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(57) Abstract: Provided are methods for nuclear spin polarization enhancement via signal amplification by reversible exchange at very
low magnetic fields. The spin polarization is hyperpolarization of isotopically enriched heteronuclei by using a catalyst and parahydro-
gen to create a complex using iridium and applying magnetic tields in the microtesia range to transfer the spin order from parahydrogen
to the complex.

[Continued on next page]



WO 2018/209334 A1 |00V OO0 00 I rr

SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



WO 2018/209334 PCT/US2018/032485

METHOD FOR CREATING HYPERPOLARIZATION AT MICROTESLA MAGNETIC
FIELDS

{ROSS REFERENCE TO RELATED APPLICATIONS
{0001}  This application claims prionity to U.S. Provisional Application No. 62/505,721, filed

May 12, 2017, which is herein incorporated by reference in iis entirety.

STATEMENT OF GOVERNMENT INTEREST
{0002] This mvention was made with government support under Awards Nos. CHE-1058727,
CHE-1363008, CHE-1416268 and CHE-1416432, each awarded by the National Science
Foundation, Award Nos. 1RZIEBO1IRG14, 1R21EB020323, and IR21CA220137, each awarded
by the National Institutes of Health, and Award Nos. W8I XWH-12-1-0159/BC112431,
WRIXWH-15-1-0271 and WEIXWH-15-1-0272, each awarded by the Department of Defense.

The Govermunent has certain righis n the invention,
o

TECHNICAL FIELD
{8603]  The present disclosure relates to methods for nuclear spin polarization enhancement at
very low magnetic fields (e g., significantly lower than magnetic field of Earth of ~50

microTesla) via signal amplification by reversible exchange.

BACKGROUND
{0084] Nuclear magnetic resonance (NMR} and magnetic resonance imaging (MRI)
sensitivity can be enhanced through hyperpolarization by temporarily increasing the relatively
low nuclear spin polarization (P = 10107} - in some cases approaching unity - effectively
providing 10*-10°-fold NMR signal enhancement. Despite the short-lived nature of
hyperpolarized (HP) spin states, with typical lifetimes on the order of seconds for 'H or minutes
for heteronuclet {e.g., "N, °C), the considerable sensitivity gain has led to many biomedical
applications where a given HP compound serves as injectable or inhalable contrast agent.
{0005]  Current hyperpolarization methods for preparation of HP contrast agents include
dissolution dynamic nuclear polarization (d-DNP). However, d-DNP is expensive, complex and

not easily scalable. Another route to address the NMR/MRI sensitivity problem is the use of
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parahydrogen (abbreviated here as p-H; or para-H,) as the hvperpolarization source, as 1s done
in a family of techniques referred to collectively as Parahydrogen-Induced Polarization (PHIP).
In traditional PHIP, molecular precursors with unsaturated chemical bonds are hydrogenated via
molecular addition of para-H,, thereby transferring the nuclear spin order to the molecular
products. HP “C molecules produced by this approach have been efficiently used as HP contrast
agents i vivo.

{0006] 1n a more recent technique known as Signal Amplification by Reversible Exchange
{(SABRE)}, spin order may be transferred from para-H, to target molecules during the lifetime of
transient molecular complexes without permanent chemical change. SABRE generally uses an
organometallic catalyst to transiently co-locate para-H, and the target substrate molecule in a
low-symmetry complex in solution. In low field (e.g., 5-7 mT), net spin order can be transferred
from the para-H, to the spins of the substrate via scalar couplings. SABRE derived proton
hyperpolarization can be transferred to heteronucles, but the associated efficiency s low.

Accordingly, there exists a need for improved methods of hyperpolarization of heteronucler

SUMMARY
{80671  The present disclosure provides methods of hyperpolarizing heteronuclel, comprising:
{a) combining a plurality of molecules of parahvdrogen, a plurality of molecules of a catalyst,
and a plurality of molecules of a compound, where the compound inchides a heteronucleus and
another atom that exists naturally as either a quadrupolar or a non-quadrupolar 1sotope, where the
heteronucleus m at least 50°% of the plurality of molecules of the compound 1s a hyperpolarizable
heteronucleus, and where the plurality of molecules of the compound have been modified so as
to isotopically enrich the other atom with the non-quadrupolar 1sotope, and where the
parahydrogen, the compound and the catalyst associate to form a complex; and
{b) applving a magnetic field with a strength of less than 50 uT to the complex, thereby
transferring the spin order from the parahydrogen to the hyperpolarizable heteronucleus
associated with the complex.
{0088}  Other aspects of the present disclosure include methods of performing NMR

experiments, methods of obtaining MRI mmages, and other methods of in vivo imaging,

BRIEF DESCRIPTION OF THE DRAWINGS
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{0069} FIG 1A: Schematic diagram of the SABRE process: coherent transfer of spin order
from parahydrogen-derived hydride protons to °C heteronuclei. FIG. 1B: Molecular structure of
>N-labeled pyridine with naturally abundant P C (percentage of ’C in the corresponding
position is shown). FIG. 1C: Most-probable "N-pyridine-bound structures of the complex with
relevant AA'B spin systems responsible for the polarization transfer. L denotes ligand, and C
denotes a HP "°C spin within a ligand.

[0018]  FIG. 2A: Proton-decoupled C NMR spectrum of SABRE-hyperpolarized 5 mM “N-
pyridine (left) at ¢ natural abundance; a “C NMR spectrum of thermally polarized CD.0OD is
shown (right) for comparison. FIG. 2B: ¢ NMR signal dependence as a function of p-H, flow
rate using a constant duration of p-H, bubbling of 30 s. FIG. 2C: VC signal build-up curve at
~0.4 uT showing the ’C NMR signal dependence on the p-H, bubbling time. FIG. 2D: HP C
7 relaxation measurement in the Farth’s magnetic field (see ST for details). FIG 2E: HP Ber
relaxation measurement at high magnetic field (9.4 T) (see SI for details); FIG. ZF: Temperature
dependence of the proton-coupled "C SABRE-SHEATH NMR signal of ortho-"C spins of Py-
PN FIG. 24G: Magnetic field dependence of the "C SABRE-SHEATH NMR signal {note that
absorptive C signals are observed in all cases).

[8011]  FIG. 3: Proton-coupled PC NMR spectra of SABRE-SHEATH hyperpolarized Py
samples with Py-""N and Py-"N at various static transfer magnetic fields.

[8012]  FIG. 4A and 4B show "C NMR single-scan spectra of acetonitrile-1-"C, N and
acetonitrile-1-"C, "N hyperpolarized using SABRE-SHEATH and measured at 8.45 T. FIG. 4A.
A comparison of acetonitrile-1-"C,"*N (red) and acetonitrile-1-"C,”N (blue) using the same
experimental conditions (100 mM of acetonitrile, 5 mM of catalyst, 30 mM of pyridine used as a
co-substrate). FIG. 4B: C NMR spectrum of hyperpolarized acetonitrile-1-C, "N (sample
composition — 0.6 mM of acetonitrile-1-""C, "N, 0.2 mM of catalyst, 0.4 mM of pyridine used as
a co-substrate).

j0013]  FIG. 5A: PC NMR spectrum of signal reference sample (neat CD:0D) recorded at
845 T, 8 scans, thermally polarized sample. FIG. 5B: "C SABRE-SHEATH hyperpolarization
build-up of acetonitrile-1-""C, "N (sample composition 0.05 mM catalyst, 12 mM pyridine, 4
mM acetonitrile-"C,°N; pyridine used as a co-substrate) at ~0.74 p'T static magnetic field. The

effective build-up constant is ~11 s.
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[6014]  FIG. 6A: Diagram of the 'F SABRE-SHEATH hyperpolarization process. The
sofenoid coil inside the mu-metal shield allows creating magnetic fields between 0.2 and 75 uT;
FIG. 6B: diagram showing para-H, and 3-F-Py exchange between the solvent and the IrfMes
hexacoordinate complex, facilitating coherent polarization transfer; FIG. 6C: the relevant four-
spin system (AA’BB’) and heteronuclear spin-spin couplings relevant to the SABRE-SHEATH
polarization transfer. Axial 3-""F-Py spin-spin couplings are neglected because they are
significantly weaker.

[6015]  FIG. 7A: "F spectrum of ~100 mM hyperpolarized (HP) 3-F-Py produced via
SABRE-SHEATH approach at ~5 uT and ~25 °C; FIG. 7B: corresponding " F spectrum
produced via conventional SABRE at ~6 mT and ~25 °C; FIG. 7C: corresponding ''F spectrum
obtained with thermally polarized substrate; FIG. 7D: corresponding F spectrum of 3-/F-Py
hyperpolarized in the Earth’s magnetic field (ca. 50 uT). FIG. 7E: 71 decay of HP "F signal at
9.4 T; FIG. 7F: cortesponding curve reflecting 7 decay of the HP 'F signal occurring in the
Farth's magnetic field {ca. 50 uT). FIG. 7G: Build-up of °F polarization at ~5 uT using the
SABRE-SHEATH hyperpolarization protocol (FIG. 1). FIG. 7H: "F HP signal dependence on
magnetic field during SABRE-SHEATH hyperpolarization at ~25 °C. FIG. 71 ’F HP signal
dependence on temperature during SABRE-SHEATH hyperpolarization at ~5 uT. All spectra
are acquired m CDOD at 9.4 T magnetic field using a Bruker Avance III NMR spectrometer
and 50% parahydrogen {para-Ha}.

[6016]  FIGS. 8A-8D show feasibility demonstrations of hyperpolarized ’F biomedical
applications using HP 3-""F-Py as a model agent. FIG. 8A: F 2D gradient echo (GRE) imagmg
using ~100 mM HP substrate; FIG. 8B: corresponding ’F 2D GRE image using ~100 mM
thermally polarized substrate; FIG. 8C: schematic of experimental MRI setup; both images were
acquired using a 4.7 T small-animal ~30 cm bore MRI scanner (proton channel) equipped with a
surface RF coil tuned to ~188.4 MHz and the following acquisition parameters: field of view
{(FOV): 128x128 mm’; imaging matrix: 256x256 pixels; TR/TE=12/6 ms; scan time: ~3 s;
frequency encoding bandwidth = 50 kHz. FIG. 8D: HP F MR spectra demonstrating pH
sensing, before (red) and after (blue) addition of concentrated HC1 to ~100 mM HP substrate.
[0017]  FIGS. 9A and 9B show 'H NMR spectra of 3-"F-Py during (FIG. 94) and after (FIG.
9B) SABRE catalyst precursor activation. All spectra were acquired in CD;0D with ~50 scem

parahydrogen flow {(~50% para- fraction, ~6 atm) using a 9.4 T high-resolution Bruker Avance
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11 NMR spectrometer. Note the appearance of characteristic hyperpolarized hydnide
mtermediates at ca. (-}12 ppm and ca. (-}18 ppm. Once the catalyst is fully activated {i.e.
converted mto the hexacoordinate complex shown in FIG. 6B, the NMR peaks corresponding to
mtermediates disappear, and only the main hydride peaks ca. (-)23 ppm are present,
corresponding to the SABRE-active hyperpolarized hydride resonance hines.

[6018] FIG. 10 'H NMR spectra of hyperpolarized (top, red trace) and thermally polarized
{bottom, blue trace) 3-' F-Py after SABRE catalyst activation. The spectrum of the thermally
polarized substrate serves as a signal reference for determining the signal enhancement . All
spectra were acquired in CB30D with ~100 scem parahydrogen flow (~50% para- fraction, ~6
atm) using a 9.4 T high-resolution Bruker Avance 11l NMR spectrometer. For the SABRE
hyperpolarized spectrum (top, red trace), the sample was first bubbled at By of ~ 6 mT {(magnet
fringe field) and then quickly (<4 s} inserted into the bore of the 9.4 T NMR spectrometer for
NMR spectrum acquisition.

[0019]  FIG. 11A: The overall schematic of SABRE hyperpolarization of "N. Spin order is
transferred from para-H, and mediated by scalar spin-spin couplings within a reversibly-formed
Ir-IMes hexacoordinate complex. Direct SABRE of short-range "N sites is accomplished via 2-
bond couplings between °N and hydride protons. FIG. 11B: the molecular framework {note
axial ligangd of polarization transfer from hydride protons via short- and long-range spin-spin (J)
couplings.

[0028]  FIG. 12A: the schematic of SABRE polarization experiments for 'H hyperpolarization

studies. FIG. 12B: the schematic of SABRE re-polarization experiments for 'H hyperpolarization

studies.
[0021] FIG. 13A: the schematic of SABRE-SHEATH polarization experiments for °N and
B¢ hyperpolarization studies. FIG. 13B: the schematic of SABRE-SHEATH re-polatization

experiments for N and ""C hyperpolarization studies.

[0022] FIGS. 14A-14D: 'H NMR spectra of SABRE-hyperpolarized ~100 mM pyridine
solutions in methanol-dy. All NMR spectra were recorded using Bruker Avance 111 9.4 T NMR
spectrometer. FIG. 14A: Thermally polarized spectrum provided for signal referencing. FIG.
14B: NMR spectrum of SABRE-hyperpolarized solution {(at ~6 mT) after cessation of para-H,
bubbling (FIG. 12A). FIG. 14C: NMR spectrum of SABRE-hyperpolarnized {at ~6 mT) solution

after frequency-selective RF wrradiation leading to selective destruction of Ha hyperpolanization;
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FI(z. 14D the corresponding NMR spectrum after the sample prepared in ¢} was re-
hyperpolarized at ~6 mT without para-H, bubbling (FIG. 12B). The overall signal intensity of
the spectrum shown in FIG. 14D decreased compared to that in spectrum FIG. 14C due to
relaxation processes leading to polarization decay during the additional ~6 s required for sample
shuttling. The total shuttling time (after cessation of para-H, bubbling) for spectrum d 15 > 10 5,
1.e. more than 3* 7T} of hydrides, and significantly shorter than 7 of aromatic protons {1941 s),
and therefore, it was concluded that the residual polarization of hydrides cannot serve as a source
of re-polarization in spectrum in spectrum d.

{6023} FIG. 15 shows a schematic of the SABRE-SHEATH hyperpolarnization process of
metronidazole-"" Ny-C; using transfer of spin order from para-H; on an Ir-IMes hexacoordinate
complex. SABRE-SHEATH 15 accomplished via spm-spin couplings between para-H;-derived
hydride protons and nuclear spins of the equatorial exchangeable ligands. The axial ligands are
not exchangeable.

[0024]  FIGS. 16A-16G show NMR spectra of metronidazole-""N,-""C,, hyperpolarized using
SABRE-SHEATH setup (FIG. 13A). FIG. 16A: HP °N NMR spectrum, FIG. 16B: "N spectrum
from a thermally polarized reference sample, FIG. 16C: HP PC NMR spectrum, FIG. 16D °C
spectrum from a thermally polarized reference sample, FIG. 16E: HP 'H NMR spectrum
{polarization at ~6 mT), FIG. 16F: 'H spectrum from a thermally-polarized sample, FIG. 16G:
HP "H NMR spectrum {polarization at <1 pT), All spectra were recorded using Bruker Avance
i1 9.4 T NMR spectrometer.

[0025]  FIG. 17 shows the relevant spin-spin coupling schemes for three "N sites at natural
abundance of "N and *C (FIGS. 17A, 17B, and 17C) and the network for labeled
metronidazole-"Na-"C; (FIG. 17D3). Only two-bond heteronuclear couplings are shown in FIG.
17D, FIGS. 17E and 17F: SABRE relevant spin-spin couplings for direct polarization transfer.
[6026] FIG. 18 shows "N NMR spectra of HP metronidazole-'"Na-"Cs. FIG. 18A: after
SABRE-SHEATH hyperpolarization at uT field, cessation of para-H, bubbling, and HP sample
transfer to the 9.4 T NMR spectrometer followed by frequency-selective polanzation destruction
of °Ns site. FIG. 18B: the spectrum obtained via the procedure described in FIG. 18A followed
by magnetic field cyching (MFC} to the Earth’s magnetic field and then back to the 9.4 TNMR
spectrometer; FIG. 18C: after SABRE hyperpolarization at the Earth’s magunetic field, cessation

of para-H, bubbling, and HP sample transfer to the 9.4 T NMR spectrometer; FIG. 18D: the

-6-
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spectrum obtained by the procedure described in FIG. 18A followed by 180° phase inversion of
the "N polarization; and FIG. 18E: the spectrum attained by the procedure described in FIG.
18D, followed by magnetic field cycling {MFC) to the Earth’s magnetic field and then returned
to the 9.4 T NMR spectrometer. See FIG. 13B for details. All NMR spectra are acquired using
90° excitation RF pulse afier the respective manipulations.

[0027]  FIG. 19 shows N NMR spectra of HP metronidazole-"N,-"C,. FIG. 19A: after
SABRE-SHEATH hyperpolarzation at uT magnetic field, cessation of para-H; bubbling, and
HP sample transfer into 9.4 T NMR spectrometer followed by frequency-selective polarization
destruction of "N site; FIG. 19B: the sample produced by the procedure described in FIG. 19A
followed by the magnetic field cycling (MFC) to the Earth’s magnetic field (ca. 50 uT) and then
back in the 9.4 T NMR spectrometer; FIG. 19C: the sample produced by the procedure described
in FIG. 19A followed by 180° phase inversion of N polarization; FIG. 19D: the sample
produced by the procedure described in FIG. 19C followed by the magnetic field cycling (MFC)
to the Farth’s magnetic field {(ca. 50 pT} and then back in the 9.4 T NMR spectrometer. All
NMR spectra are acquired using 90° excitation RF pulse after the respective manipulations.
[6028]  FIG. 20 shows "C NMR spectra of HP metronidazole-""Nyp-"Cy. FIG. 20A: spectrum
obtained After SABRE-SHEATH hyperpolarization at uT magnetic field, followed by cessation
of para-H, bubbling, and sample transfer to the 9.4 T NMR spectrometer, followed by 'H and
B¢ polarization destruction {via applying a series of 90° R¥ pulses to B¢ spins and 'H
decoupling to 'H spins); FIG. 20B: the spectrum obtained by the procedure described in FIG.
42 A but followed by magnetic field cycling (MFC) to the pT regime (1.e. within a magnetic
shield) and then after the sample was returned to the 9.4 T NMR spectrometer. FI1G. 20C: the
spectrum obtained by the procedure described in FIG. 20A but followed by magnetic field
cycling (MFC} to the Farth’s magnetic field prior to return to the 9.4 T NMR spectrometer. All
NMR spectra shown were acquired using a 90° excitation RF pulse after the respective
manipulations described herein.

[6029]  FIG. 21 shows 'H NMR spectra of SABRE-hyperpolarized ~100 mM pyridine
solutions 1in methanol-dy. FIG. 21 A: NMR spectrum of SABRE-hyperpolarized solution after
cessation of para-H, bubbling. FIG. 21B: Thermally polarized spectrum provided for signal
referencing. FIG. 21C: NMR spectrum of SABRE-hyperpolarized (at ~6 mT) solution after

frequency-selective RF irradiation leading to selective destruction of He hyperpolarization; FIG.

-
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21D: the corresponding NMR spectrum after the sample prepared in FIG. 21C was re-
hyperpolarized at ~6 mT without para-H, bubbling. FIG. 21E: NMR spectrum of SABRE-
hyperpolarized (at ~6 mT)} solution after frequency-selective RF irradiation leading to selective
destruction of Hb hyperpolarization. FIG. 21F: the corresponding NMR spectrum after the
sample was re-hyperpolarized at ~6 mT without para-H, bubbling.

[6036]  FIG. 22 shows "N NMR spectra of HP metronidazole-"N,-""Cy: FIG. 22A: after
SABRE-SHEATH hyperpolarization at uT field, cessation of para-H, bubbling, and the HP
sample transfer in 9.4 T NMR spectrometer followed by frequency-selective polarization
destruction of "°Nj site; FIG. 228 the sample produced by the procedure described in {(a)
followed by the magnetic field cycling (MFC) to the fringe field of ~6 mT and then back in the
9.4 T NMR spectrometer; FIG. 22C: the sample produced by the procedure described in FIG.
44 A followed by the magnetic field cycling (MFC) to the Earth’s magnetic field and then back in
the 9.4 T NMR spectrometer; FIG. 22D after SABRE hyperpolarization at the Farth’s magnetic
field, cessation of para-H; bubbling, and the HP sample transfer in 9.4 T NMR spectrometer;
FIG. 22E: the sample produced by the procedure described in FIG. 22A followed by the
magnetic field cycling (MFC) to uT field and then back in the 9.4 T NMR spectrometer; FIG.
22F: the sample produced by the procedure described in FIG. 22A followed by 180° phase
inversion of "N polarization; FIG. 22G: the sample produced by the procedure described in FIG.
22F followed by the magnetic field cycling (MFC) to the Earth’s magnetic field and then back in
the 9.4 T NMR spectrometer. All NMR spectra are acquired using 90° excitation RF pulse after
the manipulation described herein.

[6031]  FIG. 23 shows 'C spectra of naturally abundant (FIG. 23A and 23B) and "C labelled
(FIG. 23C and 23D} substrates used in experiments. FIG. 23A and 23C show results for the
symmetrically substituted 1,2-2 pynidyl acetylene. FIG. 23B and 23D are from the
asymmetrically substituted 1-phenyl-2-(4-pyridyi) acetylene. For the naturally abundant
substrates the bridge carbons on the pyridyl rings (3, 4 in FIG. 23A, 3 in FIG. 23B) show
significant enhancement, while the one on the benzene ring (4 in FIG. 23B) 15 only shghtly
hyperpolarized. The °C-"°C coupling, Joc. read from the line-splitting in panel D is 185 Hz.
[0032] FIG. 24 shows two possible polarization transfer catalysts (PTC’s). Top: 3D models
obtained after energy minimization in the all electron code FHIE-aums. Bottom: Structural

formulas of the PTCs for clarity. FIG. 24A shows the substrate 1s bound to all Ir binding sites via

8-
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nitrogen. FI{. 248 shows one of the molecules’ triple bond binds to the indium catalyst, which
has a higher energy than the structure in FIG. 24A. DFT calculations reveal that the energy
difference between the two proposed complexes is relatively small (0.09 eV},

{6033} FIG. 25 shows field dependent hyperpolarization for the two substrates. FIG. 25A
shows (1) a hyperpolarized magnetization spectrum hyperpolarized at 0.17 uT (and acquired at
845 T) for the symmetric substrate and (2} its field dependence in the pT range. FI(z. 25B shows
the experimental and simulated resulis of creating magnetization and singlet order for the
asymumnetric substrate, as function of magnetic field; (1) Magnetization spectrum hyperpolarized
at 0.28 uT. (2) Expernimental and (3} simulated field dependence for magnetization. (4) Singlet
spectrum hyperpolarized at 6.2 uT. (5) Experimental and (6) simulated field dependence for
singlet order. In FIG. 258 panels (3} and (6}, the highlighted points are the local maxima for
polarization transfer labeled by analytically derived resonance conditions from careful inspection
of the nuclear-spin Hamiltoman.

{0034] FIG. 26 shows 7 and 75 measurements of 1-phenyl-2-(4-pyridyl} acetylene. For all
measurements, the sample was first hyperpolarized in the shield using 0.4 uT {polarize
magnetization) / 6 uT {polarize singlet order} then positioned at 0.3 mT or S0 mT. After varying
delay times the sample was transferred to the magnet quickly to measure the remaining signal.
The data points were sampled randomly to eliminate the effect of the slow triple bond
hydrogenation, and the hifetime constants were obtained using single exponential fit.

[0035] TIGS. 27A and 278 show hydrogenation of the acetylenic triple bond (FIG. 27A) and
spectrum of Be hyperpolarization in the shield at 62 mG (FIG. 27B). On the right part of the
spectrum around 90 ppm, is the SABRE hyperpolarized singlet of the original substrate.
However, a fraction of the substrate (~10%) 1s hydrogenated and generates the polarization
mduced by para-H, addition. Here the ALTADENA effect 1s observed at the chemical shift of
B¢ around 130 ppm.

[0036] FIG. 28A shows thermal 'H spectrum of the asymmetric molecule and its peak
assignment, note that protons on position 2 and 3 overlap. {Position 3 protons have shightly
higher chemical shift than protons in position 2). FIG. 28B shows hyperpolarized (SABRE) 'H
spectrum. para-H; 1s bubbled through the sample at 6.5 mT, a ~57 fold enhancement of positions
1 and 2 protons is obtained. However, positions 3, 4 and 5 are not enhanced. FIG. 28C shows

spectrum acquired using 45° pulse immediately after stopping bubbling inside the magnet. The

9.
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hydrides are observed and there are two major resonances with chemical shift difference around
0.2 ppm, as well as clear indications of minor species.

{0037} FIG. 29A shows thermal spectrum of the asymmetric molecule with concentration of
160 mM after one scan. FIG. 29B shows hyperpolarized " C spectrum. para-H, is bubbled
through the sample at 0.28 uT, achieving ~37 fold enhancement of the doubly labeled acetylenic
carbons. FIG. 29C shows the "C-C J-coupling, Jec, and the nearby PC-"H J-coupling, could
be determined using the hyperpolarized spectrum. The critical parameter for the polarization
transfer, Joo, 18 185 Hz; and Jeg s around 5 Hz. By ab-initio calculations Jo¢ values were found
that are very close to this experimental value for the free species and for the N-bound substrate.
Whereas, in the substrate bound via C=C triple bond the J-coupling 1s reduced to ~120 Hz
because of the reduction i triple-bond character upon binding. This would result 1n a strong
shift in the magnetic field at which SABRE hyperpolarization occurs, which however was not
observed, suggesting that the N-binding species in solution are primarily responsible for the
observed SABRE-SHEATH effect.

[6038]  FIG. 30 shows the four-spin systern of two 'H and two "C spins, the iridium metal

atom mn the nuddle is omitted. Oun the left 15 the rearranging terms tor AJ AT, LT, and

near ?

%/, Approximation of the J-coupling values {from both calculation and experimental results)

are also shown

{0639 FIGS. 31A and 31B show a simulation of the polarization transfer of magnetization
(FIG. 31A) and singlet (FIG. 32B), with the magnetic field ranging from -12 t0 12 uT.
Highlighted points are all the resonance conditions where the polarnization transfer 1s maximized.
[8040] FIGS. 32A and 32B show Matlab simulation using the Spinach package, for the
mdirect polarization transfer (FIG. 32A, where there are 8 spins in the system) and the direct
polarization transfer (FIG. 328, where there are 4 spins in the system). Simulation shows similar
pattern of the magnetization and singlet for indirect or direct polanzation transfer. On the other
hand, the magnetic field position at which the singlet peak appears 1s closely related with the Jeo
coupling: the stronger this couphing 1s, the further away the singlet peak will appear.

{0641} FIG. 33 shows DFT calculation of the activation process and equilibria and energies of
mterest. During activation, the COD (cyclooctadiene) will disassociate from the indium corg,

then H; and the substrate will bind with the iridium, either with three N or the ’C triple bond.
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DETATLED DESCRIPTION

{0042]  The present disclosure relates to methods of directly transferring para-H, polarization
to heteronuclei without the need of 1f irradiation or pulses. This hyperpolarization strategy may
be referred to as SABRE-SHEATH (SABRE in SHield Enables Alignment Transfer to
Heteronuclet). Various aspects of the SABRE-SHEATH methods are described in U.S. Patent
Apphication Ser. No. 14/925,507 to Warren et al. ("METHOD FOR CREATING
HYPERPOLARIZATION AT MICROTESLA MAGNETIC FIELDS” filed October 28, 2013,
Attorney Docket No. 093386-9100-US01), which is herein mncorporated by reference in its
entirety.

[0043] In some aspects, the present disclosure provides improvements over existing methods
of hyperpolarization of heteronuclei. For example, the disclosed methods demonstrate that the
absence of quadrupolar nuclei ray facilitate efficient °C hyperpolarization via reversible
exchange with parahydrogen, and that spin relays may enable etficient long-range heteronuclear
signal amplification by reversible exchange.

{6044] The advantages of the disclosed method promote the broad applicability of SABRE-
SHEATH in biophysical and biomedical imaging experiments, aliowing this technique to be

useful, for example, 1 mimmally mvasive biomedical applications.

1. Definitions

[80435]  Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art. In case of conflict, the
present document, including definitions, will control. Preferred methods and matenals are
described below, although methods and matenials similar or equivalent to those described herein
can be used in practice or testing of the present invention. All publications, patent applications,
patents and other references mentioned herein are incorporated by reference in thetr entirety. The
materials, methods, and examples disclosed herein are tlustrative only and not intended to be
limiting.

9 &

0046]  The terms “comprise(s),” “include(s),” “having,” “has,” “can,” “contain{s},” and
R b > 59
variants thereof, as used herein, are intended to be open-ended transitional phrases, terms, or

words that do not preclude the possibility of additional acts or structures. The singular forms “a,”
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“an” and “the” include plural references uniess the context clearly dictates otherwise. The

2% 46

present disclosure also contemplates other embodiments “comprising,” “consisting of” and
“consisting essentially of,” the embodiments or elements presented herein, whether explicitly set
forth or not.

{0047}  The conjunctive term “or” includes any and all combinations of one or more listed
elements associated by the conjunctive term. For example, the phrase “an apparatus comprising
A or B” may refer to an apparatus including A where B is not present, an apparatus including B
where A 1s not present, or an apparatus where both A and B are present. The phrases “at least
oneof A, B, ... and N” or “atleast one of A, B, ... N, or combinations thereot” are defined in
the broadest sense to mean one or more elements selected from the group comprising A, B, . ..
and N, that is to say, any combination of one or more of the elements A, B, . . . or N including
any one element alone or in combination with one or more of the other elements which may also
mechude, in combination, additional elements not listed.

{0048] Recitation of ranges of values herein are merely intended to serve as a shorthand
method of referring individually to each separate value falling within the range, unless otherwise
indicated herein, and each separate value i1s incorporated mto the specification as if it were
mdividually recited herein. For example, if a concentration range 1s stated as 1% to 50%, it 1s
mtended that values such as 2% to 40%, 10% to 30%, or 1% to 3%, etc., are expressly
enumerated m this specification. These are only examples of what 1s specifically intended, and
all possible combmations of numerical values between and mcluding the lowest value and the
highest value enumerated are to be considered to be expressly stated in this application.

{0049]  The modifier “about” used in connection with a quantity s inclusive of the stated
value and has the meaning dictated by the context (for example, it includes at least the degree of
error associated with the measurement of the particular quantity}. The modifier “about” should
also be considered as disclosing the range defined by the absolute values of the two endpoints.
For example, the expression “from about 2 to about 47 also discloses the range “from 2 to 4.7
The term “about” may refer to plus or minus 10% of the indicated number. For example, “about
10%” may indicate a range of 9% to 11%, and “about 17 may mean from 0.9-1.1. Other
meanings of “about” may be apparent from the context, such as rounding off, so, for example

“about 17 may also mean from 0.5 to 1.4,
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{0058} The term “heterogeneous catalyst,” as used herein, means a catalyst thatis ina
separate phase from the reactants. For example, the heterogeneous catalyst used in the methods
described herein may be a heterogeneous catalyst in U 8. Patent Appl. No. 14/801,541, the
contents of which are incorporated herein in their entirety. The heterogeneous transition metal
catalyst described herein may also be in U.S. Patent Appl. No. 14/801,541.

{0051}  The term “homogeneous catalyst,” as used herein, means a catalyst that is in the same
phase as the reactants. For example, the homogeneous catalyst used in the methods described
herein may be a homogeneous catalyst in U.S. Patent Appl. No. 14/801,554, the contents of
which are incorporated herein in their entirety. The homogeneous transition metal catalyst
described herein may also be in U S, Patent Appl No. 14/801,554.

[0052]  The term “isotopically enriched,” as used herein with reference to any particular
isotope of any particular atorm of a compound, means that in a composition comprising a
plurality of molecules of the compound, the amount {e.g., fraction, ration or percentage) of the
plurality of molecules having the particular 1sotope at the particular atom 1s substantially greater
than the natural abundance of the particular 1sotope, due to synthetic enrichment of the particular
atom with the particular 1sotope. For example, a composition comprising a compound with an
isotopically enriched "N atom at a particular location includes a plurality of molecules of the
compound where, as a result of synthetic enrichment, the percentage of the plurality of molecules
having '°N at that location is greater than about 1% (the natural abundance of N is substantially
fess than 196), and 1n many cases 1s substantially greater than about 1%. Smmilarly, a composttion
comprising a compound with an 1sotopically enriched desterium (D} atom at one or more
particular locations includes a plurality of molecules of the compound, where as a result of
syathetic enrichment, the percentage of the plurality of molecules having D at each of the one or
more particular locations is greater than about 1% (the natural abundance of D 1s substantiaily
less than 1%}, and in many cases is substantially greater than about 1%. In some cases, a
compostiion comprising a compound with an isotopically enriched atom at a particular location
may include a plurality of molecules of the compound, where the amount of the plorality of
molecules having the isotope at the location may be at least about two-or-more-fold greater than
the natural abundance of the isotope, inchuding but not limited to at least about two-fold, at least
about three-fold, at least about four-fold, at least about five-fold, at least about 10-fold, at least

about 20-fold, at least about 30-fold, at least about 40-fold, at least about 50-told, at least about
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60-told, at least about 70-fold, at least about 80-fold, at least about 90-fold, at least about 100-
fold, and at least about 200-fold, among others. In some cases, a composiion comprising a
compound with an 1sotopically enriched atom at a particular location also may include a plurality
of molecules of the compound where, as a result of synthetic enrichment, at least about 1%, at
least about 5%, at least about 10%, at least about 15%, at leasi about 20%, at least about 25%, at
least about 30%, at least about 35%, at least about 40%, at least about 45%, at least about 50%,
at least about 55%, at least about 60%, at least about 63%;, at least about 70%, at least about
75%, at least about 80%, at least about 85%%6, at least about 90%, or at least about 95%, of the
plurality of molecules have the isotope at the location.

{6053]  The term “natural abundance,” as used herein with reference to any particular 1sotope
of an element, refers to the abundance of the 1sotope as naturally found on the planet Earth. For
example, the natural abundance of "N on the planet Earth is generally regarded to be about
0.37% (1.e, substantially less than about 1%), while the natural abundance of deuterium (D) on

the planet Earth is generally regarded to be about 0.0153% (1.e., substantially less than about 1%s).

2. Methods of Hyperpolarizing Heteronuclei
[8034]  In some aspects, the present disclosure provides methods of hyperpolarizing
heteronuclel, comprising;

{a} combining a plurality of molecules of parahydrogen, a plurality of molecules of a
catalyst, and a plurality of molecules of a compound, where the compound includes a
heteronucleus and another atom that exists naturally as either a quadrupolar or a non-quadrupolar
isotope, where the heteronucleus in at least 50% of the plurality of molecules of the compound is
a hyperpolanzable heteronucleus, and where the plarality of molecules of the compound have
been modified so as to 1sotopically enrich the other atom with the non-quadrupolar isotope, and
where the parahydrogen, the compound and the catalyst associate to form a complex; and

(b} applying a magnetic field with a strength of less than 50 uT to the complex,
thereby transferring the spin order from the parahydrogen to the hyperpolarizable heteronucleus
associated with the complex.
{0055]  In general, the present methods may be used to hyperpolarize the heteronucle: of a
plurality of molecules of a compound, in order to enhance the NMR measurements of such

heteronucler in the compound. The compound may include a heteronucleus and another atom.
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Typically in the present method, the parahydrogen, the compound, and the catalyst are mixed,
such that they associate to form a complex. In some embodiments, as a result of the forming a
complex, the parahydrogen, the heteronucleus, and the other atom are in the same
hyperpolarization/coupling network within the complex.

{0086] In some embodiments, the compound 1s a contrast agent for an i vive imaging
technique. Example of suttable contrast agents may include, but are not limited to,
metronidazole, other nitroimidazole-based antibiotics and synthetic derivatives, imidazole as a
pH sensor, nicotinamide, DNA bases, synthetic DNA bases and their derivatives, polypeptides
and proteins.

[6057]  Suitable hyperpolarizable heteronuclei may include, but are not limited to PC, "N, ¥F
St e, e, L1 MY, 107Ag? and ngg. In some embodiments, the hyperpolarizable
heteronucleus is "C. In some ernbodiments, the hyperpolarizable heteronucleus is ’F. In some
ernbodiments, the hyperpolarizable heteronucleus is BN, s, e, e, LA, MY, mAg or mgAg,
[0058]  In some embodiments, the heteronucleus in at least 50% of the plurality of molecules
of the compound 1s a hyperpolarizable heteronucleus. For example, in some embodiments, the
heteronucleus 1 at least 55%, at least 60%, at teast 63%, at least 70%, at least 75%, at least 80%,
at Jeast B5%, at least 90%, at least 95%, at least 97%, at least 98%, or even at least 99% of the
plurality of molecules of the compound 15 a hyperpolarizable heteronucleus.

{8639]  The other atom may exist naturally as either a quadrupolar or a non-quadrupolar
isotope. In some embodiments, the methods of the present disclosure may mnclude modifying the
plurality of molecules of the compound s0 as to 1sotopically enrich the other atom with the non-
quadrupolar isotope. In some embodiments, the non-quadrupolar isotope of the other atom has a
nuclear spin of G or V2. In some embodiments, the other atom 1s a nitrogen atom, and the
plurality of molecules of the compound have been modified so as to isotopically enrich the
nitrogen atom with °N.

{0068} In some embodiments, the other atom is a hydrogen atom, and the plurality of
molecules of the compound have been modified so as to isotopically enrich the hydrogen atom
with 'H.

{0061]  In some embodiments, the spin order is transferred during a temporary association of
parahydrogen, the compound, and the catalyst while maintaining the chemical identity of the

compound.



WO 2018/209334 PCT/US2018/032485

{0062] In some embodiments, the magnetic field is determined by matching the resonance
frequency of parahydrogen with the resonance frequency of at least one hyperpolarizable nucleus
of the compound.

{0063] In some embodiments, the magnetic field has a strength of from about 0.1 to about 20
1T, including but not imited to a range from about 0.1 to about 15 u'T, from about 0.1 to about
10 u'T, from about 0.1 to about 5 uT, from about 0.1 to about 2 uT, from about 0.1 to about 1 u'T,
or from about 0.1 to about 0.5 pT. In some embodiments, the magnetic field has a strength of
less than 20 u'T. In some embodiments, the magnetic field has a strength of about 0.1 to about 1
ut

{0064]  The catalyst used in the present method may be a heterogeneous or a homogeneous
catalyst. In some embodiments, the catalyst is a heterogeneous catalyst. Tn some embodiments,
the catalyst 1s a homogeneous catalyvst. In some embodiments, the catalyst comprises a transition
metal. For example, in some embodiments, the catalyst comprises a transition metal, and the
transition metal in the complex coordinates with the other atom. In particular embodiments, the
transition metal 1s rdium.

{0065]  The catalyst may be activated prior to forming the complex. For example, the pre-
activation catalyst may be selected from the group consisting of [IrCH{COD}IMes}],
HrCHIDEGYCOD), [PCHCODDA - IMes], [IrCI{CODHSIMes)], among others.

{8666]  The catalyst may be homogeneous or heterogeneous, wherein the catalyst
accommodates the simultaneous exchange of para-H, and heteronuclear spin center(s), and
wherein the condition of spin-spin {weak or strong ./} coupling between para-H; derived protons
and heteronuclear spin center(s) is maintained.

{0667]  The heteronucleus may be a first heteronucleus and the compound further may include
a second heteronucleus, where the second heteronucleus in at least 50% of the plurality of
molecules of the compound is a hyperpolarizable heteronucleus, wherein when the first and
second heteronucler are both hyperpolarizable, the first and second heteronuclet are a J-coupled
pair; wherein upon applying the magnetic field with a strength of less than 530 uT to the complex,
the spin order from the parahydrogen is transferred to the J-coupled pair, thereby inducing a

hyperpolarized long-lived spin state.

3. Examples
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{0068]  Various experimental procedures for SABRE studies and measurements may be
carried out as described in U.S. Patent Application Ser. No. 14/925,507 {incorporated herein by
reference in its entirety), mncluding: SABRE catalyst and sample preparation, experimental
SABRE setup (for example, at 9.4 T), calculations of NMR polarization enhancements (for

example, at 9.4 T}, and SABRE-SHEATH neat liqund experiments.

Example 1. The Absence of Quadrupolar Nuclei Facilitates Efficient " C Hyperpolarization via
Reversible Exchange with Parahydrogen

j8069]  Nuclear spin hyperpolarization techniques are revolutionizing the field of PC
molecular MRI. While dissolution Dynamic Nuclear Polarization (d-DNP) is currently the
leading technique, it is generally slow (requiring ~1h) and costly (~$USD10%). As a consequence
of carbon’s central place in biochemistry, tremendous progress using ~C d-DNP bioimaging has
been demonstrated to date including a number of clinucal trials. Despite numerous attempts to
develop alternatives to 4-DNP, the competing methods have faced significant translational
challenges. Efficient hyperpolarization of "N, *'P, and other heteronuclei using Signal
Amplhification By Reversible Exchange (SABRE) has been reported in 2015, but extension of
this technique to C has proven to be challenging. Tn some embodiments, disclosed herein is
efficient hyperpolarization of B¢ nucled using micro-Tesla SABRE. Up to ca. 6,700-fold
enhancement of nuclear spin polanzation at 8.45 T 13 achieved in seconds, corresponding to Pisc
~ 4 4% using 50% parabydrogen (P30 >14% would be feasible using more potent ~100%
parahydrogen). Importantly, the C polarization achieved via SABRE strongly depends not only
upon spin-lattice relaxation, but also upon the presence of "N (/=1/2) versus quadrupolar N
{{=1) spins in the site binding the hexacoordinate Ir atom of the catalytic complex. It i1s shown
that different °C nuclei in the test molecular frameworks—pyridine & acetonitrile—can be
hyperpolarized, including C sites up to 5 chemical bonds away from the exchangeable
hydrides. The presented approach s highly scalable, and can be applied to a rapidly growing
number of biomolecules amendable to micro-Tesla SABRE.

{0078} Hyperpolarization techniques temporarily increase nuclear spin polarization (typicaily
~107°-10°° at equilibrium Boltzmann distribution even when using high-field magnets) up to the
order of unity. This dramatic enhancement of nuclear spin polarization and resulting magnetic

resonance signals opens new horizons for NMR spectroscopy and MRI imaging. Importantly,
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hyperpolarization technologies have enabled a wide range of new biomedical applications, which
are now key drivers of hyperpolarization technique developments. Most importantly, in vive
molecufar imaging of C metabolites at millimolar concentrations is now possible. Carbon has
an undisputable central role in biochemistry, and " C-based hyperpolarized (HP) contrast agents
have been successfully emploved for metabolic imaging during health and disease—including
detection of abnormal metabolism of cancer and monitoring treatment response. This field has
rapidly progressed from proof-of-principle studies to the first chinical trials.

{0071}  Duissolution Dynamic Nuclear Polarization (d-DNP) is currently the leading
hyperpolarization technique for production of a wide range of HP °C contrast agenis. However,
this technique has several shortcomings for widespread biomedical use. In particular, the
chinical-scale device 1s costly, and has sophisticated siting requirements. Moreover, d-DNP
hyperpolarization takes ~ 1 h, although recent progress enables acceleration of the process.
[0072]  Several alternative techniques for °C hyperpolarization have been developed that
address the shortcomings of d-DNP. So far, only parahydrogen-induced polarization (PHIP) has
demonstrated the ability to produce HP C contrast agents for in vive use, but PHIP is restricted
to a handful of molecular frameworks {requiring sophisticated spin labeling strategies, e.g.
deuteration, in addition to C enrichment) of unsaturated precursors for parahydrogen addition.
{0673] A PHIP variant that lifts these restrictions 18 Signal Amplification by Reversible
Exchange (SABRE). SABRE was furst introduced by Duckett and Green in 2009, It relies on the
reversible exchange of parahydrogen {p-Hy) and the to-be-hyperpolarized substrate on a metal
complex. Generally, following hyperpolarization of p-Hy-nascent proton spins, polarization
transfer can be employed to heteronuclear low-gamma (e.g. "C and "N} sites using radioc-
frequency (RF) pulse sequences. Storing polarization on heteronuclear sites carries advantages of
significantly longer lifetime with relaxation decay time constants of up to 20 minutes. However,
coherent polarization transfer without RF pulses, 7.e. using the matching static magnetic field,
has proven to be significantly more efficient, and significantly less instrumentationally
demanding. Indeed, the original 'H SABRE demonstration has led to achieving Py in excess of
10% at matching fields on the order of a few milliTesla. The matching static magnetic field for
heteronuclei {(e.g. "N and *'P) that yields maximal SABRE enhancement is in the micro-Tesla
range. This approach (termed SABRE in SHield Enables Alignment Transfer to Heteronuclei or

SABRE-SHEATH) is very efficient; it has already achieved Pjsy in excess of 20% withina
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minute, and has been expanded to pH and hypoxia sensors, among others. "N SABRE-SHEATH
employs long-range "H-""N spin-spin couplings between p-Ha-derived hydride protons and the
>N spins of the target substrate, enabling coherent transfer of spin order in micro-Tesla magnetic
fields. While “"N-based HP contrast agents will likely find their use in biomedical applications,
efficient and direct “C SABRE hyperpolarization has not been demonstrated to date despite
multiple efforts and significant interest.

[0074]  In some embodiments, disclosed herein is efficient *C hyperpolarization of pyridine
{Pv) using the SABRE-SHEATH approach (FIG. 1), where polarization coherently transfers
from nascent p-H, protons to °C nuclei at matching micro-Tesla magnetic fields. Py was chosen
for the present work given that it is the most studied mode! compound for SABRE. “C SABRE-
SHEATH experiments were performed using the most efficient SABRE catalyst Ir-IMes (using
the established Ir catalyst precursor [I'C{CODY(IMes)]; IMes = 1,3-bis(2.4,6-trimethylphenyl)-
iidazol-2-ylidene; COD = cyclooctadiene), and the corresponding active hexacoordinate
complex is shown in FIG. 1A. PN-labeled pyridine (Py-""N) was employed, providing a
convenient means of studying hyperpolarization of three °C sites at the natural abundance level
of BC (FIG. 1B). FIG. 1C shows the chemical structures of the most probable complexes
relevant for coherent SABRE-SHEATH polanzation transfer in the three-spin system described
by us previously in the context of "N SABRE-SHEATH. This approach allowed us to probe “'C
SABRE-SHEATH polarization transter via 3-, 4-, and 5-bond spin-spin couplings Jig.1s¢,
respectively.

[8075]  Indeed, proton-decoupled C spectra (FIG. 2A) of HP Py-""N exhibit 1°C signal
enhancements up to ~1,900 fold at 9.4 T, corresponding to Pia¢ ~ 1.5%. Qualitatively, the °C

signal enhancement was the most efficient for the ortho-position, followed by the meta- and

respectively. This trend is in qualitative agreement with previous "N SABRE-SHEATH studies,
which have shown that the polarization efficiency was better when spin order was transferred via
two-bond heteronuclear spin-spin coupling compared to that for four- and five- bond
heteronuclear spin-spin couplings. We note that the "C enhancement (reflecting the efficiency of
B¢ SABRE-SHEATH) was maximized with respect to the flow rate of p-H, at ~7 atm p-H,
pressure (FIG. 2B), and optimized with respect to temperature and micro-Tesla magnetic field of

SABRE-SHEATH polarization transfer, FIG. 2F and 2G, respectively. While these feasibility
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results are promising, the achieved P3¢ value 1s roughly 3-fold lower than the corresponding
P15y value obtamed via PN SABRE-SHEATH under similar conditions. This difference can be
explained in part by very short HP *C 77’s at both the Earth’s field and high (9.4 T) magnetic
field of 5-8 s (FIG. 2D and 2E), values that are approximately 3-3-fold lower than those of °N
sites at similar conditions. Consequently, the Py5¢ losses during the ~6-second-long sample
transfer {from the SABRE-SHEATH shield into the detection cotl of the 9.4 T NMR magnet) are
significant compared to the relatively small sy relaxation losses during sample transfer. If these
losses were mitigated by hyperpolarization of longer-lived °C sites, the observable P3¢ would
likely be increased by several folds. We emphasize that the "’C 7}’s in the studied system are
likely Hmited due (i) to the strong {ca. 160-180 Hz) Jin.13c couplings (Table 1) and (i) dipolar
interactions with directly bound protons (and potentially large °C CSA at high magnetic field),
rather than being limited by the interactions with the catalyst, as in the case of "N,

[0076]  Finally, and most iraportantly, it was found that the efficiency of C SABRE-
SHEATH hyperpolarization is heavily modulated by the presence of "N versus "N nuclei at the
nitrogen sites. FIG. 3 clearly demonstrates that the presence of a quadrupolar nucleus "N (with
=1, as opposed to the spin /=" "N nucleus) leads to significantly reduced efficiency of °C
SABRE-SHEATH. We note that the simple tuning of the micro-Tesla field could not improve
the lost efficiency of SABRE-SHEATH hyperpolarization when "N is present (FIG. 3).
Moreover, the intensity of the HP PC NMR signal in ortho- positions is reduced the most. Since
the ortho- position is the nearest to the N atorn, we conclude that the quadrupolar N relaxation
effectively acts as an efficient hyperpolarization sink in case of molecules containing "N nuclet.
We point out that this efficient quadrupolar relaxation, i.¢., scalar relaxation of the second kind,
is likely limited to the micro-Tesla hyperpolarization regime, because the corresponding efforts
to perform “C SABRE in the milli-Tesla regime using Py-"N and Py-'*N (natural abundance
material} do not exhibit a disproportionate Piz¢ drop for ortho- carbon position compared to the
that of para- and mefa-carbon positions. However, "C SABRE hyperpolarization in milli-Tesla

range is less efficient than SABRE-SHEATH in the micro-Tesla regime, and the produced HP
applications. These conclusions are further substantiated by the additional series of experiments
performed using acetonitrile-1-""C,"*N and acetonitrile-1-"°C,""N as SABRE substrates {SI).

These experiments show the same trends: (1) significantly lower Py5¢c when “N-labeled substrate

~720-
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is employed (FIG. 4), and (ii) when ''C sites have fonger 71, P1s¢ can be significantly increased.
Specifically, FIG. 4 shows a spectrum of C hyperpolarized acetonitrile-1-"C, "N with Pae ~
4.8% using 50% p-H,. If near 100% p-H; 15 employed, the polarization yields could be
effectively tripled to Pysc ~ 14.4%.

[0077]  Although we have previously reported "C SABRE-SHEATH hyperpolarization, the
pioneering work vielded very low C signal enhancement (<100 at 9.4 T) and P3¢ (<0.1%)
compared to those reported here for the following reasons: (1) hyperpolarization at sub-optimal
uT field (FIG. 2G}, (1) non-optimized temperature, (1} the use of very high {and sub-optimal}
substrate and catalyst concentrations.

[0078]  To summarize, efficient "'C hyperpolatization using SABRE-SHEATH is described
herein, which relies on p-H; in chemical exchange as the source of spin order. Pysc values of up
to ~1.5% are produced n seconds, and significantly greater Py5¢ can be potentially obtained for
¢ sites with greater 7} values (typically the case for 1°C sites without directly attached protons).
The presence of spin-42 N nuclei (to eliminate ’C polarization losses due to efficient *N
quadrupolar relaxation of the second kind) 13 required for efficient B¢ hyperpolarization for Py.
Recent demonstrations of heterogeneous and aqueous SABRE hyperpolarization are highly
synergistic with the results reported here, as they potentially pave the way to ultra-fast
production of pure and aqueous HP PC contrast agents for biomedical use.

[0079]  Ir-TMes catalyst was synthesized as previously described. Pyridine-"N (Py-"N)
(Sigma-Aldrich-Isotec, 486183} was used as recetved to prepare a series of Py-"N solutions (or
Py-""N for control experiments) in CE;0D. An intial solution containing ~100 miM substrate
and ~5 mM catalyst precursor was used for magnetic field and temperature studies (FIGS. 2F
and 2G) as well as for a comparison of Py-""N with Py-"*N (FIG. 3). Otherwise, a diluted
solution containing 5 mM substrate and 0.25 mM catalyst was used. The details of the
experimental setup and catalyst activation protocols have been previously described 1n great
detail. P-H, with ~80% para- fraction was produced using a home-built p-H; generator, and ~7
atm p-H; pressure was employed for the C SABRE-SHEATH experiments. A 9.4 T Bruker
Avance [l NMR spectrometer was used for all NMR spectra acquisitions. The values for C
signal enhancement and P15 were calculated by comparison of HP signals of Py and a thermally
polarized NMRK signal reference from the solvent.

{0080G]  Experimental Procedures
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{6081]  Toan Eppendorf safe-lock tube, pyridine-"N {or pyridine_MN} (0.10 M final
concentration) and non-activated iridium catalyst ({IrCI{CODYIMes)], 0.005 M final
concentration} and methanol-ds were added. The tube with stock solution was flushed with
Argon and vortexed. In order to achieve lower tracer and catalyst concentration, a part of the
stock solution was transferred via Ranin XLS pipet to another Argon-flushed Eppendorf safe-
lock tube and methanol-d; was added. Two subsequent dilutions were performed, respectively
resulting in a solution with S times lower concentrations (20 mM substrate and 1 mM catalyst)
and 20 times lower concentrations {5 mM substrate and 0.25 mM catalyst) compared to those of
the initial solution.

{0082]  The stock solution was transferred via a Ramun XLS pipet into an Argon-filled
medium-walled NMR sample tube (5 mm medium wall precision, 3.43 mm ID, 9 1n. long,
Wilmad Glass, P/N 503-P5-9) equipped with the Teflon tube extension (0.25 in. OD, 3/16 .
ID), which was approximately 7 e long. The tube was attached to the previously described
setup through a Wye push-to-connect adapter. The SABRE sample was activated by bubbling
parahydrogen at 20 scem for ~30 mun, slowly building the pressure from 1 atm to ~7 atm of
parahydrogen (~50% para-fraction or ~80% para-fraction). The parahydrogen flow rate was
controlled by a mass flow controller {Sierra Instruments, Monterey, CA, model number C100L-
DD-OV1-SVI-PV2-V1-80-C0}.

{0083] The SABRE-SHEATH hyperpolarization procedure was conducted sumilarly to that
described earhier. The sample solution was bubbled with parahydrogen {(~50% or 80% para-
fraction} at 90 scem for ~30 g, at ~7 atm nside the magnetic shield. The Earth’s magnetic field
was attenuated using a three-lavered mu-metal shield (6 in. 1D & 15 1n. in length, part number
Z2(G-206, Magnetic Shield Corp., Bensenville, L), which was degaussed before use. The
magnetic field was created using a custom-built solenoid cotl and a power supply (GPRS series,
GW INSTEK). After stopping parahydrogen bubbling the sample was quickly transferred from
the shield to the Earth’s magnetic field followed by sample insertion in the bore of 9.4 T magnet
and acquisition of the proton-decoupled '"C NMR spectrum. Typical sample transfer time {from
cessation of p-H, gas to “C detection in 9.4 T magnet) was approximately 6 seconds. The '°C
NMR peaks’ integrals were normalized with respect to a “C NMR signal of the solvent CD;0D.

[0084] °C SABRE-SHEATH Enhancement factor calculation
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[6085] The "C SABRE-SHEATH signal enhancement for the data in FIG. 2A was calculated
by comparing the integral signal intensities of the corresponding "C NMR peaks of the spectra
of the hyperpolarized sample with the thermally polarized “C NMR peak of the solvent
(CD-OD). The C SABRE-SHEATH enhancement was calculated by comparing the integrated
signal intensity of the hyperpolarized NMR peak of the *C site in the ortho-position obtained
from the hyperpolarized sample in a 5-mm medium-walled NMR tube at 5 mM concentration of
pyridine-""N, and referencing it to the “C NMR signal from a thermally polarized solvent,
CD:0D (~24.6 M). The following formula was used for calculation of °C signal enhancements:

& = (Sup/Srer) x ([REF)/[HP])

where Syp 18 the absolute mtegral calculated for the hyperpolarized signal, Sgep is the
corresponding integrated signal from the reference compound, and [REF] and [HP] are
respectively the concentrations of the reference (~24.6 M} and hyperpolarized {0.005 M} samples
{taking into account the "C natural abundance factor). For the data presented in FIG. 2B, the "'C
signal enhancement was calculated as follows (where 2 is the number of equivalent carbons for

ortho- position of pyridine):

&= (0.77Y(1) x (24.62/{2x0.005) ~ 1,900.

[6086] The "C polarization percentage (%P) was calculated as follows (where %P jema =

-4 . vy . 3~ . .
8. 1x10™% is the equilibrium thermal C polarization at room temperature and 9.4 TP;
UL = EX P ormar = 1,900x8. 1x107%=1.5%
o B . ( . o Vg Unr no g
{0687} C spin-lattice relaxation exponential decay constant of ""N- and ""N-Py forms

PR A o : : . . :
Table 1 “C 7 | relaxation time constants measured at 9.4 T using an iNversion-recovery sequence

for 300 mM substrate solutions 1n CD50D {(in the absence of SABRE catalyst).

3 . .. P L. Ly 14+
B site position Pyridine-""N Pyridine-' "N

Ortho {44+0 5% 10.240.6 s
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[0088] Hyperpolarized C NMR signal build-up and decay measurements

[0089]  °C NMR signal build-up curve (FIG. 2C) was measured by varying p-H, bubbling
time through the NMR tube containing catalyst and substrate solution m the magnetic shield. The
signal was recorded in 9.4 T NMR spectrometer for each experiment (for each timing of
hyperpolarization) corresponding to an individual data point. Following a time period of
hyperpolarization, p-H; flow was ceased, the sample was quickly removed from the magnetic
shield chamber and inserted inside 9.4 T NMR spectrometer for “C detection using ~90-degree
excitation puise.

[6096]  Earth’'s field 7} of "'C nuclei of pyridine-"N (FIG. 2D} was measured using the
following procedure. p-H; was bubbled through the solution in the magnetic shield for 30 s.
Then the flow rate was stopped and the NMR tube was stored for a varied amount of time in the
Earth’s field. Then the sample was quickly (5 s} transferred to the high magnetic field (9.4 T)
for a PC signal detection. One data point was acquired for each experiment, and the data was
plotted as a P°C signal dependence on the decay delay at the Earth’s magnetic field.

[0091]  C 7y at high field, 9.4 T (FIG. 2E), was measured on a single HP sample, by using a
series of “C NMR acquisitions employing a sroall angle (~10°) excitation RF pulses after
polarization build-up and sample transfer to the lugh field (9.4 T).

[0092]  Additional SABRE-SHEATH experiments with acetonitrile-1-C, "N and acetonitrile-
1-°CPN

[6093] SABRE-SHEATH experiments performed with acetonitrile-1-"C,"*N and acetonitrile-
1-1C "N showed the same trends as experiments with pyridine-'*N and pyridine-'"N. Namely,
signal enhancement was significantly higher for doubly labeled substrate acetonitrile-1-"C, "N

(z~230) than that for acetonitrile-"C, "N (=~20), see FIG. 4A, when using 50% parahydrogen.
‘ . g p : g

Furthermore, a subsequent dilution and optimization of the sample composition allowed us to

achieve much higher "C NMR signal enhancements (¢~6,700, corresponding to Pisc of ~4.8%

when using 50% parahydrogen), see FIG. 4B. This is mostly due to longer 'C relaxation time at
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micro-Tesla magnetic field corresponding to the signal build-up time of ~11 s {measured using
the same experimental protocol as described in chapter 4 at ~0.74 T, FIG. 5). 73 of "’C site in
acetonitrile-1-"C, "N is ~39 s at 8.45 T (vs. ’C 7} of ~14 s in pyridine-"N at similar magnetic
field of 9.4 T), which 1s also in line with much higher signal enhancements obtained for
acetonitrile compared to those for pyridine (FIG. 4B). The 7} of "N site in acetonitrile-1-"C,"°N

is 97 s.

Example 2 Toward Hyperpolarized '’F Molecular Imaging via Reversible Exchange with
Parahydrogen

{0094] TFluorine-19 has high NMR detection sensitivity

stmilar to that of protons, owing to
its large gyromagnetic ratio and high natural abundance (100%). Unlike protons, however,
fluorine-19 (*’F} has a negligible occurrence in biological objects, as well as a more sensitive
chemical shift. As a result, 7n vivo '’F NMR spectroscopy and MR imaging offer advantages of
neghigible background signal and sensitive reporting of the local molecular environment. In some
ernbodiments, disclosed herein is NMR hyperpolarization of F nuclei using reversible exchange
reactions with parahydrogen gas as the source of nuclear spin order. NMR signals of 3-
fluoropyridine were enhanced by ~100 fold, corresponding to 0.3% F nuclear spin polarization
{at 9.4 T) using ca. 50% parahydrogen. While future optinuzation efforts will likely significantly
increase the hyperpolarization levels, the atility of "F hyperpolarization for high-resolution
hyperpolarized ’F imaging and hyperpolarized F pH sensing is already demonstrated.

[0095]  The "F nucleus has a gyromagnetic ratio of 94% of that of proton, and a natural
abundance of 100%. As a result, "F NMR has a detection sensitivity that is comparable to that of
protons, which is the highest among stable isotopes. However, F has almost no biological
occurrence, giving rise to negligible background MR signal. Moreover, the °F chemical shift
can be exquisitely sensitive to the focal molecular environment, and unlike the case for low-
frequency heteronuclel, it can be relatively easy to adapt clinical scanners for °F detection in
commercial MR scanners. The use of ''F exogenous contrast agents has recently fueled the
development of a wide range of biomedical applications, including inhalable perfluorinated
carbon compounds for pulmonary mmaging, perfluoropolyether for stem cell tracking, and others.
¥ detection of thermally spin-polarized contrast agents at millimolar levels is feasible. These

detection limits can be further reduced by 3 to 5 orders of magnitude using hyperpolarization.
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Biomedical applications of HP contrast agents and their potential to revolutionize molecular
imaging are the primary drivers of the hyperpolarization technique development. So far, most
approaches have focused on hyperpolarization of low-gamma nuclei {e.g., "C, '“*Xe, "N, etc.).
These hyperpolarized {(HP) compounds can be used to probe metabolism (e.g. elevated lactate
metabolism in cancer using HP P C-pyruvate, pH, etc.), function (e.g. lung ventilation and
diffusion), and others.

[0096]  Hyperpolarization of high-gamma nuclei including 'H and "F has seen a modest
mterest in the context of biomedical MR applications, because fluorine and proton sites
frequently have short spin-lattice relaxation times (7)) and correspondingly short lifetimes of the
HP state. "°F nuclei (with 71 ~4.2 s - 4.6 s) of perfluorinated cornpounds were hyperpolarized by
parahydrogen induced polarization technique by Plaumann and co-workers. However, recent
developments in the field of long-lived spin states have the potential to significantly extend the
lifetime of HP states in general—including HP states of high-gamma nucler. Therefore, HP
fluorine contrast agents may offer the best of many worlds: naturally high detection sensitivity,

enhanced with NMR hyperpolarization, potentially enabling highly spectraliy-sensitive detection

at sub-mullimolar range—all without interference from background signals.

{8697] It was demonstrated that Signal Amplification By Reversible Exchange (SABRE) can
be extended to hyperpolarization of heteronuclei {e.g. "N} by performing SABRE in micro-Tesla
magnetic fields. This was introduced as SABRE s SHield Enables Alignment Transfer to
Heteronuclel (SABRE-SHEATH). SABRE-SHEATH has since been applied to a wide range of
PN Jabeled molecules including an array with high biological relevance. The hyperpolarization
process is efficient, allowing one to achieve "N polarization (Psx) values exceeding 20% in less
than a mimute. This technique employs chemical exchange of a to-be-hyperpolarized compound
and parahydrogen gas (para-H,). In the transient polarization transfer complexes nuclear spin
order 1s transferred spontaneously from para-H, to spins in the target molecule when the static
magnetic field is chosen appropriately. A metal catalyst is used to drive this reversible process.
To date, Iridium hexacoordinate complexes with equatorial exchangeable ligands (FIG. 0) are the
most efficient SABRE and SABRE-SHEATH catalysts.

[6098]  In some embodiments, disclosed herein is the hyperpolarization of '’F, extending

SABRE-SHEATH hyperpolarization to other heteronuclei In addition, the present disclosure
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demonstrates the feasibility and utility of "F SABRE-SHEATH for molecular imaging as well as
YF pH sensing.

{0099]  All experiments were performed using a previously developed SABRE
hyperpolarization setup employing a mass-flow-controller (MFC) and medium-wall 5 mm NMR
tubes (FIG. 6A) enabling systematic studies at up to 7 atm of para-H,. Samples were prepared
with ~5 mM of the pre-activated catalyst [IrCl{cod}(IMes), where IMes=1,3-bis(2,4,6-
trimethylphenyl}imidazol-2-ylidene; cod=cyclooctadiene] and ~100 mM 3-"F-pyridine (3-F-
Py} in a CD4OD solution (~0.6 mL, Isotec-Sigma—Aldrich), FIG. 6. The NMR tube was nserted
mto ¥z 1in. OD / 3/16 1n. ID Teflon tubing, which allowed for convenient connectionto a 1/4 in.
push-~to-connect port of the high-pressure setup for para-H, bubbling via 1/16 m. 0D/ 1/32 in.
ID tubing inserted all the way to the bottom of the NMR tube. The catalyst activation by para-H,
was ronitored by in it "H NMR spectroscopy at 400 MHz by detecting the formation of HP
intermediate hydride species and the signatures of HP hydride peaks of the hexacoordinate
complex shown in FIG. 6B {expected at {-)10-(-}27 ppm range). The corresponding 'H NMR
spectra of the activating and fully activated catalyst with this substrate are shown FIGS. 9A and
9B. The formation of this complex was also confirmed by performing "H SABRE
hyperpolarization at ~6 mT, and the maximum signal enhancement ey was found to be ~215-
fold, corresponding to Py ~ 0.7% using 50% para-H, (FIG. 10}

[00106] Once the SABRE catalyst 15 activated, it forms a hexacoordinate complex
corresponding to four-spin system (AA BB’ with heteronuclear spm-spin couplings mediating
spontaneous SABRE-SHEATH polarization transfer (FIG. 6). Finally, 'F SABRE-SHEATH
experiments were performed using a magnetic shield, as outlined in FIG. 6A. FIG. 7A shows a
YF NMR spectrum of 3-F-Py hyperpolarized via SABRE-SHEATH. The maximum signal
enhancements were gr ~93-fold and ~98-fold for free and catalyst-bound YF NMR resonances,
respectively, corresponding to 'F polarization (Pr) of ~0.28% using ~50% para-H,. If ~100%
para-H; would be employed the Pr would be effectively tripled to ~0.85%. While representing a
significant improvement in sensitivity, this number is still several-fold lower than corresponding
values achieved via 'H SABRE conducted in the milli-Tesla regime {see above and also previous
reports), as well as values previously achieved for >N polarization using the SABRE-SHEATH
approach. The likely explanation for this trend is several fold lower "°F 7} values at high and low

magnetic fields (FIGS. 7E and 7F) under otherwise similar experimental conditions (as will be
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discussed in greater detail below), which likely resulted in disproportionately greater polarization
loss during the ~6 s long sample transfer from the magnetic shield into the 9.4 T NMR
specirometer.

{00161} 1t should be noted that ~{-)122.8 ppm resonance seen in thermal spectrum (FIG. 7()
corresponding to axial 3-' F-Py is not significantly hyperpolarized (FIG. 7A), because the
corresponding spin-spin coupling between hydride protons and "F are significantly weaker those
in equatorial plane.

[00182] The F SABRE-SHEATH build-up time constant 73, (1.3+0.3 s, FIG. 7G) is relatively
short compared to 7, of 'H spins in the milli-Tesla regime {2142 s}, likely due to interactions
with N (i.e. within the 3-F-Py framework) acting as an efficient quadrupolar relaxation center
i the micro-Tesla regime, 1.e., via scalar relaxation of the second kind. Indeed, this explanation
is additionally supported by the observing that the SABRE-SHEATH "F signal as a function of
the field (FIG. 7H) exhibits no clear maximum compared to the well-defined maximum typically
observed in the case of "N SABRE-SHEATH. Moreover, It was recently shown that relaxation

problems caused by quadrupolar neighbors could be greatly nutigated for the hyperpolanization

approach which should improve F hyperpolarization as well.

[60163] While performing F SABRE experiments at the Earth’s magnetic field (ca. 50-80
uT) vielded expected anti-phase HP lines (FIG. 7D), “F SABRE hyperpolarization in the milli-
Tesla range {(ca. 6 mT, FIG. 7B} vielded m-phase HP resonances with gp ~27 fold and ep ~24
fold for free and catalyst-bound ’F NMR resonances, respectively. Not surprisingly, the F
SABRE hyperpolanzation efficiency in the mulli-Tesla range 15 significantly lower than that in
the mucro-Tesla range of SABRE-SHEATH, despite more favorable relaxation properties (e.g.
scalar relaxation of the second kind should be suppressed in the mulli-Tesla magnetic field
regime). Notably, "’F HP signals produced in both milli-Tesla and micro-Tesla field regimes are
m-phase (7.e. more suitable for MRI), and are absorptive (i.e., they have the same phase as the
thermally °F polarized signals, FIG. 7C). Similarly to "H SABRE and "N SABRE-SHEATH,
YF SABRE-SHEATH signals exhibited a clear maximum when measured as a function of
temperature (FIG. 71).

j00104] Experiments with 2-""F-pyridine and 2,3,4,5,6-"F-pyridine did not yield any HP

. . Ly /19 1 . . ) .
hydride signatures or "H/"F HP substrate resonances, likely owing to the effects of steric
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hindrance; therefore, further studies exploring the feasibility of applications were performed with
HP 3-"F-Py. First, FIG.8A demonstrates the feasibility of "’F HP MRI imaging using SABRE-
SHEATH. The obtained HP "’F MR image is from a tilted 5 mm NMR tube with 0.5x0.5 mm’
in-plane spatial resolution, and was obtained with a 'H surface coil {conveniently re-tuned to 'F
resonance frequency) placed underneath the NMR tube containing the HP solution. Note that the
tube contams 1/32 in. 1D tubing (1/64 in. (~0.4 mm) wall thickness) inserted all the way to the
bottom of the NMR tube, which is resolved in this image as two narrow bands with depressed
signal. The corresponding image from a thermally polarized sample (FIG. 8B} vielded only
noise.

{60105} Next, the feasibility of hyperpolarized pH sensing with HP "F was also demonstrated
(FIG. 8D). First, 3-""F-Py was hyperpolarized at pH >> pKa in the deprotonated form (red
resonance}. The HP solution was then spiked with ~0.3 mL of concentrated HCl, and the
corresponding HP NMR signal of the protonated form (blue resonance) was frequency shifted by
~10.5 ppm (note that the level of hyperpolarization of the protonated form s lower than that of
the deprotonated form due to polarization relaxation because of an additional >10s-long sample
handling time). While the corresponding frequency shift of °N sites is ~90 ppm for pH sensing
applications {7.e. appearing to be ~9 times greater on the ppm scale}, it 15 noted that on the Hz
frequency scale, these nuclei actually provide near-equal dynamic range, because the °F spin has
a >9-fold greater gyromagnetic ratio compared to that of "N. It is also noted that the absolute
spectral sensitivity of F to changes in pH is >30 times greater than that of similar proton sites.
[60166] F has negligible natural occurrence in biology, which provides a benefit virtually
zero background signal for in vive °F spectroscopic and imaging applications. Naturally, the F
SABRE-SHEATH hyperpolanzation demonstrated here could be exploited for many biomedical
applications, including in vivo pH sensing. Moreover, approximately 20% of drugs contain F in
their structures, some of which can be potentially suitable for F SABRE-SHEATH
hyperpolarization in the context of theranostic applications {e.g. following biodistribution of 3-
fluorouraci 11 cancer, which has a molecular framework potentially amenable to already-
existing SABRE catalysts). Furthermore, because of the relatively high sensitivity of 'F
{endowed by 1ts large gyromagnetic ratio and 100% natural abundance) and strong spectral
sensitivity to the molecular environment, combined with the near-zero background signal and the

ey eqe o - . 1 . Co .
possibility of using the available H channel in clinical MRI scanners (vs. the need for dedicated
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X-nucleus channels for PC and PN imaging), it is speculated that HP "F (enabled by SABRE-
SHEATH) can potentially become a game-changing technology for molecular imaging. The
relatively short "F Ty value of the agent employed here is of potential concern in the context of
potential biomedical translation, and contrast agents with longer '°F in vivo 7} need to be
developed for future in vivo translation of the presented work. 1t 1s noted however that pH
sensing using non-hyperpolarized "’F injectable agents has been shown successful previously.
[00107} In summary, the present disclosure demonstrates the feasibility of “F
hyperpolarization via SABRE-SHEATH, achieving signal enhancements of the order of ~100-
fold at 9.4 T (Pr ~ 0.28%). It 15 likely that the degree of hyperpolarization can be improved
through the optimization of conditions, similarly to recent reports of Pysn>20% and Py>50%.
The presented method may also be combined with recent reports of heterogeneous and aqueous
SABRE hyperpolarization, likely required for future biomedical translation for pH imaging,
theranostics, and other envisioned applications.

[00108] Experimental Procedures

[60109] 3-"F-pyridine (0.10 M final concentration) and pre-activated iridium catalyst
(IIrCHCOD}IMes}], 0.005 M final concentration) and methanol-dy were added to an Eppendorf
safe-lock tube. The stock solution was then flushed with Argon and vortexed. In order to achieve
fower tracer and catalyst concentration, the stock solution was diluted.

{80118] The stock solution was transferred mnto an Argon-filled medium-walled NMR sample
tube (5 mm medium wall precision, 3.43 mm ID, 9 in. long, Wilmad Glass, P/N 503-P8-9)
equipped with a Teflon tube extension: 0.25 11 0B, 3/16 10 ID. The Teflon extension was
approximately 7 cm in length. The tube was connected to the previously described setup using a
Wye push-to-connect adapter. The SABRE sample was activated by bubbling parahydrogen at
20-50 scem for ~20 minutes using ~50% parahydrogen. The parahydrogen flow rate was
controlled using a mass flow controller (Sierra Instruments, Monterey, CA, model number
C100L-DDB-0OV1-8V1-PV2-V1-50-C0}.

{06111} The SABRE-SHEATH hyperpolarization procedure was performed using the
approach described previously. The sample solution was bubbled with ~50% parahvdrogen at
100 scem for ~30 s {and at ~6 atm) inside the magnetic shield. More specifically, the magnetic
field in the lab was attenuated using a three-layered mu-metal shield (6 in. ID & 15 1n. in length,

part number ZG-206, Magnetic Shield Corp., Bensenville, IL); tunability of the residual micro-
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Tesla magnetic field was attained using a custom-built solencid cotl and a power supply (GPRS
series, GW INSTEK) with an in-series variable-resistor bank. After cessation of parahvdrogen
bubbling, the sample was quickly transferred from the shield to the Earth’s magnetic field,
followed by rapid sample insertion into the bore of a 9.4 T magnet and immediate acquisition of
the "F NMR spectrum. Typical sample transfer time (from cessation of para-H; gas to 'F
detection in the 9.4 T magnet) was approximately & seconds. The "F NMR signal enhancements
were calculated by comparison of the intensity of thermally polarized F NMR spectra and the
corresponding hyperpolarized "’F NMR spectra.

j60112}] "F SABRE and SABRE-SHEATH Enhancement factor calculation

[60113] The F SABRE-SHEATH signal enhancements were calculated by comparing the
integral signal intensities of the "F NMR peaks of the spectrum from a given hyperpolarized

sample with the corresponding thermally polarized "F NMR peaks of the same sample.

& = Sup/STHERMAL

where Syp is the integral calculated for the hyperpolarized signal and Stermar 18 the
corresponding integrated signal from the same sample under conditions of equilibrium thermal

polarizationat 9.4 T.

; Y 194 < . a7 DN Y
{06114] The 'F polarization percentage (%} was calculated as follows (where %6 y.mu =

3.0x107% is the equilibrium thermal "°F polarization at 9.4 T and room temperature):

; -3a b/
9687 = &x %L tpormar = 93x3.0x 10 Yax0.3%

[60115] Hyperpolarized "*F NMR signal butld-up and decay measurements

[60116] The F NMR signal build-up curve (FIG. 7G) was measured by varying the
parahydrogen bubbling time (for the parahydrogen bubbling through the NMR tobe containing
the catalyst and substrate solution) 1n the magnetic shield at ~5 micro-Tesla. The signal (for each
timing of hyperpolarization) was recorded mside the 400 MHz NMR spectrometer (i.e. at 9.4 T)
after raptd sample transfer, with each experiment corresponding to an mdivadual data point.

Following a time period of hyperpolarization, parahydrogen flow was ternmunated, the HP sample
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was guickly removed from the magnetic shield chamber and transported into 9.4 T NMR
spectrometer for 'F detection.

[00117] The Earth’s field F 7} of 3-"F-pyridine (FIG. 7F) was measured using the following
procedure: Parahydrogen was bubbled through the solution in the mu-metal magnetic shield for
approximately 30 s. When parahydrogen flow was stopped, the NMR tube was transferred to the
Earth’s field, and 1t was stored there for a varniable period of time. Then the sample was quickly
{~5 s) transferred to the high magnetic field (9.4 T) for recording the "F NMR signal. One data
point was acquired for each experiment. The decay data was then plotted as a °F signal
dependence upon the decay time at the Farth’s magnetic field.

[60118] The 'F 7} at high field (400 MHz, FIG. 7E), was measured on a single F
hyperpolarized sample by employing a series of "°F NMR acquisitions using small tipping-angle
(<8%) excitation RF pulses after the sample transfer to the high magnetic field of the 9.4 T/ 400
MHz NMR spectrometer. The decay time constant was not corrected for the minimal

polarization losses caused by the RF observation pulses.

Example 3 Spin Relays Enable Efficient Long-Range Heteronuclear Signal Amplification By
Reversible Exchange

[B0119] A systematic expernimental study 1s reported on the polarization transfer to distant
spins, which do not directly bind to the polarization transfer complexes employed in Signal
Amplification By Reversible Exchange (SABRE) experiments. Both, long-range transfer to
protons and long-range transfer to heteronuclei i.e. C and PN are examined. Selective
destruction of hyperpolarization on 'H, PC, and "N sites is employed, followed by their re-
hyperpolarization from neighboring spins within the molecules of interest (pyridine for 'H
studies and metronidazole-""N;-""C; for "C and "N studies). It is concluded that fong-range sites
can be efficiently hyperpolarized when a network of spin-'2 nuclei enables relayved polarization
transfer (7.e. via short-range interactions between sites). In case of proton SABRE in the milli-
Tesla regime, a relay network consisting of protons only is sufficient. However, in case "C and
>N are targeted {(i.e. via SABRE in SHield Enables Alignment Transfer to Heteronuclei or
SABRE-SHEATH experiment), the presence of a heteronuclear network (e.g. consisting of "N)
enables a relay mechanism that s significantly more efficient than the direct transfer of spin

order from para-Hy-derived hydrides.
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{00128] Introduction

{06121} Hyperpolarization techniques transiently increase nuclear spin polarization () by
several orders of magnitude, resulting in corresponding gains in NMR signals. These techniques
enable new applications including in vive molecular imaging, which relies on preparation,
administration, and MRI of exogenous hyperpolarized (HP)} contrast agents. Several technologies
have been developed to produce HP states of low-gamma spin 1/2 nuclei (e.g. “C and "N},
which retain HP state significantly longer than protons in biomolecular moufs.

(001221 Signal Amplification by Reversible Exchange (SABRE) is the hyperpolarization
method, which employs parahydrogen {para-H,) as the source of spin order. SABRE relies on
spontaneous polarization transfer from para-H;-derived hydrides to a substrate on polarization
transfer catalysts. The SABRE polarization transter 1s primarily accomplished via spin-spin
interactions {7.e. J-couplings). While other interactions may contribute, they are generally orders
of magnitude less efficient. When polarization transfer s performed 1o nulli-Tesla (mT)
magnetic fields, the polanzation from para-Hy-derived hydrides 1s spontaneously transferred to
proton sites in substrates, enabling "H polarization values (%y) of up to 50%. In this case,
proton-proton spin-spin couplings (Jfup) enable SABRE polarization transfer. Another variant of
this technique dubbed SABRE in SHield Enables Alignment Transfer to Heteronucler (SABRE-
SHEATH) is an efficient process for hyperpolarizing "N sites, in one exarple providing more
than 20% polarization in 1 minute. “N-hyperpolarization is of particular interest, because it
enables long hyperpolarization lfetimes and exponential decay constants. In some cases, "N
exponential decay constant can exceed 20 minutes. SABRE-SHEATH 1s accomplished at micro-
Tesla {uT) magnetic fields, enabling spontaneous polarization transfer from para-H;-derived
hvdrides to heteronuclei, as illustrated in FIG. 11A. In case of "N SABRE-SHEATH proton-
nitrogen-15 spin-spin couplings {(Ju.15x) enable the spontaneous polarization transfer. While
polarization transfer between nuclear spins m the same molecule in solution 18 an extremely well
documented area, the case is less clear for SABRE and SABRE-SHEATH, which occcur within a
complex with finite lifetime, and which involves several changes of the external magnetic field.
{00123] Previously, this approach has been bolstered by a sertes of advancements from proof-
of-principle demonstrations in organic solvents (including “neat” substrates} all the way to
demonstrations of SABRE-SHEATH enhancement under heterogeneous catalytic conditions and

catalysis in aqueous media, which in principle will enable the preparation of pure aqueous N
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HP compounds for potential in vivo use. Moreover, the scope of amendable bio-structures has
been expanded from N-heterocycles to Schiff bases, diazirines, and nitriles.

{00124] However, despite these successes, to date SABRE-SHEATH has been primarily
employed for hyperpolarization of "N sites that bind directly to metal centers via two-bond spin-
spin couplings {7.e. short-range couplings to substrate "N sites directly binding to catalysts like
Ir-IMes [IMes = 1,3-b1s(2,4,6-trimethyiphenylyimidazole-2-viidene], FIG. 11 A} Efforts to
hyperpolarize fong-range "N sites (7.e. more than 2 chemical bonds away from para-H,-
hydrides) showed that polarization efficiency 1s reduced by more than an order of magnitude—
presenting a clear obstacle for expanding SABRE hyperpolarization technology to broader
classes of substrates. Moreover, recent studies of direct °C and P°F hyperpolarization via
SABRE indicated that the problem can be mitigated if the nitrogen sites binding the widium
metal centers are labeled with "N nuclei as opposed to naturally occurring quadrupolar N
spins. However, the obvious question regarding the mechanism of polarization transfer {and
more importantly its hinutations) was unanswered. Specifically: “TIs SABRE of distant
heteronuclet accomplished directly via long-range J-couplings, or does it work indirectly via
relay through a network of spins (FIG. 11B)?

{801258] In some embodiments, disclosed herein is experimental evidence that SABRE of long-
range "N and PC sites is efficient in the presence of a relay network connected by close-range
spin-spin couplings. While the data presented does not rule out a direct mechanism via weak
iong-range J-couplings, the indirect mechanism 13 significantly more efficient than the durect
polarization transfer (1.e., the enhancements observed cannot be fully explained by long-range
transfer; although long-range transfer is possible, it leads to weaker enhancements). The
presented disclosure enables techniques for efficient SABRE-SHEATH hyperpolarization of
remote heteronuclear sites.

[06126] Methods

{00127} Al NMR spectra were recorded using a 9.4 T Bruker Avance I high-resolution NMR
spectrometer equipped with a broadband dual-channel NMR probe. All SABRE experiments
were performed using ~50% para-Ha. All sample manipulations related to the sample transfer
between magnetic fields (7.e. the Magnetic Field Cycling (MFC) procedures) were performed
manually (FIGS. 12A-12B and FIGS. 13A-13B). The NMR spectra from metronidazole-"N,-
B¢, (Millipore-Sigma P/N 32744-10MG) samples were recorded in medium-wall 5 mm NMR
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tubes, whereas the spectra from signal reference samples were recorded using standard 5 mm
NMR tubes.

{00128] Preparation of solutions. Previously synthesized IriMes catalyst was used for the
described studies. Metronidazole-""N,-""C; (~20 mM final concentration) and pre-activated
widium catalyst ({IrfCHCODYIMes)], ~1.0 mM final concentration) and methanol-dy were
prepared from stock solutions of Metronidazole-"Ny-""C;, (40 mM) and (JIrCHCOD}IMes)], 2.0
mM}. Both solutions were flushed with Argon and vortexed (at least three times) in an
Eppendorf safe-lock tube and Duran bottle (10 mL GL2S) correspondently. While
Metronidazole-"N,-""C, solution was used over a period of several days (stored at ~6 C%),
([IrCHCOD)XIMes)] was prepared fresh each day and stored for <10 hours in a refrigerator (~6
C"). A portion {(~0.3 mL) of each stock solutions was transferred into an Argon-filled medium-
walled 5 mm NMR sample tube: 9 mn.-long, 3 43-mm inner diameter (ID) (Wilmad Glass, P/N
503~-PS8-9) equipped with a Tetlon tube extension: 0.25 . outer diameter (OD), 3/16 . ID. The
Teflon extension was approximately 3-in. long The tube was connected to the previously
described setup. The best results were obtained by SABRE sample activation by bubbling para-
H; for ~3 munutes {(at 90 scom & 65 psi) and leaving sample for ~1 hour under para-H; at 65 psi.
{86129] SABRE hyperpolarization. For SABRE experiments, the para-H, flow rate (50 scom,
~1 minute of bubbling) was controlled using a mass flow controller {Sierra Instruments,
Monterey, CA, P/N C100L-DD-OVI-8VI-PV2-V1-80-C0). The schematic of SABRE
experimental setup 1s shown m FIG. 124, and the corresponding sequence of the events 1s shown
m FIG. 12B. Micro-Tesla magnetic field was created by attenuating the Earth’s magnetic field
using a three-layered mu-metal shield (Magnetic Shield Corp., Bensenville, IL, P/N Z(G-206,).
The tuning of SABRE-SHEATH magnetic field was achieved by custom-built solenoid coil
(>90% homogeneity over >15 cm length} and a power supply (GW INSTEK, GPRS series} with
variable-resistor bank connected in series with the magnet coil. When para-H, bubbling was
stopped, the sample was transferred from the shield to the Earth’s magnetic field {(ca. 50 uT),
followed by rapid sample transfer into a 9.4 T magnet of the NMR spectrometer for data
acquisition or further manipulations as described in the main text. Typical sample transfer time
(fromo cessation of para-Hj gas to "N/YC/H signal detection) was 4-7 seconds. The schematic
of SABRE-SHEATH experimental setup 1s shown in FIG. 13 A, and the corresponding sequence

of the events is shown in FIG. 13B.
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{00138] In certain embodiments, disclosed is the use of magnetic field cycling (MFC) to the
Farth’s magnetic field, ca. 50 pT, (SABRE-SHEATH, FIG. 13B) for N re-polarization,
whereas 'H re-polarization (SABRE, FIG. 12B) employs MFC to the fringe field, ca. 6 mT, due
to the difference in the matching conditions for efficient "N—""N or '"H—'H re-polarization
respectively.

{00131] Computation of NMR signal and nuclear spin polarization enhancements. The signal
enhancements were computed as the following. 'H enhancements were computed by diving the
HP signal magnitude by the magnitude of thermally polarized signals. In case of "N and C, the
thermally polarized signals were generally very low, and therefore, external signal reference was

employed. The enhancements were computed as follows:

I
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where Sup and Sger are NMR signals for HP state and thermally polarized signal reference
samples respectively, Crer and Cyp are the effective isotope concentrations of thermally
polarized signal reference and HP samples respectively, Arzr and Agp are the solution cross-
sections in the NMR tube of thermally polarized signal reference and HP samples respectively,
and Npyr and Hyp are the numbers of symmetrical sites per molecule for the thermally polarized
signal reference and HP samples respectively (Anzs/App was ~1 85 as described earlier).
Percentage polarization was computed by multiplying signal enhancement ¢ by the equilibrium
nuclear spin polarization of a given spin at 9.4T and 298K: 3.2x107% (1}1), 8.1x107% (HC),
3.3x10™% (PN),

{00132} Results and Discussion

[00133] General Consideration. Briefly, the reader 1s renunded that in case of traditional
SABRE (i.e. hyperpolarization of proton sites), the matching condition for J~coupling ('H~-"H)
mediated polarization transfer occurs at a few mT magnetic field. In case of SABRE-SHEATH
(i.e. hyperpolarization of heteronuclear sites, e.g. "N and "C), the matching condition for .J-
coupling (e.g., "H-""N) mediated polarization transfer occurs at uT magnetic field. Detailed

theory is provided in earlier works of Duckett et al. and Thes at al.
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{00134] SABRE hyperpolarization of pyridine proton sites. The first reports of SABRE
demonstrated that proton sites at least six-bonds away can be efficiently hyperpolarized. The
theoretical basis for SABRE indicated that polarization transfer from para-Hj-hydrides to
substrate protons is accomplished via a networks of proton-proton couplings, although the recent
study by Eshuis and co-workers determined the values of these four-, five-, and six-bond spin-
spin couplings, and postulated that these long-range couplings may also enable the canonical
SABRE effect via the direct transfer of spin order.

[00135] In certain embodiments, disclosed is an approach for studying 'H SABRE, which
mcludes selective spin destruction of HP resonances of ortho-pyridine protons {(denoted as Ha in
FIG. 36A) after the sample 1s hyperpolarized at magnetic field of ~6 mT and para-H, bubbling 15
stopped (FIG. 36B). After destroying the Ha polarization with a frequency-selective pulse (FIG.
14, the sample was moved back into the ~6 mT field, and finally, the sample was returned to
the 9.4 T NMR spectrometer for detection (this procedure effectively represents magnetic field
cycling or MFC — the details of the experimental setup and the involved steps are shown n
FIGS. 12A-12B of the Methods section). The resulting spectrum shown in FIG. 14D indeed
shows that the Ha HP state 1s successfully re-created using the meta- and para- (Hb and He)
protons as hyperpolanzation reservoirs. Corresponding datasets showing HP state destruction
and re-creation for the Hb and He protons are shown in FIG. 21,

[00136] All-in-all, the experimental resuolts shown in FIGS, 144, 14B, 14C, 14D and FIG. 21
are clearly consistent with the canonical (i.e. 'H) SABRE effect in the mT regime may indeed
rely on the network of proton-proton couphings, in agreement with pioneering studies by Duckett
and co-workers.

{60137] SABRE hyperpolarization of metronidazole-""N,-C, in micro-Tesla (uT) magnetic
fields (SABRE-SHEATH). Hyperpolarzation in uT magunetic fields was performed using a p-
metal magnetic shield that attenuates the Harth’s magnetic field {ca. S0 uT) down to the sub-uT
regime (FIG. 13A). The structure of the activated complex and the schematic of SABRE-
SHEATH process are shown in FIG. 15. Efficient "N and “C SABRE-SHEATH
hyperpolarization has been demonstrated previously, and no significant effort was made to
optimize polarization parameters {e.g, temperature and pT field) for the present study.

{60138} The following polarization levels were achieved for ~20 mM metronidazole-"Ny-"C;

solutions in methanol-dy using 50% para-Hy: g1sm ~ 4,000 (%P 15n~1.3%), g15n3 ~ 4,700
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{%Pisni~1.5%), FIGS. 160A and 16B, gi30s ~ 310 (%P 1302-0.3%), 2130w ~ 230 (%P 150n3-0.2%),
FIGS. 16C and 1613, e ~ 14 (%Pu~0.04%), FIGK. 16E, 16F, and 16G. If near 100% para-H,
were emploved, the polarization values would be effectively tripled. %P sy values are within the
expected ranges for the employed concentration regime. %P 3¢ values are several times lower
than %5y, because mitial micro-Tesla field optimization was performed for 5N spins, and the
optimization of polarization efficiency was outside the scope of the presented mechanistic study.
%Py values are significantly lower than %P sy and %P5¢ values, because pT fields are not
optimal for proton SABRE.

[60139] SABRE-SHEATH hyperpolarization of long-range "N sites. °N hyperpolarization of
metronidazole at natural abundance of N (~0.3%) and " C (~1.1%) isotopes was recently
shown. In that work, the efficiency of SABRE-SHEATH hyperpolarization {gauged as %P isn) of
PNy and -°NO; sites was significantly lower (by more than an order of magnitude) than that of
the "N; site. Low natural “C/"N abundance results in simplification of the spin system
{participating in SABRE-SHEATH), effectively reducing it to a three-spin system (FIG. 17},
because the statistical probability of the simultaneous presence of two spins {e.g. " Nand "N or
PN and BC) 15 two orders of magnitude lower than the statistical probability of the structures
shown i FIG. 17A-17C {SABRE relevant spin-spin couplings for direct polarization transfer are
shown m FIG. 17E and 17F).

[00140] The "N SABRE-SHEATH polarization of metronidazole-""N,-"(; shows that
polarization efficiency of "N site is 85% of that of the "Na site (FIG. 16A), which is markedly
different from the previously reported corresponding value of 2%. This more than 40-fold
improvement of hyperpolarization at "N can be rationalized by the presence of "Nz and 'C
sites in this labeled molecule, which provides a J-coupling network enabling relayed SABRE-
SHEATH polarization transfer (instead of direct H—""Nj transfer). In the relayed case, two-bond
couphings (2‘]}{_15N3 and 27 w-1an3) enable hyperpolarization of the N site, and °N
hyperpolarization is then propagated to other C and N sites via the heteronuclear coupling
network.

{00141] Additional experimental evidence for the relayed nature of such polarization transfer s
provided in FIG. 18 and FIG. 19. For these experiments the HP sample was mserted in the 94 T
NMR spectrometer and the "Na hyperpolarization was destroved using frequency-selective RF

pulses (note that the "N polarization was preserved in this case, FIG. 18A). The relevant setup
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and sample manipulation steps are shown in FIG. 13B. Following this selective polarization-
destruction procedure, the sample was transferred into the Earth’s magnetic field (ca. S0 uT) to
enable ‘re-mixing’ of heteronuclear polarization (o bubbling of fresh para-H, 15 performed).
Lastly, the sample was returned into the NMR spectrometer for read-out. After this magnetic
field cyecling (MFC), the polarization of "N; is recovered to nearly the same level as the one for
the N site, as shown in FIG. 18B. It is noted that the 7y of "N sites is typically on the order of
1 minute or greater, and a significant fraction of hyperpolarization can be retained after 10-30
seconds of manipulation time requiired 1n such experiments. 1t 1s also noted that para-H,
bubbling emploved 1n the mitial SABRE-SHEATH procedure was stopped before the sample left
the magnetic shield for the first time. It is also noted that even when the SABRE
hyperpolarization experiment was performed at the (higher) Earth’s magnetic field {control
experiment), the achieved polarization on "N, and °Nj sites (FIG. 18C) was lower than the one
achieved in FIG. 18B. When combined, this evidence supports the conclusion that in the MFC
procedure, the Nj site was re-hyperpolarized using the hyperpolarization pool of the "N, site.
While some polarization transfer from C is also potentially possible, it is less likely because HP
3¢ sites depolarize more quickly and the initial polarization levels of C sites were significantly
lower than those of N sites (FIG. 16A). Moreover, in a separate experiment, N magnetization
of the HP "N site was inverted (using a 180° RF pulse) (FIG. 18D) prior to the second MFC
procedure. As a result of the spin inversion of the N site, the resulting polarization on the N3
stte followed this mnversion (FIG. 18E) after MFC. Furthermore, additional experiments (FIG.
228} shows that MFC to the fringe field of ~6 mT was not sufficient to achieve this effect, and
re-hyperpolarization was less efficient.

[00142] The re-hyperpolarization mechanism requires mixing of spin states from N3 and N
sites. At the Earth’s field (ca. 50 uT) the chemical shift difference of the two sites {ca. 100 ppm
away} is only ~0.02 Hz, which is significantly less than their J-coupling (which we estimate to
be on the order of a Hertz or less). At 6 mT the frequency difference of the two sites 1s ~2.6 Hz,
which 15 apparently still too large for efficient level anti-crossing. Accordingly, MFC to the
Farth’s field (ca. 50 uT) 1s required. It 15 also noted that performing the MFC procedure from the
9.4 T to the magnetic shield (and therefore passing the Earth’s field condition twice} also leads to
the "N re-polarization {data not shown), but the effect is significantly reduced, which is likely

. . . 13 1 .
due to additional polarization leaks {e.g. to ~"C and 'H sites}.
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{60143} FIG. 19 provides additional experimental evidence for polarization transfer from " Ns
site to "N site. Instead of applying the frequency-selective irradiation on °Na, it was applied to
PN (FIG. 19A). Exactly analogous results are obtained. The MFC to Earth’s field (ca. 50 uT)
enables re-hyperpolarization of "N, using the polarization of HP "N; {FIG. 19B). The
corresponding spin inversion experiments (FIGS. 19C and 19D) prove that "N, site was indeed
re-hyperpolarized from magnetization of HP PNj site.

{06144] While the possibility of polarization transfer between spin 2 nuclet 15 predictable, e.g.
between two "N spins as shown here), demonstrating this phenomenon in the context of
SABRE/SABRE-SHEATH repolarization s eritical for understanding and proving the
mechanism of relayed polarization transfer in weak magnetic fields. Taken together, the above
evidence supports the model of relayed "N SABRE-SHEATH polarization of long range sites,
explaining the efficient polarization of a distant °N; site that is four bonds away from the para-
H;-derived metal hydrides (FIG. 17D).

[00145] SABRE-SHEATH hyperpolarization of long-range °C sites. FIG. 16C demonstrates
the efficient SABRE-SHEATH hyperpolarization of “C sites three and four bonds away from
para-H-derived hydrides. Importantly, the efficiency of C hyperpolarization of the-""CHs
eroup was ~73% of that of Be, site; it 15 noted however, that —BQH;; sites may have lost
disproportionately more polarization during sample transfer from pT field t0 9.4 T of NMR
spectrometer, because the C 77 in methyl groups is typically significantly shorter than 7} values
of 1*C sites without directly attached protons (e.g. the "C, site). Therefore, the actual efficiency
(at the end of the SABRE-SHEATH procedure prior to the HP sample transfer) might have been
better than 75%. It was recently demonstrated that the presence of a "N nucleus in pyridine and
other similar compounds is essential for efficient polarization {(7.¢. large %P 3¢ values) of 7C
sites that are three (ortho-position) and four (mera-position, F1G. 14) chemical bonds away from
hydride protons (FIG. 11). That previous proof-of-principle work did not address the reasons for
low heteronuclear polarization efficiency in the case of **N spins that would otherwise be present
in such compounds. One part of the explanation is enhanced scalar relaxation of the second kind
suffered by the target spins within the micro-Tesla regime, induced by quadrupolar "N sites
within the scalar coupling network. A second explanation is the absence of a close spin 12 J-

coupling network. All~-in-all, the data presented in FIG. 20 supports the importance of J-coupling
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networks for hyperpolarization of “C spins too (in addition to the "N sites discussed as the
primary topic of this work}.

{00146] In FI1G. 20, additional evidence is provided supporting the need for polarization relays
in such strongly coupled networks. First, a metronidazole-""N,-"C, sample was hyperpolarized
via SABRE-SHEATH and para-H, bubbling was stopped. Next, the sample was rapidly
transferred into the 9.4 T NMR spectrometer, and hyperpolarization on the PC and 'H sites was
immediately destroyed (by applying a series of 90° RF pulses to "°C spins and 'H decoupling to
"H spins) and a proton-decoupled C spectrum was acquired (FIG. 20A). In a separate
experiment {instead of recording C spectrum), the sample was additionally transferred back

mto the uT field created by the magnetic shield (employed for SABRE-SHEATH polarization in

hyperpolarization was indeed re-created (FIG. 20B). Since all "C and 'H sites were depolarized
{by broadband wradiation}, 1t 1s concluded that the only remaining source of polarization for such
B¢ re-hyperpolarization is the hyperpolarization pool of "N sites. Moreover, the efforts to re-
polarize this sample by MFC to the Earth’s magnetic field (FIG. 20C) were unsuccesstul in
comparison to re-hyperpolarization at uT field (FIG. 20B)—{urther indicating that the source of
polarization must be from non-carbon spins.

{00147} Broader relevance. Metronidazole 13 an important potential contrast agent {because
high %75y can be achieved, and it 18 possible to administer high (~2 g) dose of this potent
antibiotic) that can be potentially employed for hypoxia imaging in a manner similar to
fluoromisonidazole (FMISQO) and other radiolabeled nitrovmidazole derivatives used 1o position
emission tomography (PET) imaging. Therefore, this work will certamly be useful for future
development and optimization of SABRE-SHEATH hyperpolarization of this and other "N and
B¢ HP imaging probes.

[80148] More generally, the systematic studies presented in this work provide clear
experimental evidence that heteronuclear J-coupling spin-1/2 networks serve as the underlying
fundamental basis for efficient relaved polarization transfer from para-Hy-derived metal
hydrides {FIG. 15) to substrate heteronuclei that do not directly bind to the Iridium complex.
Here, we show that efficient hyperpolarization of long-range PC and N sites is achieved in
SABRE when a network of heteronuclear J-couplings is present. The presence of this network

A I o . 13 Vey 3ip 194
translates to efficient hyperpolarization of many heteronuclei, including "C, "N, P, "F, etc.
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Most importantly, the nitrogen site directly interacting with the iridium hexacoordinate complex
should be labeled to create a relay of spin V2 nuclei for efficient polarization transmission deeper
within the intramolecular space. Therefore, it is believed that this relayed mechanism opens new
opportunities for efficient SABRE hyperpolarization of new biomolecular targets, and informs
the rational design of nuclear spin coupling networks in labeled agents for a wide variety of
potential biomedical applications. Of note, ’C labeling did not significantly affect "N 7
refaxation: 73(""Ns) is ca. 36 s with (data not shown) and without "C spin labeling', which is
relevant for production of HP contrast agents with long-lived HP states in the context of
biomedical applications. As another example, uniformly {or backbone-} BN labeled peptides
and protemns can potentially act as efficient networks of SABRE hyperpolarization, and it may be
possible to hyperpolarize isotopically labeled peptides and proteins using this approach. It 1s alos
envisioned that isotopically labeled DNA, RNA, and other structures can be hyperpolarized via
this SABRE-SHEATH approach. The general concept of relayed polarzation transfer through a
close J-coupling network will also potentially translate to LIGHT-SABRE and RF-SABRE
sequences that create hyperpolarization directly in the magnet and avoid the need for sample
transter.

{80149] In the context of SABRE hyperpolarization of profon sites, this work provides
experimental evidence in support of relayed polarization transfer. As a result, 1t would be
potentially possible to hyperpolarize long-range proton sites too. While proton-hyperpolarized
compounds are rarely used for contrast agents for HP MRI, potential SABRE applications most
likely would include analysis of complex mixtures at low concentrations with potential detection
of nitrogen- and suifur-containing heterocycles mn o1l or refined petroleum produets.

{06150] Conclusion

j00151] Efficient SABRE hyperpolarization of long-range PC and N sites was demonstrated
in metronidazole-""N,-"*Cy in the pT field regime. The present disclosure shows that long range
¢ and N sites (7.e. three and four chemical bonds away from para-H;-derived hydrides) can
be hyperpolarized much more efficiently via a mechanism of relayed spin-polarization transfer
than via weak long-range J-couplings. Specifically, the short-range "N site, directly bound to
Indm, 1s hyperpolarized first and hyperpolarization is then transferred / relayed to other
mtramolecular sites via a network of short-range ./-couplings mvolving further spins. The

presented evidence opens new opportunities for SABRE-based hyperpolarization of long range
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spin-'2 nuclet in a wide range of applications ranging from biomedical contrast agents, to
analysis of complex mixtures, to structural biology.

{00152] Experimental Details

[00183] In case of "N and "C, the thermally polarized signals were generally very low, and

therefore, external signal reference was employed. The enhancements were computed as follows:

v a3 3 Ry
g= — Rt N
Srer Swe dme Nee

where Spp and Sgpr are NMR signals for HP state and thermally polarized signal reference
samples respectively, Crer and Cyp are the effective isotope concentrations of thermally
polarized signal reference and HP samples respectively, Arzr and Agp are the solution cross-
section in the NMR tube, and Nrgr and Hyp are the number of symmetrical sites per molecule for
the thermally polarized signal reference and HP samples respectively (Agpr/Ape was ~1.85 as
described earlier). Percentage polarization was computed by multiplying signal enhancement e
by the equilibrium nuclear spin polarization of a given spin at 9.4T and 298K 3.2x107% ('H),
B.1x107% (C), 3.3x107% ("),

[00134] Calculation of SABRE polarization enhancement factors

Table 2. Calculations of "N signal enhancements and polarization levels (%F).
(Nrer/Nup = 2), (Arer/Aup=1.85)
Imidazole-'"N; FIG. 14A
N (250 ppm) PN (165 ppm)

Thermal integral 548862717

HP mtegral -223976.77 -4G15547 71
Thermal concentration (M) 8.65

HP concentration (M) 0.017 6.017
Signal enhancement 77.5 16861
Y65 (actual, 50% p-Ho) ~.026 ~{}.56
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Table 3. Calculations of "N signal enhancements and polarization levels (%oP).
(NR ar/Nap = 2), ( Arer/ Aup=] .35)

. 15
Imidazole- "N3

FIG. 148

PN (230 ppm)

PN, (165 ppm)

Thermal integral

HP mtegral

Thermal concentration (M)

348862717

8.65

-2355921.23

-2941133.33

HP concentration (M) 0.017 6.017
Signal enhancement 808.1 1608.8
%P5 (actual, 50% p-H,) ~(3.27 ~{.33

Table 4. Calculations of "N signal enhancements and polarization levels (%F).

{Ngep/Nup = 2}, (Arge/Ayp=1 85)

fmidazole-"N,

FI(3. 14C

PN (250 ppm)

PN (165 ppm)

Thermal integral

5488627.17

HP mtegral -659867 .25 -437363 88
Thermal concentration (M) 8.65

HP concentration (M) 0.017 6.017
Signal enhancement 226.1 150.0
%P5y (actual, 50% p-H)) ~0.074 ~0.049

Table 5. Calculations of N signal enhancements and polarization levels (%P).

{(Nege/Npp = 2},

{ Appe/Agp=1.85)

Imidazole-’ SN;,

FIG. 14D

N, {250 ppm}

]'SNI {165 ppm)

Thermal integral

5488627.17

HP mtogral N/A 3967289 48
Thermal concentration (M) 8.65

HP concentration (M) N/A 0.017
Signal enhancement N/A 1360.8
%P 5w {actual, 30% p-Hy) N/A ~ (.45

W v
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Table 6. Calculations of "N signal enhancements and polarization levels (%oP).
(NR ar/Nap = 2), ( Arer/ Aup=] .35)

. 15
Imidazole- "N3

FIG. 14E

PN (230 ppm)

PN, (165 ppm)

Thermal integral

HP mtegral

Thermal concentration (M)

348862717

8.65

1348548.76

2050438.36

HP concentration (M) 0.017 G.017
Signal enhancement 462 6 7033
%P5 (actual, 50% p-H,) ~{(.15 ~{3.23

Table 7. Calculations of "N signal enhancements and polarization levels (%2).

{Ngpp/Ngp = 2},

{Arzr/Agp=1.85)

fmidazole-"N,

FI(G 16A

PN (250 ppm)

PN (165 ppm)

Thermal integral

5488627.17

HP integral ~6084201.09 -83444 91
Thermal concentration (M) 8.65

HP concentration (M) 0.017 6.017
Signal enhancement 20869 28.6
%P5y (actual, 50% p-H)) ~{}.69 ~-{3.3093

Table 8. Calculations of N signal enhancements and polarization levels (%P).

{(Nege/Npp = 2},

{ Appe/Agp=1.85)

Imidazole-’ SN;,

F1G. 168

N, {250 ppm}

]'SNI {165 ppm)

Thermal integral

5488627.17

HP mtogral -3249591.01 -2621929 88
Thermal concentration (M) 8.65

HP concentration (M) 0.017 0.017
Signal enhancement 11146 8993
%P 5w {actual, 30% p-Hy) ~(.37 ~0.30
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Table 9. Calculations of "N signal enhancements and polarization levels (%oP).
(NR ar/Nap = 2), ( Arer/ Aup=] .35)

. 15
Imidazole- "N3

FIG. 160

PN (230 ppm)

PN, (165 ppm)

Thermal integral

348862717

HP integral 376750113 N/A
Thermal concentration (M) 8.65

HP concentration (M) 0.017 6.017
Signal enhancement 12923 N/A
%P5 (actual, 50% p-H,) ~(.42 N/A

Table 10. Calculations of "N signal enhancements and polarization levels (%F).

{Ngpp/Ngp = 2},

{Arzr/Agp=1.85)

fmidazole-"N,

FI(;. 16D

PN (250 ppm)

PN (165 ppm)

Thermal integral

HP integral
Thermal concentration (M)

5488627.17

8.65

2055713.90

1510332.96

HP concentration (M) 0.017 6.017
Signal enhancement 7051 5181
%P5y (actual, 50% p-H)) ~{3.23 ~0.17

Table 11. Calculations of C signal enhancements and polarization levels (%6P).

{(Nper/Npp = 1},

{ Appe/Agp=1.85)

Sodium Acetate-
1-°¢

FIG. 18A

P50 ppm)

B {12 ppm)

Thermal integral
HP ntegral

Thermal concentration (M)

68630977 57

2.03

142039.83

1306385.89

HP concentration (M) 0.017 6.017
Signal enhancement N/A N/A
%P5 ¢ {actual, 50% p-H,) N/A N/A
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Table 12. Calculations of 'C signal enhancements and polarization levels (%6£).

( N R EF/NH P i ‘), ('AREF// AHp::l B85 )

Sodmum Acetate-
1-°¢

FIG 18B

B¢ (150 ppm)

B (12 ppm)

Thermal integral

HP mtegral

6863097757

96323096.62

76051902.66

Thermal concentration (M) 2.03

HP conceontration (M} 0.017 0.017
Signal enhancement 3117 2461
Y150 (actual, 30% p-Hy) ~0.252 ~.20

Table 13. Calculations of ~C signal enhancements and polarization levels (%F).

{Nrer/Npup = 1}, (Aper/Agp=1 .85}

Sodium Acetate-
1-°¢

FiG. 18C

B {150 ppm)

BC (12 ppm)

Thermal integral

68630977 57

HP ntegral -4944073.97 785712.82
Thermal concentration (M) 2.03

HP concentration (M) 0.017 0.017
Signal enhancement 16.0 2.5
Y% 150 (actual, 30% p-H,) ~(3.0129 ~0.0020

Example 4 Long-Lived ', Nuclear Spin States Hyperpolarized by Parahydrogen in Reversible

Exchange at Micro-Tesla Fields

106155]

Parahvdrogen is an inexpensive and readily available source of hyperpolarization used

to enhance magnetic resonance signals by up to 4 orders of magnitude above thermal signals

obtained at ~10 T. A significant challenge for applications is fast signal decay after

hyperpolarization. In some embodiments, parahydrogen based polarization transfer catalysis at

micro-Tesla fields (first introduced as SABRE-SHEATH) is used to hyperpolarize ’C, spin pairs

~

and find decay time constants of 12 s for magnetization at 0.3 mT, which are extended to 2

minutes at that same field, when long-lived singlet states are hyperpolarized instead.

Enhancements over thermal at 8.5 T are between 30 and 170 fold {0.02% to 0.12% polarization).

The present method may include controlling the spin dynamics of polarization transfer by choice

e
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of uT field allowing for deliberate hyperpolarization of either magnetization or long-lived singlet
states. Density functional theory (BFT) calculations and experimental evidence identify two
energetically close mechanisms for polarization transfer: first, a model that involves direct
binding of the ’C; pair to the polarization transfer catalyst (PTC), and second, a model
transferring polarization through auxiliary protons in substrates.

{00156] Nuclear spin hyperpolarization is an intriguing research area, because of its ability to
enhance nuclear magnetic resonance {(NMR} and magnetic resonance imaging (MR} signals by
multiple orders of magnitude. Hyperpolarization methods are particularly useful if they can
enhance signals from heteronuclei such as “C or PN because they can be installed in a wide
range of biomolecules, and they retain hyperpolarization on extended timescales. At the same
time, hyperpolarization of protons also has particular advantages, which stem from higher
sensitivity and 100% natural abundance. A particularly simple hyperpolarization technique is
para-H, induced polarization (PHIP). Especially, when implemented as Signal Amplification By
Reversible Exchange (SABRE) 1t allows for continuous and rapid hyperpolarization directly in
solutions. In the SABRE procedure, para-H; and the target (i.e. to-be-hyperpolarized) molecules
bind reversibly with an iridium-based hexacoordinate catalyst At specific magnetic fields,
polarization will transfer from para-H; to spins on the target molecule driven by J-coupling
mnteractions, for example ~6.5 mT 1s ideal to hyperpolarize proton spins. On the other hand,
heteronuclei (e.g. "N, *'P, P'C) are best magnetized in microTesla fields established in
magnetically shielded environments, an approach that was comned SABRE-SHEATH (SABRE in
Shield Enable Alignment Transter to Heteronuclei).

{00187} However, if the goal is to hyperpolarize long-lived singlet states, the picture changes
shightly because the conditions for the transfer of scalar order have a different field dependence.
For example, it has been shown that the singlet state of the "N, spin pair of diazirines is
hyperpolarized over a relatively wide range of magnetic fields between a few uT to about

100 mT. These hyperpolarized nuclear spin singlet states of "N, diazirines display refaxation
time constants of above 20 minutes. Sinularly, SABRE was used to hyperpolarize long-lived
singlet states on 'Hy-pairs, where polarization decay time constanis of above 4 min were
observed. Such long hyperpolarization lifetime promises biomolecular tracking and imaging of
low concentration analyies on significanily extended timescales. In thus article, we use SABRE-

SHEATH, to hyperpolarize magnetization as well as long-lived nuclear singlet states in carbon-
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13 spin pairs and find lifetime 7% of 12 s for magnetization and 7% of 2 min for long-lived singlet
states at 0.3 m'T. Here it is important to note, that the current record of a long-lived singlet state
is held by a 'C; spin pair (hyperpolarized by DNP, not SABRE) with lifetime, 7T, of more than
one hour.

{00138] In some embodiments, for the presented experiments, two molecules with various
isotopic labeling schemes are designed. For example, 1,2-(4-pyridyl) acetylene (with symmetric
structure} and 1-phenyl-2-(4-pyridyl) acetylene (with asymmetric structure) are synthesized
herein. For both, the present method may include isotopomers with naturally abundant “°C, as
well as doubly °C labeled substrates at the triple bond. The results presented in FIG. 23 indicate
that the acetyvlene carbon spins as well as the aromatic bridge carbon spins are hyperpolarized.
The enhancements are between 30 to 170 fold (0.02% to 0.12% polarization), when compared to
thermal signals acquired at 8.45 T. The molecules with " C at natural abundance show 2-3 times
higher enhancements compared to C enriched sites. This is likely due to faster 7} relaxation in
B¢, pairs as opposed to 7} of isolated °C spins. An additional cause may simply be the higher
ratio of polarization source (p-Hy) to target spins m the naturally abundant case.

{80159] The hyperpolarization transfer from para-H; to these substrates occurs via iridium
based polarization transfer catalysts (PTC’s). In some embodiments, the standard precatalyst
HrCH{EMes{(CODY, (IMes = 1,3-bis{2,4,6-trimethy iphenyljimidazole-2-yhidene; COD =
cyclooctadiene) may be used. The present method may be carried out using substrate
concentrations of 30 mM or 160 mM, and catalyst concentrations of 2 mM or 10 mM for the
symmetric and asymmetric compounds respectively. The solvent was methanol-dy, and the pre-
catalyst was activated by bubbling para-H, through the sample for 15 minutes at a pressure of

7 bar and a fractional parahydrogen enrichment of ~85%. Thereafter, hyperpolarization was
performed according to the SABRE-SHEATH procedure: the sample 1s exposed to para-H; ina
magnetically shielded environment outfitted with a small solenoid coil to obtain a controllable
uT magnetic field. One minute of exposure to para-H; is sufficient to equilibrate polarization.
Subsequently, the sample is transferred manually as quickly as possible (~ 8 5) to a Bruker 360
MHz (8.45T) magnet for read out. The manual transfer time of 8 s 1s relatively consistent, with
variations of ~1 s.

{001608] The polarization transfer occurs in catalyvtically active PT(’s. Two possible,

energetically low PTC species are depicted in FIG. 24, The ground state energies were
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determined by density functional theory calculations using the all-electron FHi-aims code. The
geometries were optimized using the PBE parameterization of exchange and correlation with a
van der Waals correction and the #ier 2 basis sets. Scalar relativity was handled in the atomic
ZORA approximation. Additional possible configurations and the corresponding PTC-energy
landscape are provided. Furthermore, also provided are 'H-NMR spectra of the hyperpolarized
hydrides bound to the Iridium center demonstrating the presence of at least two catalytic species.
In this first study, hyperpolarized C signals from molecules bound to the Iridium molecules
were not detected. Therefore, more indirect evidence coupled with ab initio calculations are used
to determine likely PTC structures.

[00161]  In the fust PTC model (FIG. 24A), all substrate molecules bind to the Ir center via
nitrogen. This 1s the energetically lowest PTC species identified by us. Here, polarization
transters from para-H; to the pyridyl protons first and finally arrives at the acetylenic carbons. In
the second PTC model (FIG. 24B), the catalyst binds with the triple bond and polarization is
transferred directly to C sites.

[00162] The spectra displayed in FIG. 23 could quickly lead to the conclusion, that the active
PTC must be the directly binding model (FIG. 24B), because hyperpolarization from the ring
carbons are not observed, other than from those in the bridge to the acetylene bond. Moreover,
hydrogenation 15 observed, which most certainly requires binding of the triple bond to the
mdium center. Hydrogenation rates depend on the ratio of substrate to catalyst: at 3:1
hydrogenation completes in less than 30 munutes, however at above 15:1, hydrogenation takes
more than 12 h. In a single SABRE experiment (with T min of bubbling} 1t was estimated that
significantly less than 1% hydrogenation at the 15:1 ratio may occur, which was used for most
experiments. Hyperpolarized hydrogenation products are observed, which display typical
ALTADENA type enhancements due to incorporation of para-H; (spectra provided in the SI}.
Still, it is hypothesized that that the spectra displayed in FIG. 23 all result from SABRE as they
are uniquely associated with the mtact, non-hydrogenated substrates.

{06163] Additional observations are made. First, the PTC on of FIG. 24A is energetically
lower. Furthermore, all non-detected " C spins are directly bound to protons. This leads to much
faster VC relaxation (a typical 7} relaxation time for aromatic "C directly bound to a proton is
~5s, whereas 7' relaxation constants of the bridge carbons are found to be 11(1} s and 7 of the

acetylenic carbons 1s 12(0.5} s at low fields) with two important consequences. First, the
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hyperpolarization buildup at these “C sites will be much less efficient, and second, a small
amount of hyperpolarization may quickly relax during the ~8 s sample transfer from polarization
region into the magnet. In addition, SABRE under optimized condition for 'H polarization
transfer at 6.5 mT was performed, which resulted in strong enhancement of the pyridyl ring
protons, while enhancement of "’C were negligible and 'H enhancements on the distant phenyl
ring were much smafler. Though bound species were not observed from the C spectra, the
hydride peaks were observed. For example, a small chemical shift difference of the hydride
peaks was observed (~0.2 ppm, which would be much larger for the binding mode in FIG. 24B
based on DFT calculation). Finally, hyperpolarization of diphenyl-"C,-acetylene (no ring
nitrogens) 1o the SABRE-SHEATH mode was tested and did not result in roeasurable
enhancements. All these considerations point to a strong contribution of the PTC shown in FIG,
244,

[00164] To investigate this in more detail, a careful characterization of hyperpolarization
transfer as function of micro-Tesla field was performed using the doubly "C labeled molecules.
As depicted m FIG. 25, the magnetic field was varied between -12 and +12 uT, accompanied by
simulations of the hyperpolarization transfer process.

{00165] Importantly, the present method allows one to directly choose to polarize different
states of the "'C pair: magnetization or singlet, which are easily distinguishable by their specira.
Magnetization 15 eastly detected from both molecules (FIG. 25A panel (1), FIG. 25B panel (1)},
whereas singlet-order can only be detected immediately from the asymmetric I-phenyl-2-(4-
pyridyl) acetylene because the acetylenic carbons have a chemical shift difference (FIG. 23C).
For this asymmetric compound, the acetylenic carbons are strongly coupled at low fields (Jec is
~185 Hz, whereas their chemucal shift difference Avc is less than 0.5 mHz). Upon transter to the
high field in the magnet (8.45 T) for read out, the chemical shift difference becomes significantly
larger than the Joe coupling (Ave ~770 Hz), the carbons are now weakly coupled, and the singlet
state 13 no longer an eigenstate. The sample transfer from low to high field transforms 115,
singlet order into detectable (/;;, — f,;) which gives antiphase signals in a pulse acquire
experiment, as shown in FIG. 25B panel (4). However, for the symmetric molecule, since the
two carbons will remain symmetric at high field, the singlet state cannot be accessed
immediately. In principle, access to the singlet can be accomplished by specialized pulse

sequences such as singlet-to-magnetization (82M) or SLIC.

-51-



WO 2018/209334 PCT/US2018/032485

{00166] In order to understand the polarization transfer dynamics at micro-Tesla fields in
detail, resonance conditions dictated by the Hamiltonian of the doubly "C labeled molecule are
considered. Atlow fields of <0.6 uT, we encounter a resonance condition to polarize
magnetization, given as

|vi = vol = 2/an, (Eq.1)

where vy and v are the frequencies of protons and carbons and Jug 1s the J-coupling between
the two para-H; derived hydrides on the indium. When solved for the magnetic field using v = -
B the magnetization transfer field is obtained as

Bieans = 2uu / (- yc), (Eq. 2)

where yu=42 577 Hz/uT and y¢=10.705 Hz/uT. When the field is increased to a few pT,
additional resonance conditions to create magnetization and/or singlet are encountered. The

Hamiltoman reveals overlapping conditions to create magnetization and singlet given as
Vi~ ‘Vcl = (J cot JHH), (Eq 3)

where Jog is the acetylenic C J-coupling. Again, solving for the transfer field the following is

obtained:
Bipans = + {Joc & Jun} / (p-yo) (Eq 4)

{00167] Equations (1,2) and (3,4) fully encompass the behavior observed in FIG. 25, In the low
field region, maximum magnetization transfer is observed at ~ + 0.34¢{0.1} uT, whereas there is
neghgible singlet buildup. At slightly elevated fields, both magnetization and singlet have local
maxima/minima at ~ +£5.6(0.2) uT and ~ £6.4(0.2) uT (see FIG. 25B). These values are
consistent with Jyy ~ 10{3) Hz, and Joc ~190(5) Hz. Joe can also be estimated from the
hyperpolarized NMR spectrum of the free form where we find Jo¢ = 185 Hz (see FIG 23D).
[00168] By numerical simulations of the spin dynamics we confirm that the general behavior s
largely independent of the polarization transfer mechanism {direct to °C, (FIG. 24B) vs. indirect
via auxiliary protons (FIG. 24A)). However, the numerical value of Joc strongly depends on the
exact nature of the PTC. Fust principles calculations of the relevant J-couplings are performed
using the FHI-aims code. The PBE parameterization for exchange and correlation and the fully
uncontracted cc-Pv5Z basis sets {rler 2 for ridium) are used. The ab initio calculations predict a

Joc of ~191 Hz for substrate bound via nutrogen (FIG. 244) vs. a Joe of 120 Hz for substrate
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bound directly via the acetylenic bond. Based on the measurements shown in FIG. 25, 1t 18
concluded with more confidence that the primary PTC is the energetically favored species shown
in FIG. 24 A because for the PTC 1in FIG. 24B we would expect efficient hyperpolarization at
significantly lower fields of 3.5£0.3 puT, which s not observed.

{06169] Finally, since the asvmmetric molecule allows for easy read out of, both, singlet state
and magnetization, their lifetimes 75 or 7 can be measured. As displayed in FIG. 26, T 18
measured at 0.3 mT and 50 mT, and 1s fit with exponential decay constants of 117(7} s and 69(4)
s respectively. For comparison, 7 is measured at the field where 1t has longer 75 (0.3 mT), and 1t
is found that magnetization decays much more rapidly with exponential decay constant 7} of
12(.5) 5. The 7y lifetime of the "', pair at 8.457T is measured as 8(0.4) s.

{06170}  In conclusion, it 1s demonstrated that, both magnetization and long-lived singlet order
can be induced on V'C, using SABRE-SHEATH. Hyperpolarization lifetime is extended to ~2
minutes, or 10 times 7. Furthermore, also disclosed herein is direct hyperpolarization of long-
lived singlet order by SABRE-SHEATH when the J-coupling in the targeted spin pair is much
larger than the Jay coupling between the hydrides. This is in contrast to the first demonstration,
of heteronuclear {""N,) long-lived states hyperpolarized by SABRE, where Juy and Jun were
comparable in size leading to a resonance condition that 1s matched at a broad range of fields,
raising the question if long-lived states could be hyperpolarized when Jxw or Joo are much larger.
It has been shown herein that specific uT-fields work in that case. Hyperpolarization levels and
enhancements remained relatively low n this first demonstration. It 1s hypothesized that the
quadrupolar "*N nuclei are the cause of the observed low hyperpolarization level, in view of the
finding that quadrupoles act as highly efficient polarization sinks at uT fields. Therefore,
hyperpolarization may be boosted, for exarmple, by additional "N labeling of the substrates and
other strategies detailed i the literature. Overall, the presented results tllustrate an avenue
towards siraple and fast hyperpolarization of long-lived C hyperpolarization with potential
applications i biomolecular MRI or the observation of siower processes by hyperpolarized
NMR. The presented advances can be translated to biomolecules already shown to be amenable
to heteronuclear SABRE hvperpolarization including nicotinamide, in vive pH sensor imidazole,
hypoxia sensor metronidazole and others. While the current work was performed in methanol

solutions, recent advances in heterogeneous and water-soluble SABRE catalysis may lead to in
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vivo translation of the presented approach for fast hyperpolarization of long-lived C molecular
probes.

{00171} Experimental Details

{00172] Synthesis of the substrate molecules

{00173} Al reactions were performed under a dry argon atmosphere. Tetrahydrofuran (THF)
and Dusopropylamine (DIPA) were degassed under reduced pressure. lodobenzene, Copper
iodide, TMS-acetylene-""C,, TMS-acetylene, TBAF 1M in THF were purchased from Sigma
Aldrich, Bis(triphenyliphosphinejpalladium(Il) dichloride was purchased from Acros and 4-
wdopyridine was purchased from AK Scientific. All purchased chemicals were used without
further purification. Reactions were monitored by TLC on silica gel aluminum-backed plates.
[00174] Bus(tnphenylphosphine)palladium(Il) dichloride (14.4 mg, 0.0206 mmol), copper
iodide (8.80 mg, 0.0465 mmol) and 4-iodopyridine (0.15490 g, 0.7178 mmol) were added into a
25 mL glass tube and degassed for 1 h under reduced pressure. Then, THP-DIPA (2:1 v/v, 7 mL)
was added to dissolve thern and TMS-acetylene-""C, (107.5 uL, 0.7084 mmol) was slowly
added. The mixture was stirred at 50 °C for 24 h. After cooling reaction mixture at room
temperature, TBAF Mo THF (I ml, 1 mmol) was added and stirred at room temperature for
10 mn, Next, 1odobenzene(0.4 ml., 3.574 mmol) was added and the mixture was stirred at 50 °C
for 26 h. The muxture was concentrated and the residue was 1solated by extractive work-up with
CH,Cl-brine. The combined organic phase was dried using anhydrous Na,SOy and
concentrated. Flash column chromatography was performed using 100 % ethyl acetate and
yielded 4-(phenylethynyl-1,2-"Co)pyridine (0.1172 g, 0.6468 mmol, 91.3 %).

{00175] Bis(triphenylphosphinepaladium{ll) dichloride (8.62 mg, 0.01228 mmeol), copper
iodide (11.89 mg, 0.0624 mmol) and 4-1iodopyridine (0.4032 g, 1.967 mmol} were added into a
10 mL glass tube and degassed for 1 h under reduced pressure. Then, THP-DIPA (4:1 viv, 4.5
mL) was added to dissolve them and TMS-acetylene-"C, (110 gL, 0.7124 mmol) was slowly
added. The mixture was stirred at 70 °C for 23 h. After cooling reaction mixture at room
temperature, TBAF 1M in THF (ImL, T mmol} was added and the mixture was stirred at 70 °C
for 20 h. Extractive work-up {CH,Cly-bring) was followed by concentration. The combined
organic phase was dried using anhydrous Na,SO, and concentrated. Flash column
chromatography was performed using 100 % ethyl acetate and yielded 1,2-di(pyridin-4-

ylethyne-1,2-C, (0.1054 g, 0.578 mmol, 81.2 %).
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[60176] Polarization of the "'C due to hydrogenation

{86177} Though the substrates are relatively stable during the SABRE-SHEATH experiments,
after long time of para-H; bubbling, hydrogenation happens for the acetylenic triple bond and
para-H; induced polarization (PHIP) 1s observed. In our case, since the para-H, is bubbled at a
low field in the magnetic shield (62 mG), the hydrogenated C spin pair will remain in its singlet
state until transferred to the magnet for read out. This polarization effect particularly matches the
ALTADENA (Adiabatic Longitudinal Transport After Dissociation Engenders Net Alignment)
phenomenon, the spectrum is shown FIG. 27.

[80178] Thermal and hyperpolarized 'H spectra including the hydride region

[60179] Thermal and hyperpolarized 'H spectra shown in FIG. 28 were measured to help
determine the polarization transfer complex. We used asymmetric substrate with 13C at natural
abundance, bubble para-H, through the hyperpolarization mixture inside the magnetat 843 T A
45" pulse 15 applied for read out right after stopping the bubbling. The classical PASADENA
effect 1s expected on the hydrides, which is best observed using a 45° pulse.

[60180] The 'H specira assist in the structure determination of the PTC species. As shown in
FIG. 28B. only the protons on the pyridyl ring are significantly hyperpolarized with enhanced 'H
signal. Clearly identifving a strong contribution of the N-binding model. The hydnde region
shows that i addition to a principle species, additional complexes exist in solution consistent
with the fact that we observe SABRE as well as PHIP via hydrogenation.

[60181] Thermal and hyperpolarized " C spectsa

[60182] Thermal and hyperpolarized "C spectra are analyzed to obtain the important
parameters such as the “C-"C J-coupling, Joc. Other J-coupling parameters could also be
distinguished from the hyperpolarized spectrum (FIG. 29).

{00183] Measurements of the lifetime

{00184] The magnetization is created in the shield with magnetic field of 0.28 uT, then the
sample 18 positioned at 0.3 mT for relaxation, followed by transport to the magnet for read out.
By positioning the sample for different time delays at 0.3 mT, its 77 hfetime 15 measured. A
similar procedure 1s used for singlet hifetime measurement. The singlet states are first created m
the shield with 6.2 uT then positioned at 0.3 or S0 mT for varying time delays, after which the
sample is transferred to the 8.45 T for read out of the antiphase peaks.

[00185] Analysis of the polarization transfer
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{00186] First, we consider a four-spin system consisting of two parahydrogen derived hydrides
and two U C spins of the acetylenic bond as depicted in FIG. 30. This represents the direct model,
where the substrate is bound to Indium via the acetylenic bond.
{00187} Then 1ts Hanultonian of this system can be expressed as:
H=vy (I + 1 )4 veldy + Lo )+ d g L Dow + oo ie Toe
+J ,j i dic +J, Arj wrdac +J)]

CH _nea CH _near CH_ ja CH_ far

(S1)

-

fowfoc

o

bon e +J

[00188] Introducing the CH-J-coupling terms {also dlustrated in FIG. 28), the sum and the

ditference of the near and far .Jog couplings can be writien as:

;
27 near J, CH  near +J, CH  near
A‘]near =J CH near J, CH _mear

, (82)
< o .
""'J,far - JCH _ far + CH  far

A‘] Jar = "] CH _ far - 'j CH jar

{00189] Using these definitions, the Hamiltornian is rearranged as:
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{00198} To better understand the Hamiltonian, a matrix representation will be more helpful,
which requires to expression the Hamiltonian in the basis that containing its eigenvectors. The
most adequate basis at hand is the singlet-triplet basis, which 1s:

) |
{S4)
1, =lac). 1, =B+ | fer). 7| 8)

[60191] Using this singlet-triplet basis for both the hydride {from para-H,) and the *C pair, we
can identify all possible 16 combinations of 'H and C states, which can be sorted in two groups

in terms of their svmmetry, they are:

K6
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10 symmetric states with respect of exchanging H; with H; and C; with Cy:
e, T
rirs, T
r[;)H Qné(j’ ZYJ r[;)(:'
e, Ty
and 6 antisymunetric states with respect of exchanging Hy with H, and Cy with Oy

~
il

SITE, TS

S5re, rrsy
[00192] Having represented the Hamiltoman n the matrix form using the singlet-triple basis
{the full matrix 1s histed at the end of this document), we can see that there are no elements in the
matrix that connects the groups with different symmetry. However, within the individual groups,
the states are connected and the Hamiltoman can drive the hyperpolarization from the hydride
singlet (S ) to other states that generate either hyperpolarized BC-magnetization by affecting

\ .

population in the 777, 7 states, or " C,-signlet by affecting the 8¢ population.
{60193] The initial state 1s the para-H, derived singlet on the hydride proton pair and all other
states are close to O population, thus the mitial states have the following populations:
PUSESEY= p(SETEy = p(SIT ) = p(SPT7) =025 )
plother states) =0
{00194] Choosing subsets of the connected states from the full Hamiltonian, we can see that

magnetization and singlet are hyperpolarized m the shield with different magnetic field. For

example, the Sb 7% and T T, states are connected:

iy 01 f‘ > 7 H TGC >
|2 _M . M”ow.
SITTY e Ty B E— (86)
T O _A“'] far Ajrm"r
IZF z(r)b> — P Vi
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{00195] At specific magnetic field when the difference of the diagonal elements is made very

small, the off-diagonal element will drive the population transferred from from S;;" T 0 17 Tf ,
thus reducing population in 7 state of carbon and creating hyperpolarized 7° state. The

corresponding resonance condition, obtained by demanding the diagonal elements be equal, is
(87)

Vi Ve =J gy
{00196] Since the chemical shift frequencyv = y58,, the magnetic field to match this resonance

condition 1s;

B == Vh’ - VC - L]HH (SS)
Vg Ve Yy TUe

(00197} Using J,, =9 Hz, », =42.576 Hz/uT, y. =10.705 Hz/uT, we can now estimate the
magnetic field would be around 3mG, which matches our experimental results.
[00198] In addition, magnetization of the "C pair could also be polarized at relfatively higher

field in the shield, for example, the subset matrix 18

é SOH S’é?) | z’r 5{ z'ri:';) 2{7 H E’;C)
H o x AJ far A“]mar AJ far A near
Sy Sy > AT e+ ) 4 4 """"""""
H = A“] far A‘]rze"r Z‘]rzeﬂr + ‘\-‘1] far (Sg)
7T > _______Z______ A - _______Z_____m 0
s ﬁ,] P L/.\k] e zl]nmr + S“ far
|T,,H T) T T e S o 0 Vo =V, e L 3 %

[00199] Changing the magnetic field by adjusting the current in the coil, once again the
diagonal elements could be made equal, and the off-diagonal element will drive the population

P H e C
ey,

polarizing the ’[’fj> or Ii”fv> state of the carbons.

from lSd”Sf> to either

r H i C
If’[j) or

The corresponding resonance condition is:

2 e T2 N
Vy —Ve = +J 0 )+ (510a)
Or
i 3 E"'Jne"r + Z’J*‘?ﬁ PP
Vip =Ve =(Jee + )+ W (S10b)

58
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+47 - o
[00200] In the spin system, since 2 = =1.75 Hz , which 1s much smaller than

the J.. +J,, ~185+9 =194 Hz, the sum of the J-coupling term could be dropped and the

resonance condition could be simplified as:

Vi b = +{ JC o+ i

H

) (510)
{00281] The negative sign corresponds to turning the magnetic field in the shield to the other
direction. Also, since now the matching condition 1s around 194 Hz, which 1s much larger than
the previous condition, ustng this number and equation 58 again, the magnetic field s arcund 60
mG, which 1s also consistent with our experimental results.

[00282] On the other hand, we can establish the singlet polarization condition by examining
the Hamiltonian maitrix subset that connects the hydride singlet and singlet on carbons, one

example 1s:

§77e TSy
7 A, — AT
H e , near " far S
SQ [rp —J]I'H + ‘/C m""z-"m (Si i)
o AT AT i
Yl e S S RV

o . ~C .
and the resonance condition to polarize & state on carbon s

Vi Ve =Joe =Sy (512)

{80203] Accordingly, that 1s a 176 Hz difference and the matching magnetic field would be
around 50 mG, which s similar to the second magnetization polarization condition and matches
with experiments,

{00204] The direct binding model may only have a small contribution to the observed SABRE
spectra and we conclude that the hyperpolarzation transfer 15 more likely through a larger spin
system of additional protons in the pyridine rings. In this case, indium of the catalyst binds with
the nitrogen of the pyridyl ring, thus forming an eight-spin system (2 para-H, protons, 4 pyridyl

protons and 2 carbon-13s). In the following section we find by numerical simulation that the

-5G.
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general behavior of the two models is surprisingly similar. At the end, we can use the relative
positions of the resonances to distinguish the two models as described in the following,

{00205] Spin dynamics of low to high field sample transfer

{00206] Hyperpolarization of both magnetization and singlet order, which are generated at low
field, are detected in the 8. 45 T high field inside the magnet The transfer process of the sample
is highly adiabatic, indicating that the population will stay at eigenstates of the system during
transfer.

{00207] Since magnetization is represented as /y,+5,, which 1s associated with population
difference between the oo and fiff states, they are eigenstates at both low and high fields.
Therefore magnetization remains unchanged during the transfer process. When a 90° pulse is
applied in the magnet, we will obtain an in-phase spectrum, as shown in the main article in FIG.
258, panel (1)

[00208] The singlet order, however, is only an eigenstate at low magnetic field and 1s not
detectable. It is counverted into a detectable state during transfer from low to hugh field if a
chemical shift difference between the two “’C spins exists. To enable this transformation, we
designed the asymmetric molecule |-phenyl-2-(4-pyridvl) acetylene, with the chemical shift
difference of the two acetylenic 7C spins of 9 ppm. At low magnetic field, e.g. 100 G and below,
the chemucal shift difference (AS < 1 Hz) 15 much smaller than their J-coupling (Joe =185 Hz), so
the system ts strongly coupled and the singlet order 1s eigenstate, that 13 well protected from
coherent evolution and subsequent relaxation.

{80209] The singlet will not be an eigenstate at high magnetic fields. We calculated the
associated eigenstate as function of magnetic field, (or rather, the frequency difference between

the °C spins, Av, which is proportional the magnetic field):

/ 2, 2
P ) »\/A.V -T‘tICC —/_/}SV . .
Lergensiate( A V)> = ; I o ) [m:) (813)

e

{00210} Accordingly, the field dependent density matrix is:

plAV)=

eigenstate{ A V}) (ei gensiate{ Av) (514)
{80211} The mninal density matrix of the singlet when Av = 0 is:

i~
py ==l Ly do 10 ($15)

Ix* 2x
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{00212] By raising the magnet field this density matrix becomes:

Av i

(Z]YZ?A + I'lyj?/_v) - .......n..;........n.;nmm ([]z - j ) (SE 6}
AV +JE 2

2z

IO(A V) = %i - 1]/12’" -

{00213] When p(Av) 15 probed with a 90° pulse at 845 T (Av = 815 Hz), only the /1,-/5,
component vields signal in two anti-phase doublets, and plugging in the numbers we would have
98% singlet detected, compared with a infinite high detection magnetic field case {where Av=c0

, : : T 1 L
and the denstty matrix corresponds to p{Av) = Zl -1.1,, —;(!b —1,. ), which is a pure

population of the fo state).

[00214] Numerical simulation

[802158] Full range simulation of the 4 spin system

{00216] To better illustrate the mechanism of the polarization transfer, we used the Matlab
package, Spinach, to simulate the magnetization and singlet polarization of " C as a function of
the magnetic field. The full range simulation from negative to positive magnetic field, as well as
all the resonance conditions are shown in FIG. 31

{06217} For the magnetization simulation, the low field polarization around 6.3 pT maiches
well with the experiment and our derivation. However, at around 6 T, there 13 splitting between
the magnetization polarizations of about 2/uy. The experimental magnetization data also
indicates that behavior, however not as clearly as the simulations. We believe that magnetization
can be strongly affected by the sample transfer from nside the shield to the magnet. Specifically,
crossing strong magnetic field gradients or magnetic field inversion points may cause non-
adiabatic evolution of the magnetization, which causes broader features in the experiment.
[00218] The singlet simulation shows great consistency with our experiment. There 1s no
singlet polarized at extremely low field. The singlet 15 only polarized at around 6 pT, and the
sphitting of around 2./uy 1s clearly observed in the experiment, which could be due to the
wnmunity of singlet to magnetic fields. Furthermore, the polarization level of the singlet is quite
high at 6 uT, indicating that polarization of the singlet 1s efficient; this 1s also consistent with the
experimental results.

{00219] Comparison between the simulation of direct and indirect polarization transfer
{06228] Since the nature of the binding mode 1n the real system was in question, we usg

simulation to detect if there are differences of the polarization transfer transitions between the
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two modes. We simulate the direct and indirect model and vary parameter of the J-coupling
terms used in the simulation. As illustrated in FIG. 32, we find that the direct and indirect
polarization transfer spin systems tend to give quite similar transfer patterns for comparable /-
coupling constants in the source {(Juu) and the final target {(Joo).

{00221] As apparent from FIG. 32 in combination with the analytical expressions provided in
the main manuscript for the resonance conditions, the polarization profile is determined by two
critical J-coupling parameters, Juy and Joc. Juan determines the position of the first resonance
condition for forming magnetization. Juu also controls the distance between the two resonance
conditions at higher fields. Finally, Joc¢ dictates the overall position of the higher field
resonances. This is true irrespective of the hyperpolarization transfer pathway (direct or indirect).
[00222] Simulation at the optimal "H hyperpolarization field (6.5 mT)

{00223] TIn addition to the simulation of the polarnzation transfer at low field (from -12t0 12 6
nT), simulations at higher field (6.5 mT) where 'H hyperpolarization works best are also
performed. However, all of the simulations give 0 transfer to "C, which is as expected because
at such field there is no energy level crossing between 'H and C spins. Although polarization
transferred to 'H, there is still no energy level crossing between the auxiliary 'H’s and V' C’s. This
is also consistent with the experimental results, the ’C hyperpolarization is negligible when
bubbling at 6.5 mT.

{00224] DFT calculation of PTC complexes.

[00225] In addition to the spin dynamics simulations, the binding mode was also mvestigated
with DFT calculations using the all-electron FHI-aims code. The right settings were used for the
integration grids and basis sets. We used the PBE exchange-correlation functional plus
Tkatchenko-Scheffler vdW correction. In FIG. 33, the total energy of each configuration 1s taken
as a sum of its isolated components {e.g., separate calculations were performed for CU, Hy, etc.).
In the article we showed two major binding complexes. Here we displayed the full process of
catalyst activation and energy differences of all possible PTC’s. The geometries were first built
by hand and minimized n Jmol and then relaxed with FHI-aims. No extensive conformational
search was performed. The geometries are shown in Table 15, Here we compare the ground state
energies only and do not consider other energy contributions {vibrations, solvent effects, etc.}.
We conclude that the indirect transfer should be the main polarization process. In case the

acetylenic bond s complexed to the Indium, the calculated C-C J-coupling 13 only 120 He,
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whereas for the substrate bound via nitrogen, Jec 18 calculated to be on the order of 191 Hz, more
in line with the experimental data. The J-couplings were calculated nonrelativistically with FHI-
aims. Table 14 presents a basis set convergence study for the J-coupling of the PTC of FIG. 24A.
We have taken the Dunning cc-pVnZ basis sets and uncontracted all the s-functions, which we
denote u-cc-pVnZ. Uncontraction 1S necessary since it gives the basis sets extra flexibility in the
core region, which is necessary to converge the difficult Fermi contact (FC) contribution of the
J-coupling. Using the regular contracted cc-pVnZ basis sets would lead to poor convergence of
FC and therefore the total J-coupling. After doing a convergence study with the u-cc-pVnZ for
the PTC of FIG. 24 A, we used a fully uncontracted cc-pV 57 to calculate the final J-couplings for

both PTC. Using u-cc-pV 57 we estimate the basis set error to be within a few percent.

Table 14. Basis set convergence study for the PTC of FIG. 24A. u-cc-pVnd refers to the regular
cc-pVns basis sets with the s functions uncontracted. A fully uncontracted cc-pV 57 basis set
yields 190.7 Hz, showing that the dominant contribution to the J-couplings comes from the core
s orbitals.

u-cc-pvDZ  |176.8 Hz
u-cc-pVTZ 1793 Hz
u-cc-pVQZ |187.0 Hz
u-cc-pV5szZ 190.8 Hz

Table 135. Geometries of the configurations in the format of FHI-aims geometry files.
PIC1-00eV:

atom 1311576225 494961335 718332949 C

atom 10.9071894¢ 547963132 6.8529178¢ C
atom 11.47867245 6.52825957 7.49109625 C
atom 13.73656820 7.13837865 8.26564473 C
atom 14.41196785 8.02519222 7.41016670 C
atom 1528193896 895307567 798311527 C
atom 1547771165 9.02469659 936751890 C
atom 14.76147947 8.14515954 1018374824 C
atom 13.87871018 7.19330295 9.65882410 C
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atom 1419776584
atom 14.24930779
atom 1495020238
atom 13.20584477
atom 16.44951408
atom 17.46306466
atom 16.49435821
atom 16.16969660
atom 13.10904365
atom 12.02561003
atom 13.39811557
atom 13.28581526
atom 11.67568783
atom 11.404604062
atom 11.28029114
atom 11.37664748
atom 11.54856933
atom 11.68908387
atom 11.193350971
atom 12.01192681
atom 11.10673072
atom 10.26511343
atom 11.28763047
atom 10.40839546
atom §11.21639643
atom 12.16935925
atom 11.79730749
atom 10.81918011
atom 12.13090905
atom 12 48764385
atom 16.95811952
atom 17 98024545
atom 18.46842923

7.98473277
6.95811679
8.58894345
8.37443915
10.01544547
9.85240963
9.94318002
11.04646569
6.26970502
6.44137593
6.41833943
5.21809630
3.32767005
212517189
0.96645168
0.99009336
2.22673153
3.41072433
2.08110944
2.56369192
1.04571190
2.60415039
-0.27243964
-0.26094057
-1.16107249
-0.38553156
473018374
523248131
4.58438764
5.42493518
5.99229109
6.92497378
7.35540373

5.82222996
53669221
5.40340215
5.64943669
0.94878491
955327997
11.04180964
9.69063548
10.56161419
10.48541652
11.6080007%
10.29678203
590964002
6.57955236
5.80449083
441018012
3.78020939
4.50650871
8.06831118

W

8.61634427 |
8.41674333 |
8.34254830 |

3.5963675%
2.93662754
4.23443107
2.94848281
378961393

375122691 F
2775596623 F

428275111
6.29031123
634177254
7.59179129
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atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

17.895096363
1686627071
1493389243
1491551377
14.90897423
14.95176730
14.96206111
1630377590
731615797
18.51276774
18.59222207
17.53182749
14.78760665
14.60858277
13.79560641
1636717449
1494912183
1638737450
12.81453293
11.90142723
989418198
11.07089240
11.58526603
11.09481601
1582986061
1489135110
1482203317
14.59229049
1452163586
1439624795
1433945345
1440912916
14 53467885

6.75629235
5.84058229
1.82651014
1.24189173
2.05079145
3.44360981
3.94123496
1.79933763
0.94878141
0.87012459
1.68966833
2.51318319
3.87659582
4.21550582
2.669206840
5.45894172
3.16701654
2.58889230
6.20219498
4.53070682
5.31698638
747246738
227161782
(3.01753499
5.634006119
8.19578464
1.49247192
0.42063372
-0.98109332
-1.54295173
-0.72402847
0.66514280
1.23892698

872910975
858125159
514176875
3.80027166
273520301 C
294561313 C
4.2370464¢% C
9.04368020 C
9.44500898
8.69927659 C
7.55461605 C
7.22079698 C
7.42070051 Ir
8.96247465 H
7.020939Z5 H
7.38164240 N
534394014 N
7.94293289 N
7.68431021 N
666395394 N
6.51059995 H
7.82609062 H
269022347 H
631098530 H
732932181 H
11.26633671 H
144488593 C
-0.95256762 C
-1.10178607
-2.36751520
-3.49875070
-3.36132348 C
-2.10095175 C

(GO
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atom
atom
atom
atom
atom
atom
atom

atom

atom

atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

1493524934
14.94552207
1490337349
1487811532
14.71658881
14.59026484
14.24128021
14.36551022
14.56779066
14.34278249
19.46123069

5.01600160
412913432
1.21543978
0.15829341
0.99718304
2.32042353
-1.16890500
1.30344860
-1.61276333
~2.62583486
8.34876397

#magnetic_response

2029829876

9.22970430

#magnetic_response

21.26462681
21.67740689
2202447716
23.17333686
21.82491638
2277147643
19.56803485
20.48074501
21.53683251
21.41260123
22.43395340
23 62889782
23.76140099
2272715020
2282297921
24 44212494
24 67728476
2049420771
2235061734

10.25298674
10.66490635
11.67347278
12.28468615
10.87604062
11.88324688
0.01920746
-0.71872793
-1.57355742
-2.37513308
-3.21290233
-3.26646296
-2.47663601
-1.63483743
-1.01629766
-3.92445254
-2.51846488
-2.32776452
-3.82853529

440650229 H
210074609 H
6.0406968C H
3.80228655 H
0.33349706 C
-1.98613174 H
-4.48840612 H
-4.24314454 H
-0.21585924 H
-2.47457130 H
7.70725824 C

7.82834190 C

7.97397694
©.25928735
©.30864814
8.26786776
6.83848026 €
6.99080452
508048118 C
941816032 C
981208383 C
1096721003 C
11.35069034 C
1059553817 C
9.44999682 C
9.05615344 C
816504164 H
1090009173 H
8.36144919 H
11.55042646 H
1224359171 H
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atom 1537606197
atom 17.18639962
atom 1648378205
atom 17.58342333
atom 1658353244
atom 18.39417299
atom 18.22578748
atom 1638773286
atom 21.50729609
atom 2391539528
atom 2319987151
atom 21.24651038
atom 2293829256

PTC2-0.09eV:

atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

12.61994096
10.39359377
10.78144088
12.83583669
13.44288772
14.0544022¢9
14.05243718
13.40424405
1278026552
1340868356
13.83947757
13.97364496
1237803455
1474133759
1581377106
1464531327
1432473420
1206440256
1697281770

1.87734315
0.34280464
1.67942524
3.14731127

10.55764463
13.07419038
12.35919309
1018270892
11.98560693

468725628
497555886
6.01607156
6.81681346
7.88917444
8.87552444
8.82495592
7.73899460
674093539
7.97821802
7.08123482
8.84637643
8.07080900
9.89269743
99333127
9. 70981898
10.88659030
5.62019575
575088889

9.6047631C H
1033918630 H
6.9312670C H
33868523 H
532595868 H
541959766 H
972618201 H
0.44866032 H
584670330 H
838197572 H
6.10937307 H

.C}N\

1013557218 H
10.39416959 H

7.21135126 C
6.74583996 C
7.51784122 C
8.57386436 C
7.90028382
B8.67437741
10.07527131 C
10.69996801
967102203 C
639979965 C
593456690 H
6.04428548 H
6.027121538 H
10.87904577 C
10.64062641 H
11.95529194 H

10.66330188 H

10.67196358 C
10.62302065 H
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atom
atom
atom
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atom
atom
atom
atom
atom

atom

12.34865838
1229198044
11.44275568
11.29025601
11.29126795
11.39484656
11.44960872
11.46457958
11.06202760
11.21278879
1173214306
10.03211638
11.44417092
10.61016363
11.39695628
12.37084801
11.45724353
10.43489380
11.82868829
12.06274633
17.63244084
16.84648593
16.62623581
1724615017
18.02076134
1476027853
1486773688
14.83973729
1472602067
14.61577488
1581162127
16.80971245
18.13462461

5.58321848
464629636
2.99647050
1.73241155
0.61844294
0.74071615
2.02804136
3.16985416
1.54001401
2.45788421
0.77225863
1.19519763
~0.46755896
~(.46897796
-1.39987635
-0.47764060
4.53596677
494104374
448770018
5.26421815
8.1324511¢6
7.49634177
610580573
545023699
6.18377482
1.80395007
1.30923958
219378337
3.566070358
397562390
1.41741426
0.55620968
0.74217473

11.72924630 H
1022009118 H

5.7358713¢
6.32274907
5.47207251
408597318
3.53833210
4.33838210
7.7987031 1
837368247
8.20741301
7897343446
3.19149448
247582443
3.766120068
2.59837175
3.70555022
3.00543324

2.67578648 |
425835295 |

536910657
6.32435644
623062265
514864348
425307197
513793564

3.05352005
436976072
8.89350793
G.30635633
8.83357451
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atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

18.353250099
17.29734466
14.38491987
13.90305922
13.45070663
18.21854661
14.62951274
16.02948300
1213001959
11509110596
9. 43706738

10.23854743
11.49633680
1119617266
14.53368090
13.39861891
14.8888562Z0
14.92848966
14.99523747
15.014235955
14.96799891
14.90244623
14.88234483
14.50725529
14.70687403
14.75490597
14.95093031
14.90740509
14.83302476
1498402611
14 86778800
15.03327243
1506658734

1.83222979
265194180
74329567

o8]

245250015
7.50660444
3.12176764
246418951
5.83584502
4.17323549
4.72430033
6.86967233
2.14658441
~0.37515247
9.71740958
7.70134806
1.7224977
0.82387972
-0.56275138
-1.03038315
-0.13095562
1.24400961
1.72423777
5.02876321
4.30620835
1.13328011
(.23656974
1.30557787
2779396270
-0.50218937
1.94430080
-1.25668545
-2.10178030

7.98701248 C
762837824 C
7.50418597 Ir
©9.01248381 H
7.60140425 H
433617228
541645769
8.05913466
7.79189773
656135053 N
630840370 H
7590044432 H
243425491 H
591453667 H
817031532 H
11.78913432 H
1.42888085 C
-1.04856666 C
-1.30386690 C
-2.61300770 C
-3.68200320 C
-3.4391910¢9 C
-2.13461893 C
461381451 H
225669847 H
599330607 H
3.069392474 H
028093844 C
-1.93694604 H
-4.70615733
~4.27295435
-0.46342533
-2.80324937
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atom
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atom
atom
atom
atom
atom
atom
atom
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atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

15.84102448
1555428896
1588855562
1546181285
15.80884505
1659862856
1670168147
17.05150811
1917908627
2008560853
2113561007
20.88030445
2191716626
23.21629921
23.47894265
2245078164
22.04697922
2402557811
2449187215
19.86554912
21.713473%4
14.78598344
1656988543
19.34943016
1746039423
17.80441723
1639471803
17.13861531
18.51013561
17.04587578
1686777589
17.67711122
14 84575323

5.42795795
5.28587256
5.59615530
4 82346256
517683777
6.30380250
6.72206773
7.06769593
-0.11361373
~0.85371739
-1.70925791
~2. 78473960
~3.62125382
-3.40218079
-2.339843%¢6
-1.496089%4
-0.66560480
-4.06025754
-2.16947614
-2.94788704
-4.44914709
28842303
-0.26145741
2.03908604
3. 50880253
520974545
8.06578446
4.37668390
5.67749052
732743164
6.58119329
7.94265923
394458930

722356969 C
846018865 C
9.82563466 C
1091827859 C
1221893868
12.45512339
10.07612374
11.37593733
825048672
G.60017671
10.00662267
10.88448530
11.28198087
10.81493036 C
9.94526661 C
9.54044734 C
8.86401105 H
1112962808 H
0.58226372 H
11.24429326 H
1196017749 H
822998770 H
098251333 H
7.60203564 H
698107374 H
543321092 H
713433260 H
5.00846607 H
341711138 H
G.23998082 H
1347381825 H
11.55114704 H
10.73635414 H
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atom
atom
atom
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atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

15.46345426

3147V

1235633315
1014517555
10.56868293
2.76029647
13.23549059
14.04863515
14.39467751
13.88535560
13.04970207
12.88119302
13.04042342
13.49133361
11.82489760
5.27910108
1612612697
15.67548130
1472373981
12.46577666
11.37069521
1271459979
12.83857536
11.31630284
11.23182910
11.34553722
11.48338747
11.51897362
11.44559288
10.93386607
1104852612
1158753645
9.89984190

bJ
3
(v
43

[l
[y
'Jl

4 56794575

412024117
437682646
551157837
638393803
7.37137230
837336650
8.406253816
7.41253915
6.39473988
7.36037705
6.37164468
R.08593807
7.01960320
9.49881555
G.68911248
9.250652517
10.44372822
537412180
5.33337567
5.61944464
436213479
227817966
1.07250186
-0.12068298
-0.13570715
1.09025753
230743793
1.02331306
1.99456483
(.30596372
0.68422544

13.05427574 H

8.90819667 C
8.43677494 C
9.0496009% C
9.86811730 C
8938809280 C
951739823 C
10.87277780 C
1171337623 C
11.24040221 C
7.52607807
7.07521612
697803360
7.36318588
11.40756157 C
10.73477918 H
1239923092 H

T m O

T

11.30016445 H

1217976719 C
12.09605662 H
13.21801281 H
11.9701187¢ H
7.66471106 C
8.38335317 C
765566532 C
6.26654492 C
558808534 C
6.26027766 C
985902430 C
10.34810756¢ H
1037180835 H

10.01897579 H
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atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

11.56471082
10.56660276
11.95840483
12.19549304
11.50629063
10.54950705
11.74458474
12.26931696
14.73809992
14.78381356
14.84209114
14.86260474
14.83185791
1544649081
16.41440604

7.749406615
18.00840486
1697883625
14.05389040
14.75690559
1569805359
11.922335695
11.24779535
9.17408900
10.04195578
11.63686460
11.29313573
14.44131746
1413067112
14 87962388
15.25500643
1597643829
1652946872

-1.42933878
-1.73717785
-2.24231716
-1.33130384
3.60733996
4.14717052
342873588
4.28066551
1.B0385368
2.77873301
2.37600845
0.99420525
0.10786823
0.64211332
-0.31199156
-0.08037658
1.13162605
2.04755009
312737372
0.48374955
1.81513086
5.34690574
3.53825476
4.08879463
641825572
1.09338007
-1.06734744
9513779775
7.43437974
3.35266334
438037908
5.59452287
5.90772566

550463823 C
515844460 H
612686322 H
461513003 H
5.50671783 C
554819748 H
445314863 H
502118017 H
370875348 C
4.70106719
6.04870992
6.30666412
523448744
10.20635726 C
10.45077032 C
10.05017142 C
941157876 C
919171269 C
815012629 Ir
395068921 N
856980490 N
032828722 N
835484767 N
8.05699444 H
931497651 H
450370899 H
819717410 H
8.84345961 H
1277677745 H
7.09490305 C
772190176 C
7953454611 C
921096001 C
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atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

17.28018910
17.47923976
16.18365823
16.92593012
1876371129
19.64129012
20.65523416
2035231001
21.35370819
2266336710
2297294850
21.98085714
2221285401
23.44467900
23.994006006
19.32949513
21.11427349
14.41652540
16.14530777
19.01563898
17.16663775
14.68251281
14.76095533
1489886932
14.85376424
15752195353
18.06469790
17.07923284
1636681725
1770376579
13.38778662
1454383564

PTC4-070eVY:

706578782
7.93797720
6.48167843
7.64306960
-1.02628218
-1.85371196
-2.81194375
-4.03330339
-4.97254511
~4. 71261266
-3.50614232
~2.55841672
~-1.61606873
-5.45210617
-3.30536487
-4.22720275
-5.91331680
(.48828508
-1.23540047
1.39926473
2.98868785
2.09777682
3.83618972
0.61260107
-0.96862780
624723539
8.84676437
8.32097113
5.23642175
7.29412723
2.62388016
4.23349788

937973811 C
830801182 C
6.87700244 C
7.05839204 C
10.27908551 C
10.47475461 C
10.69953318
11.33985169 C
11.55689502 €
11.14277571 C
10.50808360 C
10.28509205 C
879129012 H
1131513373 H
10.18606473 H
11.65919677 H
12.05119724 H
10.52286661 H
1095860617 H
S.08380807 H
8.68044267 H
263793746 H
444229573 H
732442715 H
541922165 H
590474321 H
844390222 H
621921467 H
10.05280681 H
1035696626 H
1052025122 H
1010570577 H
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atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

12.80623943
10.64235778
1116328628
13.35919616
1415522515
15.01459989
15.07961099
14.24901556
13.37477451
14.08941989
14.359768%4
14.77262563
13.07704228
1599240924
1680342755
1643936695
15.43718491
12.48697351
11.422725%0
12.67101476
1265936144
11.47328622
11.08691747
10.94521253
1114933893
11.47750141
11.63879562
10.80089237
11.67467696
1050786674
9.98196635

11.02399040
1017888046

6.89320874
8.08838720
7.15235400
R.87170461
8.34989030
9.53842426
9.94300508
9.00174695
10.39267252
5.90880466
6.13130073
5.92940201
488451821
3.44993056
221934915
1.13636337
1.26234133
2.523703153
3.63443410
206761681
2.32386479
1.03808224
2.72996395
0.08022328
(.20454705

7.28498423
6.81866377
57735259
8.61689666
793404468 C
8.69336514 C
10.08706538 C
1072578116 C
10.01516525 C
6.43689825 C
592615509 H
6.09091739 H
6.09769499 H
10.88511554 C
1026790152 H
1173169412 H

~
(v

11.30055149 H

10.72505988 C
10.56150972 H
11.80471775 H
10.36591340 H
578413945 (
633370620 (
545757688 (
408053633 C
3.57130324 C
440038156 (
7.80229168 (
841339285 H
8.03382720 H
811792229 H
315821153 C
246614083 H
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atom 10.86653583
atom 11.92647453
atom 11.95578804
atom 11.05189869
atom 1236016676
atom 12.67963247
atom 14.47421073
atom 14.56243399
atom 14.88302947
atom 1514779355
atom 15.04365554
atom 16.28749662
atom 1738278706
atom 1856173711
atom 18.53977231
atom 17.40120297
atom 14.53234572
atom 1438640306
atom 13.64984110
atom 14.68997982
atom 16.27303541
atom 12.47646106
atom 11.64667518
atom 1490471505
atom 1486699600
atom 1455805231
atom 1453458950
atom j4.81080745
atom §15.12443865
atom 15.15093926
atom 14 88874285
atom 1969729607
atom 2068053020

-0.85179850
-0.03507440
498450111
5.60838468
4.88301327
5.54172087
1.78065661
113158738
1.85929547
3.23417626
3.80237823
1.989473802
1.22013518
1.28011651
213107565
2.88549405
3.96277520
431678052
2.68838106
3.10854653
2.82315964
617531140
4.5900606068
1.24462579
0.07215813
-1.30106817
-1.91598497
-1.17868906
0.181479%6
0.80804683
0.70246082
0.51297636
-0.15371342

371353282
2.54019116

3
AZ3BIT49
534549942
412921167
2.96525996
313513992
439222163
9.05766710
9.40278898
8.62890934
7.51910657
7.24208463
7.51946642
9.06135291
7.89736121
549837320
7.98858873
7.85268146
6.64367437
1.69874254
-0.66160020
-0.76794033
-2.01463792
-3.16813543
-3.07289518
-1.83200950
0.60432307
8.94929674
9.233382599

H
H
C
H
H
H
C
C
C

SRS NS NGNS

OENe!

ir
H
H
N
N
N
N
C
C
C
C
C
C

C
C
C
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atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

21.81799383
21.7930279%
22.91443407
2407120159
2410558668
2299071350
15.53441485
1542779518
5.66138550
10.731524381
10.65878005
1162766336
1564606310
1428113286
1522833212
14.19428471
14.35284855
15.41846502
14.34133574
14.29597499
14.79760060
1534511613
1539052811
17.37400583
1941420918
2300936971
2088814963
22.88862183
24.94758506
25.00779737
1537263463
17.33016679

PTC 5087 eV:

-0.92575132
-1.78895446
-2.34517635
-2.45474474
-1.60264199
-(.84136407
530606855
5.42693174
5.40399010
7.44659400
0.16669897
2.64428905
9.47401653
7.63320449
480572014
1.24091454
0.00600507
3.83302517
-1.86891231
-2.97631179
-1.66506383
0.75521320
1.86710175
3.55844169
2.25014766
-0.17468585
-1.85296089
-3.20918323
-3.04909017
-1.53242908
1.95816871
0.57046788

956464149 C
10.68127417
11.00281448 C
10.22336930 C
511584752 C
8.78362203 C
6.91004032 H

7.78492671 H

638184527 H

795004657 H
586866392 H
249689467 H
817933407 H
11.81340668 H
4.53431006 H
6.24630742 H
407122340 H
228231055 H
0.13573243 H
-2.08954302 H
-4.14284390 H
-3.97230429 H
-1.74932501 H
638722429 H
6.87971334 H
792282271 H
1128366334 H
11.86609884 H
10.47975781 H
850928288 H
G.64360375 H
10.27367419 H
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atom 12.93840121
atom 10.71089316
atom 11.30955558
atom 13.59984447
atom 1431794024
atom 15.20697936
atom 15.35433984
atom 14.58264743
atom 13.70053763
atom 14.10826323
atom 1417907599
atom 14.84393748
atom 1310863682
atom 16.30119779
atom 17.03136069
atom 1682231196
atom 15.756563%90
atom 12.883355474
atom 11.81379729
atom 13.20421340
atom 12.97743953
atom 11.4160327
atom 11.02324308
atom §10.75329083
atom 10.84026241
atom 11.20192127
atom 11.48014778
atom 10.86087371
atom 11.62794353
atom 10.93709270
atom 3.88548304
atom 10.54065735
atom 9.57617739

512851276

7.84292832
8.92250841
9. 70899486
9.39451386
831333013
7.07442527
598767528
7.37069461
727179677
10.87667606
10.80768061
10.94516868
11.82194829
3.00114780
819211845
8.62205553
6.94727579
3.13607803
2.784535963
1.43496498
0.46218208
0.86823196
220092913
3.80938109
4.59367432
334024673
4.30319435
-0.98175129
~1.27541138

6.81161236
6.44862987

543956184
6.58717176
7.7113199¢%
7.72479068
410991464
4.23015913
3.35418083
3.69522556
6.6144960%
5.81790043
578172
6.4723573
8.94859340

~J
(v
L
<o

(8
~J

FAN

8.78042303 |
879166938 F
824354453 |

7.03002159
8.329359310
8.58093516
758359838
629024987
5982006808
941852198

936149963 F

10.40610482

H
c

C

H

935257614 H

7.87718368

C

743762112 H
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atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

10.48293436
11.30244069
11.82338565
1115390135
11.74289564
12.84767303
1675778363
15.99554009
1612578739
17.05680757
7.78160784
16.39464852
17.43304373
18.62009116
18.66299450
17.575706878
14.71390871
13.82051991
1446259162
17.63975472
1581157595
1644282233
1266460220
11.70763847
9.67553857
10.90937708
11.25345277
10.46763991
1578686079
14 68819305
15330352516
1467281398
14 14048001

-1.1705777
-1.64879478
2.61427309
3.40591359
1.76341275
3.00914592
8.37985554
7.23537682
6.53758812
7.04625068
8.18966857
1.6654703G
0.76549883
1.15399898
2.47805155
3.3144484¢
4.21470384
2.90507884
3.53177641
8.870066325
513071832
2.93510517
644636963
4.51966149
5.13324087
7.61848663
(0.12551856
1.14091675
5.16536469
999548519
5.36565433
435231802
348234819

B.95508417
7.45194067

457865218
4.21390082
3.89336876
4.51484739

H
H
C
H
H
H

10.59098389 C
1037839762 C

916076315
8.23994779
856175683
6.86676384
7.00900062
7.66799729
8.15288151
7897544227
7.10655977
7.45077963
5.67461548
70667027
04002480
7.34045430
6.34022182
6.75410820

@0

C

o,

O ORNe

ir
H
H
N
H
N
N
N

636216697 H

6.07695763
549191592
§.39202794
454746360
8.61556482
8.92673516
G.31486748

H
H
H
H
H
C
C

1032378711 C

PCT/US2018/032485



WO 2018/209334

atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom
atom

atom

1388751888
13.38409078
19.69983405
20.63586806
21.71864145
2163828584
22.70645955
23.86362009
2395251611
2289139470
22.95200996
24.69816220
24.85508325
20.73329993
22.63893391
15.47643932
17.33022881
19.54611021
17.59815986
1665161120
1528950267
1720732539
18.50467342
1407717110
1273460755
1318681720
1405732367
1318393452
1536300419

212082068
1.31485675
1.85145067
401390283
3.20455666
0.26782522
-.50416943
-1.39749007
-2.71552645
~3.58939863
-3.16785646
-1.86463212
~0.98094372
0.03603053
-3.85652982
-1.53756914
-3.03524754
-4.60521013
1.38383459
-0.24110002
2.84736984
4.33022356
8.93904620
6.89831106
6.57161609
8.39303608
5.06945208
1.21920961
362998293
1.70455927
(0.26160612
575453266

10.09214205 C
1111175609 C
12.37579907 C
11.60736343 C
1261907524 C
7.83147509 C
7.97404710 C
8.13972646 C
7.64034384 C
7.80665309 C
8.46804048 C
8.9658435¢6 C
8.80615456 C
9.19058480 H
8.595625064 H
©.4807294% H
712603138 H
741896308 H
635757365 H
6.60985590C H
8.66948808 H
836177666 H
11.52356957 H
1113487851 H
727264129 H
7.849096535 H
11.79548820 H
1317043184 H
13.60247479 H
G10293085 H
1091543979 H
642106671 H
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Full matrix of the Hamiltonian
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100227} It is understood that the foregoing detailed description and accompanying examples
are merely illustrative and are not to be taken as limitations upon the scope of the invention,
which is defined solely by the appended claims and their equivalents.

{00228] Various changes and modifications to the disclosed embodiments will be apparent to
those skilled in the art. Such changes and modifications, including without limitation those
relating to the chemical structures, substituents, derivatives, intermediates, syntheses,
compositions, formulations, or methods of use of the invention, may be made without departing

from the spirit and scope thereof.
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Claims

What s claimed 1s:

1. A method of hyperpolarizing heteronuclet, the method comprising:

{(a) combining a plurality of molecules of parahydrogen, a plurality of molecules of a
catalyst, and a plurality of molecules of a compound, where the compound includes a
heteronucleus and another atom that exists naturally as either a quadrupolar or a non-quadrupolar
isotope, where the heteronucleus in at least 50% of the plurality of molecules of the compound 15
a hyperpolarizable heteronucleus, and where the plurality of molecules of the compound have
been modified so as to 1sotopically enrich the other atorm with the non-quadrupolar isotope, and
where the parahydrogen, the compound and the catalyst associate to form a complex; and

(b) applying a magnetic field with a strength of less than 50 uT to the complex, thereby
transferring the spin order from the parahydrogen to the hyperpolarizable heteronucleus

associated with the complex.

2. The method of claim 1, where the other atom 15 a nitrogen atom, and the plurality of
molecules of the compound have been modified so as to 1sotopically enrich the mitrogen atom

Ly 15
with "N,
3. The method of either of claims 1 or claim 2, where the other atom 1s a hydrogen atom,
and the plurality of molecules of the compound have been modified so as to 1sotopically enrich

the hydrogen atom with 'H.

4. The method of any of claims 1-3, where the hyperpolarizable heteronucleus is PC.

h

~

The method of any of claims 1-3, where the hyperpolarizable heteronucleus is ''F

6. The method of any of claims 1-3, where the hyperpolarizable heteronucleus is "N, 'S4,

Sy 120<, . Ty o SO 107 109
P, "Xe, '1L1,7Y, TAgor TAg
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7. The method of any of clamms 1-6, whers the spin order is transferred during a temporary
association of parahydrogen, the compound, and the catalyst while mamtaming the chencal
identity of the compound.

8. The method of any of claims 1-7, where the magnetic field 15 determined by matching the
resonance tfrequency of parahydrogen with the resonance frequency of at least one
hyperpolarizable nucleus of the compound.

9. The method of any of claims 1-8, where the magnetic field has a strength of less than 20 p'f

10. The method of any of claims 1-9, where the magnetic field has a strength of showmt 0 1 to

about 1 uT.

11 The mwethod of any of clanos 1-10, where the catalyst 1s a heterogeneous catalyst.

12, The wethod of any of claios 1-10, where the catalyst 13 a homogeneous catalyst

13. The method of any of claims 1-12 where the catalyst comprises a transition metal.

14. The method of claim 13, where the transition metal in the complex coordinates with the other

atom.

15. The method of either of claims 13 or claim 14, wherein the transition metal is iridium.

16. The method of any of claims 1-15, where the catalyst is activated prior to forming the

complex, and the pre-activation catalvst 15 | iCH{COD {IMes)|.

17. The method of any of claims 1-10 and 13-16, where the catalyst is a homogeneous or
heterogeneous catalyst, wherein the catalyst accommodates the simultanesus exchange of para-
H; and heteronuclear spin center(s), and wherein the condition of spin-spin (weak or strong ./}

coupling between para-H, derived protons and heteronuclear spin center(s) is maintained.
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18 The method of any of claims 1-17, where the compound is a contrast agent for an in vivo

imaging technique.

19, The method of any of claims 1-18, where the heteronucleus is a first heteronucleus and
the compound further includes a second heteronucleus, where the second heteronucleus 1n at
least S0% of the plurality of molecules of the compound is a hyperpolarizable heteronucleus,
wherein when the first and second heteronuclei are both hyperpolarizable, the first and second
heteronuclet are a J-coupled pair;

wherein upon applying the magnetic field with a strength of less than S0 uT to the
complex, the spin order from the parahydrogen 1s transferred to the I-coupled pair, thereby

inducing a hyperpolarized long-lived spin state.

-84
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INTERNATIONAL SEARCH REPORT

International application No.
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A.  CLASSIFICATION OF SUBJECT MATTER
épp% - GO1R 33/56, 33/48, A61K 49/04 (2018.01)

GO1R 33/445, 33/282, 33/4804, 33/5601, A61K 49/04

According to International Patent Classification (IPC) or to both national classification and 1PC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2016/0169998 A1 (DUKE UNIVERSITY, et al.) June 16, 2016; figures 5A-5D, 12A - 12B, 15;{1-3
paragraphs [0020, 0035, 0041, 0043, 0054, 0061, 0089, 0097, 0098]; claims 1, 2, 7, and 17.
A US 2016/0045907 A1 (VANDERBILT UNIVERSITY) February 18, 2016; entire document. 1-3
A US 6,426,058 B1 (PINES, A. et al.) July 30, 2002; entire document. 1-3

D Further documents are listed in the continuation ot Box C.

I:] See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying tﬁe invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being nhvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

10 July 2018 (10.07.2018)

Date of mailing of the international search report

071AUG 2018

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 671-272-7774
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:l Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. % Claims Nos.: 4-19
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. | | As all required additional search fees were timely paid by the applicant, this international search report covers all searchable”
claims.

2. I:I As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only snme of the required additional search fees were timely paid by the applicant, this international search report covers
only thuse claims for which fees were paid, specifically claims Nos.: :

4. I:] No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation, .

I:l No protest accompanied the payment of additional search fees.
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