vivo.” In tumor tissues, the rates of aerobic glycolysis
and reduction of pyruvate to lactate are usually significantly
higher compared to those of normal tissues (the so-called
Warburg effect®). Thus, HP magnetic resonance spectroscopic
imaging quantification of the lactate-to-pyruvate ratio can be
used for cancer diagnosis using the intravenous injection of HP
pyruvate, which significantly improves the sensitivity of this
approach, allowing tumor diagnosis””'® as well as monitoring
of tumor grading'' and the response to cancer treatment.'>"’
The use of HP pyruvate has been already approved for the
imaging of prostate cancer in clinical trials.'¥"> Another HP
compound that attracts significant research (and future

4 ACS Publications  © 2019 American Chemical Society 12827

clinical) interest is acetate, which can be utilized for studying
metabolism in the brain,'®"” liver,'® kidney,l9 and muscle.” It
should be mentioned that for biomedical applications,
hyperpolarization of *C nuclei in these compounds is strongly
preferable due to significantly longer relaxation times and
negligible in vivo background signal compared to those of
protons.21
Currently, the dissolution dynamic nuclear polarization (d-
DNP) technique is the most developed one for the production
of HP molecules in solution for biomedical applications.”*>*
However, the high cost and complexity of d-DNP equipment
limit its widespread use in research and future clinical use. A
promising alternative is the use of the significantly more
affordable parahydrogen-induced polarization (PHIP) techni-
ue.”>™>° PHIP is based on the pairwise addition of a
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parahydrogen (p-H,) molecule to an unsaturated substrate.
Here, pairwise addition means that the molecule of a reaction
product contains two H atoms that came from the same p-H,
molecule. Pairwise addition of p-H, allows one to convert
singlet spin order of parahydrogen into enhanced Zeeman
magnetization of 'H nuclei of the hydrogenation product.*
The resultant hyperpolarization can be transferred to
heteronuclei, including '3C, either spontaneously’"** or by
the use of magnetic field cycling (MFC)*>** or radiofrequency
(RF) pulse sequences.”>~> The possibility of the utilization of
BC PHIP-hyperpolarized compounds as in vivo contrast
agents for magnetic resonance imaging (MRI) was recently
demonstrated in laboratory animals.’”~*® However, there are
two major limitations that currently prevent PHIP from
implementation in clinic. First of all, pairwise p-H, addition
requires the use of a hydrogenation catalyst. Usually, PHIP
experiments are performed with homogeneous catalysts, which
represent transition-metal complexes dissolved in an organic
solvent.”” The toxicity of these catalysts demands their
separation from the obtained HP compound before the
injection into a patient. A possible solution of this problem
is the use of heterogeneous catalysts,48 which can be easily
filtered out*”*” or employed in continuous flow hydrogenation
of unsaturated substrate vapors with subsequent dissolution of
the HP reaction product,” though improving of polarization
levels provided by these catalysts is highly desirable. Another
approach is to perform hydrogenation of an unsaturated
precursor with p-H, over a homogeneous catalyst in an organic
solvent and then to chemically transform the resulting HP
reaction product into a water-soluble form, which can be
separated into an aqueous phase by extraction.’ The second
limitation of PHIP is the availability of an unsaturated
precursor, which could be hydrogenated into the product of
interest. This requirement makes it challenging to hyper-
polarize such molecules as pyruvate or acetate by PHIP
directly. The PHIP sidearm hydrogenation (PHIP-SAH)
approach,®> recently introduced by Reineri and co-workers,
allows one to overcome this problem and to produce *C HP
carboxylates by PHIP. The idea of PHIP-SAH is based on
hydrogenation of a '*C containing unsaturated ester (e.g,
1-3C-propargyl pyruvate) with p-H, with subsequent polar-
ization transfer from protons to the '*C carboxyl nucleus,
followed by hydrolysis of the hydrogenated ester to form *C
HP carboxylate. The combination of PHIP-SAH with aqueous
phase extraction after hydrolysis allows one to obtain a pure
aqueous solution of *C HP pyruvate, which has been already
demonstrated to be useful for metabolic studies.’®>” When
polarization transfer was performed with the use of magnetic
field cycling, "*C polarization up to ~5% for 1-*C-pyruvate in
the aqueous phase was demonstrated.” Korchak et al. showed
that up to ~19% '*C polarization can be obtained for 1-'*C-
acetate-d; with the use of a fully deuterated vinyl acetate
precursor as a substrate and the ESOTHERIC RF pulse
sequence for polarization transfer.”® Importantly, to obtain the
maximum 3C polarization in PHIP-SAH experiments, one
needs to optimize all parameters, including the choice of the
unsaturated moiety, hydrogenation reaction conditions, and
the polarization transfer procedure. Though several different
unsaturated esters were employed in PHIP-SAH studies
before,>***? the effect of unsaturated moiety nature on the
obtained polarization has not been reported. In this work, we
present a systematic study of 'H and '*C PHIP-SAH
hyperpolarization of acetate and pyruvate esters with ethyl,

propyl, and allyl moieties. These esters were obtained by
homogeneous hydrogenation of the corresponding unsaturated
precursors (vinyl, allyl, and propargyl esters, respectively) with
p-H, in organic and aqueous phases.

B EXPERIMENTAL SECTION

Materials. Commercially available bis(norbornadiene)-
thodium(I) tetrafluoroborate ([Rh(NBD),]BF,, NBD =
norbornadiene, Strem 45-0230), 1,4-bis(diphenylphosphino)-
butane (dppb, Sigma-Aldrich, 98%), (norbornadiene)[1,4-
bis(diphenylphosphino)butane]rhodium(I) tetrafluoroborate
([Rh(NBD)(dppb)]BF,, Sigma-Aldrich), and ultrapure hydro-
gen (>99.999%) were used as received. Unsaturated precursors
(vinyl acetate, allyl acetate, propargyl acetate, vinyl pyruvate,
allyl pyruvate, and propargyl pyruvate; see Chart 1) were

Chart 1. Structures of Unsaturated Precursors Used for
PHIP-SAH Experiments in This Study”

0 0
PN PN

vinyl acetate o)
vinyl pyruvate

(o) (o)
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O/\
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propargyl pyruvate

“Structures of all compounds employed in this study (including
unsaturated precursors, reaction products, ligands, products of ligand
hydrogenation, etc.) are presented in Chart S1.

synthesized according to procedures reported elsewhere.”® In
this study, we used propargyl and allyl esters with both natural
abundance of *C nuclei (1.1%) and ~98% "*C enrichment in
the carboxyl group. Vinyl acetate was used with ~98% '*C
enrichment only because detailed homogeneous PHIP-SAH
investigation of this substrate was reported previously.”' In
contrast, vinyl pyruvate was used only with ~1.1% '*C content
because the '*C-labeled precursor was not available to us (see
the previous paper® for details).

PHIP Experiments. In most of the experiments, H, gas was
enriched with parahydrogen using a custom-built p-H,
generator based on a cryocooler module (SunPower, P/N
100490, CryoTel GT; a more detailed description of the
generator was published elsewhere®). For the work presented
here, the generator was operated at 43—66 K, resulting in
approximately 85—60% p-H, enrichment. The '"H NMR data
for hyperpolarization of ethyl acetate was obtained with 88.5%
parahydrogen produced using Bruker Parahydrogen Generator
BPHG 90. The samples for homogeneous PHIP experiments
were prepared as follows. For hydrogenation in CD;OD,
[Rh(NBD),]BF,, dppb, and unsaturated precursor (in a 1:1:16
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molar ratio) were dissolved in a required amount of CD;0D
and mixed using a vortex mixer to obtain a solution with $ mM
concentration of the catalyst and the ligand and 80 mM
concentration of the substrate. The obtained solutions were
placed in standard 5 mm Wilmad NMR tubes tightly
connected with 1/4 in. outer-diameter poly-
(tetrafluoroethylene) (PTFE) tubes (the sample volume was
0.7 mL). The exception was the case of *C MRI experiments
where medium-wall 5 mm NMR tubes were used (Wilmad
glass P/N 503-PS-9; the sample volume was 0.5 mL). For
hydrogenation in D,0, a previously described procedure was
employed for the preparation of an aqueous catalyst solution
(~53 or 10 mM concentration) in D,0.°” In brief, the
solution of disodium salt of 1,4-bis[(phenyl-3-
propanesulfonate)phosphine]butane in D,0 was degassed
with a rotary evaporator. Then, the solution of [Rh(NBD),]-
BF, in acetone was added dropwise with subsequent degassing.
Next, the required amount of unsaturated precursor was added,
resulting in ~80 mM concentration. The obtained solutions
were placed in medium-wall S mm NMR tubes (Wilmad glass
P/N 503-PS-9; the sample volume was 0.5 mL), tightly
connected with 1/4 in. outer-diameter PTFE tubes. All
glassware was flushed with argon right before the addition of
any solution inside.

The overall scheme of the experimental setup is presented in
Figure 1. In the case of PHIP experiments with methanolic

mass flow

backpressure
controller

regulator

parahydrogen

generator magnetic 94 T NMR

NMR tube shield spectrometer

Figure 1. Diagram of the experimental setup for 3¢ hyperpolarization
and NMR spectroscopic detection of acetate and pyruvate esters.
Adopted with permission from refs 60, 64. Copyright 2018 American
Chemical Society.

solutions, the samples were pressurized up to 40 psig and
preheated up to 40 °C using an NMR spectrometer
temperature control unit (except the 'H NMR data for
hyperpolarization of ethyl acetate that was obtained at 35 psig
pressure). The hydrogen gas flow rate (40 sccm) was regulated
with a mass flow controller (SmartTrak 50, Sierra Instruments,
Monterey, CA). After termination of p-H, bubbling, the
samples were placed either directly inside the probe of the
NMR spectrometer (in the case of ALTADENA® experi-
ments) or inside the MuMETAL magnetic shield described in
detail elsewhere® (in the case of MFC experiments). The
magnetic field inside the shield was adjusted using an
additional solenoid placed inside the previously degaussed
three-layered MuMETAL shield (Magnetic Shield Corp.,
Bensenville, IL, P/N ZG-206). This previously calibrated
solenoid was powered by a direct current (DC) power supply
(GW-Instek, GPR-30600), and the DC current was attenuated
by a resistor bank (Global Specialties, RDB-10) to achieve the
desired magnetic field inside the MuMETAL shield. The
MuMETAL shield provides an isolation of approximately
1200-fold according to the manufacturer’s specification;
therefore, the use of the shield in the Earth’s magnetic field

results in the minimum residual magnetic field of approx-
imately 40 nT. After placing inside the magnetic shield, the
samples were slowly (~1 s) pulled out of the shield and quickly
placed inside the probe of the NMR spectrometer. The total
sample transfer time was ~8 s after the termination of H, gas
bubbling. Experiments with aqueous solutions were carried out
using the same experimental procedure except that higher
pressure (70 or 80 psig), temperature (55—95 °C), and
hydrogen gas flow rate (140 sccm) were used. Heating to
temperatures higher than 60 °C was performed using a beaker
with hot water. Moreover, in the case of aqueous solutions,
PASADENA™ experiments were performed in addition to
ALTADENA and MFC experiments. In this case, the samples
were residing inside the NMR spectrometer probe during all
operations. In MFC experiments with MRI detection, also
higher pressure (70 psig), temperature (80—95 °C), and
hydrogen gas flow rate (140 sccm) were used. After pulling the
samples out of the shield, they were depressurized, the NMR
tube was disconnected from the setup, and the solution was
injected into an imaging phantom (~2.8 mL hollow spherical
plastic ball) located inside the RF coil of an MRI scanner using
a syringe. The sample transfer time to an MRI scanner was
~20 s.

NMR spectra were acquired on a 9.4 T Bruker NMR
spectrometer (except the '"H NMR data for hyperpolarization
of ethyl acetate that was obtained on a 7.05 T Bruker AV 300
NMR spectrometer) using a 90° RF pulse, except PASADE-
NA% experiments, which were performed using a 45° RF
pulse. The 'H ALTADENA and '3C PHIP spectra were
acquired as pseudo-two-dimensional (2D) sets consisting of 64
one-dimensional NMR spectra (acquisition time 1 s) to avoid
delays between placing the sample into the probe and starting
the acquisition. The acquisition always started before placing
the sample inside the NMR probe. MR images were obtained
on a 15.2 T small-animal Bruker MRI scanner using a 15 mm
outer-diameter round surface RF coil and true fast imaging
steady-state precession RF pulse sequence. The excitation
pulse angle was optimized on a thermally polarized phantom
containing 2.8 mL of 3 M solution of sodium 1-'*C-acetate in
D,0. For three-dimensional (3D) imaging experiments, the
isotropic field of view (FOV) was 48 mm, and the imaging
matrix was 64 X 64 X 8, resulting in 0.75 X 0.75 X 6 mm?
spatial resolution. The repetition time (TR) was ~S ms, and
the echo time (TE) was ~2.5 ms. The total acquisition time
was ~2.5 s. For 2D MRI experiments, FOV of 48 X 48 mm®
was used with the slab thickness of 48 mm, resulting in
effectively no slice selection with respect to the phantom
depth. The TR and TE parameters were the same.

Calculation of NMR Signal Enhancement and Nuclear
Spin Polarization. 'H NMR signal enhancement factors
(e'y) were calculated using NMR signals of thermally polarized
reaction product molecules as a reference, according to the
following equation

Dy pyrp
I

iy =
H-thermal

where I'yy pyp is the intensity of the PHIP signal of a particular
group of protons and I'yy y,emq is the averaged signal per proton
in a thermally polarized molecule. The I'y gema Values were
calculated as follows
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> (I/N)

I H-thermal — M

where M is the number of different groups of protons in a
molecule, I; is the intensity of the NMR signal for the group of
protons with index i, and N; is the number of protons in this
group. The overlapping NMR signals (e.g., signals of CHj,
groups of carboxyl moieties) were omitted from these
calculations. It should be noted that, in principle, the
hydrogenation reaction may continue during the delay
between acquisition of PHIP and thermal NMR spectra,
leading to underestimation of NMR signal enhancements. It
was found that in our conditions this effect does not have a
significant impact on the obtained & values. Figure S1 in the
Supporting Information presents two thermal "H NMR spectra
acquired after bubbling of p-H, for 4 s through the solution of
propargyl pyruvate and [Rh(NBD)(dppb)]BF, catalyst in
CD;OD with a 30 min delay between them. These two spectra
were found to be almost identical despite the facts that (i)
conversion of propargyl pyruvate was only ~16%, that is, there
is a significant amount of reactant left; (ii) there is a significant
amount of dissolved hydrogen manifested in the NMR signal
of ortho-H, at 4.52 ppm; and (iii) propargyl pyruvate is the
most reactive substrate among those under study; see the
Results and Discussion section. Therefore, it is concluded that
hydrogenation reaction proceeds to a significant extent only
under conditions of hydrogen bubbling when the solution is
intensely agitated.

In experiments with substrates containing “*C nuclei at
natural abundance, *C NMR signal enhancement factors
(e5c) were calculated using the NMR signal of 740 mM
solution of 1-"*C-vinyl acetate (with 98% '*C enrichment) in
CD;OD as an external reference, according to the following
equation

eng = Isc_prrp % Cre — X Bt

I”C—ref C

reactant 100 %

(preactant

where I'c_pypp is the intensity of the '*C PHIP NMR signal,
Isc is the intensity of the *C NMR signal of the reference
sample, C¢ = 740 mM is the concentration of vinyl acetate in
the reference sample, C,cune = 80 mM is the initial
concentration of the reactant before hydrogenation, X (%) is
the chemical conversion of the reactant estimated using 'H
NMR spectra acquired after relaxation of polarization, @, =
0.98 is 1*C enrichment of vinyl acetate in the reference sample,
and @100 = 0.011 is the C enrichment of the substrate. The
use of an external reference was necessary because it was not
possible to acquire thermal *C NMR signals for the
hydrogenated samples in reasonable amount of time.

In experiments with '*C-enriched substrates, *C NMR
signal enhancement factors (&1c) were calculated using *C
NMR signals of thermally polarized reaction product
molecules as a reference

% RGthermal
RGPHIP

Nsthermal
NSPHIP

Isc_pyp

813C =
I
13C-thermal

where I'c_pypp is the intensity of the *C PHIP NMR signal,
Ic hema is the intensity of the *C NMR signal of the
thermally polarized sample, RGyma = 203 or 1 is the receiver
gain used for acquisition of the thermal signal, RGpyp = 1 is
the receiver gain used for acquisition of the PHIP signal, and
NSuermal = 1, 2, 4, or 8 and NSpyp = 1 are the numbers of

signal accumulations used for the acquisition of thermal and
PHIP NMR spectra, respectively. The use of different receiver
gain values was necessary because it usually was not possible to
obtain thermal *C NMR signals for the hydrogenated samples
with RG = 1 in reasonable amount of time. On the other hand,
acquisition of PHIP spectra with RG = 203 led to signal
overflow. According to vendor specifications, there is a linear
dependence between the observed NMR signal and RG. The
deviation of the RG function from linearity is expected to be
less than 10%,°° which we consider satisfactory for our
purposes. In most of the experiments, thermal *C NMR
spectra were acquired with several signal accumulations to
obtain the signal that can be integrated with sufficient accuracy.

Nuclear spin polarizations Py and P3¢ were calculated using
the formula

P=¢XE

where P, is the equilibrium nuclear spin polarization of 'H or
BC at the 9.4 T magnetic field (at 313 K, P = 3.1 X 1073% for
'H and P, = 7.7 X 107*% for '3C). Because experiments were
performed with broadly varied p-H, fractions (60—85%, with
the exception of the 'H hyperpolarization of ethyl acetate in
CD,0D, where 88.5% p-H, was employed), the observed
polarizations were also recalculated to the highest utilized p-H,
fraction (85%) for the sake of comparison using the following
equation29

4X085 -1

B = P X
85% 4 -1
P
where Pggy, is the polarization recalculated to the 85% p-H,
fraction and y, is the p-H, fraction employed in a particular
experiment. Polarization transfer efficiency 1 was calculated as
a ratio of the maximum obtained P and Py values for each
HP compound

Pi3
n=—=
Py

Since the samples were manually transferred from the low to
the high magnetic field and the duration of p-H, bubbling was
also manually controlled, the reproducibility test was carried
out. For this, hyperpolarization of ethyl acetate was followed
using 'H NMR spectroscopy. Ten repetitions of p-H, addition
to vinyl acetate were performed, which yielded relative
standard errors of 6% or less for the vinyl acetate conversion,
'H ALTADENA signal intensities, signal enhancements, and
'"H polarization (Table S1). Therefore, we expect the
numerical data presented in this work to have standard errors
on the order of ~6% due to shot-to-shot reproducibility in
most cases.

Bl RESULTS AND DISCUSSION

General Considerations. The PHIP experiments were
generally performed according to the following scenario. First,
"H ALTADENA experiments with various durations of p-H,
bubbling were carried out. Then, the duration of p-H,
bubbling, which was optimal in terms of the resultant 'H
ALTADENA signal, was used for MFC experiments with
magnetic field variation. Generally, these experiments were first
performed with unsaturated precursors with natural abundance
of '*C nuclei for the optimization of experimental parameters,
and then MFC experiments were repeated with isotopically
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labeled precursors. This screening of substrates was performed
in CD;0D solutions at 40 psig hydrogen pressure. Then, the
two precursors that provided the highest 'H and "“C
polarizations were used in aqueous phase hydrogenation and
for MRI demonstration in vitro.

PHIP of Ethyl 1-'3C-Acetate. PHIP of ethyl 1-'3C-acetate
produced by homogeneous hydrogenation of vinyl 1-"C-
acetate with p-H, in CD;0D was reported previously.61 In that
study, Py = 3.3% and P:¢ = 1.8% were demonstrated at 50%
p-H, enrichment and 90 psig pressure. At 85% p-H,
enrichment, these polarizations would be 2.4 times higher,29
resulting in Py = 7.9% and Pi¢ = 4.3%. Similar polarization
values were obtained in this work in a hyperpolarization
protocol reproducibility test (average P'y = 7.5%, maximum
Py = 8.1%, recalculated to 85% p-H, enrichment; see Figure
2¢,d and Table S1). Because vinyl acetate hydrogenation was
studied in detail before,®" here we used this substrate to test
the alternative experimental protocol for the sample prepara-
tion. Previous experiments employed the commercially
available [Rh(NBD)(dppb)]BF, catalyst. In the alternative
experimental protocol, the [Rh(NBD)(dppb)]* species were
formed during the sample preparation procedure from
commercially available [Rh(NBD),]BF, and dppb in a 1:1
ratio, and the resultant solution was used for PHIP
experiments without any purification. Therefore, in the
alternative experimental protocol, the solution contains 2
equiv of norbornadiene instead of 1 equiv in the solution
prepared from the commercially available [Rh(NBD)(dppb)]-
BF, complex. On the other hand, the reactants required for the
alternative experimental protocol are several times cheaper.
The obtained results are presented in Figure 2. It was found
that both variants of the experimental protocols have similar
efficiency (Figure 2g). Therefore, in further experiments
reported here, the catalyst was prepared from [Rh(NBD),]BF,
and dppb. The maximum obtained Ps5; was 4.4% (at 85% p-H,
fraction), which is in a good agreement with the previously
reported®’ value despite the use of lower hydrogen pressure
(40 psig instead of 90 psig; the polarization values are
recalculated to 85% p-H, enrichment).

PHIP of Propyl 1-'3C-Acetate. HP propyl acetate was
produced by homogeneous hydrogenation of allyl acetate in
methanol over the [Rh(NBD)(dppb)]BF, catalyst prepared
from [Rh(NBD),]BF, and dppb. According to 'H NMR, the
catalyst activity was quite low since 50% conversion of allyl
acetate was reached only after ~50 s of hydrogen bubbling at
40 psig pressure (Figure 3g). The estimation of 'H polarization
values for propyl acetate was complicated because 'H NMR
signals 5c and 5d of propyl acetate overlapped with signals 19¢
and 19d of norbornene, respectively (Figure 3c). Since it was
not possible to reliably estimate the relative contribution of
propyl acetate and norbornene protons to the observed
ALTADENA signals, 'H polarization of propyl acetate was
calculated on the basis of NMR signal 5b. The maximum
obtained ALTADENA Py of the corresponding protons of
propyl acetate was 3.0% (at 85% p-H, fraction) (Figure 3i).
Next, MFC experiments with magnetic field variation were
performed at 30 s duration of p-H, bubbling (at which the
maximum 'H ALTADENA signal was observed). The
maximum obtained Psc was 0.35% (at 85% p-H, fraction)
(Figure 3e,fj).

PHIP of Allyl 1-'3C-Acetate. HP allyl acetate was
produced by homogeneous hydrogenation of propargyl acetate
in methanol over the [Rh(NBD)(dppb)]BF, catalyst prepared
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Figure 2. (a) Reaction scheme of pairwise addition of p-H, to vinyl
1-BC-acetate in CD,0D followed by polarization transfer to '*C
nuclei (H, and Hy, are two atoms from the same p-H, molecule, cat. =
[Rh(NBD)(dppb)]BF,). (b) Reaction scheme of the competing
process of norbornadiene hydrogenation with p-H,. (c¢) '"H NMR
spectrum acquired after '"H ALTADENA hyperpolarization of ethyl
acetate with 15 s p-H, bubbling duration. (d) Corresponding thermal
'H NMR spectrum acquired after relaxation of hyperpolarization
(multiplied by a factor of $12). &'y = 3750, Pry; = 8.6% (8.1% at 85%
p-H, fraction). Note that spectra (c) and (d) were acquired on a 7.0S
T NMR spectrometer. (e) *C NMR spectrum acquired after 3C
hyperpolarization of ethyl 1-'*C-acetate using MFC at near 0 uT
magnetic field. (f) Corresponding thermal *C NMR spectrum
acquired after relaxation of hyperpolarization (multiplied by a factor
of 512). e3¢ = 3560, P = 2.75% (4.2% at 85% p-H, fraction). (g)
Dependence of Pu¢ (at 85% p-H, fraction) of ethyl 1-'*C-acetate on
magnetic field used in MFC experiments (red squares, data points
obtained with the [Rh(NBD)(dppb)]BF, catalyst prepared from
[Rh(NBD),]BF, and dppb; blue circles, data points obtained with the
commercial [Rh(NBD)(dppb)]BF, catalyst).

from [Rh(NBD),]BF, and dppb. The catalyst was significantly
more active in hydrogenation of this compound than in
hydrogenation of allyl acetate at the same conditions: 50%
conversion of propargyl acetate was achieved after ~5.5 s of
hydrogen bubbling at 40 psig pressure (Figure 4g). Due to
overlapping of 'H NMR signal 4c of allyl acetate with signal
19a of norbornene (Figure 4c), "H polarization of allyl acetate
was calculated on the basis of NMR signal 4e. The maximum
obtained ALTADENA Py of the corresponding protons of
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Figure 3. (a) Reaction scheme of pairwise addition of p-H, to allyl
1-BC-acetate in CD;0D followed by polarization transfer to '*C
nuclei (H, and Hy, are two atoms from the same p-H, molecule, cat. =
[Rh(NBD)(dppb)]BF,). (b) Reaction scheme of the competing
process of norbornadiene hydrogenation with p-H,. (c) 'H NMR
spectrum acquired after "H ALTADENA hyperpolarization of propyl
1-3C-acetate with 5 s p-H, bubbling duration. (d) Corresponding
thermal '"H NMR spectrum acquired after relaxation of hyper-
polarization (multiplied by a factor of 32). &y = 630, Py = 1.9%
(3.0% at 85% p-H, fraction). (e) *C NMR spectrum acquired after
13C hyperpolarization of propyl 1-'*C-acetate using MFC at near 0 uT
magnetic field with RG = 1. (f) Corresponding thermal *C NMR
spectrum acquired after relaxation of hyperpolarization with RG =
203. e8¢ = 350, Psc = 0.27% (0.35% at 85% p-H, fraction). (g)
Dependence of conversion of allyl acetate to propyl acetate on p-H,
bubbling duration (estimated pseudo-first-order rate constant k =
0.0143 + 0.0006 s'). (h) Dependence of '"H ALTADENA signals
(absolute value) of HP propyl acetate (signal Sb, red squares),
norbornene (signal 19b, blue circles), and norbornane (signal 20b +
20d, black triangles) on p-H, bubbling duration. (i) Dependence of
Py (at 85% p-H, fraction) of propyl acetate (signal Sb, red squares),
norbornene (signal 19b, blue circles), and norbornane (signal 20b +
20d, black triangles) on p-H, bubbling duration. (j) Dependence of
P (at 85% p-H, fraction) of propyl 1-'*C-acetate on magnetic field
used in MFC experiments (red squares, data points obtained with the
98% '3C-enriched precursor; blue circles, data points obtained with
the 1.1% *C-enriched precursor).
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Figure 4. (a) Reaction scheme of pairwise addition of p-H, to
propargyl 1-"*C-acetate in CD;0D followed by polarization transfer
to C nuclei (H, and Hy are two atoms from the same p-H,
molecule, cat. = [Rh(NBD)(dppb)]BE,). (b) Reaction scheme of the
competing process of norbornadiene hydrogenation with p-H,. (c) 'H
NMR spectrum acquired after 'H ALTADENA hyperpolarization of
allyl 1-"*C-acetate with S s p-H, bubbling duration. (d) Correspond-
ing thermal 'H NMR spectrum acquired after relaxation of
hyperpolarization (multiplied by a factor of 128). &'y = 2090, Py =
6.4% (7.2% at 85% p-H, fraction) (calculated using signal 4e). (e) *C
NMR spectrum acquired after '*C hyperpolarization of allyl 1-'*C-
acetate using MFC at 0.15 yT magnetic field with RG = 1. (f)
Corresponding thermal >*C NMR spectrum acquired after relaxation
of hyperpolarization with RG = 203. &15¢ = 580, Prs¢ = 0.45% (0.74%
at 85% p-H, fraction). (g) Dependence of conversion of propargyl
acetate to allyl acetate on p-H, bubbling duration (estimated pseudo-
first-order rate constant k = 0.124 + 0.005 s™'). (h) Dependence of
the '"H ALTADENA signals (absolute value) of HP allyl acetate
(signal 4e, red squares), norbornene (signal 19d, blue circles), and
norbornane (signal 20b + 20d, black triangles) on p-H, bubbling
duration. (i) Dependence of Piy (at 85% p-H, fraction) of allyl
acetate (signal 4e, red squares) and norbornene (signal 19d, blue
circles) on p-H, bubbling duration. Py for norbornane is not
presented because it cannot be estimated reliably due to low
conversion of norbornadiene to norbornane. (j) Dependence of Ps¢
(at 85% p-H, fraction) of allyl 1-"*C-acetate on magnetic field used in
MFC experiments (red squares, data points obtained with the 98%
13C-enriched precursor; blue circles, data points obtained with the
1.1% '*C-enriched precursor).
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allyl acetate was 7.2% (at 85% p-H, fraction) (Figure 4i). Next,
MFC experiments with magnetic field variation were
performed at S s duration of p-H, bubbling (at which the
maximum 'H ALTADENA signal was observed). The
maximum obtained Pv; was 0.74% (at 85% p-H, fraction)
(Figure 4e,fj).

PHIP of Ethyl 1-'3C-Pyruvate. HP ethyl pyruvate was
produced by homogeneous hydrogenation of vinyl pyruvate in
methanol over the [Rh(NBD)(dppb)]BF, catalyst prepared
from [Rh(NBD),]BF, and dppb. Importantly, both vinyl and
ethyl pyruvate esters are present in two forms in methanolic
solution (Figure Sa). The hemiketal form is prevalent, whereas
the contribution of the ketone form is also quite substantial.
However, because these two forms have similar 'H NMR
chemical shifts for the protons of alcoholic moiety, calculations
of conversion and Py can be performed in the same way as for
acetates using the total amounts of both forms of pyruvate
esters. The catalyst activity was moderate: 50% conversion of
vinyl pyruvate was achieved after ~20 s of hydrogen bubbling
at 40 psig pressure (Figure Sg). The maximum obtained
ALTADENA Py of ethyl pyruvate was 5.2% (at 85% p-H,
fraction), estimated on the basis of signal 8b + 9b (Figure Si).
Since we do not have '3C-labeled vinyl pyruvate, MFC
experiments were performed only with the substrate with
natural abundance of *C nuclei. For calculations of Pr¢ for
ethyl pyruvate, the sum of intensities of *C PHIP NMR
signals of ketone and hemiketal forms was used as the PHIP
signal intensity I1c pyyp because it was not possible to estimate
the ratio of these two forms of ethyl pyruvate using 'H NMR.
The maximum obtained Pt was 0.88% (at 85% p-H, fraction)
(Figure Sefj). It should be noted that HP ethyl pyruvate is the
only HP ester obtained in this study that was previously
employed for metabolic imaging directly without preliminary
hydrolysis.”* The use of HP ethyl pyruvate is especially
advantageous for brain imaging due to its faster transport from
blood to brain compared to HP pyruvate.66 The fact that ethyl
pyruvate is used as a food additive and also has been studied as
an anti-inflammatory compound makes it a promising HP
molecule for the future use in clinics despite the fact that it did
not demonstrate high levels of polarization in our studies.

PHIP of Propyl 1-'3C-Pyruvate. HP propyl pyruvate was
produced by homogeneous hydrogenation of allyl pyruvate in
methanol over the [Rh(NBD)(dppb)]BF, catalyst prepared
from [Rh(NBD),]BF, and dppb. Similar to vinyl and ethyl
pyruvates, allyl and propyl pyruvates were present in hemiketal
and ketone forms in methanolic solution with the prevalence of
the hemiketal form (Figure 6a). These two forms also had
similar '"H NMR chemical shifts for the protons of alcoholic
moiety except protons 13b and 14b. Therefore, calculations of
conversion and Piy; were carried out using the total amounts of
these two forms of pyruvates. The catalyst activity was very
low: after 2 min of hydrogen bubbling at 40 psig pressure, the
conversion of allyl pyruvate was only ~30% (Figure 6g). Due
to overlapping of "H NMR signals 16¢ + 17c and 16d + 17d of
propyl pyruvate with signals 19c and 19d of norbornene,
respectively (Figure 6¢), 'H polarization of propyl pyruvate
was calculated on the basis of NMR signal 16b + 17b. The
maximum obtained ALTADENA Py of the corresponding
protons of propyl pyruvate was 2.0% (at 85% p-H, fraction)
(Figure 6i). Next, MFC experiments with magnetic field
variation were performed at 20 s duration of p-H, bubbling (at
which the maximum 'H ALTADENA signal was observed).
For calculations of Pu¢ for propyl pyruvate with '*C nuclei at

9 2 ,
6a 139 6.,? 8a 139 ):/ﬁ(; 139 A Hg
H6C polarization 8
l[cn,on HaHg “cnaon _transfer “cnson

7 CD40D % "
G T RS SO N
Dmg H7c DJ OCD, pd bep,

19e 19f

b H

19¢c 20d 204

/;b HaHs_19a D__H HuHg H
Tcat. ~ Hg cat. ~ H
cp;op  19b :‘E cD;0D 20c :‘B
19d

8b,9b
19a
c I
8c,9¢,19%e.
dppb 60,70 CD;OH,7d |
/ 7c 6d
d 6~
T T T T T
8 4 0
"H Chemical shift (ppm)
e RG = 203
vinyl 1-3C-acetate )
(0.74 M) 8
f 9 RG =203

T T T T T T T T T
176 174 172 170 168 166 164 162 160
3C Chemical shift (ppm)

thyl pyruvate :

9 h é.norbomene H
100 32 :Anorbornane__
= k=0.035+0.002s" w A A
ge S 24 . 4
c L "a
S 60 = nA A -
2 T 16
g 40 2 o® ¢ oq []
c 2] 8 °
8 20 T "a o ®
0 L]
0 10 20 30 40 0 10 20 30 40
p-H, bubbling duration (s) p-Hz bubbling duration (s)
i
30
25
;\? 20
=15
z
a 10
5
o [T - o ° L4
40 0 02 04 06 08 1.0

0 10 20 30
p-H, bubbling duration (s) Magnetic field (uT)

Figure 5. (a) Reaction scheme of pairwise addition of p-H, to vinyl
1-C-pyruvate in CD;0D followed by polarization transfer to '*C
nuclei (H, and Hy, are two atoms from the same p-H, molecule, cat. =
[Rh(NBD)(dppb)]BF,). (b) Reaction scheme of the competing
process of norbornadiene hydrogenation with p-H,. (c) '"H NMR
spectrum acquired after '"H ALTADENA hyperpolarization of ethyl
1-C-pyruvate with 10 s p-H, bubbling duration. (d) Corresponding
thermal '"H NMR spectrum acquired after relaxation of hyper-
polarization (multiplied by a factor of 64). ey = 1650, Py = 5.1%
(5.2% at 85% p-H, fraction) (calculated using signal 8b + 9b). (e) *C
NMR spectrum acquired after **C hyperpolarization of ethyl pyruvate
(1.1% '*C enrichment) using MFC at 0.025 T magnetic field with
RG =203 (p-H, bubbling duration = 20 s). (f) *C NMR spectrum of
0.74 M solution of vinyl 1-'"*C-acetate used as an external reference
acquired with RG = 203. €7¢ = 900, Pr5¢ = 0.70% (0.88% at 85% p-H,
fraction). (g) Dependence of conversion of vinyl pyruvate to ethyl
pyruvate on p-H, bubbling duration (estimated pseudo-first-order rate
constant k = 0.035 + 0.002 s7!). (h) Dependence of "H ALTADENA
signals (absolute value) of HP ethyl pyruvate (signal 8b + 9b, red
squares), norbornene (signal 19d, blue circles), and norbornane
(signal 20b + 20d, black triangles) on p-H, bubbling duration. (i)
Dependence of Piy (at 85% p-H, fraction) of ethyl pyruvate (signal
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Figure 5. continued

8b + 9b, red squares), norbornene (signal 19d, blue circles), and
norbornane (signal 20b + 20d, black triangles) on p-H, bubbling
duration. (j) Dependence of P (at 85% p-H, fraction) of ethyl
pyruvate on magnetic field used in MFC experiments (data obtained
with the 1.1% "3C-enriched precursor).

natural abundance, the sum of intensities of '*C PHIP NMR
signals of ketone and hemiketal forms was used as the PHIP
signal intensity I1c pyyp because it was not possible to estimate
the ratio of these two forms of propyl pyruvate using '"H NMR.
For calculations of P for 98% *C-enriched propyl pyruvate,
we used the *C PHIP NMR signals of the prevalent hemiketal
form because it was not possible to detect the thermally
polarized ketone form using '*C NMR in reasonable amount of
time (and sometimes it was also not possible to detect *C
PHIP NMR signals of the ketone form). The maximum
obtained Pis; was 0.49% (at 85% p-H, fraction) (Figure 6e,fj).

PHIP of Allyl 1-'3C-Pyruvate. HP allyl pyruvate was
produced by homogeneous hydrogenation of propargyl
pyruvate in methanol over the [Rh(NBD)(dppb)]BF, catalyst
prepared from [Rh(NBD),]BF, and dppb. Similar to other
pyruvate esters, propargyl and allyl pyruvates were present in
hemiketal and ketone forms in methanolic solution with the
prevalence of the hemiketal form (Figure 7a). These two forms
also had similar '"H NMR chemical shifts for the protons of
alcoholic moiety except protons 13b and 14b. Therefore,
calculations of conversion were carried out using the total
amounts of these two forms of pyruvates. The catalyst
demonstrated high activity: 50% conversion of propargyl
pyruvate was achieved after ~7 s of p-H, bubbling at 40 psig
pressure (Figure 7g). Due to overlapping of '"H NMR signal
13c + 14c of allyl pyruvate with signal 19a of norbornene
(Figure 7c), 'H polarization of allyl pyruvate was calculated
either on the basis of the NMR signal 13e + 14e or on the basis
of sum of NMR signals 13b and 14b, depending on what
signals yielded the highest €'y. The sum of signals 13b and 14b
was used due to the fact that it was not possible to reliably
estimate the ratio of hemiketal and ketone forms of allyl
pyruvate using thermal spectra (signal 14b overlaps with the
signal of the solvent and signal 13b is too weak). The
maximum obtained ALTADENA Py of the corresponding
protons of allyl pyruvate was 21% (at 85% p-H, fraction)
(Figure 7i). Next, MFC experiments with magnetic field
variation were performed at 10 s duration of p-H, bubbling.
For calculations of Ps¢ for allyl pyruvate with 3C nuclei at
natural abundance, the sum of intensities of '*C PHIP NMR
signals of ketone and hemiketal forms was used as the PHIP
signal intensity Iic_pyyp because it was not possible to estimate
the ratio of these two forms of allyl pyruvate using '"H NMR.
For calculations of Pu¢. for 98% "3C-enriched allyl pyruvate, we
used the *C PHIP NMR signals of the prevalent hemiketal
form; the estimated &' values for the ketone form were on
average 1.5 times lower. The maximum obtained P:¢ was 5.4%
(at 85% p-H, fraction) (Figure 7efj).

PHIP of Ethyl 1-'*C-Acetate and Allyl 1-'*C-Pyruvate
in Aqueous Phase. In CD;OD solutions, the highest
polarizations were observed for ethyl 1-'*C-acetate and allyl
1-BC-pyruvate (e.g., for these compounds P = 4.4 and 5.4%,
respectively, were obtained, whereas for other esters Pt values
were less than 1%). Therefore, these compounds were chosen
as targets for hyperpolarization experiments in the aqueous
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Figure 6. (a) Reaction scheme of pairwise addition of p-H, to allyl
1-3C-pyruvate in CD;0D followed by polarization transfer to '*C
nuclei (H, and Hy are two atoms from the same p-H, molecule, cat. =
[Rh(NBD)(dppb)]BF,). (b) Reaction scheme of the competing
process of norbornadiene hydrogenation with p-H,. (¢) '"H NMR
spectrum acquired after "H ALTADENA hyperpolarization of propyl
1-"*C-pyruvate with 15 s p-H, bubbling duration. (d) Corresponding
thermal '"H NMR spectrum acquired after relaxation of hyper-
polarization (multiplied by a factor of 32). &'y = 480, Py = 1.5%
(2.0% at 85% p-H, fraction) (calculated using signal 16b + 17b). (e)
BC NMR spectrum acquired after "*C hyperpolarization of propyl
1-"*C-pyruvate using MFC at 0.015 4T magnetic field with RG = 1.
(f) Corresponding thermal *C NMR spectrum acquired after
relaxation of hyperpolarization with RG = 203. e3¢ = 610, Psc =
0.47% (0.49% at 85% p-H, fraction). (g) Dependence of conversion
of allyl pyruvate to propyl pyruvate on p-H, bubbling duration
(estimated pseudo-first-order rate constant k = 0.0031 =+ 0.0002 s™").
(h) Dependence of '"H ALTADENA signals (absolute value) of HP
propyl pyruvate (signal 16b + 17b, red squares), norbornene (signal
19b, blue circles), and norbornane (signal 20b + 20d, black triangles)
on p-H, bubbling duration. (i) Dependence of Py (at 85% p-H,
fraction) of allyl acetate (signal 16b + 17b, red squares), norbornene
(signal 19b, blue circles), and norbornane (signal 20b + 20d, black
triangles) on p-H, bubbling duration. (j) Dependence of P (at 85%
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Figure 6. continued

p-H, fraction) of propyl 1-"*C-pyruvate on magnetic field used in
MFC experiments (red squares, data points obtained with the 98%
B3C-enriched precursor; blue circles, data points obtained with the
1.1% "*C-enriched precursor).

phase. These experiments employed the water-soluble [Rh-
(NBD)(Ph((CH,);805")P—(CH,),~PPh((CH,);50;7) -
BF, complex as a homogeneous hydrogenation catalyst. Due to
generally lower efficiency of hydrogenation in the aqueous
phase,”’ we used harsher experimental conditions (70—80 psig
H, pressure, 60—85 °C temperature, and 140 sccm gas flow
rate). Hydrogenation of vinyl acetate at 70 psig and 60 °C was
highly efficient since 100% conversion of the reactant was
achieved just after 7 s of p-H, bubbling (Table S2). The
maximum obtained ALTADENA Py of ethyl 1-*C-acetate
was 5.7%, whereas Pi; was 2.1% (both at 85% p-H, fraction)
(Figure 8). Hydrogenation of propargyl pyruvate was quite
slow since after 20 s of p-H, bubbling at 70 psig and 80 °C, the
conversion was only ~7% (Table S3). ALTADENA Pi; was
lower than in the case of vinyl acetate hydrogenation in the
aqueous phase (the maximum Py = 3.6% at 85% p-H,
fraction; see Table S3). However, at 80 psig, 85 °C, and
~10 mM catalyst concentration (instead of ~5.3 mM
concentration used in other experiments in the aqueous
phase), Py = 6.0% was obtained (at 85% p-H, fraction)
(Figure 9). Moreover, PASADENA experiments were
performed, yielding Py = 1.7% (at 85% p-H, fraction) for
HP allyl 1-"*C-pyruvate (Figure S2). In MFC experiments with
HP allyl 1-"*C-pyruvate, the maximum P was only 0.82% (at
85% p-H, fraction), which is ~2.5 times lower than that
obtained for ethyl 1-'"*C-acetate (Figure 9). The magnetic field
profile of P for allyl 1-'*C-pyruvate is presented in Figure S3.
Thus, we demonstrate the feasibility of obtaining HP ethyl
acetate and allyl pyruvate in aqueous solution using a water-
soluble hydrogenation catalyst.

Efficiency of Homogeneous PHIP of Acetate and
Pyruvate Esters. The summary of PHIP results for the six
esters under study is presented in Table 1. Propyl acetate and
propyl pyruvate were found to be the two least efficiently
hyperpolarized compounds. From acetate esters, ethyl acetate
was found to be the most efliciently hyperpolarized one, with
up to 4.4% "C polarization in methanol. In contrast, allyl
pyruvate hyperpolarization was more efficient than that of
ethyl pyruvate, with up to 21% 'H and up to 54% '°C
polarization in methanol. The attainable 'H and “*C polar-
izations clearly qualitatively correlate well with the hydro-
genation rate constants (Table 1). The highest polarizations
were obtained in cases when unsaturated precursors are
hydrogenated faster. This result can be explained by the fact
that the observed PHIP signal is proportional to both
concentration and nuclear spin polarization of the hydro-
genation product. While concentration increases with reaction
time, polarization decreases simultaneously because of the
nuclear spin relaxation. This means that the dependence of
PHIP signal intensity on reaction time should have a
maximum. The slower the hydrogenation reaction, the longer
is the reaction time at which the PHIP signal intensity reaches
this maximum®” and the lower are the polarization and PHIP
signal intensity at this maximum due to disproportionately
greater relaxation effects of "H HP state depolarization. Future
catalyst development is certainly warranted for the compounds
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Figure 7. (a) Reaction scheme of pairwise addition of p-H, to
propargyl 1-'*C-pyruvate in CD;OD followed by polarization transfer
to °C nuclei (H, and Hy are two atoms from the same p-H,
molecule, cat. = [Rh(NBD)(dppb)]BF,). (b) Reaction scheme of the
competing process of norbornadiene hydrogenation with p-H,. (c) 'H
NMR spectrum acquired after '"H ALTADENA hyperpolarization of
allyl 1-C-pyruvate with 4 s p-H, bubbling duration. (d)
Corresponding thermal '"H NMR spectrum acquired after relaxation
of hyperpolarization (multiplied by a factor of 128). ey = 4320, Piy; =
13% (21% at 85% p-H, fraction) (calculated using sum of signals 13b
and 14b). (e) “C NMR spectrum acquired after C hyper-
polarization of allyl 1-'*C-pyruvate using MFC at 0.030 4T magnetic
field with RG = 1. (f) Corresponding thermal *C NMR spectrum
acquired after relaxation of hyperpolarization with RG = 203
(multiplied by a factor of 4). evc = 4340, Puc = 3.3% (5.4% at
85% p-H, fraction). (g) Dependence of conversion of propargyl
pyruvate to allyl pyruvate on p-H, bubbling duration (estimated
pseudo-first-order rate constant k = 0.15 + 0.02 s7"). (h) Dependence
of '"H ALTADENA signals (absolute value) of HP allyl pyruvate
(signal 14b, red squares), norbornene (signal 19d, blue circles), and
norbornane (signal 20b + 20d, black triangles) on p-H, bubbling
duration. (i) Dependence of Py (at 85% p-H, fraction) of allyl
pyruvate (signal 13e + 14e or the sum of NMR signals 13b and 14b,
red squares), norbornene (signal 19d, blue circles), and norbornane
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Figure 7. continued

(signal 20b + 20d or signal 20a, black triangles) on p-H, bubbling
duration. (j) Dependence of P (at 85% p-H, fraction) of allyl 1-'*C-
pyruvate on magnetic field used in MFC experiments (red squares,
data points obtained with the 98% '*C-enriched precursor; blue
circles, data points obtained with the 1.1% '3C-enriched precursor).
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Figure 8. (a) Reaction scheme of pairwise addition of p-H, to vinyl
1-BC-acetate in D,0 over a water-soluble Rh catalyst followed by
polarization transfer to '*C nuclei (H, and Hj, are two atoms from the
same p-H, molecule). (b) '"H NMR spectrum acquired after 'H
ALTADENA hyperpolarization of ethyl 1-'*C-acetate with 7 s p-H,
bubbling duration at 70 psig and 60 °C. (c) Corresponding thermal
'"H NMR spectrum acquired after relaxation of hyperpolarization
(multiplied by a factor of 32). Acetone was used during the sample
preparation step. e ey = 1680, Py = 52% (5.3% at 85% p-H,
fraction) (calculated using signal 2b). (d) 'C NMR spectrum
acquired after '*C hyperpolarization of ethyl 1-'*C-acetate using MFC
at near 0 4T magnetic field with RG = 2 (p-H, bubbling duration = 7
s at 70 psig and 60 °C). (e) Corresponding thermal *C NMR
spectrum acquired after relaxation of hyperpolarization with RG =
203. e1¢ = 1550, Psc = 1.2% (2.1% at 85% p-H, fraction).

that react too slowly. The alternative approach is the
employment of reaction conditions with elevated temperature
and p-H, pressure, which can be achieved by the use of more
efficient PHIP polarizer setups.”®” It should be noted that 'H
relaxation is significantly faster than *C relaxation—T, at 9.4
T is on the order of several seconds for 'H and on the order of
several tens of seconds for *C nuclei (e.g., for protons of the
allylic CH, group of allyl 1-"3C-pyruvate (signal 13b in Figure
7) T, = 7.8 + 0.4 s, whereas for "*C nuclei of the same
compound T = 35 + 1 s in the case of the ketone form and T
= 38 + 4 s in the case of the hemiketal form). Since the time
required for transfer of the sample to the NMR spectrometer
after field cycling was relatively short (~2 s), **C relaxation has
a minor effect on the observed Ps.. On the other hand, the
effect of "H relaxation is dramatic since the reaction time was
on the order of relaxation time or several times larger
depending on the substrate. % Therefore, minimization of
reaction time is certainly warranted for achieving higher *C
polarizations. Another factor that is important to optimize is
the polarization transfer efficiency. In our experiments,
polarization transfer efficiency did not exceed 54%, which is
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Figure 9. (a) Reaction scheme of pairwise addition of p-H, to
propargyl 1-*C-pyruvate in D,0 over a water-soluble Rh catalyst
followed by polarization transfer to '*C nuclei (H, and Hy are two
atoms from the same p-H, molecule). (b) 'H NMR spectrum
acquired after 'H ALTADENA hyperpolarization of allyl 1-'*C-
pyruvate with ~10 mM catalyst concentration and 30 s p-H, bubbling
duration at 80 psig and 85 °C. (c) Corresponding thermal 'H NMR
spectrum acquired after relaxation of hyperpolarization (multiplied by
a factor of 16). Acetone was used during the sample preparation
step.”? ey = 1090, Py = 32% (6.0% at 85% p-H, fraction)
(calculated using signal 13c + 15¢c). (d) *C NMR spectrum acquired
after 1*C hyperpolarization of allyl 1-'*C-pyruvate using MFC at 0.025
UT magnetic field with ~5.3 mM catalyst concentration and 20 s p-H,
bubbling duration at 70 psig and 80 °C. (e) Corresponding thermal
13C NMR spectrum acquired after relaxation of hyperpolarization. e¢
=760, Psc = 0.55% (0.82% at 85% p-H, fraction).

~1.3 times lower than that achieved by Cavallari et al. for allyl
pyruvate using the MFC approach.55 Therefore, design of
better MFC hardware is also warranted for achieving higher
13C polarizations.™

3C MRI in Vitro. Feasibility of the utilization of the
obtained HP acetates and pyruvates for *C MRI was
demonstrated on the examples of ethyl 1-'*C-acetate and
allyl 1-C-pyruvate, which showed the highest levels of
polarization. Two-dimensional projections of 3D C MR
images of the 80 mM methanolic solutions of these
compounds in a hollow spherical phantom are presented in
Figure 10. The maximum signal-to-noise ratio (SNR) values in
these images were more than 2 times higher than that obtained
in MRI of 3 M solution of thermally polarized sodium 1-3C-
acetate in the same phantom despite the ~40-fold difterence in
concentrations. We have also performed 2D *C MRI of
aqueous solutions of HP ethyl 1-'"*C-acetate and allyl 1-'*C-
pyruvate produced by homogeneous hydrogenation of the
corresponding unsaturated precursors with p-H, over the
water-soluble rhodium catalyst (Figure 11). As expected from
data presented in Table 1, SNR for allyl 1-'*C-pyruvate in
aqueous solution was significantly lower than that obtained for
the same compound in methanol. On the other hand, SNR
values for ethyl 1-'*C-acetate were similar for both solvents.
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Table 1. Summary of the Results Obtained in Homogeneous PHIP of Acetate and Pyruvate Esters”

HP ester solvent kst maximal ‘H PHIP signal, au
ethyl acetate CD;0D not estimated not estimated
propyl acetate CD,;0D 0.0143 + 0.0006 3.5
allyl acetate CD;0D 0.124 + 0.005 19
ethyl pyruvate CD;0D 0.035 + 0.002 17
propyl pyruvate CD;0D 0.0031 + 0.0002 1.0
allyl pyruvate CD,;0D 0.15 + 0.02 64
ethyl acetate D,0 not estimated 9.6
allyl pyruvate D,0 not estimated 3.6

maximal 3C PHIP signal, au”  maximal Py, % maximal Psc, % 1, %

34 8.1 44 54
4.4 3.0 0.35 12
6.4 7.2 0.74 10
27 5.2 0.88 17
1.0 2.0 0.49 24
96 21 5.4 26
8.4 5.7 2.1 36
1.8 3.6 0.82 23

“Pseudo-first-order rate constants, maximal 'H and *C PHIP signal intensities and polarizations (at 85% p-H, fraction), and polarization transfer
efficiency (7). "These values were calculated taking into account the differences in *C enrichment and NMR acquisition parameters used in

different experiments.
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Figure 10. Two-dimensional projections of 3D *C MR images of (a)
HP allyl 1-'*C-pyruvate solution in CD;OD produced via pairwise
addition of p-H, to propargyl 1-'*C-pyruvate (80 mM), (b) HP ethyl
1-3C-acetate in CD;OD produced via pairwise addition of p-H, to
vinyl 1-"C-acetate (80 mM), and (c) 3 M aqueous solution of
thermally polarized sodium 1-'*C-acetate (signal reference phantom).
The phantoms represented hollow spherical balls (~2.8 mL volume)
with solutions located in the bottom. The double image in display (a)
is due to two HP species present with two distinctly different chemical
shifts (see Figure 7 for more details).

These results clearly show the prospects for utilization of *C
HP ethyl 1-'*C-acetate and allyl 1-3C-pyruvate as molecular
contrast agents for in vivo use and ultimately clinical MRI use.
Moreover, the obtained '*C HP esters can be cleaved using
alkaline hydrolysis, resulting in formation of *C HP
carboxylates.*®> Though we did not perform such experiments
in this work, we do not anticipate significant challenges with
removal of the sidearm in any of the molecules studied here
based on the work of others and our own experience. For
example, Reineri et al. successfully obtained hyperpolarized
acetate and pyruvate by removing sidearms in ethyl acetate and
allyl pyruvate, respectively.”” Later, the same team obtained
HP lactate by hydrolysis of HP allyl lactate ester.* Moreover,
Korchak et al. used the same approach to cleave cinnamyl
acetate and cinnamyl pyruvate.’® Given these multiple
examples, the ester structure does not significantly influence
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Figure 11. Two-dimensional *C MR images of (a) HP allyl 1-'*C-
pyruvate produced via pairwise addition of p-H, to propargyl 1-'*C-
pyruvate in D,0, (b) HP ethyl 1-'*C-acetate produced via pairwise
addition of p-H, to vinyl 1-"*C-acetate in D,0, and (c) 3 M solution
of thermally polarized sodium 1-'*C-acetate (signal reference
phantom). The double image in display (a) is due to two HP species
present with two distinctly different chemical shifts (see Figure 9 for
more details).

the possibility of successful ester hydrolysis on the desired time
scale for preserving the *C HP state. Furthermore, our own
experience with hydrolysis of ethyl acetate is that this reaction
proceeds rapidly and quantitatively.”' Therefore, we expect
that removal of sidearms in ethyl pyruvate, propyl acetate,
propyl pyruvate, and allyl acetate should also be feasible and
efficient.

B CONCLUSIONS

Acetate and pyruvate esters with ethyl, propyl, and allyl
alcoholic moieties were successfully hyperpolarized using
homogeneous hydrogenation of the corresponding unsaturated
precursors in CD;OD with parahydrogen. Polarization transfer
from 'H to *C nuclei was performed using magnetic field
cycling. It was found that the polarization of the obtained HP
state strongly depends on the rate of hydrogenation. The
highest polarizations (21% for 'H and 5.4% for *C nuclei)
were obtained for allyl pyruvate produced by hydrogenation of
propargyl pyruvate, the most readily hydrogenated compound
among those under study. Allyl pyruvate and ethyl acetate were
also hyperpolarized using hydrogenation with parahydrogen in
the aqueous phase over the water-soluble homogeneous
thodium catalyst, yielding 0.82 and 2.1% '*C polarization,
respectively. Feasibility of utilization of the obtained '*C-
hyperpolarized compounds for MRI was demonstrated on the
examples of allyl 1-'*C-pyruvate and ethyl 1-'*C-acetate; 3D
3C MR images with SNR ~131 and ~148, respectively, were
obtained for methanolic solutions of these compounds. Two-
dimensional "*C MRI visualization of aqueous solutions of allyl
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1-BC-pyruvate and ethyl 1-'*C-acetate was also carried out.
This systematic study will guide the future development of the
PHIP-SAH hyperpolarization in terms of the optimization of
catalysts, hyperpolarization hardware, and experimental proto-
cols.
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parahydrogen-derived hydrides over six chemical bonds. In
less than a minute of parahydrogen bubbling at approxi-
mately 0.4 T, a high level of nuclear spin polarization (P;sy)
of around 16% is achieved on all three "N sites. This prod-
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uct of N polarization and concentration of "N spins is
around six-fold better than any previous value determined
for N SABRE-derived hyperpolarization. At 1.4 T, the hyper-
polarized state persists for tens of minutes (relaxation time,
T,~10 min). A novel synthesis of uniformly '>N-enriched
metronidazole is reported with a yield of 15%. This ap-
proach can potentially be used for synthesis of a wide varie-
ty of in vivo metabolic probes with potential uses ranging
from hypoxia sensing to theranostic imaging. )
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Introduction

NMR hyperpolarization techniques transiently increase nuclear
spin polarization (P) by several orders of magnitude."™ This
significant increase in P enables metabolic magnetic resonance
spectroscopy (MRS) and MRS imaging (MRSI) after a bolus in-
jection of a hyperpolarized (HP) compound to detect abnormal
metabolism in cancer and other diseases.*'” The '*C isotope
has been widely employed in a number of biomolecules, most
notably in [1-*Clpyruvate,®® which is typically hyperpolarized
by dissolution dynamic nuclear polarization (d-DNP).""'? How-
ever, this approach has a number of shortcomings. First, the
lifetime of the HP state (governed by the spin-lattice constant
of exponential decay) is relatively short [e.g., compared with
those of "®F and "'C positron emission tomography (PET) trac-
ers], with the relaxation time (T;) on the order of 1 min."¥ As a
result, only a limited number of metabolic pathways are ame-
nable to MRSI, because sufficient levels of nuclear spin polari-
zation must persist until detection.""'¥ Secondly, d-DNP gener-
ally requires several tens of minutes (or longer) of hyperpolari-
zation buildup time as well as sophisticated, costly equip-
ment.l">'®

The hyperpolarization of °N sites in biomolecules is a viable
alternative approach,’'® because "N sites can generally
retain nuclear spin polarization for significantly longer periods
of time, with T, values of more than 10 minutes having been
observed in quaternary nitrogen sites in several model com-
pounds.?®?" However, HP "N-labeled choline (along with its
derivatives) is the only quaternary amine with biomedical rele-
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vance in the context of HP MRS.%? Unfortunately, the small dif-
ference in chemical shift observed for ["*N]choline and its me-
tabolites (ca. 0.2 ppm) would make them difficult to distin-
guish in vivo.>?? On the other hand, nitro groups occur in a
wide range of drugs approved by the US Food and Drug Ad-
ministration (FDA), including antibiotics, cancer radio-sensitiz-
ing agents,” hypoxia sensors,* and chemotherapeutics,”®
and can therefore potentially serve as convenient biocompat-
ible moieties to retain the HP state for tens of minutes.

Signal amplification by reversible exchange (SABRE) is a hy-
perpolarization technique that employs parahydrogen as the
source of hyperpolarization.”®>¥ In this work we employed the
SABRE in the shield enables alignment transfer to heteronuclei
(SABRE-SHEATH)"***! variant of SABRE, which relies on simulta-
neous chemical exchange between parahydrogen (pH,) and
the to-be-hyperpolarized biomolecules (without altering their
structures) within the ligand sphere of a catalyst in microtesla
(uT) magnetic fields (Figure 1a). SABRE-SHEATH has been
shown to produce "°N HP states with P values of up to 30% in
under 1 minute (although these high polarization levels have

a | - polarization transfer path
IMes
chemical i *Oz
exchange@ ‘ MNZ-15N, gfﬁ,”;ﬁ;é
v it 15
% ll:,\‘\1 /\f = * 1:C,H.OH
__________ 3 fre
PH, 1 N BN;C,H.0H (hyperpolarized)
MNZ-15N cataly%t—
non-exchangeable reversible
b Thermally polarized pyridine-15N
~12.4M x 128

free hyperpolanzed

Cc metronidazole!*N; (MNZ-15N,) ~34 mM  x 1
15 02 J/OHY
15,
= *3 15 1
€~310,000
15NO, £~302,000
£~3151000
400 350 300 250 200 150

15N Chemical Shift (ppm)

Figure 1. a) Schematic of the simultaneous chemical exchange of pH, and
["*Ns]metronidazole (MNZ-"°N;) on the Ir-IMes polarization transfer catalyst.*”
Note the dashed red lines indicate the likely path of spin-relayed polariza-
tion transfer from pH,-derived hydrides to the '*NO, group via the '°N3 and
N1 sites. b) Single-scan N NMR signal reference spectrum of thermally po-
larized neat (no solvent) [°N]pyridine (12.4 m). ¢) Single-scan "N NMR spec-
trum of HP ['°N;Imetronidazole in [D,JMeOH. All NMR spectra were recorded
at 1.4 T. The inset displays (in red) the path of chemical bonds over which
the network of 1=1/2 spin relays is established. The following experimental
conditions were employed for SABRE-SHEATH hyperpolarization: Room tem-
perature, 6.7 atm overpressure of the medium-walled NMR tube, and a flow
rate of 70 sccm (standard cubic centimeters per minute) of pH, controlled
by a mass-flow controller (MFC).
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previously been obtained at a relatively low concentration of
>N spins).2%¥ Unlike d-DNP"? SABRE-SHEATH requires rela-
tively simple and inexpensive hardware.?*>"

Results and Discussion

Although to date "N hyperpolarization of several biomolecules
has been demonstrated by SABRE-SHEATH, which opens up a
range of potential contrast agents,*® nearly all previous re-
ports have focused on the hyperpolarization of "°N sites that
directly interact with the iridium catalytic center of the Ir-IMes
(IMes =1,3-dimesitylimidazol-2-ylidene)  polarization transfer
catalyst, which is the catalyst typically used in most SABRE ex-
periments.?” The direct polarization transfer from pH,-derived
hydrides to these "N sites is efficient (i.e., fast and yielding
high values of P,s,), because the two-bond 'H-"N spin-spin
couplings are relatively strong (e.g., 10-20 Hz) and sufficiently
different from each other as to render the exchangeable cata-

lyst binding sites magnetically inequivalent from one anoth-
(34,35]
er.

Spin-relayed polarization transfer

Although in general direct SABRE-SHEATH of remote spin ="/,
sites over three or more chemical bonds is inefficient,“” we
have recently demonstrated the concept of spin-relayed polari-
zation transfer from SABRE-SHEATH-hyperpolarized "N sites to
other *C and "N sites within the same molecule.*'* In this
approach, a network of J-coupled spin /="/, nuclei can trans-
mit polarization several chemical bonds away from the pH,-de-
rived hydrides.”"*?

In this paper we show that uniformly '"N-labeled
["*N;Imetronidazole (MNZ-"®N,) can be efficiently hyperpolar-
ized by the SABRE-SHEATH approach to P,5 > 16% for each of
the three "N sites by using 87% pH,. Figure 1c shows the
spectrum of HP MNZ-"*N;, in which all three >N peaks are dra-
matically enhanced, with "N polarization increased by over
300000-fold compared with thermal "N polarization (for an
NMR spectrum of a thermally polarized signal reference com-
pound at 1.4T, see Figure 1b). The signal enhancements are
field-dependent, because thermal polarization varies linearly
with the applied magnetic field. We note that four-, five- and
six-bond spin-spin couplings between pH,-derived hydrides
and "®N1 and "°NO,; sites, respectively, are negligible, and there-
fore direct polarization transfer is highly inefficient, as de-
scribed previously.?” Analysis of the "N-"*N spin-spin cou-
plings in MNZ-"N; (see Figure S2 in the Supporting Informa-
tion) revealed J 55y Values of around 1.65 Hz between the
N3 and N1 sites and around 1.45 Hz between the N1 and
>NO, sites. No spin-spin coupling between the °NO, and "*N3
sites was detected. Therefore, we conclude that the '°N3 site is
likely hyperpolarized first by SABRE-SHEATH from pH,-derived
hydrides, the N1 site is hyperpolarized next by spin-relayed
polarization transfer from the HP '°N3 site, and the °NO, site is
hyperpolarized last by spin-relayed transfer from the '°N1 site.
We note that the "*NO, site is not significantly spin-spin cou-
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pled to any other nucleus besides "*N1, further supporting our
conclusion.

>N polarization dynamics

Studies of the polarization field dependence, dynamics, and
decay for ["°N;]metronidazole are summarized in Figure 2. In
part because the "NO, site is effectively isolated from protons
in the ["*N;lmetronidazole molecule, we found that it has a sig-
nificantly longer T, (9.7 + 1.0 min) than the '°N3 (3.1 0.4 min)
and N1 (3.840.3 min) sites, respectively (Figure 2f). The re-
layed (versus direct) nature of the polarization transfer mecha-
nism is also supported by the magnetic field dependence (Fig-
ure 2a) of P, for the three "N sites, which reveals that the
maxima of P, for the ’NO, and N1 sites coincide with that
for the '>N3 site, which is consistent with the notion that the
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Figure 2. Studies of SABRE-SHEATH hyperpolarization of ['°N;]metronidazole
(MNZ-"N3) by using NMR spectroscopy at 1.4 T. a) Dependence of P,5 on
the magnetic field for the three "N sites. b) Dynamics of P,y at the three
N sites at approx. 0.4 uT with single-exponential fitting. Note that the
buildup of P,sy at the "NO, and °N1 sites is not well described by mono-ex-
ponential growth due to the complex dynamics of the buildup process at
multiple sites (the mono-exponential buildup curves and time constants are
provided for comparative purposes (with respect to the "*N3 site) only).

¢) Evolution of P,y at the three N sites in the Earth’s magnetic field (ca.

30 uT) using the initial conditions of P,gy; > Pisyy > Pisnoa (the initial points
within the dashed box correspond to those in (a), denoting the magnetic
field of HP state preparation). d) Concentration dependence of P, at the
three N sites. e) Decay of Pysy at the three "N sites at approx. 0.4 uT. The
sample was transferred to a 1.4 T NMR spectrometer for detection. f) Decay
of P,y at the three N sites at 1.4 T. The color coding indicates the three °N
sites: "°N1: green; "*N3: blue; °NO,: red.
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>N3 site acts as the local source of polarization. Moreover, the
kinetics of N polarization buildup at the optimal magnetic
field (ca. 0.4 uT) clearly indicates that, during the buildup pro-
cess, Pisns > Pisny > Prsnos (Figure 2b). It is worth noting that the
three P,y values tend towards similar values when the buildup
is nearly complete (Figure 2a). On the other hand, during the
>N polarization decay process in a field of around 0.4 pT, this
order of P,y values is reversed, that is, Pysy3 < Prsni < Prsnoa (Fig-
ure 2e). It is also worth noting that when the magnetic field is
below the optimal value (left-hand slope in Figure 2a), the
N3 site is hyperpolarized better than the *N1 and "°NO, sites.
The lower levels of polarization observed below 0.4 uT and the
fact that the polarization of ®N1 is lower than that of ’N3 are
likely explained by the “strong coupling” of protons and
heteronuclei in magnetic fields in the range 100 nT-1 puT ob-
served by Kiryutin et al.,"? which may lead to more efficient
depolarization of the N1 site, which is coupled more efficient-
ly to the proton spin network (see the Supporting Information
for details) compared with the *N3 site. Because "N polariza-
tion of the °NO, site is dependent on that of °N1 (because
the strongest spin-spin coupling of the "*NO, site is with the
N1 site), the lower "N polarization of the "NO, site (com-
pared with that of the "*N3 site) is also expected. We have em-
ployed the nonequal HP spin-state condition, that is, P;s;>
Pisnt > Pisnoa to study the dynamics of polarization evolution
in the Earth’s magnetic field (ca. 30 uT), in which pH, can no
longer efficiently hyperpolarize any heteronuclei and therefore
the polarization can only decay.***“*! Figure 2c shows that
Pisns is redistributed relatively quickly, on the timescale of sec-
onds, to the® N1 and NO, sites (it is worth noting that P,sy,
and P50, grow for the first approx. 15s, whereas Pig; de-
creases). Although this redistribution of polarization occurs in
the Earth’s magnetic field, which is approximately 30 uT (as
measured in our laboratory) and significantly exceeds 0.4 uT,
this observation provides additional support for the spin-re-
layed mechanism of SABRE-SHEATH polarization transfer in
["*N;Imetronidazole in microtesla magnetic fields.

N polarization levels

It should be noted that over the MNZ concentration range
studied (23-41 mm), P,sy was 15.640.7% on all three "N sites,
as detected by 1.4T NMR spectroscopy (Figure 2d; notably,
the ratio of MNZ and the catalyst was maintained constant at
20:1). This polarization level is lower (by around two-fold) than
the best P,sy values (ca. 34 %) obtained for metronidazole with
a natural abundance of N (<0.3%) under similar conditions
(Figure 3a).5® This observation can likely be explained by two
effects: First, the labeled compound produces an active com-
plex with two "N sites in the equatorial plane and the polari-
zation is transferred in the AA'BB’ four-spin system, whereas in
the case of metronidazole with a natural abundance of "N, po-
larization transfer from the pH,-derived hydrides to "*N occurs
in an AA’B three-spin system. It has been shown previously
that polarization transfer in such three-spin systems may be
more efficient than that in four-spin systems.3%3>44 The
second contributing factor is access to fresh pH,, which can be
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Figure 3. a) °N polarization and b) *N magnetization, defined as the prod-
uct of the molar concentration of "N spins in the HP substrate and "°N po-
larization, in ['°N;]metronidazole (MNZ-'"°N,) studied here,
["®N,,"*C,Jmetronidazole (MNZ-"*N,,"*C,),*" natural abundant metronidazole
[MNZ (n.a.)],%* mono-"*N-labeled [*N,]nicotinamide,®® and [*N]pyridine.®*
Note the multiple spin labels in some compounds.

more limited under conditions of high "°N density (i.e., local
pH, can be depleted more quickly if there are more "N sites
present);*”! the labeled sample studied here contains more
than 600-fold more "N sites than the natural abundance com-
pound studied previously.®®

>N polarization payload and >N magnetization

Comparison of the polarization payload (defined as the prod-
uct of the concentration of "°N spins, "°N polarization, and the
volume of the HP contrast agent) is more relevant in the con-
text of biomedical applications, because in vivo experiments
greatly benefit from a higher HP payload to enhance the
signal-to-noise ratio and improve spatial and temporal resolu-
tion."” Because SABRE is a highly scalable hyperpolarization
technique (i.e., varying the volume of HP liquids is relatively
straightforward), it is important to highlight the N magnetiza-
tion achieved, that is, the product of "N spin concentration
and "N polarization. The "°N polarization levels of several bio-
molecules hyperpolarized by SABRE are compared in Figure 3 a,
and the "N magnetization determined for the same five com-
pounds hyperpolarized by SABRE are presented in Figure 3b.
The "N magnetization for [°N;Jmetronidazole is improved by
around 25-fold or more compared with the previously studied
molecules [i.e., compared with MZN(n.a.) and MNZ-"°N,,"*C,] *¢
Moreover, the "N magnetization calculated here for
["*N;Imetronidazole is approximately six-fold greater than that
of mono-""N-labeled ["*N]nicotinamide.*

Synthesis of '*N-enriched metronidazole

Importantly, the above NMR results were enabled by "°N en-
richment of all three nitrogen sites of the substrate, achieved
by a novel but straightforward spin-labeling synthetic proce-
dure (Scheme 1). First, 2-methyl['°N,]imidazole was prepared
by using a modification of the procedure previously developed
for the synthesis of ["*N,Jimidazole,*® in which inexpensive
>NH,Cl was employed as the N source. In the second step,
the ""NO, group was added by a nitration reaction using
Na'®NO, as the second inexpensive °N source. Ethylene oxide
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Scheme 1. Three-step '°N-enrichment of ['°N;Jmetronidazole (MNZ-"°N;).
Note the color coding of the "°N sources, ’NH,Cl and Na'>NO;, the color
coding (blue and red, respectively) in the products indicating the source of
the "N label.

was employed in the last step to introduce the hydroxyethyl
moiety. The overall yield over three steps (Scheme 1) was
around 15% (see Section 9 of the Supporting Information).
This synthetic approach for introducing "N spin into the nitroi-
midazole moiety can be potentially applied to a wide range of
nitroimidazole-based drugs, for example, azomycin, benznida-
zole, secnidazole, ornidazole, nimorazole, TH-4000, and evofos-
famide, used as hypoxia sensors, radio-sensitizing therapeutics,
and theranostic imaging agents.””!

Biomedical outlook

Metronidazole is an FDA-approved antibiotic that can be safely
administered orally and intravenously in large (multigram)
doses." Moreover, we have recently reported the preparation
of pure (ie., catalyst-free) HP metronidazole solutions®® as
well as heterogeneous "N SABRE-SHEATH®® and '*N SABRE-
SHEATH HP metronidazole in aqueous media,”" thereby poten-
tially enabling the preparation of biologically compatible HP
MNZ-"*N; injectable formulation(s). We envision this contrast
agent to have potential in hypoxia sensing (the focus of our
future studies) in a manner similar to that of
["®FIfluoromisonidazole (FMISO) and other nitro-containing ra-
diotracers employed in positron emission tomography
(PET).5>>3 The nitroimidazole moiety is chemically reduced in
the hypoxic environment by upregulated nitroreductases (i.e.,
in tumors or ischemic tissues),**** which will likely result in
large (tens of ppm) changes in the "N chemical shifts of the
three "N sites. Although future studies are required to investi-
gate the utility of HP MNZ-"N; for hypoxia sensing and other
applications, the results presented here (P,5y~16% at >98%
>N enrichment, T,~10 min, fast polarization, and straightfor-
ward isotopic enrichment) bode well for such envisioned cellu-
lar and in vivo experiments. Moreover, an in vivo study of N
relaxation with HP choline revealed an approximate 1.35-fold
decrease in T, (from 172+16 to 126+15s) compared with
that in vitro at 9.4 T?? The effective reduction of the N T,
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value for HP choline in vivo was attributed to choline uptake
and metabolism versus depolarization,”” which indicates that
the "N T, value is reduced marginally in vivo compared with
in vitro, largely because of the very low gyromagnetic ratio of
>N spin (a tenth of that of proton spins). Therefore, we antici-
pate a relatively small (30% or less) reduction in the T, values
presented here for [°Ns]lmetronidazole in future in vivo stud-
ies.

Although the level of "N polarization obtained here is lower
than the "C polarization obtained by using d-DNP hyperpolar-
izers (**C polarization, ca. 40%"“”), the amount of actual polari-
zation at the time of MR image acquisition will likely exceed
that of °C, because the "*NO, group of [°N;]lmetronidazole has
a significantly longer T, (by approximately an order of magni-
tude) and therefore will enjoy disproportionately lower depola-
rization during injection, circulation, and imaging. For example,
the current time for injection of HP contrast agents in humans
is around 555" which causes an approximate three-fold
decay of the "*C polarization level, whereas the *NO, polariza-
tion of HP ["°Ns]metronidazole will decay only by roughly 1.1-
fold in that time, that is, it will experience a negligible loss.

However, the low gyromagnetic ratio of '°N spins, which in
part endows the long T, values demonstrated here, is a
double-edged sword, because the NMR detection of low-y
nuclei is generally significantly less sensitive even at the same
nominal polarization level.*>*® The detected signal is directly
proportional to the nuclear magnetic moment (which varies
linearly with gyromagnetic ratio), and the NMR signal is also di-
rectly proportional to the resonance frequency (which also
varies linearly with gyromagnetic ratio). Therefore, it follows
that proton detection is around 100 times more sensitive than
N detection, (y,4/y:50)°~ 100, and C detection is approxi-
mately six times more sensitive than "N detection, (y;3c/y1sn)’
~ 6. Moreover, in the case of MRl and MRSI applications, spatial
imaging encoding of low-y nuclei carries two additional disad-
vantages. First, the gradient strength required to achieve the
same spatial resolution is directly proportional to the gyromag-
netic ratio (and therefore "N imaging requires ca. 2.5-fold
greater gradient strength than '>C imaging and ca. 10-fold
greater gradient strength than 'H imaging). Secondly, the gra-
dient ramp rate is also directly proportional to the gyromag-
netic ratio, thereby making gradient rise/fall durations of "N
imaging around 2.5-fold slower than those of *C imaging and
around 10-fold slower than those of 'H imaging at a fixed gra-
dient strength (i.e, the condition of maximum gradient power).

To summarize, N MRI and MRSI face significant fundamen-
tal challenges. However, we envision proton detection of "N
HP contrast agents in general and HP ["°N;]nitroimidazole in
particular, similarly to the concept of indirect proton detection
recently introduced for *C HP contrast agents,"*** which
means that the detection sensitivity of >N HP agents will be
similar to that of *C HP agents when indirect ("H) proton de-
tection is employed. ["°’N;]Metronidazole has protons in its mo-
lecular structure that are weakly (2-9 Hz) coupled to the N
sites through spin-spin interactions. As a result, it is possible
to use these spin—spin couplings for hyperpolarization transfer
from N to 'H'"%%5" by using conventional polarization trans-
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fer techniques such as insensitive nuclei enhanced by polariza-
tion transfer (INEPT).®? This hyperpolarization transfer ap-
proach leads to a large increase in sensitivity of approximately
100-fold, as described above and elsewhere,*>>"¢¥ and the
speed of imaging readout in the case of MRl and MRSI applica-
tions is also enhanced, as described above.

In this work ["*Ns]lmetronidazole was hyperpolarized in alco-
holic solution. Although SABRE hyperpolarization in aqueous
media has been demonstrated,®"**%” so far, the SABRE polari-
zation levels in aqueous solutions are more than 10-fold lower
than those in alcoholic solutions,’®® for example, in methanol
here, largely due to significantly lower H, solubility in
water.®””” Two potential work-arounds that can be envisioned
in the context of biomedical applications are 1) the use of
high-pressure hyperpolarizers”” to increase the concentration
of pH, in aqueous solutions or 2) the dilution of alcoholic solu-
tions (e.g., based on ethanol) with a biocompatible buffer fol-
lowed by in vivo injection, because the °N T, value is nearly
10 minutes in vitro and therefore the slow injection of larger
volumes over several minutes may be feasible in the context
of future in-human applications.

Conclusion

We have demonstrated in this report the "N SABRE-SHEATH
hyperpolarization of ["’N;]Jmetronidazole. Efficient hyperpolari-
zation (P,sy~ 16%) of the °NO, group is accomplished by spin
relays created by the network of N spins in the molecular
structure of ["’N;Imetronidazole. In this process, the parahydro-
gen-derived hyperpolarization of iridium hydrides is transferred
over up to six chemical bonds. The high level of nuclear spin
polarization P;5y of around 16% is achieved in about 1 minute
on all three "N sites of ["*N;Imetronidazole at concentrations
up to approximately 41 mm. The HP state of the *NO, group
has a long lifetime in vitro with an exponential decay constant
T, of 9.7+ 1.0 minutes at the clinically relevant magnetic field
of 1.4 T. Such a long lifetime of the HP state is possible as a
result of the low gyromagnetic ratio of the "°N nucleus, and in
part because the N spin of the ’NO, group in metronidazole
has no detectable spin-spin couplings with any of the protons
in the molecule. We have also reported herein on the novel
robust synthesis of ["*N,]metronidazole (see the Experimental
Section) and ["°N;Imetronidazole compounds in a yield of 15%
over three steps. This synthetic approach employs inexpensive
sources of "°N label (®NH,Cl and Na'°NOs) and can be poten-
tially tailored for the "N enrichment of other nitroimidazole
derivatives, for example, FDA-approved nimorazole.

Experimental Section

General: The details of the experimental setup (Scheme 2) em-
ployed for the studies reported herein have been described previ-
ously.*>¢8 All synthetic and spectral characterization details relating
to the preparation of ["*N,Jmetronidazole and ["*N;]metronidazole
are provided in the Supporting Information.

SABRE-SHEATH hyperpolarization: The solutions for SABRE hyper-
polarization were prepared with a 1:20 catalyst/substrate ratio. A
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Scheme 2. Schematic of the experimental setup employed for the SABRE-
SHEATH experiments.

known mass of [°N;]Jmetronidazole was placed in a plastic Eppen-
dorf tube and a 1 mm solution of the Ir-IMes catalyst in [D,JMeOH
(0.6 mL) was added to yield a 20mm concentration of
["*N;Imetronidazole. The mixture was flushed with ultrapure argon
gas immediately after preparation. Each solution prepared in this
manner was used for SABRE activation and SABRE-SHEATH hyper-
polarization experiments typically within 2 h of its initial formula-
tion.

The Ir-IMes catalyst precursor® was synthesized according to our
previously published protocol.” The catalyst was activated by pH,
bubbling for approximately 1 h to achieve maximum performance.

Each sample was placed in a medium-walled 5 mm NMR tube
(0.6 mL aliquot) and connected to the SABRE hyperpolarization
setup, which has been described in detail previously.>**%? NMR
spectra were recorded by using a 1.4 T benchtop NMR spectrome-
ter (NMR Pro 60, Nanalysis, Canada) with a flow rate of 50 sccm
(standard cubic centimeters per minute, the flow rate was con-
trolled by a mass flow controller) and a 6.4 atm overpressure of
pH, gas in the NMR tube at room temperature (ca. 20-22°C;
Scheme 2). The thermally polarized reference spectrum of neat
["*Nlpyridine was recorded by "N NMR spectroscopy with proton
decoupling, whereas all "N NMR spectra of HP ["*N;]metronidazole
were recorded under conditions without proton decoupling.

The duration of pH, bubbling in the shield was about 1 min
(unless otherwise noted), and the durations of t(decay) (<15s),
t(evolution) (ca. 1-2 s), and sample depolarization in the 1.4 T NMR
spectrometer, t1(decay) (ca. 1-2's) were kept to a minimum to
reduce "N polarization losses (Figure 1c). Varying the durations of
pH, bubbling [t(buildup)], the polarization decay in the shield after
cessation of pH, bubbling [t(decay)], the evolution of polarization
in the Earth’s magnetic field [t(evolution)], and sample depolariza-
tion in the 1.4 T NMR spectrometer [t1(decay)] shown in Scheme 2
allowed for systematic mapping of the SABRE-SHEATH process and
the spin dynamics of >N polarization shown in Figure 2b,e,cf, re-
spectively. Systematic mapping of the static magnetic field inside
the shield (using a variable resistor bank and dc power supply (GW
INSTEK, GPRS series), Scheme 2) is shown in Figure 2a.

Some samples were heated to approximately 55°C to evaporate
[D,JMeOH to increase the concentration of ['°N;]metronidazole for
the experiments summarized in Figure 2d.

Preparation of parahydrogen: Parahydrogen (pH,) enrichment
was performed by using a home-made parahydrogen generator

Chem. Eur. J. 2019, 25, 8829 - 8836 www.chemeurj.org

8834

CHEMISTRY

A European Journal

Full Paper

equipped with a SunPower cryocooler. The pH, fraction was deter-
mined by 'H NMR spectroscopy as discussed previously."” Briefly,
the signal of orthohydrogen in “normal” hydrogen gas (consisting
of 75% ortho and 25% para states) was employed as a signal refer-
ence. The orthohydrogen fraction/percentage signal from the pH,-
enriched mixture was determined next (by using a signal reference
obtained from “normal” hydrogen gas)and the fraction/percentage
of pH, was determined as the difference between 100% and the
percentage of detected orthohydrogen. The NMR spectra of
normal (25% pH,) and pH,-enriched mixtures are shown in Fig-
ure S1 in the Supporting Information. The NMR spectra of several
samples were recorded (for reproducibility) and a variability of less
than 2% was achieved.
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ABSTRACT: NMR spectroscopy and imaging (MRI) are two
of the most important methods to study structure, function,
and dynamics from atom to organism scale. NMR approaches
often suffer from an insufficient sensitivity, which, however, can
be transiently boosted using hyperpolarization techniques. One
of these techniques is parahydrogen-induced polarization,
which has been used to produce catalyst-free hyperpolarized
propane gas with proton polarization that is 3 orders of
magnitude greater than equilibrium thermal polarization at a
1.5 T field of a clinical MRI scanner. Here we show that more
than 0.3 L of hyperpolarized propane gas can be produced in 2
s. This production rate is more than an order of magnitude
greater than that demonstrated previously, and the reported

~F 0 80
NN |Rh/TiO, 60
;74 40
~ .
&4 0 16 3)% (n?r?]) 64 80 0

production rate is comparable to that employed for in-human MRI using HP noble gas (e.g, '*?Xe) produced via a spin
exchange optical pumping (SEOP) hyperpolarization technique. We show that high polarization values can be retained despite
the significant increase in the production rate of hyperpolarized propane. The enhanced signals of produced hyperpolarized
propane gas were revealed by stopped-flow MRI visualization at 4.7 T. Achieving this high production rate enables the future
use of this compound (already approved for unlimited use in foods by the corresponding regulating agencies, e.g., FDA in the
USA, and more broadly as an E944 food additive) as a new inhalable contrast agent for diagnostic detection via MRIL.

MR spectroscopy and imaging (MRI) are versatile tools

widely employed to study structure, function, and
dynamics. NMR signal intensity is directly proportional to
nuclear spin polarization P, which characterizes the degree of
nuclear spin alignment with applied static magnetic field. In
practice, P is on the order of 10™° to 107 under thermal
equilibrium conditions of 298 K and a magnetic field of several
Tesla. For example, P is 1.0 X 10~ for 'H and 2.6 X 107° for
3C nuclei at room temperature and 3 T, the magnetic field of a
modern MRI scanner. Hyperpolarization techniques can
transiently increase P up to unity, which leads to the temporary
increase of magnetic resonance (MR) sensitivity by 4—S5 orders
of magnitude."” The additional and largely unrealized benefit
of hyperpolarization is the fundamental possibility to obtain a
higher signal-to-noise ratio at low (0.01—0.5 T) magnetic
fields.” The main drivers behind the development of
hyperpolarization techniques are their biomedical applica-
tions."*~ The inhalation or injection of hyperpolarized (HP)
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contrast agents enabled functional and metabolic imaging of
lung disease, cancer, and others.”™'?

Biomedical applications demand a sufficiently long lifetime
of HP compounds.>''? The decay of the HP state is typically
governed by the process of spin—lattice relaxation charac-
terized by the T, constant. Since in a condensed phase, low-
gamma nuclei, such as *C and 'Xe, typically have greater T,
than those of protons, the development of HP contrast agents
have primarily employed these low-gamma nuclei.”'*"> This
approach has a significant translational challenge because
conventional clinical MRI scanners can only image protons,
and therefore, 13C/'**Xe-based contrast agents require highly
specialized hardware and software, which are available to
selected research sites around the globe. The unique properties
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Figure 1. (a) Schematic of the experimental setup for batch-mode production and MRI detection of hyperpolarized propane gas. (b) Photograph

of the constructed batch-mode propane hyperpolarizer.

of the long-lived spin states (LLSS), sometimes also termed as
long-lived states (LLS), recently explored by Levitt and others,
allow for preparing HP states with the exponential decay
constant Tg, which can significantly exceed the T,
constant.'™"” As a result of this fundamental breakthrough,
the interest in the use of HP protons sites has been
rekindled**™* because the lifetime of the HP state can be
sufficiently long, and such HP states can be readily imaged on
conventional clinical MRI scanners.”*™>’

HP propane gas can be readily prepared through the process
of parahydrogen-induced polarization (PHIP)*" > via para-
hydrogen (p-H,) addition to propylene over supported metal
catalysts.>* >’ Previously, we have demonstrated the existence
of LLSS in propane gas at a 0.05 T magnetic field with the T
value approximately three times greater than the corresponding
T, value. Tg exceeding 13 s has been demonstrated at a high
pressure, although Tg is ~3 s at atmospheric pressure.’®
Nevertheless, the extension of HP propane lifetime through
LLSS increases the time window sufficiently for potential use
as an inhalable contrast agent in a manner similar to that of HP
noble gases, e.g., 129%e and *He."

In this work, we show that the clinically relevant quantity
(~0.3 standard liters)**™** of HP propane gas can be
produced in approximately 2 s, i.e., sufficiently fast to retain
its hyperpolarized state. We demonstrate the utility of large-
scale preparation of HP propane via MR imaging at 4.7 T.
High-resolution slice-selective 2D MR imaging of stopped HP
propane is reported here.

B MATERIALS AND METHODS

We have developed a clinical-scale propane polarizer device
(Figure 1) for hydrogenation of propylene with p-H, over a
heterogeneous catalyst to produce HP propane gas. The core
of the polarizer was comprised of 1/4 in. OD copper tubing,
which was divided into three zones. The first zone was filled
with Cu beads (10—40 mesh size, > 99.90% purity, Sigma-
Aldrich #31140S, approximately 12 g filled in a 10 cm-long
section) and was employed for preheating the reagents using
oven #1 (see Figure 1). The second zone was filled with ~12 g
of copper beads and a small quantity (60—280 mg) of 1 wt %
Rh/TiO, catalyst. This type of Rh/TiO, catalyst was tested in
previous studies.’>*® The Cu particles provided a significantly
more efficient dissipation of heat generated during the highly
exothermic hydrogenation reaction, because the released
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heat was first absorbed by the Cu beads and then dissipated
through the copper reactor tube by the plates and radiators.
The second zone was heated with oven #2 and used for
production of HP propane gas by the pairwise addition of p-H,
to propylene over the heterogeneous Rh catalyst.”® The third
zone was filled with ~12 g of copper particles and employed
for cooling the HP gas exiting the polarizer using a cooling fan
(see Figure 1). The third zone was also additionally equipped
with oven #3, which could be used to adjust the temperature of
the exiting gas. The zones of the reactor were separated by
small quantities of glass wool. The reactor tube was
sandwiched by ovens #1-3, which were comprised of
aluminum plates with attached cartridge heaters and radiators.
The temperature of all three zones was independently
controlled by three PID controllers (Figure 1b,c). In most of
our experiments, the observed temperature fluctuations
measured by the thermocouples attached to aluminum plates
did not exceed S °C from the set point values. The output of
the polarizer was connected via 1/16 in. OD (1/32 in. ID)
Teflon tubing for low-flow conditions (2000 standard cubic
centimeters (sccm) or less) or 1/8 in. OD (1/16 in. ID)
Teflon tubing for high-flow conditions to a 5 mm NMR tube
via a Y-connector as described previously* or to an imaging
phantom located inside the NMR spectrometer or the MRI
scanner, respectively. The HP gas left the setup via the safety
valve (Figure 1a).

B RESULTS AND DISCUSSION

First, the constructed propane hyperpolarizer was operated in a
continuous flow regime by mixing the reagents in real time
using two mass flow controllers (MFCs, one for propylene and
the other one for ~81% p-H,). The details of such a setup have
been described previously’® and are also presented in the
Supporting Information (SI, see Figure S2). The continuous
flow operation allows for recording ALTADENA*> NMR
spectra of HP propane gas in real time (Figure 2a), although
T, relaxation losses are significant at very low flow conditions
(e.g., 800 sccm or less, see Figure 2e). This mode of operation
enabled a relatively low-flow regime (below 1440 sccm total
flow rate) to confirm that sufficient levels of polarization
enhancement were indeed achieved at a lower production rate,
Figure 2a (Py ~ 0.58%) and Figure 2b (Py ~ 1.8%). More
importantly, this mode of operation allows for monitoring the
dynamics of the polarization production of HP propane. Figure
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Figure 2. (a) ALTADENA 'H NMR spectrum of continuously
flowing HP propane gas and the corresponding thermal '"H NMR
spectrum acquired after interruption of gas flow (the thermal
spectrum is multiplied by a factor of 16) under conditions of
complete chemical conversion: catalyst mass = 280 mg; t = 130 °C;
pressure = 90 psig; gas flow rates, 480 sccm for propylene and 960
scem for p-H,; signal enhancement ~180, and Py ~0.58%. (b)
ALTADENA 'H NMR spectrum of continuously flowing HP propane
gas and the corresponding thermal 'H NMR spectrum acquired after
interruption of gas flow (the thermal spectrum is multiplied by a
factor of 64) under conditions of partial (~70%) chemical conversion.
Conditions: catalyst mass = 118 mg; t = 100 °C; pressure = 90 psig;
and gas flow rates, 480 sccm for propylene and 960 sccm for p-H,.
The catalyst was extensively treated with cyclopropane before this test
(see main text for details), with a signal enhancement of ~550, and
Py = 1.8%. The insets in displays (a) and (b) show the reaction
scheme of the pairwise addition of parahydrogen to propylene to form
hyperpolarized propane. (c) Dependence of ALTADENA signal of
the CH, group of HP propane obtained in batch mode (red squares)
and in continuous flow mode (blue circles) on time on stream.
Conditions for batch mode: propylene/p-H, ratio = 1:1.5, catalyst
mass = 118 mg, and ¢t = 100 °C. Conditions for continuous flow
mode: catalyst mass = 118 mg; t = 120 °C; pressure = 90 psig; and gas
flow rates, 480 sccm for propylene and 960 sccm for p-H,. The plots
are presented on different scales with the maximum ALTADENA
signal in each set of experiments calibrated as 10 au (d) Dependence
of ALTADENA signal of the CH, group of HP propane (red squares)
and propylene conversion (blue circles) on reaction temperatures
obtained in batch-mode propane hyperpolarization. Conditions:
propylene/p-H, ratio = 1:1.5; catalyst mass = 118 mg; and average
gas flow rate ~4000 sccm. (e) The dependence of the PHIP signal of
HP propane on the gas flow in continuous-flow operation mode.
Conditions: propylene/p-H, ratio = 1:2; catalyst mass = 118 mg; t =
100 °C; pressure = 90 psig; and chemical conversion was ~100% in
all cases. (f) The dependence of HP propane effective polarization
estimates on the propane:p-H, ratio using batch-mode production.
Conditions: catalyst mass = 118 mg, and t = 100 °C. All data were
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Figure 2. continued

acquired using a 9.4 T NMR spectrometer. Note, that the display (f)
has dual axes of ALTADENA signal (in arbitrary units, a.u.), which
has been employed to compute the effective polarization estimate via
signal referencing to the thermally polarized signal.

2c (blue trace) shows that the reactor performs robustly
delivering a constant level of polarization. Note, that the
plateau is established in less than 10 s of gas flow.

The experiments at continuous flow conditions employing
NMR detection at a 9.4 T NMR spectrometer (Figure 2a)
revealed nearly complete chemical conversion of the reaction
mixtures at temperatures as low as 40 °C (Figure 2d), with the
maximum signal enhancement observed in the 60—100 °C
range. Operation at this relatively low temperature regime is
welcome in the context of biomedical applications.

In some cases, the reactor was treated with a cyclopropane
gas stream, " which boosted polarization values (see Figures S3
and S4 for details), which we hypothesize is due to passivation
of active catalytic sites, because cyclopropane is less amenable
to hydrogenation than propane and, therefore, may potentially
be retained by the active catalytic sites. The excessive
treatment with cyclopropane leads to a decrease of propylene
conversion to propane (from 100 to 70%), but the proton
polarization levels are significantly increased to nearly 2%
(Figure 2b).

Next, the polarizer was operated in a batch mode (see Figure
S1 for experimental setup). In this case, the gases are mixed in
the 0.5 L mixing chamber at 100 psig (7.8 atm) pressure,
resulting in a total volume of 3.9 standard liters. Next, the
valves connecting the mixing chamber and oven #1 are opened,
enabling the gas flow through the reactor (during the gas flow,
the pressure drops from 100 psig down to SO psig, controlled
by a safety valve located at the end of the lines). Note, that
operation in a batch mode results in a significantly higher and
varying gas flow rate (the average flow rate is ~4000 sccm). In
principle, a high-flow regime (over 2000 sccm) would
minimize the T relaxation losses of HP propane during
transportation from the polarizer to the NMR spectrometer.
However, the detection efficiency of HP gas in this case is
lower because the high velocity of HP gas in the NMR tube
results in a situation when only a small fraction of HP propane
gas can be detected after radio frequency (RF) pulse excitation
as the RF-excited gas readily leaves the detection region of the
NMR probe during signal acquisition. Nevertheless, it was still
possible to detect HP propane gas, and Figure 2c (red trace)
provides an example of the polarization dynamics monitoring
using the batch mode of operation. In this operation mode, we
noted an initial bump in the HP signal, which we attribute to a
temporary NMR tube overpressurization. Next, the HP signal
plateau is established, which is followed by the decay of the HP
signal due to the decreasing flow rate, which results in
polarization losses during gas transfer from the reactor to the
NMR detector.

The obtained NMR signals of the HP propane exhibited an
expected dependence on the propylene/p-H, ratio in the
reactants mixture (Figure 2f). On one hand, the use of a higher
fraction of p-H, results in dilution of the formed HP propane
with the excess of p-H, gas, thus lowering the observed NMR
signal of the HP propane. On the other hand, a larger fraction
of p-H, also leads to a higher NMR signal enhancement, as was
shown in the previous studies.”® The maximum ALTADENA
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signal of the HP propane was obtained at an 1:1.5 ratio of
propylene and p-H, in the reactants mixture. Unfortunately, it
is difficult to reliably estimate the polarization of the HP
propane obtained in the batch mode (using this setup) due to
complicated dynamics of the performance of the polarizer
setup (Figure 2c, red squares), in particular, due to changing
the gas flow and probable temporary overpressurization. We
expect propane polarization to be on the order of ~0.5—1%
(and therefore, effective polarization level estimates are
reported in Figure 2f), based on the results obtained in the
continuous flow mode, which were carried out using the
maximum PHIP signals in dynamic profiles, like the one
presented in Figure 2¢, and NMR signals of stopped propane
gas as PHIP and thermal reference signals, respectively. These
computations of % polarization yielded ~0.5—1.1% effective
polarization values (i.e., the values detected in the NMR
spectrometer under continuous flow conditions) depending on
the reaction conditions (gas mixture composition and reaction
temperature, Figure 2f). We note, that these values may be
~1.2—1.5 times overestimated due to overpressurization (i.e.,
transient pressure bump) during gas flow. However, on the
other hand, the reported effective polarization values may also
be underestimated due to lower efficiency of NMR detection
of rapidly flowing gas (versus stopped gas yielding a thermally
polarized reference signal). These two effects (under- and
overestimation) likely partially cancel each other. Therefore,
we expect that the actual polarization should be very close to
(likely within 30%) the effective polarization estimate reported
in Figure 2f.

Next, the experimental setup was modified, and 1/16 in. OD
tubing connecting the reactor with the S mm NMR tube was
replaced by 1/8 in. OD tubing with a four times greater cross-
section to enable significantly higher flow rates of up to
approximately 18 standard liters per minute (sLm) of the gas
volume. The use of the bypass line (Figures 1, S1, and S2)
serves two purposes in our setup. First, it allows to stop the gas
flow through the NMR tube in the continuous flow mode as
needed (e.g,, to acquire thermal NMR spectra, Figure 2a,b).
Second, the bypass valve allows to significantly reduce the gas
flow through the NMR tube in the batch mode operation
(which otherwise generates very high gas velocities exceeding 2
sLm incompatible with quantitative NMR detection). Figure
3a shows the NMR spectra of thermally polarized propane
after production at a high flow rate (~6.1 sLm), confirming the
complete conversion of propylene to propane. No propylene
NMR peaks were detected, and note the simulation (green
trace, Figure 3a) assigned all experimental spectral features
(blue trace, Figure 3a) to the reaction product propane. Figure
3b shows the NMR spectrum of the HP propane obtained
under flow conditions using batch-mode production. The
spectra shown in Figure 3 were acquired using an 14 T
benchtop NMR spectrometer.

We demonstrate the utility of the batch-mode production
approach of the HP propane gas for high-resolution MR
imaging on the example of the HP propane production using
the setup presented in Figure la at an average flow rate of ~18
sLm using an 1:2 mixture of propylene with p-H,, yielding a
mixture of HP propane:residual p-H, of 1:1 (Figure 4).
Approximately 0.6 sL of final mixture was produced in about 2
s, corresponding to the production of 0.3 sL of HP propane.
Approximately 2/3 of the HP gas mixture was collected in an
~56 mL plastic vessel pressurized to ~7 atm of total pressure,
corresponding to ~0.2 sL of HP propane retained in this
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Figure 3. Proton NMR spectroscopy using an 1.4 T benchtop NMR
spectrometer of (a) thermally polarized reaction gas mixtures after
passing through a reactor filled with 118 mg of Rh/TiO, catalyst after
cyclopropane treatment. Note, that all NMR peaks are attributed to
propane product. (b) HP propane after passing through a reactor
filled with 120 mg of unaltered Rh/TiO,, with a signal enhancement
of € ~ 1100 corresponding to 0.5% polarization at 1.4 T. Other
experimental conditions employed for spectra acquisition in displays
(a) and (b) are t = 40 °C, 20% excess of p-H, over propylene, ~6
sLm flow rate, and ~4 atm total pressure.

vessel. MR imaging was started before the HP gas flow was
stopped. As a result, the first image shown in each series of
coronal (Figure 4a) and axial (Figure 4b) projections has
significant distortions due to fast flowing gas. Once the gas is
stopped, high-resolution and high signal-to-noise ratio (SNR)
images were acquired every 1.9 s (Figure 4a, SNRy,x of 40) or
every 0.85 s (Figure 4b, SNRy,x > 60), respectively. The
shape of the object is very well delineated in these images.
Moreover, the 1.6 mm ID tubing filled with HP propane gas is
also well delineated in the axial images (Figure 4b). No signal
was detected after the decay of the HP state (image #11,
Figure 4a). The corresponding image of a neat water phantom
using thermal proton polarization revealed an image with a
maximum SNR value (SNRy,x) of ~128 (Figure SS).

B CONCLUSION

We have demonstrated clinical-scale production of catalyst-free
HP propane gas using a PHIP technique of up to 0.3 sLin 2 s.
Complete (~100%) chemical conversion of propylene
substrate was achieved during its hydrogenation with para-
hydrogen over the Rh/TiO, catalyst. The heterogeneous
catalyst is robust and can be repeatedly used numerous times.
We have not seen a significant catalyst deactivation after
producing more than 100 sL of HP propane using propylene
and p-H, as substrates. The produced HP propane dose is
similar to that of HP '*Xe produced by a spin exchange optical
pumping (SEOP) technique,d'7 which has been employed for
in-human MRL'>*®* For example, previous studies have
employed 0.3—0.5 sL of HP 129X e 3~** Therefore, we expect
that the presented approach can be potentially suitable for
pulmonary imaging in large animals and humans. We note,
that, although the nominal polarization values obtained here
are on the order of 1—2% (versus more than 40% achieved by
129Xe SEOP*°™°), the HP propane molecule carries two HP
nuclei versus one in HP noble gases. More importantly,
protons have a higher gyromagnetic ratio and higher detection
frequency resulting in a significantly more sensitive detection,
that is at least several-fold greater than that of HP 1295
Therefore, in vivo MRI imaging of HP propane even at these
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Figure 4. (a) 2D MRI of ~0.2 standard liters of HP propane gas in an ~56 mL collection container after production of an ~0.3-standard-liter (sL)
batch of HP propane in ~2 s using an 1:2 mixture of propylene with p-H,. These 2D slices were acquired on a 4.7 T MRI instrument with the
following imaging parameters: 2D gradient echo (GRE) images were acquired every ~1.85 s/slice, with 256 X 256 matrix with a repetition time
(TR) of ~7.2 ms, and slice thickness = 8 mm; field of view = 80 X 80 mm?; pixel size (spatial resolution) of ~0.3 X 0.3 mm? and voxel size of ~78
uL. (b) Similar 2D acquisition (axial projection): ~0.85 s/slice; 128 X 128 matrix with TR ~6.6 ms; and slice thickness = 12 mm; field of view = 52
X 52 mm?; pixel size (spatial resolution) ~0.4 X 0.4 mm? and voxel size ~200 uL. HP propane was produced using the following reaction
conditions: batch-mode; propylene/p-H, ratio = 1:2; catalyst mass = 280 mg; and ¢ = 100 °C.

polarization levels may be potentially feasible. Furthermore, we
hope that the future development of novel catalysts in
heterogeneous PHIP®” may yield additional significant increase
in attainable nuclear polarization in HP propane.

Since propane is already regulated by the FDA in the US
with unlimited use in the food industry under good
manufacturing practice (GMP), we envision a straightforward
regulatory approval for HP propane use as an inhalable
contrast agent. We note, however, that propane is a flammable
gas, and this fact implies rather strict safety regulations for use
with humans. High-resolution 2D MR images of stopped HP
propane (~0.2 sL batch in an ~56 mL container) gas were
obtained at 4.7 T, the field at which the LLSS no longer exist in
HP propane,”® and therefore, the relaxation is governed by T.
We expect an approximately 3-fold greater lifetime of the HP
propane state in a low (<0.4 T) magnetic field, where the LLSS
is retained, and the relaxation process is governed by T, >® and
therefore, a longer time window will be available for gas
administration and imaging. Moreover, other developments in
the preparation of longer-lived HP propane states and storage,
e.g, through the use of cyclopropane as a precursor*® and
longer lifetime in the dissolved phase,”® may potentially
additionally significantly increase the time window for
manipulation with a batch of produced HP propane.
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A robust medium-scale (approximately 3 g) synthetic method for '°N labeling
of pyridine (*°N-Py) is reported based on the Zincke reaction. >N enrichment
in excess of 81% was achieved with approximately 33% yield. "’N-Py serves
as a standard substrate in a wide range of studies employing a hyperpolariza-
tion technique for efficient polarization transfer from parahydrogen to
heteronuclei; this technique, called SABRE (signal amplification by reversible
exchange), employs a simultaneous chemical exchange of parahydrogen and
a to-be-hyperpolarized substrate (e.g., pyridine) on metal centers. In studies
aimed at the development of hyperpolarized contrast agents for in vivo molec-
ular imaging, pyridine is often employed either as a model substrate (for hyper-
polarization technique development, quality assurance, and phantom imaging
studies) or as a co-substrate to facilitate more efficient hyperpolarization of a
wide range of emerging contrast agents (e.g., nicotinamide). Here, the pro-
duced '°N-Py was used for the feasibility study of spontaneous '°N hyperpolar-
ization at high magnetic (HF) fields (7 T and 9.4 T) of an NMR spectrometer
and an MRI scanner. SABRE hyperpolarization enabled acquisition of 2D
MRI imaging of catalyst-bound '°N-pyridine with 75 x 75 mm? field of view
(FOV), 32 x 32 matrix size, demonstrating the feasibility of '’N HF-SABRE
molecular imaging with 2.4 X 2.4 mm? spatial resolution.
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!°N, contrast agent, hyperpolarization, MRI, parahydrogen, PHIP, pyridine
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1 | INTRODUCTION

Isotopic labeling with stable isotopes of hydrogen, car-
bon, oxygen, and nitrogen is increasingly used in a grow-
ing number of applications."* *C and '°N labels have
also been recently employed for synthesis of a wide range
of biomolecules with an eye towards magnetic resonance
applications.? Indeed, for such applications, NMR hyper-
polarization techniques are often employed to increase
nuclear spin polarization (typically ca. 107%/Tesla at
room temperature) all the way to near unity (or 100%)
nuclear spin polarization.>® The process of hyperpolariza-
tion (i.e., significant polarization enhancement above the
thermal polarization level induced by the applied static
magnetic field) results in corresponding gains (by several
orders of magnitude) of NMR signals. These
hyperpolarized (HP) biomolecules can be employed as
contrast agents for in vivo studies, which opens up new
opportunities for probing metabolism non-invasively by
means of HP MRIL>*°

Despite the MRI signal boost provided by hyperpolar-
ization, biomedical applications of HP contrast agents are
often limited®'" when isotopic labeling is not employed
due to low natural abundance of key biologically relevant
spin-Y2 nuclei, e.g., "*C (1.1%) and "°N (0.37%). Therefore,
13C and N labeling is required to enhance the MRI sig-
nals in the context of biomedical applications, which are
presently the main drivers behind the development of
hyperpolarization techniques in general.>*'

Although proton spins have a higher detection sensi-
tivity (compared with that of *C and "N nuclei) and
are very abundant (near 100%) in the context of MRI
applications, they are rarely employed for hyperpolariza-
tion of HP contrast agents owing to their relatively short
spin-lattice relaxation time constant (T;) values (typically
in the range of a few seconds). As a result, proton-based
HP contrast agents'>'* undergo very rapid depolariza-
tion."** For example, a HP contrast agent loses ~95%
of its initial polarization level (and effective potency)
within 3 x T;. '*C and "N nuclear spins of biomolecules
can have T, values of the order of tens of seconds®**~°
and several minutes®"** (in vivo), respectively. Therefore,
HP *C and "N sites provide more efficient means of
polarization storage in the context of preparation, admin-
istration, and MRI imaging of HP contrast agents.”***°
Additionally, >C and "N HP contrast agents do not
suffer from competition with any significant in vivo back-
ground signal, compared with the large water and lipid
background signals in HP proton MRIL'"**

Historically, '’C-based HP contrast agents have
been introduced first, due to more readily available
13C-enriched compounds and hyperpolarization processes
using dissolution dynamic nuclear polarization (d-DNP)**

in the context of '*C hyperpolarization of carboxyl groups
in a wide range of biomolecules.” Isolated *C carboxyl
groups (i.e., without directly attached protons, which typ-
ically decrease T, of neighboring >C and "N sites) dem-
onstrate relatively long in vivo T, values for HP contrast
agents, often approaching 1 minute.’

Nevertheless, "N HP contrast agents have signifi-
cantly longer T; values of more than 2 minutes®" in vivo.
A number of HP compounds exhibit in vitro "N T,
values on the order of 3 to 10 minutes.>**** Moreover,
the use of long-lived spin states*® offer an intriguing pos-
sibility of extending the exponential decay constant to
204 minutes for "N sites.** Furthermore, **N has a sig-
nificantly greater (by at least several fold) chemical shift
dispersion compared with that of '>C, in part because
many relevant N-containing species possess lone pairs
on the nitrogen site; therefore, HP 15N sites can serve as
molecular probes for sensing characteristics of the local
environment®’ such as pH.***’

Technical improvements of the d-DNP technique
have recently allowed for more efficient hyperpolariza-
tion of '°N sites.*> Additionally, a second method for
the HP contrast agent production based on parahydrogen
(a spin isomer of hydrogen) called signal amplification by
reversible exchange (SABRE)***° has been shown to be
very efficient for hyperpolarization of '°N sites in a num-
ber of molecular frameworks, including those found in
several biomolecules.*”**>> A variant of SABRE, dubbed
“SABRE-SHEATH” (SABRE in SHield Enables Align-
ment Transfer to Heteronuclei),’®*’ can produce '°N
polarization (%P;sy) in excess of 20% in less than 1 min-
ute.>> Moreover, unlike the case with d-DNP, which
requires expensive cryogenic and magnetic equipment,
SABRE-SHEATH is technologically undemanding, and
therefore, it is a relatively cheap hyperpolarization tech-
nique.”® As a result of these recent developments in d-
DNP and 'N SABRE-SHEATH, the interest for use of
HP '*N-labeled biomolecules has been rekindled.*®>**!

Regardless of the technique employed (d-DNP or
SABRE), the structure of a given synthesized 15N-labeled
compound is not altered during the hyperpolarization
process. The reader is directed to other review papers
on d-DNP hyperpolarization,>®®* which is outside the
scope of this work. In the SABRE approach, the to-be-
hyperpolarized substrate and parahydrogen (pH,)
exchange reversibly with a metal complex (Figure 1).”
The first observation of the SABRE effect was realized
for pyridine, and in subsequent years, it was extended
to many N-*#8-%5367.68 and 5% containing heterocycles
and other N-based functional groups.** Importantly,
the SABRE approach allows the transfer of spin order
not only to the protons of the corresponding substrates
but also to the heteronuclei; to achieve that step,
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FIGURE 1 A schematic diagram of signal amplification by
reversible exchange (SABRE)*4963:64 for the case of efficient
hyperpolarization of the *°N site of **N-pyridine using the SABRE-
SHEATH approach. Note the simultaneous chemical exchange of
pH, and the to-be-hyperpolarized substrate (here, '’N-pyridine) in
the equatorial positions of this IrIMes hexacoordinate complex®®
and the spontaneous nature of polarization transfer via two-bond
spin-spin couplings when the process is performed at the matching
magnetic field of approximately 1 uT>*>7

pulse sequences’®’' or a magnetic shield’”> (SABRE-
SHEATH)’*” can be successfully applied. Moreover,
while SABRE-SHEATH (the most efficient technique in
terms of both speed of polarization and maximum demon-
strated %P;sx>>) has also been shown to successfully
hyperpolarize *C”*7* and '°F”" sites (and potentially other
spin %2 nuclei’®) in biomolecular frameworks, it has been
recognized that the presence of a spin Y2 '°N at the site
for catalyst binding”? (i.e., the N atom directly participating
in exchangeable binding to the metal center; Figure 1)
enables significantly more efficient polarization of '*C
and other biologically relevant sites. To summarize,
*N-labeling is critical for both "*N-based HP contrast agents
as well as other (**C-, ”F-based, etc.) HP contrast agents in
the context of the SABRE-SHEATH hyperpolarization
technique.

Recently, SABRE-SHEATH has been employed to
hyperpolarize several '°N-enriched molecules: ‘*N-pyri-
dine,*® !°N,-imidazole,*”">® 1°N-nicotinamide,*®>® etc.
Most of these compounds in the '°N-labeled form are
not available commercially or available at a very high
(>$500/0.1 g) cost not very well suitable for the develop-
ment of biomedical applications on a human scale requir-
ing approximately 1 g of HP contrast agent.” Robust
synthetic approaches are certainly required to enable
this field of molecular imaging with a broad range of
!>N-labeled biomolecules.

There are two major synthetic approaches/strategies
for preparation of '°N-labeled heterocycles. The first
one is de novo, i.e., from Latin “from scratch,” when
the desired molecular framework is built using reagents
(components) that are smaller than and different from
the target product. We have recently demonstrated this
approach in the context of >N SABRE-SHEATH for

Wi LEY—Radiopharmaceuticals
preparation of '°N,-imidazole.”® The second strategy
employs the target contrast agent itself without °N
enrichment as a starting material, where the 4N -site
(natural abundance of nitrogen isotopes) is effectively
“replaced” by the '°N isotope. While both approaches
have their merits, the second approach is attractive
because a number of complex biomolecules (including
drugs) can be potentially enriched in just two steps. For
example, we have recently demonstrated this approach
using a Zincke salt’” on '*N-nicotinamide and obtained
good vyields along with approximately 98% °N
enrichment.>®

The work presented here focuses on the synthesis of
1>N-Py using the Zincke’’ reaction. '°N-Py is an important
molecular target in itself, because it is one of the most
studied molecules by SABRE hyperpolarization methods
in general, and therefore, it can be useful for mechanistic
and phantom imaging studies.”"”*’®®* Moreover, a vari-
ant of the SABRE-SHEATH approach has been demon-
strated where Py is added to enhance polarization of
other HP substrates (e.g., *°N-nicotinamide® and **N-ace-
tonitrile”), indicating that '’N-Py-mediated SABRE cata-
lyst activation could be useful for preparation of other
HP contrast agents via SABRE-SHEATH. More impor-
tantly, "’N-Py embodies a molecular framework around
which many other useful >N HP contrast agents could
be developed in the future in the form of the substituted
1>N-pyridines (which is an active and ongoing effort of
our collaboration). While another synthetic approach for
preparation of '>N-pyridine has been reported,® it lacks
versatility for preparation of substituted '’N-pyridine-
based biomolecules, e.g., nicotinamide, etc, which are of
significant interest to the hyperpolarization MR commu-
nity.** Therefore, the approach studied here would be of
significant interest for future synthetic efforts in this field.
We note that the starting material of the approach dem-
onstrated here is the relatively inexpensive '*NH,Cl
(less than $20/g, in 2017), and the product was produced
with approximately 33% yield and greater than 81% "°N
enrichment, showing an efficient route for 15N enrich-
ment of pyridine-based (and potentially other) heterocy-
cles. Finally, the demonstrated labeled 15N—Py and
potentially other '°N-labeled compounds enabled by
this approach can be hyperpolarized by both SABRE
and d-DNP hyperpolarization techniques, and therefore,
a broad community of those working in the field of
HP molecular imaging would benefit from the work
described here.

In particular, we have employed the prepared '°N-Py
material for the feasibility study of spontaneous °N
hyperpolarization and >N molecular imaging at high
magnetic field®> of a 9.4 T MRI scanner and a 7.0 T
NMR spectrometer.
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2 | EXPERIMENTAL

2.1 | General

All solvents were purchased from common vendors
and were used as received. All NMR spectra and images
(*H, 3C, and *N) were recorded on Bruker 300 MHz
and 400 MHz Avance III NMR spectrometers. 1-Chloro-
2,4-dinitrobenzene was recrystallized from ethanol.
N-(2,4-Dinitrophenyl)pyridinium chloride was prepared
by raction of pyridine with 1-chloro-2,4-dinitrobenzene
in acetone according to a procedure similar to that
reported previously.*®

2.2 | Synthesis of ’N-pyridine
2.2.1 | First (small-scale) procedure

A total of 150 mL of anhydrous methanol at 0°C was
placed in a round bottom flask. Next, sodium metal
(0.43 g, 18.7 mmol) was added with continuous stirring.
As soon as the sodium has completely reacted (no hydro-
gen gas observed), ’NH,CI (1.00 g, 18.35 mmol) was
added. Next, (1) a solution of N-(2,4-dinitrophenyl)
pyridinium chloride (2.63 g, 9.34 mmol) in anhydrous
methanol (20 mL) was added drop-by-drop to the mixture
under stirring and the mixture was stirred for one week at
room temperature, and (2) activated carbon (2.00 g) was
added and stirred for 30 minutes and then was filtered.
The supernatant solution was distilled, and a concen-
trated hydrochloric acid (8 mL) was added to the distil-
late, and the resulting solution was evaporated to
dryness under vacuum. The formed pyridinium hydro-
chloride was placed in 2-mL flask using a minimal
amount of water (to dissolve the compound) for the quan-
titative collection of the formed hydrochloride, and excess
of sodium hydroxide (1.5 g) was then added. The mixture
was cooled down by liquid nitrogen during neutraliza-
tion, and the reaction was deemed completed. The
resulting mixture was distilled, and ’N-Py was obtained
as an aqueous solution (0.64 g) with concentration of
about 25% (*°N isotopic purity is better than 60%), and
the produced material was used in the subsequent
NMR/MRI experiments. The total yield of pyridine was
about 22%.

2.2.2 | Second (medium-scale optimized)
procedure

Pyridine (60.00 mL, 744 mmol) and 24-dinitro-
chlorobenzene (25.4 g, 125 mmol) were placed in an
oven-dried round bottom flask (1 L) supplied with a

magnetic stir bar. The solids were dissolved in anhydrous
methanol and left to stir at room temperature for 2 days
under inert (argon) atmosphere. The flask was placed
on a rotary evaporator to remove excess of unreacted pyr-
idine, and anhydrous THF (300 mL) was added to the
reaction mixture. White amorphous residue was formed
on the bottom of the flask. THF was decanted carefully,
leaving the residue on the bottom of the flask. Another
portion of anhydrous THF (100 mL) was added rapidly,
and the flask was rotated several times and left for several
minutes before THF was carefully decanted from the res-
idue. The THF wash was repeated five times. The flask
was placed on a rotary evaporator to remove last traces
of THF from the pyridine-Zincke salt. Anhydrous
methanol (150 mL) was added, and the flask was flushed
with argon and put aside.

To an oven-dried round bottom flask (5 L) supplied
with a stir bar, ">’NH,CI (574 mmol, 31.26 g) and anhy-
drous methanol (3 L) were added. The solution was
cooled to 0°C, and sodium methoxide methanolic solu-
tion (30 wt%, 516 mmol, 118 mL) was added dropwise.
The methanolic solution of pyridine-Zincke salt
(described above) was added dropwise to the flask. The
resulting solution was left to stir under an inert atmo-
sphere (argon) for 2 days. The supernatant solution was
distilled, and 2M solution of hydrochloric acid (250 mL)
in Et,0 was added to the distillate (pH ~ 2), and the
resulting solution was evaporated to dryness under
vacuum. The resulting crude pyridine hydrochloride
was placed in a 100-mL flask, and an excess of solid
sodium hydroxide (25 g) was added and the mixture
was distilled. Molecular sieves (4 A, 5.7 g, Fisher chemi-
cal, P/N M514-500) were added to the obtained '°N-Py.
A second distillation and drying by molecular sieves
allowed the preparation of 3.3 g of °N-Py (yield, 33%;
5N isotopic purity is greater than 81%) (Figure 2).

3 | PARAHYDROGEN PREPARA-
TION, NMR, AND MRI
EXPERIMENTS

Enrichment of parahydrogen (pH,) spin isomer was per-
formed with a Bruker parahydrogen generator that allows

cl " x
2 |®/ e}
N ¢ 15NH,CI A
NO, _NHeCl_ m
MeOH

~
15
N NG MeONa N

Yield ~33%
Isotopic purity (*5N) >81%

——
7

N NO,

FIGURE 2 The overall scheme of >N-Py enrichment with N
(from 'SNH,CI source) via Zincke salt formation
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filling of a 0.9-L tank with 7 atm of approximately 90%
pH, in approximately 100 minutes.

For the observation of '°N-enhanced resonances,
the polarization transfer from pH,-derived protons to >N
nuclei of >N-Py (prepared via the first procedure described
above) was realized via high-field SABRE (HF-SABRE)
and SABRE-SHEATH approaches. Specifically, pH, gas
was bubbled (flow rate 30 mL min~") through a 1/16 in
(OD) Teflon capillary extended to the bottom of a 5-mm
medium-wall NMR tube containing a SABRE catalyst
solution and '’N-Py (10mM of IrCI(COD)(IMes))
(IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-yli-
dene®>®’; COD = cyclooctadiene; note this catalyst precur-
sor was synthesized in accord with a previously reported
procedure®®) in CD;OD. pH, bubbling occurred in the
magnetic shield for the SABRE-SHEATH approach. When
the gas flow was halted, the sample was transferred to the
high magnetic field, where N NMR spectra were
recorded. For the HF-SABRE method, pH, bubbling was
performed at high magnetic field (7 T) of NMR spectrome-
ter during the detection of >N resonances.

The MRI investigations were carried out with a 400-
MHz Bruker scanner equipped with a >N/'H 25-mm
MRI probe. The standard EPI (echo-planar imaging)
MRI pulse sequence was utilized with 32 X 32 matrix
size, four averages, 11l-millisecond echo time (TE),
75 x 75 mm? field of view (FOV), and approximately
4 seconds' total scan time. The MRI experiments were
performed using a 10-mm outer dimeter NMR tube.

4 | RESULTS AND DISCUSSION

To the best of our knowledge, to date there has been only
one method for the synthesis of '°N-Py: the reaction of
2-ethoxy-3,4-dihydro-2H-pyran with °N-NH,Cl in the
presence of methylene blue (Figure 3).** The yield was
reported as 55% when the equivalent ratio of pyran
derivative and 15NH4C1 was used. In a similar manner,
4-methylpyridine was obtained from 2-ethoxy-4-methyl-
3,4-dihydro-2H-pyran.®® The main limitation of this

FIGURE 3 Reaction scheme from the

. s . OEt
previous report®® of '*’N-pyridine synthesis

FIGURE 4 Reaction scheme and
mechanism for the preparation of **N- N
nicotinamide via formation of a Zincke

salt
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synthetic approach is the use of substituted pyridine
derivatives, which can be complex in the context of future
SABRE biomedical applications.’

An alternative synthetic approach involves the forma-
tion of a Zincke salt”’ and is followed by reaction with
1>NH,CI (as a source of °N label) (Figure 4). To date,
this approach has only been applied to the synthesis of
15N-nicotinamide.’®®**° In the first step, the unlabeled
pyridine derivative is reacted with dinitrochlorobenzene
to form the Zincke salt (Figure 4). Next, > NH,CI is used
(as a source of °N label) to enable heterocycle ring
opening, and dinitroaniline is replaced by '°N-labeled
ammonia. After that, the cyclization proceeds, and the
labeled '"N-pyridine derivative is formed (Figure 4).
The reactions shown in Figures 3 and 4 clearly indicate
that preparation of '°N-pyridine derivatives would
become challenging using the method described in
Whaley and Ott®® (because a sophisticated precursor
would be required), whereas the Zincke salt-based
approach allows for straightforward '°N-enrichment
using a non-labeled biomolecule, e.g., nicotinamide (vita-
min B3) shown in Figure 4.

The less-reactive Zincke salts such as 1-N-(2,4-dinitro-
benzene)pyridinium chloride have previously been
employed to perform ring closure effectively and elimi-
nate the dinitroaniline.”® Therefore, we have employed
and investigated this strategy for its potential of >N label-
ing of pyridine.

An initial quantity of N-(2,4-dinitrophenyl)
pyridinium chloride was prepared by interaction of pyri-
dine with 1-chloro-2,4-dinitrobenzene in acetone.®® This
salt was used in the reaction with a methanol solution
of PNH,CI (Figure 2). Purification via filtration with
charcoal and the distilling of all volatile compounds
including "°N-Py were performed under atmospheric
pressure. We assumed that the slight decomposition of
pyridine-Zincke salt back to the unlabeled pyridine dur-
ing the synthesis and extraction could be responsible for
the less-than-ideal isotopic purity at this stage (i.e.,
approximately 81% vs theoretical 98%). Next, the product
was extracted in the form of solid pyridinium

methylene

O e L — [3— (=)
“ N /) \ 157
o © © 0 5NH N

HO ™ 15N” 157

NO,

O/CONHZ «CONH;
N©cl Hp'"N" N CONH,
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EtsN 15N/
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hydrochloride, which is neutralized by NaOH, and dis-
tilled. The final product of "’N-Py was formed as an aque-
ous solution with approximately 81% '°N isotopic purity
confirmed by mass spectrometry analysis (Figure 5). 'H,
13C, and >N NMR spectra are provided in Figures S1 to
S3.

While this '°N-labeling efficiency is lower than that
reported for '’N-nicotinamide (98%), it is relatively high
and certainly useful for future biomedical applications
of >N SABRE hyperpolarization. Of note, pyridine is
one of the most studied molecules for the observation of
hyperpolarized "H and >N NMR resonances via polariza-
tion transfer from parahydrogen via SABRE approaches,
and as a result, this work would be also of interest to
those working in the field of fundamental advances of
SABRE hyperpolarization technology as well. Moreover,
demonstration that the presented approach works for prep-
aration of °N-Py (in addition to the previously reported
>N-nicotinamide preparation®®) opens the road for future
>N-enrichment of more-complex pyridine derivatives
using this relatively straightforward approach. The key syn-
thetic results and their comparison with the method
described in Whaley and Ott®* are provided in Table 1.

Here, the feasibility of '°N high-field (HF) SABRE was
investigated in the context of an HP MRI application.
In the case of HF-SABRE, pH, bubbling through a
water-methanol solution of pyridine and homogeneous
SABRE catalyst occurred directly inside the high field of
a 300-MHz NMR spectrometer along with the recording
of >N NMR spectra (Figure 6). Under these conditions,

100

m/z Meas Error
80.04947

m/z Theor

90 80.04948 0.12 ppm

81.04651 81.04646 0.62 ppm
80 m/z Intensity  Rel Abundance

80.04947 1412525.6 18.7%

° 70 81.04646 6135959.0 81.3%

o
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o 60
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< 50
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= 40
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1 4NH+
30 80.04947 | _—

20 C5H614N+
Exact Mass: 80.04948

TABLE 1 Summary of *°N pyridine syntheses using the method
presented here and method employed in Whaley and Ott®*

Method This Work Using
from Whaley Zincke Salt-based
and Ott*? Method
Reaction yield ~55% ~33%
15N isotopic purity ~98% ~81%
Straightforward No Yes

applicability to
preparation of
substituted
SN-pyridines

the N signal enhancement of the free Py resonance is
negligible (Figure 6B). The observable HP >N NMR
signal of the bound '°N-Py was detected only after 100
averages (approximately 50 s of total experimental time).
The N signal enhancement factor (g;sy) of approxi-
mately 100-fold was estimated by comparison of the HP
spectrum (Figure 6B) and a thermally polarized spectrum
of a "N reference sample with known '°N concentration
and polarization (Figure 6A). N SABRE-SHEATH
approach (wherein pH, bubbling occurs at a micro-Tesla
magnetic field created by the magnetic shield followed by
fast sample transfer to the high magnetic field for analy-
sis>*?”) allowed detection of both free and catalyst-
bounded '°N-Py resonances (Figure 6C). As with the case
of the HF-SABRE approach, the signal enhancement ¢, sy

81.04646

| 1 5NH+
=

CsHg'N*
Exact Mass: 81.04651

82.04979

L

79.5 80.0 80.5

81.0 81.5 82.0 82.5
m/z

FIGURE 5 High-resolution mass spectrometry of the final product (*°N-Py) performed by direct liquid infusion using an Orbitrap mass

spectrometer (Thermo-Finnigan, San Jose, California) equipped with an Ion-Max source housing and an atmospheric pressure chemical

ionization (APCI) probe in positive ion mode at a resolving power of 60 000 (at m/z 400). Note the presence of the peak at approximately

82.05 due to contribution from '*C natural abundance of approximately 1.1% (therefore, the probability of having one '*C in any of the five

carbon positions is greater than 5%)
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(A) Lscan 5NH,CI (signal reference)
B 100 scans
( ) YE15N~1OO 5N-pyridine HF-SABRE
(C) 1 scan
5N-pyridine SABRE -SHEATH
talyst
Founa
free
€15n~700
300 250 200 150 100 50 '
N Chemical Shift (ppm)
FIGURE 6 "N NMR spectra obtained for (A) N signal

reference of ">’NH,Cl (37%) aqueous solution, (B) HF-SABRE, and
(C) SABRE-SHEATH of HP "N resonances of *°N-Py

(of about 700-fold) was estimated via comparison of the
>N HP pyridine resonances with the *°N signal reference
provided by the thermal signal of ’NH,Cl (37%) aqueous
solution (Figure 6A), in line with previous studies at such
concentrations (ca. 100 mM).>%>’

While "N MRI of SABRE-SHEATH has been demon-
strated before,’” >N MRI of HF-SABRE has not been
investigated. Therefore, the HF-SABRE polarization
approach was used to enable >N MRI of °N-Py. The
EPI MRI pulse sequence was employed, and the corre-
sponding >N 2D MRI image of the cross section of the
10-mm NMR tube is shown in Figure 7. The imaging
spatial resolution was 2.4 X 2.4 mm?, which is similar
to previous resolution (2 x 2 mm?®) reported for '°N
SABRE-SHEATH imaging. However, we note that the
HF-SABRE MRI image here was recorded at approxi-
mately 5-10 times lower concentration of the HP sub-
strate (i.e., catalyst bound '°N-Py) and significantly
lower (by at least one order of magnitude) '°N polariza-
tion value of the HP '°N-Py. '>N MRI with similar spatial
resolution (despite nominally lower concentration and
nuclear spin polarization) is possible, because '°N polari-
zation is continuously replenished by the HF-SABRE
procedure.

The feasibility of HF-SABRE imaging is important
in the context of potential biomedical applications as a
facile approach for preparation of HP phantoms to opti-
mize imaging protocols and studies. Moreover, SABRE-
SHEATH primarily hyperpolarizes the free "N pool
(Figure 6C), and therefore, MRI imaging of SABRE-
SHEATH-hyperpolarized solutions reports on spatial dis-
tribution of the free pool of HP '>N-Py. On the other

WILEY-;. S
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FIGURE 7 "N MRI image of high-field (HF) >N SABRE of HP
1>N-pyridine obtained using an EPI pulse sequence with

11- millisecond echo time (TE), 32 x 32 matrix size (2.4 X 2.4 mm?
pixel size) over 75 x 75 mm? field of view (FOV), and four
acquisitions (total experimental time was approximately 4 s)

hand, HF-SABRE enhances primarily catalyst-bound
species (Figure 6B), and therefore, MRI imaging of HF-
SABRE-hyperpolarized solutions provides visualization
of the catalyst-bound HP '°N-Py species. Moreover, since
HF-SABRE hyperpolarization is quickly replenishable
due to continuous pH, bubbling, the additional sensitivity
boost due to continuous re-hyperpolarization is achieved,
which is advantageous for catalysis visualization via
MRI imaging.

5 | CONCLUSIONS

In summary, an efficient approach for **N labeling of pyr-
idine is reported based on the formation of a Zincke salt
intermediate. We demonstrated a relatively simple and
cheap (1 g of >NH,CI costs less than $20, in 2017) syn-
thetic approach for the °N-enriched pyridine synthesis,
which can be used as a robust sample for both SABRE
catalyst testing and MRI pulse sequence optimization
and other applications. We envision that the relative sim-
plicity and high labeling efficiency (>81%) and overall
good yield (>33%) will be of use for future synthetic efforts
of labeling of more complex pyridine derivatives in the
context of SABRE hyperpolarization and bio-imaging
applications. The presented approach is versatile, because
it employs the exact non-enriched compound of interest as
a precursor in non-'>N-labeled form. Therefore, complex
pyridine-based compounds can be '°N-enriched using
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this approach. For example, we have recently reported on
the synthesis of substituted '°N-pyridine using the
approach reported here for preparation of the correspond-
ing Zincke salt.”" The prepared ’N-Py was employed for
NMR signal hyperpolarization via the SABRE technique
with signal enhancement of '°N free resonance of approx-
imately 700-fold via the SABRE-SHEATH approach and
15N catalyst-bound resonance of approximately 100-fold
via the HF-SABRE approach.
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Signal amplification by reversible exchange (SABRE) is an efficient method to hyperpolarize
spin-1/2 nuclei and affords signals that are orders of magnitude larger than those obtained by
thermal spin polarization. Direct polarization transfer to heteronuclei such as 13C or >N has
been optimized at static microTesla fields or using coherence transfer at high field, and relies
on steady state exchange with the polarization transfer catalyst dictated by chemical kinetics.
Here we demonstrate that pulsing the excitation field induces complex coherent polarization
transfer dynamics, but in fact pulsing with a roughly 1% duty cycle on resonance produces
more magnetization than constantly being on resonance. We develop a Monte Carlo simu-
lation approach to unravel the coherent polarization dynamics, show that existing SABRE
approaches are quite inefficient in use of para-hydrogen order, and present improved
sequences for efficient hyperpolarization.
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hile nuclear magnetic resonance (NMR) experiments

boast a wealth of information, low thermal spin

magnetization significantly limits sensitivity. Large
magnetic fields increase the Zeeman interaction energy, thus
inducing higher polarizations, but realistic field strengths still
imply very small fractional magnetization near room tempera-
ture. Such issues may be circumvented by hyperpolarization
methods, which afford significantly higher nuclear polarization
and provide signals that are orders of magnitude larger than
those achieved with thermal polarization. DNP!-6, CIDNP7-9,
PHIP!0-17, and SABRE!8-32 are examples of such hyperpolar-
ization modalities. Indeed, hyperpolarization techniques® are
now having a significant impact on biomedical imaging>*-3°.

Signal Amplification By Reversible Exchange (SABRE), which
utilizes an iridium polarization transfer catalyst (PTC), is a
convenient non-hydrogenative PHIP variant because it is inex-
pensive, only requires simple experimental hardware, and can be
repeated many times without consuming substrate. In fact, unlike
other hyperpolarization techniques, SABRE can be employed for
continuous hyperpolarization of imaging agents’”. Importantly,
SABRE provides high levels of polarization (ie., P>15%) in
under a minute3!:3238, During the SABRE process, the PTC
establishes scalar couplings between p-H, (which acts as a
polarization source) and the target ligand. Under the right cir-
cumstances, these couplings convert hydrogen singlet order to
flow into magnetization on the target ligands, including the very
interesting case of direct transfer to heteronuclei such as 1°N.
This flow of order is achieved by level anti-crossings at low
(micro-Tesla) field (SABRE-SHEATH and later variants) or at
high field in rotating frames created by very weak rf irradiation
(LIGHT-SABRE and later variants)!9:21:24.25,30,39-42 " 1py eijther
case, the system evolves under the given spin Hamiltonian until
the PTC dissociates (either losing a ligand or losing p-H,) and
rebinding of unpolarized ligands from solution can create addi-
tional magnetization if the order in the hydrogen has not been
depleted.

In typical heteronuclear experiments, the coupling between the
bound parahydrogen atoms (which tends to preserve the singlet
order), the couplings between those atoms and iridium-bound
nitrogen in the PTC complex (which lets the order flow into
nitrogen magnetization), and the width of the exchange-
broadened resonance of the active complex are all very similar
(10-30 Hz). This makes the SABRE process fundamentally inco-
herent, and impossible to model correctly by traditional approa-
ches such as inserting relaxation into the density matrix. However,
we demonstrate here that pulsing the field that generates hyper-
polarization restores observable coherent hyperpolarization
dynamics in both the low-field and high-field limits, providing a
route to significantly boost hyperpolarized signals and efficiently
consume singlet order. Furthermore, we develop and implement a
Monte Carlo (MC) simulation approach to understand the
coherent hyperpolarization dynamics. The MC simulations
require fewer assumptions about the system and outperform
current models!>20 in the prediction of experimental data.

Results

Spin dynamics of SABRE. In the SABRE-SHEATH experiment,
the spin Hamiltonian is given as the sum of the Zeeman inter-
action and the scalar coupling terms in the strong coupling limit
like:

n n
Hyyyfield = @i Z I+ wg Z S.it 2”2 Tl - It
i=1 i=1 i#j (1)
2wy TS+ amy Tyl

i#j i#j

In this notation, w;; is the Larmor frequency of the hydrogen
atoms (=42 Hz at 1 uT), w;s is the Larmor frequency of the het-
eroatoms (=4 Hz at 1 uT for °N), and J; is the scalar coupling
between the spins i and j. In high-field hyperpolarization
experiments (where here for simplicity we illustrate only irra-
diation at the heteronuclear frequency), the secular approxima-
tion is taken with the heteronuclear scalar couplings, truncating
the spin product I; - S; to the z-terms, and an x-phase pulse is

j
introduced in the form of

n n
Hhigh—ﬁeld = Z Qtsz«i + ZTZZ jijli . Ij + 27'[2 JijII,ZSj,Z +w, Z Sx.i (2)
i=1

i=1 i#f i#f

where w; is the nutation frequency of the pulse and Q is the offset
from resonance.

Once magnetic contact is established between the nuclei of the
ligand and the parahydrogen singlet order via the PTC, the spin
density p evolves coherently under the Liouville von Neumann
(LvN) equation

3,p(t) = ~i[H, p(1)] ©)

until the complex dissociates. Given the random distribution of
PTC dissociation events, it would be easy to motivate dynamics
that appear as coherent Rabi oscillations becoming pumped to
saturation and converging to an average, reduced spin density!®.
While in certain limits, we have found this limit to be a valid
description of the evolution of the SABRE dynamics, it is not
the situation for a vast majority of the systems. Firstly, because
Jnu is significantly large with respect to typical PTC lifetimes
(20-50 ms), coherent evolution does not provide small perturba-
tions to the overall dynamics, as would be required for such a
perturbative, averaging method. In fact, all methods that utilize
ensemble-averaged equations of motion will fail to correctly
describe the dynamics in this exchange regime, as discretized
dissociation events and subsequent evolution of the system will
generate larger excursions from the average density matrix than
would be allowed by conventional methods. For the same reasons,
the superoperator models for SABRE, such as that by Knecht
et al.20, will also fail to correctly describe the hyperpolarization
dynamics. However, by simply numerically simulating discrete
dissociation events of individual PTCs in a Markov Chain Monte
Carlo fashion and performing ensemble averaging of the resultant
spin dynamics solution (see Suplementary Notes 1 and 4 for
details), instead of the equation of motion, we arrive at a
mathematically and physically fair model of the coherent
hyperpolarization dynamics.

Coherent hyperpolarization dynamics. Using the form of the
spin Hamiltonian presented in Eqs. 1 and 2, along with the
computational method described above, we have constructed two
SABRE experiments (Fig. 1) by which the coherent hyperpolar-
ization dynamics may be studied and used to provide significant
signal boosts over previously reported techniques. These are the
(high field) Delayed Adiabatic Ramps Transfer Hyperpolarization
(Fig. 1a), or DARTH-SABRE, and (low field) coherent SHEATH
(Fig. 1b) experiments. Like other Spin Lock Induced Crossing
(SLIC)-based methods for hyperpolarization?125, the DARTH-
SABRE experiment only works for systems where the hydrides
are chemically but not magnetically equivalent; we have chosen to
test the DARTH-SABRE experiment using the canonical 4-spin
AAXX [Ir(H),(IMes)(1>N-pyr);]t SABRE system (Fig. 1a). The
coherent SHEATH experiment does not have the same spin-
topology restrictions that the DARTH-SABRE experiment does,
and as such, we have chosen to polarize the 3-spin AA’X [Ir
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Fig. 1 Model SABRE systems. a DARTH-SABRE (4-spin AA'XX' system)
and b coherent SHEATH (3-spin AA'X system) experiment. The magnetic
structure of each system is shown below the chemical structure along with
its homonuclear (dashed) and heteronuclear (solid) J-couplings

(H),(IMes)(1°N-PhCN)(pyr),]T (PhCN = benzonitrile) SABRE
system (Fig. 1b).

In the DARTH-SABRE experiment, pulses that are slightly off
resonance from the bound >N-pyridine spin are applied while
ramping the pulse power from an initial value of w;=32 Hz with a
rate of 42 Hz/s, directly hyperpolarizing z-magnetization (see
Supplementary Note 3). This ramp induces hyperpolarized
signals that are ~20% larger than if the pulse was a simple
square pulse. For a fully enriched system like this, a 90, 'H-pulse
(Fig. 2a) is used to refocus hydride singlet order into a state that
would not destroy the necessary initial -magnetization from
thermal ligands if polarizing the Ty state and vice versa, which
gave an average of 2x larger signals than without the refocusing
pulse (see Supplementary Note 3). Furthermore, the experimental
data match the predicted DARTH dynamics with excellent
agreement (Fig. 2c) with an AA’XX’ spin system, exhibiting a
strongly rising exchange baseline (the polarization to which the
dynamics converge) to the dynamics and quite significantly
damped coherent oscillations, due to the relatively short lifetime
of the 1°N-pyridine complex (20 ms). While the enhancements
shown here are modest, they become exponentially greater with
shorter delay times, producing a maximum enhancement of & =
1350 (Fig. 2e).

Similar to the DARTH-SABRE experiment, the coherent
SHEATH experiment pulses a microTesla evolution field of
~0.6 uT to allow hyperpolarization transfer while interleaving
storage fields that are approximately 100-fold greater than the
evolution field (see Supplementary Note 2). This ensures no
coherent evolution of the spin system during the delay. For the
AA’X spin system used in these experiments, the data match the
predicted SHEATH dynamics with exceptional accuracy (Fig. 2d)
and result in an approximately 2.5-fold enhancement of signals
that are coherently hyperpolarized over the exchange baseline,
which is synonymous with the steady-state SABRE signal, and
produces 1PN polarizations of ~4.5%. The data indicate that the
natural-abundance pyridine co-ligand has no observable effect on
the coherent component of the SABRE dynamics, most likely due
to minimal coupling into the system by the small 4]y couplings
from the para-hydrogen derived hydrides to the ortho-proton on
the pyridine. This is very important, as it means that the effect of
binding a natural-abundance co-ligand, like pyridine in this
complex, only affects chemical dynamics and thus is incorporated
by simply changing the exchange rate. The 14N nucleus in these
experiments will not affect the dynamics of these experiments, as
the quadrupolar relaxation of the C;-symmetric complex is very
fast (sub-millisecond).

The most significant difference in the DARTH and SHEATH
dynamics is the exchange baseline, which is readily explained by
the evolution of the singlet population (Fig. 2f) under these
conditions and arises from the continual rebinding of unpolarized
ligands after the previous species dissociates. The DARTH
dynamics exhibit a significantly stronger exchange baseline as
the initial consumption of the singlet order is consistently less by
nearly a factor of 2 than the SHEATH dynamics, meaning that
considerably more polarization may be generated by successively
associating ligands. This effect arises as it is the secular term
(; .S; ) which drives the hyperpolarization dynamics, depreciat-
ing the magnitude of the state couplings with respect to a
SHEATH Hamiltonian, where dynamics are driven by the non-
secular I S; terms. Under the correct experimental conditions,
51gn1ﬁcant populatlon transfer may still be induced at high field
while minimizing the singlet order consumption. The systems
shown here exemplify two limits to SABRE dynamics, and, for
instance, indicate that all SHEATH experiments should be
performed with pulsed excitation but that hyperpolarization
efficiency is generally greater for DARTH experiments under the
correct conditions.

The systems and simulations shown in Fig. 2 all assume that
the sample composition is either fully 1°N labeled (forming four
spin-1/2 AA’XX’ systems) or that the labeled ligand concentration
is significantly greater than the unlabeled ligand concentration
(forming the spin-1/2 AA’X systems). However, the simulations
are readily extensible to the case where the target ligand is
isotopically dilute and is exemplified by DARTH dynamics of
such samples. In this case, we assume that most of the PTCs at
time t=0 do not contain polarizable (1°N) ligands, as 14N-
pyridine is significantly off-resonance from the DARTH pulse
and will not generate hyperpolarization. However, the 14N-
pyridine must be included in the spin system as auxiliary nucleus,
as the quadrupolar relaxation time Tqo in a C,,-symmetic
complex, like the tris-pyridine complex used in the DARTH
experiments, is known to be longer#3 than free pyridine. The 14N
resonance of the [Ir(H),(IMes)(}4N-pyr)s]* complex is consider-
ably broader than that of the !°N resonance, with T = 2.2 ms,
and provides a relaxation mechanism that makes the singlet order
of the hydrides significantly less effective at long times. This is the
simplest chemical example of a co-ligand which alters the
coherent-component of the dynamics, highlighting the extensi-
bility of the QMC simulations to study a rich variety of SABRE
systems. When !°N-ligands do bind, the dynamics are dominated
by species with one bound, labeled ligand (forming four spin
AA’XQ systems, where Q = !4N-pyridine); and that when a
polarized ligand dissociates, it is usually replaced with an
unpolarizable ligand, hence the !°N-magnetization does not
evolve under a DARTH pulse. Depending on sample composition
and dissociation rates of the various ligands, the average time
where the catalyst is hyperpolarization inactive, here called
Tinactives 18 often important for the dynamics.

If Tinactive is long with respect to the hydride exchange and the
inter-pulse delay is short, the DARTH-SABRE experiment
becomes quasi-CW, for which it is sufficient to simulate the
system as if the PTCs only bind a hyperpolarization active ligand
once (Fig. 3) as each active PTC will, on average, only see a single
pulse and the probability of initializing at a time other than t=0
is negligible. This effect changes when Tj,active is shorter than
the hydride exchange, in which case initialization must be
allowed at any time during the dynamics (Fig. 3). The length of
Tinactive May be motivated from statistics and is taken to be
Tinactive — (Kapyr 071, where { is the 1’N-enrichment.

When comparing the isotopically enriched samples to the
natural abundance samples, the inclusion of a Tiactive =125
accounts for the deviation of the re-binding dynamics from the
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Fig. 2 Coherent hyperpolarization experiments. a DARTH_SABRE pulse sequence, where DARTH-pulses of length 7, are given at intervals of z4 for “n”
repetitions and applied to the bound N spin slightly off-resonance. The pulses adiabatically ramp towards the optimal matching condition to induce higher
polarizations. b Coherent SHEATH pulse sequence, where analogous pulses are delivered to the sample at the optimal field condition, which is
typically 0.5 uT, with inter-pulse delays using a 55 pT field to store magnetization. ¢ Experimental DARTH-SABRE dynamics of an AA'XX' spin system
using 50 mM 15N-pyridine with an inter-pulse delay of T74=600 ps at 8.45 T. d Experimental coherent SHEATH dynamics of an AA'X spin system using
100 mM >N-benzonitrile with 33 mM pyridine and an inter-pulse delay of 74 = 350 ms; detection was performed at 8.45 T. Data are shown fit to numerical
QMC simulations using average PTC lifetimes of 20 ms (DARTH) and 50 ms (SHEATH). e Polarization as a function of the delay parameter for the
DARTH-SABRE sequence using a 25 ms DARTH pulse, which corresponds to a @ pulse. f Evolution of singlet population excess (DARTH AA'XX": 5;,0-T,,0,
blue line; SHEATH AA'X: S,0-T,, red line) under the conditions used in the fit of the experimental data and normalized to the initial S,° population

isotopically enriched sample (a lack of a significant exchange
baseline), suggesting that sample composition is a critical factor
to consider when deciding to run a pulsed experiment like
DARTH-SABRE or a static-field experiment like SABRE-
SHEATH. The highest overall enhancements are achieved in this
fractionally labeled regime, and the highest relative polarizations
are observed in the coherent dynamics regime (~20 ms DARTH-
pulse). The re-binding effect may be recovered, as predicted from
the simulations, by lengthening the delay time to 600 ms (Fig. 3).
A 14% 1°N-enriched sample was prepared to mimic the binding
dynamics of the natural abundance system but with greater
signal-to-noise. For this system, Tip,cive =350 ms is sufficiently
long for the experimentally observed window to reproduce the
same effect while maintaining the condition that Tiactive < KoL
To confirm that this sample adequately reproduced the binding
dynamics of the natural abundance system, the dynamics were
monitored both with and without the 1H-refocusing pulse, which
confirmed that Ti,aciive Of the order of the lifetime of the hydrides
as there was no additional enhancement observed.

SABRE is also very important for the hyperpolarization of both
'H and 13C, by which the mechanism is either direct polarization

via J-couplings between the target nucleus and the p-H, derived
hydrides or by spin-relay from a 1°N nucleus. As evolution in the
QMC simulation is performed fully quantum mechanically, it is
trivial to examine the hyperpolarization dynamics of these other
nuclei and arbitrarily complex systems up to 15-spins may be
studied. This size restriction only arises as this is the limit of the
size of the Hamiltonian that can be exponentiated exactly in
Hilbert space, which is how the QMC simulations are
constructed. In either case, the construction of the simulation is
(in effect) no different than as described above, with only
alterations in the quantum part of the spin Hamiltonian to
incorporate these nuclei and ensuring that all nuclei associated
with one ligand dissociate simultaneously. These systems are
often of greater complexity than the simple 3-spin and 4-spin
systems shown previously. In fact, the simulation of the ortho-!H
line-shape on the 1°N-pyridine ring after a single 25 ms DARTH
pulse requires the construction of an 8-spin AA’(XB,)(X’'B’,)
system (Fig. 4). Instead of recording the polarization at each step,
the density matrix of each dissociating pyridine was ensemble
averaged using the QMC routine, which was then used to seed a
simple pulse-acquire routine to generate the 'H spectrum
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Fig. 4 Prediction of the ortho-"H resonance lineshape after 25 ms DARTH
pulse. a Chemical system and magnetic structure used in the simulation
along with its dominant homonuclear (dashed, black) and heteronuclear
(solid, black) J couplings, as well as the long-range 4J 44 coupling (dashed,
gray). b Experimental specrrum (black) along with fit (green) from QMC
simulation

(Fig. 4b). As can be seen from Fig. 4, the theoretical result
matches the experimental spectrum with excellent accuracy,
emphasizing the robust nature of the QMC simulations.

SABRE chemical dynamics. In addition to providing critical
insight into the hyperpolarization dynamics of SABRE, these
coherent techniques may also yield critical information as to the
chemical dynamics of the SABRE processes. This is
exemplified here in to ways; firstly, we may utilize a DARTH-
pulse to construct a DARTH-EXSY hybrid experiment to directly

measure the hydride dissociation rate (Fig. 4) and we find it to be
around 550 ms, more than 10 times the ligand exchange rate. The
DARTH pulse generates a hyperpolarized triplet state on the
hydrides, which exchanges off the complex during the delay time.
By reducing the DARTH-SABRE sequence to a single pulse, one
may directly measure the hydride rate of dissociation (Fig. 4b).
Measuring the hydride kinetics like this concatenates the inher-
ently second-order kinetics of the hydride exchange and makes it
appear as only being first order, as there is distinguishability
between the dissociating and associating species.

The pulsed SABRE-SHEATH experiments also provide
opportunities to probe the chemical dynamics of the hyperpolar-
ization process. For example, optimization of 74 leads to the
investigation of aspects of the chemical dynamics that evolve
during the delay time. During 74, chemical exchange continues
and fractionally recharges the singlet state on the hydrides. As
apparent from Fig. 5¢, 74 is experimentally optimized at about
350 ms for experiments where the total length of the pulsing
period was kept constant. Note that a sequence of 22ms on
resonance, followed by 2s off resonance, then repeated many
times (a 1% duty cycle) gives more

total signal than staying constantly on resonance. However,
while keeping the experiment length constant is a reasonable
practical comparison, it is much more instructive to look at the
enhancement per pulse, which varies by a factor of 47 as the delay
is changed (Fig. 5¢). For very short times of 74, a single complex
will experience multiple pulses at the evolution field before
dissociation, and since the length was picked for optimal single-
pulse excitation the signal is reduced; this effect would be
expected to disappear with a higher dissociation rate. Figure 5C
also shows that, beyond the ligand exchange rate, there is a
second timescale to the delay dynamics, associated with the
hydrogen exchange, giving a slowly rising component (at long
times) of this data, characterizing the para-H, regeneration.
Accordingly, observing the hyperpolarization dynamics as a
function of the storage period 74 contributes even more
information about the dynamics of the entire system.

Discussion

We have shown that the DARTH-SABRE and coherent SHEATH
experiments boast the ability to monitor the coherent hyperpo-
larization dynamics under the influence of chemical exchange.
Accessing the coherent SABRE dynamics has shown the ability to
bypass the damping of the hyperpolarized signal by the SABRE
exchange dynamics in certain regimes, which is critical for ligands
with exchange rates disparate from the period of their coherent
evolution. Moreover, coherent SABRE hyperpolarization has
proven to be an ideal model to study quantum systems that
evolve under the influence of chemical exchange dynamics, which
is readily extensible to many other complex systems, such as the
8-spin AA’(XB,)(X’B’,) system shown here. The implications of
the above results are as follows: for a given proposed hyperpo-
larization substrate, the nuclear spin topology and chemical
exchange rate of the ligand will have a considerable effect on the
coherent polarization dynamics. The ability to study the coherent
polarization dynamics at any field, in turn, allows for a more
extensive set of spin topologies and system dynamics to be
investigated, each providing a constraint in the design of an
optimal hyperpolarization substrate.

Methods

Sample preparation and experiment details. Suitable volumes of a solution of
pre-catalyst [Ir(IMes)(COD)CIl] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene, COD = 1,5-cyclooctadiene) and diluted solutions of pyridine and/or
labeled benzonitrile (in methanol-d,) are combined to obtain samples 5 mM in
pre-catalyst, 33 mM in pyridine and 100 mM in !°N-benzonitrile for coherent
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Fig. 5 Delay dynamics of coherent hyperpolarization experiment. a DARTH-EXSY pulse sequence, which uses a pre-saturation bubbling scheme to directly
measure exchange of the hyperpolarized hydride. Thermal T; from inversion recovery is 888.4 + 2.7 ms. b DARTH-EXSY signal on ortho-hydrogen
weighted with T,, yielding an average hydride lifetime of 547 + 32 ms, making singlet order replentishment significantly slower than the ligand exchange.
DARTH-EXSY spectrum (single shot, inset) with the signals of hyperpolarized ortho-hydrogen (red) indicated. ¢ SHEATH delay dynamics show optimum
total signal at 7y =350 ms (top plot). Calculating the signal per pulse (bottom plot) also shows the effect of slow hydrogen replentishment with the

gradually rising signal at long delay times

SHEATH experiments or samples 4.4 mM in pre-catalyst and 50 mM in pyridine
(50 mM, 7 mM, or 0.18 mM in >N-pyridine). 500 pL of sample are transferred to a
medium wall pressure NMR tube (Wilmad 524-PV-7) and transformed into the
catalytically active species with a constant low flow of para-hydrogen (50 sccm/
min, 45 min at 20 °C and 8 bar). Note that pyridine facilitates activation and acts as
a coligand for the PTC complex. Absence of pyridine leads to extremely slow
catalyst activation (~72h at 20 °C) and significantly decreased substrate polariza-
tion if benzonitrile is used as a substrate. For all experiments, hyperpolarized signal
is detected at 8.45T.

Numeric SABRE simulation. For a given simulation length, a certain number of
discrete dissociation events were sampled from a uniform probability distribution.
Evolution between these timepoints is dictated only by the Magnus solution to the
Liouville von Neumann equation. At the point of dissociation, the dissociation
group is selectively traced out of the PTC spin density using tensor contraction in
the spin product basis, at which point the singlet order on the parahydrogen is
fractionally replenished and a new, unpolarized ligand is introduced to the system.
This method maintains coherences between the spins that remain on the PTC. The
simulations were averaged over 1600 iterations, which exhibits an error of
approximately 1% with respect to a solution exhibiting errors of O(10°7), which was
taken at 100,000 iterations.

Data availability

All relevant data shown in the main text and the supplementary information are
available from the authors upon request and are used in the example code in
the supplementary information. Please contact jacob.lindale@duke.edu or warren.
warren@duke.edu for access to the data shown here.
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ABSTRACT: We report on an extension of the quasi-
resonance (QUASR) pulse sequence used for signal
amplification by reversible exchange (SABRE), showing that
we may target distantly J-coupled '°F-spins. Polarization
transfer from the parahydrogen-derived hydrides to the '°F
nucleus is accomplished via weak five-bond J-couplings using a
shaped QUASR radio frequency pulse at a 0.0S T magnetic
field. The net result is the direct generation of hyperpolarized
F z-magnetization, derived from the parahydrogen singlet
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order. An accumulation of '°F polarization on the free ligand is achieved with subsequent repetition of this pulse sequence. The
hyperpolarized '°F signal exhibits clear dependence on the pulse length, irradiation frequency, and delay time in a manner
similar to that reported for '"'N QUASR-SABRE. Moreover, the hyperpolarized *°F signals of 3-'°F-'*N-pyridine and 3-'”F-"*N-
pyridine isotopologues are similar, suggesting that (i) polarization transfer via QUASR-SABRE is irrespective of the nitrogen
isotopologue and (ii) the presence or absence of the spin-1/2 "N nucleus has no impact on the efficiency of QUASR-SABRE
polarization transfer. Although optimization of polarization transfer efficiency to 'F (P & 0.1%) was not the goal of this study,
we show that high-field SABRE can be efficient and broadly applicable for direct hyperpolarization of '’F spins.

H yperpolarization techniques increase nuclear spin polar-
ization (P) by several orders of magnitude, enabling the
corresponding gains in signals over that attainable via
conventional NMR spectroscopy and MRL'~* This revolu-
tionary boost in detection sensitivity enables new applications
such as detection of dilute biologically relevant molecules both

: . 5=7 : . 8—12
in vitro and in vivo.

A vparticularly exciting hyper-
polarization technique is signal amplification by reversible
exchange (SABRE), pioneered by Duckett and co-work-
ers.”>"7 SABRE relies on simultaneous chemical exchange of
parahydrogen (p-H,) and substrate targeted for hyperpolariza-

tion (S) with an iridium polarization transfer catalyst (PTC),

<7 ACS Publications  © Xxxx American Chemical Society 4229

Figure la, during which the singlet order from the p-H,-
derived hydrides is allowed to transfer to the nuclear spins of
the target substrates via the network of J-couplings. SABRE has
gained popularity'® because it is fast, efficient, and inexpensive
relative to competing techniques. Polarization transfer is
frequently accomplished in less than a minute with polar-
izations P sometimes exceeding 30%,"""*" at a cost several
orders of magnitude smaller than that of dissolution dynamic
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Figure 1. (a) Schematic of simultaneous chemical exchange of
parahydrogen (p-H,) and target substrate (S) on an activated IrIMes
PTC in SABRE hyperpolarization process. (b) Schematic of SABRE
chemical exchange with 3-'’F-pyridine as a substrate. (c) Spin system
formed on the IrIMes catalyst with 3-'’F-pyridine as a substrate. (d)
Schematic of SABRE chemical exchange with 3-"’F-"*N-pyridine as a
substrate. (e) Spin system formed on the IrIMes catalyst with
3-"F-"N-pyridine as a substrate. Note the difference between the
spin systems shown in panels ¢ and e due to the presence of N
(natural abundance) and N (isotopically enriched) nuclei. It is
important to note that gy # gy in both panels ¢ and e. (f)
Schematic of the experimental setup for 'F QUASR-SABRE
experiment. (g) Overall schematic for quasi-resonance SABRE RF
pulsing.

nuclear polarization (d-DNP), an alternative method of
hyperpolarization.***

There are two major approaches for polarization transfer in
SABRE. The first approach is conventional SABRE, which
relies on coherently driven dynamics generated at a level
anticrossing (LACs).”>** The LAC condition is achieved by
matching a static magnetic field to the resonance frequency of
the singlet to target magnetization transition, allowing flow of
spin order through J-couplings of nuclear spins involved in the
polarization transfer."” For the homonuclear case of conven-
tional SABRE, as in polarization transfer from p-H,-derived
hydrides to the protons on the target substrate, the LAC
condition is met at a magnetic field of a few millitesla and is

4230

determined by the chemical shift difference between p-H,-
derived hydrides and the target protons. For the heteronuclear
case of conventional SABRE, broadly referring to polarization
transfer from p-H,-derived hydrides to the substrate’s Bc,»
I5N,%6 31p,?7 etc., the LAC condition is met at a magnetic field
of a few microtesla,”***™® determined by the difference in
gyromagnetic ratios of the proton and target nucleus. The
second approach to polarization transfer relies on application
of radio frequency (RF) pulses, which are employed to create
LAC conditions in an arbitrarily high magnetic field, e.g, the
low-irradiation generatlon of high tesla-SABRE (LIGHT-
SABRE) pulse sequence.’’ A number of other approaches
have been demonstrated over the years, such as RF-SABRE,*
spin-lock induced crossing-SABRE (SLIC-SABRE),* delayed
adiabatic ramps transfer hyperpolarization-SABRE (DARTH-
SABRE),** and others.”>*® One key strength of the RF-based
approach, which has remained largely unrealized, is the
potential to perform SABRE at a wide range of magnetic
fields. For example, one can use low-field, and potentially
portable, electromagnets; high-resolution NMR spectrometers;
or MRI scanners. The RF-based approaches have primarily
focused on SABRE of N spins for two reasons: First, the
dipolar relaxation of N magnetization is significantly longer
and there is great potentlal for extremely long-lived (T, ~ 20
min) SN, singlet states.””~* Second, isotopic enrichment of
5N heterocycles* ™ and other molecular carriers that
efficiently bind iridium is relatively simple.*>*’

SABRE hyperpolarization of 'F spins is particularly
attractive, because the °F spin has the second highest
detection sensitivity among stable nuclei with a gyromagnetic
ratio (y©g) of 0.93-y'y, and approximately 9-y'sy. Moreover,
unlike *N and *C, 'F is nearly 100% naturally abundant,
obviating the need for isotopic enrichment needed for *N-
and "*C-labeled targets. While '°F is found in more than 20%
of drugs,***” it has a negligible biological presence, making its
spectroscopic and imaging detection relatively background-free
compared to that of proton spins. This allows the potential for
broad applications for the theranostic imaging and studies of
drug interactions. To the best of our knowledge, there have
been five previous reports on SABRE hyperpolarization of °F
using spontaneous polarization transfer and no reported eftorts
using an RF-based SABRE approach.'>*°™>* In this work, we
employ a recently developed QUASi-Resonance SABRE™*
(QUASR-SABRE) experiment, relying on SLIC pulses,”” for
feasibility studies of RF-based hyperpolarization of '’F spins
five bonds removed from the p-H,-derived hydrides.

For this study, we have used two compounds as SABRE
substrates: 3-'"F-pyridine (196665, Slgma-Aldrlch) and
recently synthesized 3-'’F-'N-pyridine,®’ seen in panels b
and d of Figure 1, respectively. Panels ¢ and e of Figure 1 show
the network of J-couplings formed during the temporary
association of p-H, and the corresponding target substrates
with an activated precatalyst [Ir(IMes)(COD)Cl] (IMes = 1,3-
bis(2,4,6- tr1meth;r1phenyl)1m1dazol 2-ylidene, COD = 1,5-
cyclooctadiene).” A solution of 100 mM substrates (3- 9p.

pyridine or 3-F-"*N-pyridine) and 5 mM IrIMes'” catalyst
was prepared in methanol-d, and activated for at least 30 min
with pH, flow of 20 standard cubic centimeters (sccm) .
Approximately 87% pH, was directed into a medium-walled 5
mm NMR tube setup at a flow rate of ~70 sccm while the
QUASR-SABRE pulse sequence was applied (Figure 1g).

We have employed three different '°F hyperpolarization
approaches: (i) QUASR-SABRE; (ii) in situ SABRE, the

DOI: 10.1021/acs.jpclett.9b01505
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process of hyperpolarization by applying a 90-degree hard
pulse during p-H, bubbling at the spectrometer field (0.05 T);
and (iii) conventional SABRE at 6 mT.">*®> The QUASR-
SABRE study of 3-'’F-pyridine and 3-'’F-'*N-pyridine was
performed using a 0.05 T NMR spectrometer under similar
experimental conditions’* but with the spectrometer operating
at the '°F Larmor frequency (1.94 MHz). The shaped pulse
was applied with a maximum @, = 1.24 kHz and a ramp down
to @, = 0 Hz for 7py; g followed by a subsequent inter-pulse
delay 7pg 4y (Figure 1f). Given significant nonlinearities in the
low-power range of the radio frequency (RF) amplifier, the
actual applied pulse can be closely approximated with a
truncated double-Gaussian pulse of the form

s(t) = %(ale_tz/ s g, et/ T )

(1 - tanh[; - a3]]
TpyLse 0 (1)

The values for each of the variables in eq 1 are given in the
Supporting Information. This QUASR-SABRE pulse sequence
has the potential to be applied without modifications
dependent on molecular parameters, like the magnitude of
the J-couplings or chemical shifts. The large pulse power and
ramped pulse shape make hyperpolarization insensitive to the
frequency offset despite pumping the LAC far from the optimal
resonance condition. The process of pulsing and delay was
repeated N times before irradiating the sample with a hard 90-
pulse similar to previous work,”* and the free induction decay
was detected (Figure 1g).

Recently, a quantum Monte Carlo (QMC) simulation
approach to SABRE dynamics was introduced,®® which
demonstrated the ability to predict coherent hyperpolarization
dynamics for pulsed SABRE experiments with high accuracy.
However, this method would have a prohibitive computational
cost in the limit where there is a significant degree of coupling
between each pulse, like the case here, as the entire pulse-train
must be simulated. So long as the time-step of the simulation is
much smaller than the lifetime of the SABRE complex pr,
the coherent hyperpolarization dynamics are well-approxi-
mated by
Mp

at/),\ _1[1:1 ] /)A ] -
()
where M is the same operator to control exchange as used in
the QMC simulation. The approximation made by eq 2 has the
distinct advantage that it has a simple numerical solution that
does not require iteration, making the simulation incredibly
fast. This makes the explicit calculation of the effects of entire
pulse sequences tractable, as opposed to approximating the
dynamics as being identical and additive under each pulse, as
done previously. In the simulations shown here, we have used a
10 ps step size and have approximated the 7prc & 25 ms. We
note that this spin system is at the upper computational limit
for Liouville space; however, it is far from the 1S-spin limit of
the Hilbert-space methods utilized here.

Specifically, we have constructed this system to include the
parahydrogen-derived hydrides, the long-range '°F nuclei, and
ortho-protons on pyridine, as it is assumed that all other
couplings are either small or will not significantly affect the '°F
hyperpolarization dynamics. This forms a six-spin AA’(BX)-
(B’X’) system with the Hamiltonian:

TprC
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A() = Z Ao, + Awg(S,, + Sg,)

i
]HHII'IZ + ]HH'(IlzI3z + I?,ZISZ) +

T
]HF (Ilzs4z + IZzS6z) + ]H/F(I3zs4z + Istéz)

+ wlF(t)(§4x + §6x)

+2

®3)

The Jyy term is the coupling between the hydrides on the
ortho-proton, Jir the long-range *Jy;r coupling, Ji; ¢ the ortho-
proton to *F *J-coupling, and @ () the time-dependent pulse
shape in the case of the QUASR-SABRE pulse sequence.
The F QUASR-SABRE spectra of 3-’F-pyridine and
3-F-'*N-pyridine are shown in panels a and b of Figure 2,
respectively, exhibiting £9; ~ 6700 (Py ~ 0.10%) and &
7100 (Pp =~ 0.11%), respectively. Conventional SABRE yielded
an e ~ 17 800 (Py ~ 0.26%) for 3-'°F-"*N-pyridine, shown in
Figure 2f, which is highly surprising as there are no resonance
conditions at 6 mT that lead to hyperpolarized fluorine
magnetization. The resonance condition for '°F hyperpolariza-
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Figure 2. 'F spectra of QUASR-SABRE hyperpolarized 3-'°F-
pyridine (a) and of QUASR-SABRE hyperpolarized 3-'’F-'*N-
pyridine (b). 'F in situ SABRE spectra of hyperpolarized 3-'’F-
pyridine (c) and 3-F-"N-pyridine (d). Note that although the
signals are hyperpolarized, the NMR lines are antiphase, which may
not be suitable for some MRI sequences. '°F spectrum of thermally
polarized signal reference neat 3,5-'F-pyridine (e). '°F spectrum of
3-YF-N-pyridine hyperpolarized via conventional SABRE at ~6 mT
(f). All NMR spectra were acquired using a single scan.
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Figure 3. (top) Conformers of the activated PTC with associated ligands and hydrides inducing different chemical environments for the associated
hydrides. (bottom) 'H spectrum at 1 T with 45° tip angle demonstrating four distinct hydride species coming from three inequivalent conformers
with two pairs of equivalent hydrides (B and C) and one pair of inequivalent hydrides (A).

tion is instead at approximately +3.2 uT. This suggests that the
resulting '°F-signal arises from cross relaxation from the
ortho-'H on the pyridinyl ring.”' Spectra acquired with either
QUASR-SABRE or conventional SABRE exhibit in-phase
resonances in contrast to the in situ SABRE spectra of the
corresponding compounds (Figure 2c,d), which exhibit
antiphase spin order. This antiphase spin order arises as, in
the absence of a radiofrequency pulse, there is still an allowed
transition between the SyT% x %AT%SH/F states, for which the
Syyp order rapidly decays into jH’zSFz because of the ~120 kHz
frequency difference between the 'H and °F nuclei at this
field. Conversely, off-resonance SLIC excitation is known to
generate solely in-phase S, order, as will any hyperpolarized
signal derived from cross relaxation from the ortho-'H. Note
that the frequency shift observed in all the spectra shown in
Figure 2 is a result of the magnetic field drift due to the
temperature fluctuations of the B, magnet occurring during the
spectral acquisition process.

The spectra shown in Figure 2a,b suggest that the observed
signals are the result of direct polarization transfer from the p-
H,-derived hydrides to '°F nuclei driven by QUASR-SABRE.
This is because the observed spectra have in-phase signatures,
versus the antiphase signatures expected from in situ
hyperpolarization (Figure 2c,d), and no ortho-'H magnet-
ization is generated at this field to afford cross relaxation.
Moreover, we do not expect the spin-1/2 relayed mechanism
through Jyy to be the dominant pathway for hyperpolarization
transfer, because there is little difference in the SABRE spectra
of 3-F-pyridine and 3-'’F-*N-pyridine.>"*

The enhancement values were computed as described
previously’* by taking the product of the ratio of the °F
concentrations of the species of interest (Cygr/Cyp), ie., F,
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present in the thermally polarized reference compound (Cggp,
neat 3,5-F-pyridine; Figure 2e) and the HP substrate
compound (Cyp), with the integrated signal intensity ratio of
the HP substrate and the thermal signal reference compound
(Sup/Srer) multiplied by a factor of 1.85 (which is the ratio of
the cross-sectional areas of the thermal signal reference to the
hyperpolarized arrangements as implemented by the exper-
imental setup) as discussed in detail elsewhere.”” Nuclear spin
polarization P was computed by multiplying & by equilibrium
F polarization at 0.05 T and 300 K (ca. 1.5 X 1075%).

3-"F-Pyridine presents an interesting chemical system, as
the complex may take on four possible conformations upon
association of two 3-'’F-pyridine ligands as seen in Figure 3.
When the fluorine substituents are both positioned between
the pyridine rings, the complex is highly unstable because of
the proximity of two highly electronegative groups. The
hydrides in this conformer are therefore short-lived and yield
the broad peak labeled “C” in Figure 3. When the fluorine
substituents are both positioned in the periphery, the complex
is stable and yields a longer-lived hydride species producing the
peak labeled “B”. The two conformers with one central and
one peripheral fluorine substituent are degenerate and are not
destabilized by proximity of the fluorine substituents. Because
the meta-substituted pyridine is asymmetric, this final
conformation induces a chemical inequivalence between the
hydrides producing two antisymmetric peaks labeled “A”
separated by 1.77 ppm. This chemical shift difference prevents
LIGHT-SABRE®' hyperpolarization at high field. However,
using a lower field (50 mT) as in QUASR-SABRE allows
collapse of these disparate hydride resonance frequencies onto
a single peak of accidental equivalence.
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Figure 4. '’F QUASR-SABRE of 3-'’F-pyridine. Coherent hyperpolarization dynamics during a triangular pulse (a) and the nonlinear pulse
approximation used in these experiments (b). The dynamics predicted during a single pulse (c) vary greatly from those predicted from the explicit
calculation of the entire pulse sequence (d), which is shown in red overlaying the experimental (0.05 T) data in black (the black solid lines are

added to guide the eye).

The QUASR-SABRE pulse sequence was applied in a regime
where there is extreme coherent coupling between each
consecutive QUASR pulse, which arises when the delay is
much shorter than the lifetime of the species (typically ~25
ms). In such a regime, the dynamics generated by the pulse
sequence are far from intuitive. Given that the ortho-protons of
the pyridine are ~100 Hz offset in resonance from the
parahydrogen-derived hydrides, this spin system effectively
reduces to an AA'XX' spin system, for which the SABRE
dynamics have been characterized extensively.”> During the
first pulse, very little hyperpolarized signal is generated until
the pulse power approaches the LAC condition, given by @,/
27 = *Jyu. Given the short 2 ms interpulse delay, the beginning
of each subsequent QUASR pulse induces large coherent
oscillations at the, albeit time-dependent, nutation frequency.
The relatively large signal produced with a (20 ms QUASR-
pulse +2 ms delay)s, train corresponds to when the coherent
oscillations halt coincident with an effective (21 + 1)z-pulse in
the hyperpolarization dynamics, giving the largest deviation
from equilibrium. The optimal 2 ms delay was surprising, given
that other pulsed techniques’* find the optimal interpulse delay
at times on the order of 100 ms. However, given that the
QUASR-pulse power is so off-resonance from the SLIC
matching condition, only a small amount of polarization may
be generated from each pulse; thus, not requiring significant
parahydrogen exchange, the interpulse delay can be largely
decreased to afford larger signals in this experiment.
Interestingly, the maximum observed in Figure 4c is recovered
only when the nonlinearities in the pulse shape are
reintroduced into the simulation.

It is important to note that the QUASR-SABRE signals are
approximately 2.6-fold smaller than the signal obtained by
conventional SABRE (Figure 2). This is well understood as the
ramifications of various experimental details. First, because the
rapid coherent oscillations induced by the QUASR-pulse will
average under exchange toward the center of these oscillations,
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the hyperpolarization generated by each pulse is significantly
damped. Also, the large nutation frequency allows for
simultaneous irradiation of the free '°F-species, thus
dramatically attenuating the signal to 52% of the generated
hyperpolarization (see the Supporting Information for details).
Given that %[,z = 0.34 Hz,*® only small perturbations can be
made to the system, leading to very slow oscillations on the
order of seconds, with very weak pulses, on the order of a few
hertz in amplitude, as detailed by conventional SLIC
theory.’’*” Despite the experimental limitations of the
complex polarization dynamics, our key finding of the
feasibility of QUASR-SABRE polarization of '°F is extended
by the insensitivity of the hyperpolarized '°F signal to the
frequency offset (Figure Sa), showing that even with a ~300
Hz offset significant polarization may be achieved. Naturally,
the hyperpolarized 'F signal increases with N pumping cycles,
demonstrating a clear polarization build-up (Figure Sb) in a
manner consistent with SABRE.*"** Note the positive value at

a ?0_ Tp = 2042 cycles or

3.5 : 0.44+0.04 seC o u*
_30] __35]
5 53.0
325 g
g 20 T 2.
D 1.57 k=) 0
ﬁ 1.0 2 151 TpuLse = 20 ms
2 0.5 & 1.0 ToELay = 2 ms
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19F Frequency Offset (Hz) Number of cycles (N)

Figure 5. "F QUASR-SABRE of 3-"F-pyridine. Hyperpolarized
3-YF-pyridine signal dependence on the SLIC-pulse frequency offset
(2) and number of pumping cycles (N) demonstrating the build-up of
YF polarization with the monoexponential build-up (red curve)
constant of 0.44 + 0.04 s (b). All data were acquired at 0.05 T
magnetic field, and the black solid lines are added to guide the eye.
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N = 0 is likely due to residual polarization build-up due to in
situ SABRE.

We have shown that fluorine hyperpolarization can be
generated directly through five chemical bonds with the
QUASR-SABRE experiment, which is significantly further than
with nearly all other reported approaches for SABRE. The ’F
polarization levels achieved by the QUASR-SABRE approach
here are relatively low (ca. 0.1%), although fundamentally
significantly higher polarization levels should be achievable, i.e.
potentially significantly exceeding 10%, and it is important to
discuss the areas of potential improvement of the QUASR-
SABRE approach. First and foremost, the applications of RF
pulses need to be better synchronized with/tailored to the
exchange processes, and issues with nonlinear polarization
dynamics (which significantly decreased the attainable polar-
ization level in this study, see the Supporting Information for
details) may potentially improve the polarization transfer
efficiency by several folds. Second, the use of higher and more
homogeneous magnetic fields may render the opportunity to
more selectively excite catalyst-bound '"F resonance, while
having less destructive effect on '°F resonances of free species.
Third, the design of more advanced shapes of the RF pulse
with optimized RF power may also significantly boost the
efficiency of the QUASR-SABRE approach. Moreover, the
additional improvement in operation conditions, such as
increasing pH, pressure, parahydrogen fraction, and pH, flow
rate, will likely also improve the overall level of “F
polarization. Although biomedical applications such as 'F-
based in vivo tracking, spectroscopy, or imaging will be
challenging to perform with the relatively low polarization level
of F polarization, future improvements (as described above)
may likely enable such applications in a manner similar to that
of biomedical applications of "*C HP contrast agents. We hope
the pioneering results reported here can be improved and that
higher levels of '°F polarization can be obtained through future
work across a wide range of compounds such as '°F-containing
drugs with suitable N-heterocyclic motifs (e.g., S-fluorouracil,
celecoxib, sitagliptin, fluconazole, etc.). We note that not any
F.containing molecule can be readily hyperpolarized via
SABRE in general and the QUASR-SABRE approach in
particular, because of the requirement of chemical exchange of
YF-containing molecules on a suitable time scale (0.001—0.1
s). While currently the SABRE hyperpolarization approach has
been broadly applied to N-containing heterocycles, the
chemistry of SABRE-amenable biomolecular motifs is rapidly
growing because of new chemistries of exchange, which has
recently made S-heterocycles® and keto-carboxylic acids®'
amenable to SABRE hyperpolarization. As the SABRE
hyperpolarization technique continues to rapidly develop, we
expect more biomolecular structures (including drugs) to be
amenable to QUASR-SABRE hyperpolarization. Spectroscopy
of "F-hyperpolarized drugs is attractive because the lack of
background signal and greater chemical shift dispersion of °F
compared to that of 'H allow for specific characterization with
little to no background interference. Moreover, RF-based
hyperpolarization approaches offer many practical advantages
compared to low-field methods as the sample does not need to
be shuttled between the matching field and the detector field,
therefore enabling signal averaging and multidimensional HP
NMR spectroscopy.”
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Purpose: Biomedical applications demand a sufficiently long lifetime of hyperpolarized (HP) compounds. The decay of the HP state is typically governed
by the process of spin-lattice relaxation characterized by the T constant. Because '**Xe and *He have significantly greater T, values than that of protons,
the development of inhalable HP contrast agents has primarily employed these heteronuclei. This approach has a significant translational challenge,
because conventional clinical MRI scanners can only image protons, and therefore the '**Xe contrast agent requires highly specialized hardware and
software, which are available only to a limited number of research sites around the globe. The unique properties of the long-lived spin states (LLSSs)
recently explored by Levitt and others allow preparing HP states with the exponential decay constant T, ss, which can significantly exceed the T, constant.
As a result of this fundamental breakthrough, the interest in the use of HP protons sites have been rekindled, because the lifetime of HP state can be
sufficiently long, and such HP states can be readily imaged on conventional clinical MRI scanners. HP propane gas can be readily prepared through the
process of parahydrogen-induced polarization (PHIP) via parahydrogen (pH:) addition to propylene or cyclopropane over supported metal catalysts.

Methods: We have developed a clinical-scale propane polarizer prototype device for reacting propylene with pH, gases over a heterogeneous (HET)
catalyst to produce HP propane gas. The core of the polarizer is comprised of % in. OD copper tubing filled with ~12 g of copper beads and a small quantity
(60-280 mg) of 1 wt% Rh/TiO, catalyst. This type of Rh/TiO, catalyst was tested in previous (small-scale) studies. The Cu particles provide a significantly
more efficient dissipation of heat generated during the highly exothermic chemical reaction.

Results and Discussion: (i) Here we show that more than 0.3 liters of hyperpolarized propane gas can be produced in 2 seconds. This production rate
is more than an order of magnitude greater than that demonstrated previously. The reported production rate is comparable to that employed for in-human
MRI using HP noble gas (e.g. "**Xe) produced via Spin Exchange Optical Pumping (SEOP). We show that high polarization values can be retained despite
the significant increase in the production rate of hyperpolarized propane. The enhanced signals of produced hyperpolarized propane gas were revealed
by stopped-flow MRI visualization at 4.7 T (Figure 1). (ii) At 0.05 T, the parahydrogen-induced overpopulation of a HP propane LLSS decays exponentially
with a time constant (T..ss) approximately 3-fold longer than the corresponding T, values. Both Ty ss and Ty exhibit linear increases with propane pressure
in the range from 1 atm (the most biomedically relevant condition for pulmonary MRI) to 5 atm. The T, ss value of HP propane gas at 1 atm is ~3 s. (iii)
Deuteration of the hydrogenation substrate yields hyperpolarized propane-ds gas with T, ss values approximately 20% shorter than those of hyperpolarized
propane gas, indicating that deuteration does not benefit the lifetime of the LLSS HP state. (iv) The use of buffering gas during parahydrogen addition
results in: (a) no significant changes in T, values; (b) a reduction of T, ss values; yet (c) an increase of the polarization levels of HP propane gas with a
propane concentration decrease. (v) Moreover, we demonstrate the feasibility of HP propane cryo-collection (which can be potentially useful for preparing
larger amounts of concentrated HP propane, when a buffering gas is employed), and Ty, ss of liquefied HP propane exceeds 14.7 seconds, which is greater
than the T ss value of HP propane gas at any pressure studied. (vi) Finally, we have explored the utility of partial Spin-Lock Induced Crossing (SLIC) RF
pulses for converting the overpopulated LLSS into observable 'H nuclear magnetization. We find that the bulk of the overpopulated LLSS is retained even
when the optimal or near-optimal values of SLIC pulse duration are employed, and the overpopulated LLSS of propane is also relatively immune to strong
RF pulses—thereby indicating that the LLSS may be suitable as a spin-polarization reservoir in the context of NMR/MRI applications. The presented
findings may be useful for improving levels of polarization of HP propane produced by HET-PHIP; increasing the lifetime of the HP state during preparation
and delivery; and developing efficient approaches for ultrafast MRI imaging of HP propane in the context of biomedical applications of HP propane gas,
including its potential use as an inhalable contrast agent. (vii) The polarization enhancement values recorded in such manner for the Ha proton were nearly
unchanged (ena ranging from 950 to 1150, Figure 1) over the range of reactor temperatures studied (between 20 °C to 140 °C). This trend is important for
two reasons. First of all, it indicates that a robust catalyst performance for hyperpolarization of propane gas can indeed be obtained over a wide range of
temperatures with effectively ~100% chemical conversion. Second, the highest levels of polarization enhancement were observed at 40-60 °C, suggesting
that reactor temperatures near that of the human body (ca. 40 °C) can be readily employed without sacrificing polarization efficiency.

a b 4.7TMRI c 14TNMR d Ha PEoIarization e GAS f LIQUID
0 hyperpolarized nhancement 010 P E
\/ @B (continous flow) 1200 @14T -g 2 HP PROPAN A4 TLLSS> 146 s
& o =)
@@JRh/Tioz go2 £ 1000 26 3
E 8 ) 2,
s 5800 04 / T
(=4 - 2
o, S s I | HP PROPANE-dg 30
16 32 48 64 80 ° 3050 10 00 20 60 100 140 12 3 4 0 20 40
B X (mm) H chemical shift (ppm) Temperature (°C) Pressure (atm) Time (seconds)

Figure 1. a) Schematic of pairwise parahydrogen addition to propylene via heterogeneous (HET) parahydrogen induced polarization (PHIP); b) 2D MRI
image of HP propane phantom at 4.7 T; c) NMR spectrum of HP propane gas at 1.4 T; d) temperature dependence of Hg polarization enhancement at 1.4
T; e) pressure dependence of Ty ss of HP propane and HP propane-ds gas; f) Signal decay of the overpopulated LLSS of liquid propane at ~0.05 T.

Conclusion: The presented findings bode well for future in vivo use of HP propane gas.
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In spin exchange optical pumping (SEOP), circularly polarized laser light is used to generate highly non-
equilibrium nuclear spin population distributions in noble gases; such hyperpolarized (HP) noble gases
have been utilized in a number of applications over the years, from pulmonary imaging to tests of
fundamental physics. At first glance, SEOP appears to be a relatively simple two-step process: first, the
electron spins of an alkali metal vapor (typically Rb or Cs) are prepared in an electronically spin-polarized
ground state via depletion pumping by the applied laser light; in the second step, the electron spin
polarization is spontaneously transferred to noble gas nuclei via Fermi contact interactions during gas-
phase collisions. Long nuclear spin relaxation times allow the nuclear spin polarization to accumulate over
time, rendering the noble gas hyperpolarized. Underlying SEOP’s apparent simplicity are a number of rich
and complex phenomena that present both challenges and opportunities for efforts to maximize the
production of HP gases for applications. One aspect concerns the technological approaches for preparing
HP gases via SEOP. Here, we are concerned with stopped-flow SEOP (SF SEOP), where gas loading, optical
pumping, decantation, and cell re-loading are carried out in subsequent steps (typically with Xe-rich
mixtures). Although continuous-flow (CF SEOP) devices have understandably dominated clinical-scale
production of HP 129Xe (1=1/2), SF SEOP devices can be cheaper and simpler to build, operate, and
automate (in part because of the lack of need for cryo-collecting the HP Xe over time).

Results from three different bodies of work will be discussed: First, our ongoing efforts to develop a third-
generation SF SEOP polarizer with be described, including aspects of device design (with topics including
choice of laser technology), operation, and performance, as well as comparison with our first- and second-
generation devices offering near-unity 129Xe polarization at ~1 L/hr production rates. Second, we report
a long-standing effort to perform accurate simulations of SF SEOP in the high-laser-flux / high-xenon-
density regimes; these simulations quantitatively reproduce most of the previous experimental
observations in these regimes, and provide insight both into underlying phenomena and improvements in
future polarizer design. Lastly, we report on our efforts to polarize the other xenon isotope with high
natural abundance but also non-zero spin: 131Xe. The quadrupolar nature of this isotope presents
significant challenges for SEOP, given that the spin-relaxation time constants are typically less than 1
minute. While it is possible that 131Xe could provide an alternative contrast for pulmonary imaging, a key
motivation for the work is for the creation of polarized nuclear targets for polarized neutron scattering
experiments to test fundamental symmetries (CPT violation). Use of enriched 131Xe and low-field in situ
HP 131Xe NMR enabled optimization of various experimental parameters and measurement of 131Xe
polarization dynamics, and the demonstration of record high 131Xe polarizations (several percent) at
these densities (~0.4 atm).
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PURPOSE: The parahydrogen-based technique dubbed SABRE (for Signal Amplification By Reversible
Exchange [1]) is a hyperpolarization approach of growing interest because it is low cost, can be performed quickly
and easily, and does not require major instrumentation. Moreover, SABRE does not require irreversible chemical
alteration of the substrate (unlike “traditional” parahydrogen-induced polarization or PHIP). However, SABRE
must overcome a number of challenges if it is to find more general use in many possible applications, including
within biomedical and clinical realms. Our collaborative efforts (as well as those of many others) are working to
improve the achievable polarization, broaden SABRE’s applicability to different classes of substrates, and develop
approaches for removing and recycling the organometallic catalysts that are needed to enable SABRE (but
otherwise represent unwanted contaminants of the resulting hyperpolarized agents).

METHODS / RESULTS / DISCUSSION: First, to broaden SABRE applicability we are investigating cleavable
“double agents” [2] comprised of one moiety that reversibly binds SABRE catalysts and a payload moiety (in
analogy to recent PHIP/side-arm’ results [3]). In one example, following SABRE hyperpolarization (facilitated by
spin relay [4] within a micro-Tesla field [5]) and rapid hydrolysis, two hyperpolarized (HP) species are created—a
pH-sensing agent and a metabolic agent (e.qg. '*N-imidazole and '*C-acetic acid). Hyperpolarization is transferred
from hydrides to catalyst-bound 15N during para-H2 bubbling within a magnetic shield. Coupling between the
imidazole ring nitrogens then allows relay of spin order to other heteronuclei (including ‘distant’ 13C spins),
resulting in signal enhancement that is retained upon hydrolytic cleavage at 0.3 T ‘storage field’. 13C and 15N
enhancements of ~263 and ~493, respectively, are achieved in the intact substrate prior to cleavage, with T1‘s of
~52 s for 13C and ~149 s for 15N resonances at 0.3 T. Hydrolytic cleavage takes place on a time scale much
faster than the time required to transfer the sample to the magnet. 13C and 15N enhancements of ~140 and
~180, respectively, are attained in free acetic acid/acetate and imidazole, respectively, with an estimated T1 of
~14 s for 13C at 0.3 T. The large dispersive signal from bound substrate (despite low concentration) suggests
that a significant fraction of spin order is not yet transferred to the free substrate, suggesting considerable room
for improvement. Attempts to re-hyperpolarize 13C spins after cleavage were not successful, supporting the need
for the spin-relay.

Towards the creation of catalyst-free HP agents, we are pursuing both heterogeneous catalysts [6] and
catalyst-immobilization strategies [7], and obtained N polarizations of the potential hypoxia sensor metronidazole
[8] of ~34% [7]. Immobilization of the standard and most-potent (IrlMes) homogeneous SABRE catalyst uses the
following experimental procedure: following SABRE (or SABRE-SHEATH) enhancement, commercial S-
functionalized microbeads are rapidly added to the sample. In an experiment involving S-functionalized beads
were added to a solution of 20 mM hyperpolarized metronizadole and 1 mM IrIMes SABRE catalyst in D4-
methanol, the method uses inexpensive, commercially available microparticles, and it is sufficiently rapid (<<T1)
to maintaining 15N polarization of up to ~83% of the initial value). 15N polarization of up to ~83% of the initial
value). Using S-functionalized microbeads was much more effective than using unfunctionalized silica beads of
the same size distribution. Successful removal of homogeneous catalyst from solution under these conditions
was confirmed by the absence of SABRE after particle addition and ICPMS.

CONCLUSIONS AND ACKNOLWEDGEMENTS: Spin relays allow SABRE hyperpolarization of “distant”
heteronuclear spins, enabling the creation of HP “double agents”, here comprised of the pH sensor imidazole and
acetate, of relevance to GBM. Rapid hydrolytic cleavage gives rise to both free agents without compromising the
hyperpolarized state. The catalyst / substrate separation strategies use commercially available particles and are
sufficiently rapid to maintain much of the initial hyperpolarization. Taken together, these results opening a door to
a host of new compounds being hyperpolarized via SABRE, yet free of catalysts, for use in a wide range of
envisioned biomedical applications. Funding support: NSF CHE-1416268 & CHE-1416432, NIH 1R21EB020323
& R21CA220137, DOD W81XWH-12-1-0159/BC112431, W81XWH-15-1-0271 & W81XWH-15-1-0272.
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Parahydrogen Induced Polarization (PHIP) relies on the pairwise parahydrogen (pH.) addition. We have employed
PHIP technique for pH, pairwise addition to propylene and cyclopropane to produce hyperpolarized (HP) propane gas
using our automated clinical-scale propane hyperpolarizer. Propylene substrate reacts with pH, on heterogeneous
catalyst yielding catalyst-free HP propane with 100% chemical conversion. We show that up to 1% proton polarization can
be achieved for producing ~0.3 standard liters of propane (clinically relevant dose) in approximately 2 seconds. The
corresponding high-resolution gas-phase images of stopped HP propane gas are shown in Fig. 1. The pairwise pH,
addition creates long-lived spin states (LLSS) in propane spin system with T ss exceeding 13 seconds in the gas phase
and exceeding 15 seconds in the liquefied state at magnetic fields below 0.4 T. This ‘hidden’ singlet state of HP propane
can be revealed by transferring the sample to the high magnetic field (ALTADENA experiment) or by polarization transfer
from the singlet to magnetization using RF pulse sequences (a.k.a. S2M). Partial spin-lock induced crossing (SLIC) pulse
sequence can be employed to transform a fraction of HP propane LLSS into observable magnetization. This RF excitation
approach offers numerous advantages: (i) it is selective to singlet state of HP propane compared to z-magnetization of
background tissue protons; (ii) requires ultra-low RF irradiation powers; (iii) the produced by SLIC magnetization is aligned
in x-y plane and can be readily used for ultra-fast ecoplanar imaging readout producing no or little background signal from
surrounding tissues. All-in-all, HP propane can be potentially employed as an inhalable contrast agent for functional
pulmonary MRI with this sensing approach on 0.35 T FDA-approved clinical MRI scanners. Moreover, unlike HP Xe or HP
129%e (which are not FDA-approved as of 09/2018), FDA affirmed that propane is generally recognized as safe (GRAS) for
the use in foods (as a propellant, etc.) without limitations (see Title 21, volume 3 for details). As a result, we envision fast
clinical translation due to (i) established history of image #1 (0 s) image #2 (2 s) image #3 (4 s)
propane use and regulation, and (ii) HP propane
detection on clinical MRI scanners.

Signal Amplification By Reversible Exchange
(SABRE) relies on chemical or exchange reactions
pH, and to-be-hyperpolarized substrate. A variant
of SABRE, SABRE in SHield Enables Alignment

Transfer to Heteronuclei (SHEATH), was
introduced for efficient hyperpolarization of
heteronuclei ( °N, c, "F, etc.) |n micro-Tesla
static magnetic fields. High level of N polarization
was demonstrated for metronidazole: Psy ~24% at
0.1 M concentration, and P45y ~34% at 0.02 M with
85% pH,, Fig. 2a. The studies of nuclear spin

16 32 48 64 80 0 16 32 48 64 80 0 16 32 48 64 8
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Figure 1. Coronal 2D MRI of ~0.15 standard liters of HP propane gas in a ~56 mL
collection container after production of ~0.3-liter batch in ~2 seconds. These 2D slices
were acquired on a 4.7 T MRI with the following imaging parameters: 2D GRE images
were acquired every ~2 sec, 256x256 matrix with TR ~ 7 ms, slice thickness = 8 mm.
Field of view = 80x80 mm?, pixel size (spatial resolution) = 0.3x0.3 mm®.

relaxation revealed that T, values are generally very short (few
seconds) in micro-Tesla fleld regime most likely due to paramagnetic
IriMes catalyst. However, N T, values are significantly longer in the
milli-Tesla magnetic field range (>3 minutes), and RF-based
polarization transfer methods can have an advantage over SABRE-
SHEATH: for example, we show that quasi-resonance (QUASR)
SABRE (a variant of LIGHT-SABRE) can more than double Pisy in
metronidazole-'°N,-">C,. Metronidazole is FDA- -approved antibiotic,
and it can be potentially employed for hypoxia sensing using HP
MRSI in a manner similar to that using ®EMISO PET i imaging.

We have recently demonstrated that SABRE-SHEATH can be
employed for spin-relayed hyperpolarization transfer to remote N
and "°C sites over 4 chemical bonds away from sz-derlved hydride
protons, Flg 2b. Furthermore, the recent studies of 3- F-"N- -pyridine
and 3-F-"N- -pyridine |sotopomers revealed that SABRE-SHEATH
from pHy-derived hydrides to 9F site (5 chemical bonds from pH,-
derived hydrides) is accomplished via direct mechanism rather than
spin-relay mechanism, Fig. 2c. These results are additionally
substantlated by QUASR-SABRE studies in 3-F-"*N-pyridine and 3-
F-'°N- -pyridines. Taken together, efficient SABRE hyperpolarization
of heteronuclei (15 3¢, F, etc.) can be accomplished over 4-5

Signal Amplification By Reversible Exchange

a (SABRE)
reversible reversible 0
exchange II\|/Ies exchange P15N>34 %

/// \\\\S _)
< @’| N <
pH, hyperpolarized
polarization substrate
transfer catalyst
b _____ COSR
O 4 M @< f
7 N\t 15N
74 N——= /\r\g\ / ;}
#13 3 F-15N-pyridine
®/ Hic— CZ"N NO2 e
metronidazole-15N,-13C, I \: —,
CH,CHOH  direct (from hydrldes) transfer

relayed (via 15N) transfer relayed (via 15N) transfer
Figure 2. (a) the schematics of SABRE hyperpolarization
technique; (b) spin- relag/ed SABRE-SHEATH polarlzatlon
transfer in metronidazole- Nz- Cz to remove "°N and ’c sites;
(c) SABRE-SHEATH polarization transfer to remote '°F sites in
3-F-"*N-pyridine.

(and potentially even more) chemicals bonds from pH,-derived hydrides, which are the source of SABRE
hyperpolarization, therefore significantly expanding the reach of SABRE hyperpolarization technique.
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New developments in production of
proton-hyperpolarized propane gas for MRI

Content

Hyperpolarization allows one to increase the NMR sensitivity by several orders of magnitude. The main
drivers behind the development of hyperpolarization techniques are their biomedical applications. For exam-
ple, the inhalation of hyperpolarized noble gases, such as 129Xe and 3He, enables functional imaging of lung
diseases. However, highly specialized 129Xe and 3He MR equipment and software is required which is not
available on conventional clinical MRI scanners. Therefore, 1H-hyperpolarized gases, e.g. propane, represent
a promising alternative. Hyperpolarization of propane can be accomplished by pairwise addition of parahy-
drogen to propylene over heterogeneous catalyst.

Here, we present our recent results on hyperpolarization of propane gas. We developed propane polarizer
that enables production of hyperpolarized propane on a clinical scale (production rate >0.3 L just in 2 s, that is
more than an order of magnitude greater than that demonstrated previously). Importantly, high polarization
levels (~1%) can be retained despite the increase in production rate, allowing stopped-flow slice-selective high-
resolution 2D MRI visualization. It was demonstrated that at ~0.05 T magnetic field hyperpolarized propane
occurs as a long-lived spin state, which lifetime TLLS is ~3 times greater than T1. The use of buffering gases
leads to the increase of propane polarization despite slight TLLS decrease. Cryocollection of hyperpolarized
propane, which can be employed for buffering gas separation, increases TLLS up to 14.7 s in the liquid state,
which is higher than that of gaseous hyperpolarized propane at any pressure studied. We also explored feasi-
bility of propane hyperpolarization via hydrogenation of cyclopropane with parahydrogen. 1H polarization
up to 2.4% was obtained, that is several times greater than that obtained with propylene as a precursor. The
resulting NMR signal enhancement was sufficient for 2D MRI despite relatively low chemical conversion of
cyclopropane substrate.

This work was supported by Russian Science Foundation (grant #17-73-20030) and DOD CDMRP W81XWH-
15-1-0271.
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Towards Synthesis of a Family of Novel Cleavable “Double Agents” for SABRE Hyperpolarization

Miranda N. Limbach,' Max E. Gemeinhardt,' Thomas R. Gebhardt,! Ishani Senanayake,' Jamil A. Mashni,"
Bryce E. Kidd,' Eduard Y. Chekmenev,? Yuging Hou,"' and Boyd M. Goodson'

1.) Department of Chemistry and Biochemistry, Southern lllinois University, Carbondale, lllinois 62901
2.) Department of Chemistry, Wayne State University, Karmanos Cancer Institute (KCI), Detroit, Michigan 48202 (United
States) and Russian Academy of Sciences, Leninskiy Prospekt 14, 119991 Moscow (Russia)

Low detection sensitivity makes it challenging for MRI to image all but the most N Fig. 1 . }
concentrated species in the body; however, enabling the study of low-concentration i Cag,ys[
species would be highly desirable, e.g. to map and quantify metabolic biomarkers of SABRE Binding

disease states. Hyperpolarization'—the creation of highly non-equilibrium nuclear C/eavabllescmf
spin population distributions—promises to enable such studies by increasing the MR (ryeerro—
detection sensitivity by orders of magnitude. A number of molecules have attracted
interest as potential hyperpolarized (HP) agents, particularly those involved in
metabolic cycles and/or known to undergo selective uptake exhibit disease-specific reactivity. For example, spin-labeled
derivatives of selected carboxylic acids can provide enhanced MR signals from metabolites in vivo (e.g. Krebs cycle
intermediates?3), and have been a primary target of hyperpolarization via dissolution dynamic nuclear polarization (d-DNP).#
An alternative type of hyperpolarization is parahydrogen-induced polarization (PHIP).5 Such parahydrogen-based
approaches are of increasing interest because they are inexpensive, rapid (working in seconds), relatively easy to perform,
and don’t require major instrumentation. In “traditional” PHIP,® an unsaturated precursor is catalytically hydrogenated with
parahydrogen (para-H2); in the more recent variant SABRE (signal amplification by reversible exchange) the catalyst merely
brings the substrate and para-H: together in a transient complex, and spin order is transferred spontaneously via the scalar

Cleaving

coupling network, without requiring permanent chemical change (a) ¢ (b)
to the substrate. SABRE does not consume a precursor to )l W\ I
achieve hyperpolarization—greatly facilitating optimization, and N

removing the need to consider the degree of reaction
completion. A disadvantage of both approaches is that only a (d)
limited range of substrates has been amenable; “traditional” ‘|3 N
PHIP requires unsaturated precursors, and SABRE has | /™ H
generally required a sp' or sp? hybridized atom to reversibly bind ¢

to the Ir-based catalyst (as is found, e.g., in N-heterocycles) to

achieve efficient and direct hyperpolarization.

One recent way to combat this problem has been to allow SABRE hyperpolarization to be ‘relayed’ from an ancillary
substance (that reversibly binds the catalyst) to the target substrate via hydrogen exchange in an aprotic solvent.® As an
alternative approach (inspired by the side-arm approach demonstrated for “traditional PHIP"?), we have been investigating
the creation of agents comprised of a Ir-catalyst-binding moiety and a “payload” moiety; in this approach, the intact agent is
hyperpolarized via SABRE, then cleaved to produce the desired hyperpolarized agent or agents (Fig. 1). More specifically,
we have been investigating the use of imidazole rings as the catalyst-binding agent, as cleavage would produce not only
the HP metabolic agent, but also a biologically compatible molecule with a chemical shift that is highly sensitive to pH'®
(thereby comprising a “double agent”)."" Our first success has been with 1-'3C- (1) ©° ) Argon
15N,-acetylimidazole (Fig. 2a); we recently demonstrated that SN labeling the )k + ! o
imidazole ring enables SABRE hyperpolarization to be spin-relayed’? to the distal & on o g 2to5hours g cl
1°C carbonyl site.”" Moreover, rapid base-catalyzed hydrolysis produced separate @ 9 . Argon 0| Fig. 3
hyperpolarized '®Nz-imidazole (pH sensor) and '3C-acetate/acetic acid!" (metabolic )J\+ 2N NH_THE )
sensor, of interest for imaging glioblastoma multiforme3-1%), R c = 24 Hours N/\N

We are currently working to expand on this approach by developing \§/
syntheses of a family of compounds capable of undergoing SABRE hyperpolarization and hydrolytic cleavage (Fig. 2); the
general approach is outlined in Fig. 3. The one-pot syntheses begin by reacting a chosen carboxylic acid (including 3C-
labeled variants) with an effective chlorinating agent under inert conditions. Imidazole ('°N-labeled previously'®) is then
added to the chlorinated derivative to replace the chloride leaving group on the carboxyl and to form a hydrochloride salt.
Tetrahydrofuran is a favored solvent because the salt biproduct is not soluble and can be easily filtered out. The filtrate can
then be rotovapped to yield the product. Derivatives in Figs. 2(a) & (c) are of interest as metabolic sensors. Diimidazole
variants (as in Figs. 2(d)&(e)) may give rise to long-lived singlet ('3C-13C) states. Long-chain fatty-acid derivatives (e.g.
Figs. 2(c)&(f)) may enable studies of spin chains and limitations of spin-relay. Efforts to synthesize these and others (in
both labeled and naturally abundant variants) will be reported, along with ongoing SABRE hyperpolarization efforts.

Acknowledgements: This work was funded by of NSF CHE-1416432 & CHE-1836308, NIH 1R21EB020323 & 1R21CA220137, DOD CDMRP W81XWH-
12-1-0159/BC112431, W81XWH-15-1-0271 & W81XWH-15-1-0272, and SIUC MTC & OSPA. Y.H. acknowledges support from the Meyers Institute.
References: [1] Nikolaou et al., Chem. Eur. J. 2015, 21, 3156; [2] Kurhanewicz, et al., Neoplasia 2011, 13, 81; [3] Nelson, et al., Sci. Transl. Med 2013,
5, 198ra108; [4] Ardenkjaer-Larsen, et al., PNAS 2003, 100, 10158; [5] Hovener, et al., Angew. Chem. Int. Ed. 2018, [6] Bowers et al., J. Am. Chem. Soc.
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Shchepin, et al., ACS Sens. 2016, 1, 640; [11] Kidd et al., Chem. Eur. J. 2018; [12] Shchepin, et al. JPCC 2017, 121, 28425; [13] Mashimo, et al., Cell
2014, 159, 1603; [14] Bastiaansen et al., Biochim. Biophys. Acta 2013, 1830, 4171; [15] Mishkovsky et al., J. Cereb. Blood Flow Metab. 2012, 32, 2108.




Developing Hyperpolarized *'Xe as a Potential Target for Neutron Optics Searches
for Time-Reversal Invariance Violation
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Detroit, Ml, United States

The Standard Model of physics ostensibly appears complete; however, considerable empirical evidence remains
unexplained, including the presence of dark matter and energy. Another mystery of present interest is the gross asymmetry
in the apparent amount of matter versus antimatter in the universe. Explanation of these and other phenomena will require
the discovery of new physics beyond the Standard Model of particles and interactions. Observations and characterization
of any new sources of time-reversal invariance violation (TRIV) should be fertile ground for such discoveries.!
Correspondingly, the NOPTREX collaboration? is working to develop a sensitive ‘null-test’ for TRIV in the transmission of
polarized neutrons passing through polarized targets of heavy nuclei that have neutron resonances that exhibit large parity-
odd asymmetries. One of the most promising targets is '3'Xe. However, the need for a large spin polarization poses a major
challenge.
We  are 180 e '*Xe Tipping Angle Calibration "*'Xe/Rb Build Up Curves
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Xyzﬁ%‘ias o be Fig. 1 (a). Single-scan X NMR at 46 kHz, using 155 W laser power and at 180°C & 225 °C; (b).
routinely 129X e Tipping Angle Calibration Curves at 20.9 kHz, 46 kHz, & 66 kHz using ~70 W laser power. (c).

131Xe NMR at 46 kHz using ~70 W power (6-scan averages), showing '3'Xe polarization dynamics as

h lari i
yperpolarized via a function of temperature.

stopped-flow
SEOP to achieve near-unity levels,* '3'Xe (/=3/2) has a strong nuclear electric quadrupole moment, giving rise to much
faster T1 relaxation (dominated by self-relaxation). The binary collision pathway?® is 3.95x10-2 amg-'-s-1 (giving a T1 of only
~25 s at ~1 atm of Xe, whereas T1 can be hours for 2°Xe); furthermore, Xe-'3"Xe van der Waals complexes and wall
collisions can give even shorter relaxation times.® Arguably the most successful effort to date to polarize larger '3'Xe
quantities directly via SEOP has been by Meersmann et al.5; for ~72 cc cells containing ~0.1 bar of naturally abundant Xe,
131X e polarizations of <2.2% were reported after separation from Rb. While the polarization was likely higher before transfer,
large improvements in '3'Xe magnetization are needed for the envisioned neutron experiments to be viable.

We are working to optimize the polarization of 3"Xe during stopped-flow SEOP at higher Xe densities and (initially)
moderate scales (~100 cc), as a function of gas partial pressures, AM choice (Rb vs. Cs), temperature, and resonant laser
power—including a 180 W spectrally narrowed QPC Ultra500 laser and a rented ultra-narrow OptiGrate laser. 84%-enriched
131Xe is now enabling single-shot in situ NMR detection with good SNR (Fig. 1a). Determining absolute P131xe is challenging;
we recently reported data from a somewhat indirect, 2-step process involving three different nuclei ('H, '2°Xe, & '3'Xe)
detected at two different frequencies (66 & 20 kHz).” An estimated Pi31xe~3.5% at 0.4 bar, which would constitute
improvements (cf. Ref. 6) of ~1.5-fold and >20-fold in for P131xe and number of HP 3'Xe spins, respectively. In addition to
more laser power, we are augmenting our apparatus to provide a more direct way of calibrating P131xe where all three spins
('H, 12°Xe, '31Xe) can all be acquired at the same three frequencies (20.9 kHz, 46 kHz, and 66 kHz), requiring pulse-tipping
calibrations for each of these nuclei at these frequencies (e.g. Fig. 1b). In addition to determining absolute '3'Xe
polarizations with high precision and accuracy, ongoing work includes studies of polarization dynamics by collecting build-
up curves for both '2°Xe and 3'Xe (e.g. Fig. 1¢) over a wide range of temperatures, laser centroid offsets, and laser powers
with the more powerful QPC-Ultra500 laser, which (along with optically detected electron spin resonance) will hopefully
allow fundamental constants governing *'"Xe SEOP—and optimal conditions—to be determined, thereby permitting us to
extrapolate our results to what would be needed for the envisioned neutron optics experiments.
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85Rb /133Cs Optically Detected Electron Spin Resonance in “Hybrid” Spin-Exchange Optical Pumping Cells
in Clinically Relevant Regimes
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Optically detected electron spin resonance
(ODESR) is a method for obtaining a direct
measure of the electron spin polarization
(Pavm) of alkali metal vapor atoms.'®
However, such direct measurement of Pam
can be challenging, particularly under
conditions of high Xe densities and high
resonant laser fluxes. For example, the ESR
lifetime is limited by collisions with gas
species—particularly xenon—as well as high
laser power.* Correspondingly, the high-[Xe], 309 311 313 315 317 319 321 323 325 10 ————
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In our recent work,® ODESR signals

were successfully detected from ®Rb and  Fjg 1A. ESR as a function of pump light circular polarization for Cs pumped / Rb probed

Cs within clinical-scale SEOP cells and  ¢g/Rp hybrid cell. B. Rough comparison of Cs and Rb electron spin polarization as a
were studied as functions of cell  fynction of pump light circular polarization for Cs pumped, Cs/Rb hybrid cell. C. ODESR
temperature, xenon, light polarization, and  of Rp pumped / Rb probed Cs/Rb hybrid cell signal averaged over 176 scans. Polarization
probe laser power. To perform these 78y p. Pg, measurement at various /4 plate angle settings, well-reproduced by

experiments, we have constructed an : idal fit in Rb d/ Rb probed Cs/Rb hvbrid cel
ODESR system comprised of a SEOP sinusoidal it in Kb pumpe probed Ls/Rb hybrid cell.

setup (using a high-power laser and 3D-printed clinical-scale oven and cell®), a waveform generator (WFG) that ramps the
main magnetic field, a second WFG (with output broadcast through an RF coil), a probe laser, and a photodiode whose
output is connect to an RF lockin that records ODESR signals. Our approach has now been extended to the more complex
case of “hybrid” Cs/Rb cells. We find that, under low-pressure (300 torr N2) gas mixtures, hyperfine ODESR lines from both
metals can be well resolved (e.g. Fig. 1A), allowing metal-metal spin-exchange to be studied. For example, “combination”
experiments can be performed where one metal is optically pumped, but the other metal is optically probed. Using this
approach, we find that the Rb/Cs metal vapors undergo efficient spin exchange to yield comparably high electron spin
polarization values (Fig. 1B). The system is sufficiently stable for long-time averaging with ~1 nV baselines (Fig. 1C).
Moreover, given the absence of a low-noise linear amplifier, the ODESR signal is actually detected using the output from
the waveform generator itself; given that we cannot saturate the lines with RF power, we are experimenting with using
systematic variation of the pump light CP (Fig. 1D) in order to enable extrapolalation of Pam values of ODESR spectra
obtained at high-[Xe] conditions to those of what would be obtained with perfect CP light. More generally, these efforts
should allow measurement of various parameters of SEOP (e.g. Xe/Rb and Xe/Cs spin-destruction rates)—giving insight
into the relative utility of Cs vs. Rb vs. hybrids for SEOP hyperpolarization of xenon. Finally, ODESR should allow
comparison with / validation of bulk PRb estimates made using an indirect Beer's law / magnetic-field-cycling approach”s#).
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NMR hyperpolarization techniques transiently increase nuclear spin polarization (P) by several orders of magnitude. This
significant P increase enables metabolic magnetic resonance spectroscopy (MRS) and MRS imaging (MRSI) after a bolus
injection of a hyperpolarized (HP) compound to detect abnormal metabolism |n cancer and other diseases. The '°C isotope
has been widely employed in a number of biomolecules, most notably in 1-"3C- pyruvate. However, this approach has a
number of shortcomings. First, the lifetime of HP states (governed by the spin-lattice constant of exponential decay) is
relatively short, with T4 on the order of 1 min. As a result, only a limited number of metabolic pathways have been amenable
to MRSI, because sufficient levels of nuclear spin polarization must persist until detection. Here, we employed the Signal
Amplification by Reversible Exchange in SHield Enables Alignment Transfer to Heteronuclei (SABRE-SHEATH)
hyperpolarization technique (1,4), which relies on performing simultaneous chemical exchange of parahydrogen (pH,) and
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Figure 1. (left) the path (in red color) of chemical bonds over which simple and inexpensive hardware (1,4). Although to
the network of /=1/2 spin relays is established in metronidazole-'°N, date "N hyperpolarization of several biomolecules

(MNZ) undergoing SABRE hyperpolarization; (right) the decay has been shown via SABRE-SHEATH, which indeed
curve of the HP "°NO, group in MNZ antibiotic. opens up a range of potential contrast agents, nearly
all previous reports have been focused on

hyperpolarization of '°N sites that directly interact with the Ir catalytic center of the Ir-IMes polarization transfer catalyst, i.e.
the catalyst typically used in most SABRE experiments. The direct poIarlzatlon transfer from pH,-derived hydrides to these

'°N sites is efficient (i.e. fast and yielding high Psy), because the two-bond 'H-"°N spin-spin couplings are relatively strong
(e.g. 10-20 Hz) and sufficiently different from each other as to render the exchangeable catalyst binding sites magnetically
inequivalent from one another (1). Although direct SABRE-SHEATH of remote spin-% sites over >3 chemical bonds is
inefficient in general (8), a network of J-coupled spin-%2 nuclei can transm|t polarization at least several chem|cal bonds
away from pH,-derived hydrides (2,3,5,6). Here, we show that un|formly °N-labeled metromdazole N3 (MNZ °N 3) can be
efficiently hyperpolarized via the SABRE-SHEATH approach with P45y >16% for each of the three "N sites using 87% pHa,
i.e. pH2-derived hyperpolarization can be efficiently transmitted over six chemical bonds via a network of two-bond spin-spin
couplings (Figure 1). In less than a m|nute of parahydrogen bubbllng at ~0.4 uT, a high level of nuclear spin polarization
Pisn of 16% is achieved on all three °N sites of metronidazole-' N3 at up to ~41 mM concentration. At 1.4 T, the HP state
of the "°NO, group persists for tens of minutes (T1~10 min). Metronidazole is an FDA-approved antibiotic, and it can be
safely administered orally and intravenously in large (multi-gram) doses. We enV|S|on a potential use of this contrast agent
for hypoxia sensing (the focus of our future studies) in a manner similar to that of "®F-fluoromisonidazole (FMISO) and other
nitro-group containing radiotracers via Positron Emission Tomography (PET). The results presented here (Pisy ~ 16% at
>98% '°N enrichment, T4 ~ 10 min, fast polarization, and straightforward isotopic enrichment) bode well for such envisioned
cellular and in vivo experiments.
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