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ABSTRACT: We report on an extension of the quasi-
resonance (QUASR) pulse sequence used for signal
amplification by reversible exchange (SABRE), showing that
we may target distantly J-coupled '°F-spins. Polarization
transfer from the parahydrogen-derived hydrides to the '"F
nucleus is accomplished via weak five-bond J-couplings using a
shaped QUASR radio frequency pulse at a 0.05 T magnetic
field. The net result is the direct generation of hyperpolarized
F z-magnetization, derived from the parahydrogen singlet
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order. An accumulation of '°F polarization on the free ligand is achieved with subsequent repetition of this pulse sequence. The
hyperpolarized '°F signal exhibits clear dependence on the pulse length, irradiation frequency, and delay time in a manner
similar to that reported for ’N QUASR-SABRE. Moreover, the hyperpolarized '°F signals of 3-'°F-'*N-pyridine and 3-'°F-"*N-
pyridine isotopologues are similar, suggesting that (i) polarization transfer via QUASR-SABRE is irrespective of the nitrogen
isotopologue and (ii) the presence or absence of the spin-1/2 >N nucleus has no impact on the efficiency of QUASR-SABRE
polarization transfer. Although optimization of polarization transfer efficiency to '°F (P¥y. &~ 0.1%) was not the goal of this study,
we show that high-field SABRE can be efficient and broadly applicable for direct hyperpolarization of '°F spins.

yperpolarization techniques increase nuclear spin polar-

ization (P) by several orders of magnitude, enabling the
corresponding gains in signals over that attainable via
conventional NMR spectroscopy and MRL'~* This revolu-
tionary boost in detection sensitivity enables new applications
such as detection of dilute biologically relevant molecules both
in vitro>™” and in vivo.* "> A particularly exciting hyper-
polarization technique is signal amplification by reversible
exchange (SABRE), pioneered by Duckett and co-work-
ers.”>™"7 SABRE relies on simultaneous chemical exchange of
parahydrogen (p-H,) and substrate targeted for hyperpolariza-
tion (S) with an iridium polarization transfer catalyst (PTC),
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Figure la, during which the singlet order from the p-H,-
derived hydrides is allowed to transfer to the nuclear spins of
the target substrates via the network of J-couplings. SABRE has
gained popularity'® because it is fast, efficient, and inexpensive
relative to competing techniques. Polarization transfer is
frequently accomplished in less than a minute with polar-
izations P sometimes exceeding 30%,19_21 at a cost several
orders of magnitude smaller than that of dissolution dynamic
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Figure 1. (a) Schematic of simultaneous chemical exchange of
parahydrogen (p-H,) and target substrate (S) on an activated IrIMes
PTC in SABRE hyperpolarization process. (b) Schematic of SABRE
chemical exchange with 3-'’F-pyridine as a substrate. (c) Spin system
formed on the IrIMes catalyst with 3-'°F-pyridine as a substrate. (d)
Schematic of SABRE chemical exchange with 3-"’F-'*N-pyridine as a
substrate. (e) Spin system formed on the IrIMes catalyst with
3-"F-"N-pyridine as a substrate. Note the difference between the
spin systems shown in panels ¢ and e due to the presence of N
(natural abundance) and '“N (isotopically enriched) nuclei. It is
important to note that *Jgy; # SJpy in both panels ¢ and e. (f)
Schematic of the experimental setup for '"F QUASR-SABRE
experiment. (g) Overall schematic for quasi-resonance SABRE RF
pulsing.

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

There are two major approaches for polarization transfer in
SABRE. The first approach is conventional SABRE, which
relies on coherently driven dynamics generated at a level
anticrossing (LACs). *%2* The LAC condition is achieved by
matching a static magnetic field to the resonance frequency of
the singlet to target magnetization transition, allowing flow of
spin order through J-couplings of nuclear spins involved in the
polarization transfer."” For the homonuclear case of conven-
tional SABRE, as in polarization transfer from p-H,-derived
hydrides to the protons on the target substrate, the LAC
condition is met at a magnetic field of a few millitesla and is
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determined by the chemical shift difference between p-H,-
derived hydrides and the target protons. For the heteronuclear
case of conventional SABRE, broadly referring to polar1zat1on
transfer from p-H,-derived hydrides to the substrate’s '3C,*
I5N,%¢ 31p,*7 etc., the LAC condition is met at a magnetic field
of a few mlcrote,sla~,26’28_30 determined by the difference in
gyromagnetic ratios of the proton and target nucleus. The
second approach to polarization transfer relies on application
of radio frequency (RF) pulses, which are employed to create
LAC conditions in an arbitrarily high magnetic field, e.g, the
low-irradiation generatlon of high tesla-SABRE (LIGHT-
SABRE) pulse sequence.”’ A number of other approaches
have been demonstrated over the years, such as RE-SABRE,*
spin-lock induced crossing-SABRE (SLIC-SABRE),* delayed
adiabatic ramps transfer grperpolarization -SABRE (DARTH-
SABRE),”* and others.”>*® One key strength of the RF-based
approach, which has remained largely unrealized, is the
potential to perform SABRE at a wide range of magnetic
fields. For example, one can use low-field, and potentially
portable, electromagnets; high-resolution NMR spectrometers;
or MRI scanners. The RF-based approaches have primarily
focused on SABRE of "*N spins for two reasons: First, the
dipolar relaxation of "N magnetization is significantly longer
and there is great potentlal for extremely long-lived (T, ~ 20
min) N, singlet states.”’~** Second, isotopic enrichment of
5N heterocycles**™*® and other molecular carriers that
efficiently bind iridium is relatively simple.*>*’

SABRE hyperpolarization of '"F spins is particularly
attractive, because the '’F spin has the second highest
detection sensitivity among stable nuclei with a gyromagnetic
ratio (y*g) of 0.93-y'y, and approximately 9-ysy. Moreover,
unlike "N and *C, "F is nearly 100% naturally abundant,
obviating the need for isotopic enrichment needed for '*N-
and "*C-labeled targets. While '°F is found in more than 20%
of drugs,48 4 it has a negligible biological presence, making its
spectroscopic and imaging detection relatively background-free
compared to that of proton spins. This allows the potential for
broad applications for the theranostic imaging and studies of
drug interactions. To the best of our knowledge, there have
been five previous reports on SABRE hyperpolarization of '°F
using spontaneous polarization transfer and no reported efforts
using an RF-based SABRE approach.'**°~* In this work, we
employ a recently developed QUASi-Resonance SABRE54
(QUASR-SABRE) experiment, relying on SLIC pulses,” for
feasibility studies of RF-based hyperpolarization of '°F spins
five bonds removed from the p-H,-derived hydrides.

For this study, we have used two compounds as SABRE
substrates: 3-'’F-pyridine (196665, Sigma-Aldrich) and
recently synthesized 3-'’F-'*N-pyridine,”’ seen in panels b
and d of Figure 1, respectively. Panels c and e of Figure 1 show
the network of J-couplings formed during the temporary
association of p-H, and the corresponding target substrates
with an activated precatalyst [Ir(IMes)(COD)CI] (IMes = 1,3-
bis(2,4,6- trlmethzlphenyl)imidazol-Z-ylidene, COD 1,5-
cyclooctadiene).” A solution of 100 mM substrates (3-'°F-
pyridine or 3-"F-'*N-pyridine) and 5 mM IrIMes'” catalyst
was prepared in methanol-d, and activated for at least 30 min
with pH, flow of 20 standard cubic centimeters (sccm) .
Approximately 87% pH, was directed into a medium-walled 5
mm NMR tube setup at a flow rate of ~70 sccm while the
QUASR-SABRE pulse sequence was applied (Figure 1g).

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

S(t) — %(ale_tz/frzuma'”l + aze_tz/TI’zULSE'O-Z)

(1 - tanh[# - “3]]
Tpurse'® (1)

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

Recently, a quantum Monte Carlo (QMC) simulation
approach to SABRE dynamics was introduced,”® which
demonstrated the ability to predict coherent hyperpolarization
dynamics for pulsed SABRE experiments with high accuracy.
However, this method would have a prohibitive computational
cost in the limit where there is a significant degree of coupling
between each pulse, like the case here, as the entire pulse-train
must be simulated. So long as the time-step of the simulation is
much smaller than the lifetime of the SABRE complex 7pr,
the coherent hyperpolarization dynamics are well-approxi-
mated by
Mp

0p = —ilH, pl -

@)

where M is the same operator to control exchange as used in
the QMC simulation. The approximation made by eq 2 has the
distinct advantage that it has a simple numerical solution that
does not require iteration, making the simulation incredibly
fast. This makes the explicit calculation of the effects of entire
pulse sequences tractable, as opposed to approximating the
dynamics as being identical and additive under each pulse, as
done previously. In the simulations shown here, we have used a
10 ps step size and have approximated the 7ppc & 25 ms. We
note that this spin system is at the upper computational limit
for Liouville space; however, it is far from the 15-spin limit of
the Hilbert-space methods utilized here.

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

TprC
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A(t) = ). Aol + Awg(S,, + )

5 ]HHII'IZ + ]HH/(IlzI3z + IZZISZ) +
T

]Hp(flzgz;z + i22§62) + ]H’F(f3z§4z + f52§6z)

+ a)IF(t) (§4x + §6x) (3)

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

tion is instead at approximately +3.2 uT. This suggests that the
resulting '’F-signal arises from cross relaxation from the
ortho-'H on the pyridinyl ring.>" Spectra acquired with either
QUASR-SABRE or conventional SABRE exhibit in-phase
resonances in contrast to the in situ SABRE spectra of the
corresponding compounds (Figure 2c,d), which exhibit
antiphase spin order. This antiphase spin order arises as, in
the absence of a radiofrequency pulse, there is still an allowed
transition between the S;;T% —>AT%SHrF states, for which the
Syyp order rapidly decays into jH’zSFz because of the ~120 kHz
frequency difference between the 'H and 'F nuclei at this
field. Conversely, off-resoAnance SLIC excitation is known to
generate solely in-phase S, order, as will any hyperpolarized
signal derived from cross relaxation from the ortho-'H. Note
that the frequency shift observed in all the spectra shown in
Figure 2 is a result of the magnetic field drift due to the
temperature fluctuations of the B, magnet occurring during the
spectral acquisition process.

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

The enhancement values were computed as described
previously’® by taking the product of the ratio of the "F
concentrations of the species of interest (Crgp/Cyp), i€, F,
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present in the thermally polarized reference compound (Crgp,
neat 3,5-F-pyridine; Figure 2e) and the HP substrate
compound (Cyp), with the integrated signal intensity ratio of
the HP substrate and the thermal signal reference compound
(Sup/Srer) multiplied by a factor of 1.85 (which is the ratio of
the cross-sectional areas of the thermal signal reference to the
hyperpolarized arrangements as implemented by the exper-
imental setup) as discussed in detail elsewhere.”” Nuclear spin
polarization P was computed by multiplying £y by equilibrium
F polarization at 0.05 T and 300 K (ca. 1.5 X 107°%).

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

added to guide the eye).

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

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

a ?0_ Tp = 2042 cycles or
3.5] : 0.44+0.04 seC .o
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S 3 3.0
e29 o5
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Figure 5. "F QUASR-SABRE of 3-'’F-pyridine. Hyperpolarized
3-"F-pyridine signal dependence on the SLIC-pulse frequency offset
(a) and number of pumping cycles (N) demonstrating the build-up of
F polarization with the monoexponential build-up (red curve)
constant of 0.44 + 0.04 s (b). All data were acquired at 0.05 T
magnetic field, and the black solid lines are added to guide the eye.
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N = 0 is likely due to residual polarization build-up due to in
situ SABRE.

We have shown that fluorine hyperpolarization can be
generated directly through five chemical bonds with the
QUASR-SABRE experiment, which is significantly further than
with nearly all other reported approaches for SABRE. The '’F
polarization levels achieved by the QUASR-SABRE approach
here are relatively low (ca. 0.1%), although fundamentally
significantly higher polarization levels should be achievable, i.e.
potentially significantly exceeding 10%, and it is important to
discuss the areas of potential improvement of the QUASR-
SABRE approach. First and foremost, the applications of RF
pulses need to be better synchronized with/tailored to the
exchange processes, and issues with nonlinear polarization
dynamics (which significantly decreased the attainable polar-
ization level in this study, see the Supporting Information for
details) may potentially improve the polarization transfer
efficiency by several folds. Second, the use of higher and more
homogeneous magnetic fields may render the opportunity to
more selectively excite catalyst-bound '’F resonance, while
having less destructive effect on '°F resonances of free species.
Third, the design of more advanced shapes of the RF pulse
with optimized RF power may also significantly boost the
efficiency of the QUASR-SABRE approach. Moreover, the
additional improvement in operation conditions, such as
increasing pH, pressure, parahydrogen fraction, and pH, flow
rate, will likely also improve the overall level of F
polarization. Although biomedical applications such as '°F-
based in vivo tracking, spectroscopy, or imaging will be
challenging to perform with the relatively low polarization level
of "F polarization, future improvements (as described above)
may likely enable such applications in a manner similar to that
of biomedical applications of *C HP contrast agents. We hope
the pioneering results reported here can be improved and that
higher levels of '’F polarization can be obtained through future
work across a wide range of compounds such as '*F-containing
drugs with suitable N-heterocyclic motifs (e.g., S-fluorouracil,
celecoxib, sitagliptin, fluconazole, etc.). We note that not any
"F-containing molecule can be readily hyperpolarized via
SABRE in general and the QUASR-SABRE approach in
particular, because of the requirement of chemical exchange of
'F-containing molecules on a suitable time scale (0.001—0.1
s). While currently the SABRE hyperpolarization approach has
been broadly applied to N-containing heterocycles, the
chemistry of SABRE-amenable biomolecular motifs is rapidly
growing because of new chemistries of exchange, which has
recently made S-heterocycles®® and keto-carboxylic acids®!
amenable to SABRE hyperpolarization. As the SABRE
hyperpolarization technique continues to rapidly develop, we
expect more biomolecular structures (including drugs) to be
amenable to QUASR-SABRE hyperpolarization. Spectroscopy
of "F-hyperpolarized drugs is attractive because the lack of
background signal and greater chemical shift dispersion of '’F
compared to that of 'H allow for specific characterization with
little to no background interference. Moreover, RF-based
hyperpolarization approaches offer many practical advantages
compared to low-field methods as the sample does not need to
be shuttled between the matching field and the detector field,
therefore enabling signal averaging and multidimensional HP
NMR spectroscopy.
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