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CLEAVABLE AGENTS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application 1s a Continuation application of
U.S. Nonprovisional patent application Ser. No. 16/698,332,
filed Nov. 27, 2019, which claims the benefit of U.S.
Provisional Patent Application Ser. No. 62/772,902, filed
Nov. 29, 2018, the entire contents of which 1s herein
incorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under Grant Nos. CHE-1416268 and CHE-1416432
awarded by the National Science Foundation; Grant Nos.
EB020323 and CA220137 awarded by the National Insti-
tutes of Health; and Grant Nos. W81XWH-12-1-0159,
W81XWH-15-1-0271, and W81X-WH-15-1-0272 awarded
by the Department of Defense. The government has certain
rights in the mvention.

FIELD OF THE

DISCLOSURE

[0003] The present invention relates generally to cleavable
agents and methods of cleaving the cleavable agents.

BACKGROUND OF THE DISCLOSURE

[0004] The ability of magnetic resonance to spectrally
discriminate among different biochemical states makes MRI
an attractive modality for molecular imaging; however, low
detection sensitivity generally relegates conventional MRI
to 1maging hlgh concentration spemes such as water 1n the
body, which is ~80 M in "H spins. Hyperpolarization can
combat this problem by generating highly non-equilibrium
nuclear spin population distributions, thereby providing
orders-of-magnitude improvements in MR detection sensi-
tivity for select sub stances.

[0005] One relatively new type of hyperpolarization 1s
SABRE, mtroduced by Duckett, Green, and co-workers at
the University of York. SABRE uses a catalyst to co-locate
parahydrogen (para-H,)—a cheap and easy-to-produce
source ol nuclear spin order—and a target substrate within
a transient complex, allowing spin order to transier to
substrate spins via scalar couplings, generally within a
properly matched applied field. SABRE 1s rapid (working in
seconds), cheap, scalable, and relatively easy to perform,
without the requirement for major specialized 1nstrumenta-
tion. A drawback of SABRE to date has been the limited
types of amenable substrates. Because of the need to tran-
siently and reversibly bind to the SABRE catalyst, which 1s
usually an irndium-based organometallic complex, most sub-
strates that can undergo direct polarization transifer via
SABRE have an sp' or sp”-hybridized N or S atom with a
lone pair. This limitation currently precludes direct hyper-
polarization of countless molecules that could be targets for
any number of applications.

[0006] One key example of desirable targets 1s the family
of carboxylic acid derivatives that participate in key cycles
of cellular metabolism. Such agents are of particular interest
because their down-stream metabolic products, such as Kreb
cycle intermediates, can serve as biomarkers of variant
physiological states or disease (manifested, for example, by
altered relative production rates of metabolites). For
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example, hyperpolarized (HP) "“C-pyruvate can enable
metabolic imaging of various pathological conditions, high-
lighted by recent clinical trials for prostate cancer; pH
imaging using HP '°C-carbonate has also been demon-
strated. Acetate 1s rapidly taken up by the brain and under-
goes differential metabolism 1n glioblastoma multiforme, an
aggressive brain cancer; correspondingly '“C-acetate is of
interest and has been demonstrated 1n hyperpolarized form.

[0007] More generally, a growing number of small-mol-
ecule targets can be envisioned that exploit some biochemi-
cal eflect, be 1t differential cellular uptake, differential
metabolism, or other sensing of different physiological or
pat. 1010glcal states or environments. However, a large
majority are poorly amenable to direct and eflicient hyper-
polarization via SABRE.

SUMMARY OF THE

DISCLOSURE

[0008] This disclosure describes a new class of substrate
molecules amenable to SABRE hyperpolarization. These
molecules are designed to undergo reversible binding to
SABRE catalysts and become hyperpolarized rapidly by
para-H,, such that more than one part of the agent becomes
hyperpolarized. Moreover, upon bond cleavage (performed
at Wl]l) different agents are rapidly generated with different
sensing properties in a manner that maintains the hyperpo-
larized state. This invention provides a general approach for
rapidly and cheaply creating a wide range of hyperpolarized
substrates via SABRE. Furthermore, one can imagine com-
bining this method with heterogeneous catalysts and/or
catalyst extraction methods to generate pure HP species, as
well as SABRE 1n aqueous environments or with auxiliary
ligands to modulate substrate/catalyst interactions. More-
over, a variety of catalyst-binding moieties and 1maging
payloads—connected by bonding that may be cleaved or
otherwise activated by exogenous or endogenous mecha-
nisms—are readily envisioned, opening a door to the rapid
and 1nexpensive generation of long-lived HP states within a
wide range of agents for 1n vivo molecular imaging, as well
as other applications in magnetic resonance. The described
agents thus helps pave the way to the biomedical translation
of this hyperpolarization method with unprecedented advan-
tages of speed and cost.

[0009] The present disclosure relates to a cleavable agent
corresponding 1n structure to the formula:

Y-L-R

wherein Y 1s a catalyst-binding moiety, L 1s a cleavable
bond, and R 1s a hyperpolarized payload; wherein Y contains
at least one 1sotopically labeled heteroatom and R contains
at least one 1sotopically labeled carbon.

[0010] Also provided herein are methods of cleaving the
cleavable agent of the present disclosure for enhanced
magnetic resonance, the methods comprising;:

hyperpolarizing the cleavable agent via SABRE within a
magnetic shield; and

depressurizing a container containing the hyperpolarized
cleavable agent to cause rapid hydrolytic, aminolytic, or
enzymatic cleavage of the bond between the heterocyclic
moiety and the carboxylic acid or carboxylic acid precursor
moiety.

[0011] Other objects and features will be 1n part apparent
and 1n part pointed out hereinaftter.
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DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 1s a scheme of cleavable SABRE agents.

[0013] FIG. 2 is an example of 'H hyperpolarization of
1-"*C-""N,-acetylimidazole (of type B).

[0014] FIG. 3 1s a scheme for the production of a hyper-
polarized “double agent.”

[0015] FIG. 4 is an NMR spectrum depicting the '°C shift
as described i Example 3.

[0016] FIG. 5 is NMR spectra depicting both °C and '°N
shifts as described in Example 3.

[0017] FIG. 6 is an NMR spectrum showing >N hyper-
polarized and thermally polarized signals.

[0018] FIG. 7 1s an NMR spectrum showing the re-
hyperpolarization of '°N of nascent imidazole.

[0019] FIG. 8 1s an NMR spectrum showing an attempt to
re-hyperpolarize ~C.

[0020] FIG. 9 1s an NMR spectrum showing hyperpolar-
ization of "°C.
[0021] Corresponding reference characters indicate corre-

sponding parts throughout the drawings.

DETAILED DESCRIPTION OF TH.
DISCLOSURE

L1

[0022] The present invention is related to cleavable agents
having the general formula:

Y-L-R

wherein Y the catalyst binding moiety, L 1s a cleavable bond,
and R 1s a hyperpolarized payload. In various embodiments,
Y can include an 1sotopically labeled heteroatom, such as an
isotopically labeled nitrogen (e.g., °N), and/or R can
include an isotopically labeled carbon (e.g., °C). For
example, 1n one embodiment, Y includes an isotopically
labeled nitrogen ("N) and R is not isotopically labeled. In
another embodiment, Y 1s not 1sotopically labeled and R
includes an isotopically labeled carbon (*°C). In an alterna-
tive embodiment, Y includes an 1sotopically labeled nitrogen
(*>N) and R includes an isotopically labeled carbon (*°C).
The cleaving of a cleavable agent according to this structure
1s depicted 1n FIG. 1. As explained below, payload hyper-
polarization 1s achieved, for example, via SABRE-SHEATH
through the spin-relay network, followed by cleavage.

[0023] In various embodiments, the hyperpolarized pay-
load can comprise any payload class known 1n the art, such
as, for example, carboxylic acids and carboxylates (particu-
larly those mvolved in metabolic cycles, such as the citric
acid cycle), urea, amino acids (such as alamine, glutamine,
arginine, etc.), molecules mvolved 1n lipid metabolism (such
as choline and derivatives thereol), neurotransmitters, sug-
ars (such as glucose, fructose, etc.), nucleic acids, drugs,
metabolites, and/or other molecules that might bind to or be
substrates of enzymes or other proteins or biomacromol-
ecules. Preterably, the hyperpolarized payload comprises a
carboxylic acid, carboxylate, or amino acid. For example,
the hyperpolarized payload comprises a carboxylic acid or
carboxylate thereol. In various embodiments, the hyperpo-
larized payload comprises an amino acid.

[0024] In the above structure, Y binds to a SABRE cata-
lyst. The skilled person will be able to select suitable
SABRE catalysts for use with the present invention. Gen-
erally, inndium-type catalysts are used, such as, for example,
[Ir-IMes; [IrC1(COD)(IMes)], (IMes=1,3-bis(2,4,6-trimeth-
ylphenyl), 1midazole-2-ylidene; COD=cyclooctadiene)].
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This catalyst can be activated by addition of a hydrogen
present in the substrate, which causes oxidation of the
iridium (to Ir’*) and the catalyst becomes hexacoordinate
(following hydrogenation and loss of the COD group and
chloride 1on). Irnidium catalysts useful in the present inven-
tion are generally defined by the NHC (N-heterocyclic
carbene) group, €.g., the “IMes” group. As another example,
the NHC group can be hydrogenated so that the double bond
of the 5-membered ring 1s hydrogenated to make a “SIMes”
group. Alternatively or additionally, the NHC can have
different rings, can be functionalized to alter the electronic
or steric properties (such as those aflecting catalytic activ-
ity), and can be functionalized to alter the solubility of the
catalyst (such as to make 1t more water-soluble). The ligand
site opposite the NHC group 1s generally not exchangeable
and may be used to tether the catalysts to a support (to make
microscale or nanoscale heterogeneous catalysts). However,
the NHC group can also be functionalized with known
chemistries to tether the catalyst to supports instead of the
opposing ligand site.

[0025] A number of specific catalyst-binding moieties are
amendable to the present disclosure. Two examples of
particular embodiments of catalyst-binding moieties
include: (A) those using 6-membered nitrogen heterocycles
(e.g., pyridine-based rings); and (B) those using 5-mem-
bered nitrogen heterocycles (e.g., imidazole-based rings).
Structural variants of carboxylic acids can be used, such that
activation or cleavage of the bonding moiety results 1in the
production of a carboxylic acid or 1ts corresponding salt. As
described above, isotopic labeling with "N and '°C in the
cleavable agents can be used.

[0026] In various embodiments, the cleavable agent can
correspond 1n structure to Formula I, Formula II, Formula

III, Formula IV, Formula V, Formula VI, Formula VII,
Formula VIII, or Formula IX:

Formula I
R4
RS
T i
R 7 RIJ\N
Rﬁ
Formula II
RS
R? R®
= ‘ O
! JR
N R R2
R?
Formula III
R® N R*
N I 0
RSN R! R

Formula IV
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-continued
Formula V
R3

R* %O

RS\ N N\
\ N

N N

R?

Formula VI

R4
"
R7 & N
R8
R> R®
O

-

Formula VII

Formula VIII

%
R? >\R3

e

N
O

P

Formula I1X

7/’

N

HZ

F‘EL

wherein:

10027]

[0028]
alkyl;

[0029] R’ is optionally substituted alkyl, alkenyl, het-
croaryl, haloalkyl, guanidine, alkylene carboxylate, alk-
enylene carboxylate, or R® corresponds in structure to:

R' is a bond or optionally substituted alkylene;

R* is alkylene carboxylate or optionally substituted

ar
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and
[0030] R* R>, R° R’ and R® are independently selected

from the group consisting of hydrogen, alkyl, alkenyl,
heteroaryl, haloalkyl, guanidine alkylene carboxylate, and
alkenylene carboxylate, each of which may be optionally
substituted.

[0031] For example, R' can be an alkylene having from
one to three carbon atoms, for example, methylene. Alter-
natively, R' is a bond. R* can be optionally methyl or
C(O)OH. R” can be, for example, methyl, ethenyl, pyridyl,
CF;, guanidine, or acrylic carboxylate.

[0032] In the above formulas, at least one nitrogen can be
isotopically labeled, e.g., by >N, and/or at least one carbon
on one or more of R', R*, and R can be isotopically labeled,
e.g., by "°C. For example, the cleavable agent can include at
least one isotopically labeled nitrogen (*°N), such as one,
two, three, or four isotopically labeled nitrogen atoms ("°N),
the maximum number of which 1s dependent on how many
nitrogen atoms are included in the heteroaryl ring. Similarly,
the cleavable agent can include at least one 1sotopically
labeled carbon (*°C), such as one, two, three, four, etc.
labeled carbon atoms (*°C), the maximum number of which

1s dependent on the sum of the number of carbon atoms
included in substituents R, R*, and R".

[0033] As an example, 1n one embodiment, at least one
nitrogen atom is isotopically labeled (*°’N) and no carbon
atom 1s 1sotopically labeled. In an alternative embodiment,
at least one carbon atom is isotopically labeled (*>C) and no
nitrogen atom 1s 1sotopically labeled. In a further embodi-
ment, at least one nitrogen atom is isotopically labeled (*>N)
and at least one carbon atom is isotopically labeled (*°C).
[0034] Particular examples of compounds according to
these structures 1nclude:
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-continued

T\
V4

S
<

:<<

OH,
=
ot
\—/
O
N \ , and
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-continued

[0035] In various embodiments, at least one nitrogen on
the above-depicted compounds 1s 1sotopically labeled, e.g.,
by "N, and/or at least one carbon on the acyclic chain is
isotopically labeled, e.g., by °C.

Method of Synthesizing the Cleavable Agents

[0036] A method of synthesizing the cleavable agents of
the present disclosure 1s also described herein. In general,
the method requires reacting a carboxylic acid containing
the R* or R® group, e.g.:

O O
R2 /L R3 /”\OH

with a halo(alkoxy)alkyl 1in order to provide a carbonyl
halide containing the R” or R> group, e.g.

O O
Rz/,.kx or R3JJ\X

wherein X 1s a halide (fluorine, chlorine, bromine, or
iodine). X 1s preferably chlorine. In the halo(alkoxy)alkyl,
the halo can comprise tluorine, chlorine, bromine, or 10dine,
and the alkyl can be substituted one, two, three, four, etc.
times with halo, the maximum number of which 1s depen-
dent on the number of available substitution locations on the
alkyl group. The alkyl and alkoxy group can independently
contain, for example, from 1 to 18 carbon atoms, preferably
from 1 to 12 carbon atoms, and more preferably, from 1 to
6 carbon atoms. For example, 1n some embodiments, halo
(alkoxyl)alkyl can comprise dichloro(methoxy)methane.
This reaction may be subjected to heating as necessary and
can be performed under an inert atmosphere (e.g., an argon
atmosphere) for a period of time. For example, the reaction

can be performed at or around room temperature, about 30°
C., about 40° C., about 50° C., about 60° C., about 70° C.,
about 80° C., about 90° C., about 100° C., or higher. As an

example, the reaction can be performed at about room

OH or
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temperature to about 100° C., at about room temperature to
about 80° C., about room temperature to about 60° C., at
about room temperature to about 350° C., at about room
temperature to about 40° C., or at about room temperature to
about 30° C. It will be understood to the skilled person that
“room temperature” generally designates a temperature of
from about 20 to about 25° C. The reaction can proceed for
about 30 minutes to about 2 hours, for example from about
30 minutes to about 90 minutes, or from about 30 minutes
to about 60 minutes, as necessary to complete the reaction.
Preferably, the reaction takes place 1n less than two hours.
[0037] The carbonyl halide 1s then reacted with the desired
nitrogen-containing heteroaryl group, optionally 1n a sol-
vent, to provide a cleavable agent as described 1n detail
above. Any suitable solvent known 1n the art can be used, for
example, dichloromethane, triethylamine, acetone, chloro-
form, cyclohexane, dimethyliformamide, toluene, tetrahy-
drofuran, ethanol, xylene, or a combination thereof. The
reaction may be performed at room temperature or can be
cooled. The reaction can also be performed under an 1nert
atmosphere (e.g., an argon atmosphere) for a period of time.
For example, the reaction can proceed at or around room
temperature or can be cooled to about 10° C., about 0° C.,
about —10° C., or about —=20° C. As an example, the reaction
can be performed from about 10° C. to about room tem-
perature, from about 0° C. to about room temperature, from
about —10° C. to about room temperature, or from about
-20° C. to about room temperature. The reaction can pro-
ceed for about 1 hour to about 24 hours, for example from
about 1 hour to about 18 hours, from about 1 hour to about
12 hours, from about 1 hour to about 6 hours, or from about
1 hour to about 2 hours, as necessary to complete the
reaction. Preferably, the reaction takes place in about 24
hours or less.

Method of Hyperpolarizing the Cleavable Agents

[0038] Also provided herein 1s a method of hyperpolariz-
ing the cleavable agents. The methods of the present dis-
closure use milliTesla and/or microTesla fields.

[0039] One method comprises hyperpolarizing the 'H
spins of the cleavable agents via conventional (1.e. milliTe-
sla) SABRE. As an example, 'H hyperpolarization of 1-'°C-
"N, -acetylimidazole is provided in FIG. 2. In this spectrum,
'H SABRE shows relatively weak enhancements while the
hydride region shows multiple strong dispersive signals,
likely retlecting the lack of symmetry within the ligand field
and coupling to "°N and °C. The clipped signals are from
the solvent (in this case, ethanol-d,) and the signal at ~4.5
ppm is from ortho-H,. Tentative 'H assignments for the
substrate are provided by shift predictions from MNOVA
(software available from Mestrelab Research). See also the
"*C hyperpolarization of 1-'°>C-"N,-acetylimidazole in
FIG. 9.

[0040] The method of hyperpolarizing the cleavable agent
can comprise hyperpolarizing the cleavable agents with
NMR -active heteronucle1 by (1) driven magnetization trans-
fer from enhanced 'H spins; or (ii) performing SABRE in
microTESLA fields (e.g., by using a magnetic shield). The
agent spins can also be hyperpolarized at high field such as
inside a magnet. The agent can also be created with a
network of heteronuclear spins to better facilitate the trans-
fer ol magnetization via the scalar coupling network (e.g.,
“spin relay”), particularly for nuclei that are more distant
from the catalyst binding site.
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Method of Cleaving the Cleavable Agent

[0041] A method of cleaving the cleavable agent 15 also
provided herein. In one method, the cleavable agent’s cleav-
able bond 1s cleaved by hydrolysis. Such hydrolysis can be
initiated with a strong base. In various embodiments, the
cleavage of the cleavable agent produces a carboxylic acid
or carboxylic acid derivative and a nitrogen-containing
heteroaryl structure, such as an imidazole or a pyridinic
alcohol. As described above, at least one nitrogen in the
nitrogen-containing heteroaryl is isotopically labeled (" N)
and/or at least one carbon 1n the carboxylic acid or carbox-
ylic acid derivative is isotopically labeled (*°C).

[0042] The method can also comprise hyperpolarizing the
cleavable agent via SABRE within a magnetic shield. Mag-
netization from "N transfers to '°C spins in the more distant
carboxylic acid moiety via a “spin-relay” mechanism at low
field. Following hyperpolarization of the cleavable agent,
the container for the agent 1s depressurized and rapid cleav-
age (e.g., rapid hydrolytic cleavage, rapid aminolytic cleav-
age, or rapid enzymatic cleavage) of the bond between the
heteroaryl and carboxylic acid moieties can be performed
with a base. The cleavage/activation procedure can also be
performed in a stronger magnetic field at which >N, '°C, or
other participating nuclear spins undergo slower decay of
hyperpolarization (e.g., spin-lattice relaxation (1,) pro-
cesses), after which the prepared hyperpolarized agent or
agents may be transported to the observation field (e.g., the

high field of an NMR or MRI magnet) either before or after
agent administration to a sample or subject.

[0043] Hyperpolarized carboxylic acid derivatives gener-
ated via the SABRE approach are shown in the scheme
depicted in FIG. 3. In this approach, the °N spins of an
agent (1-"°C-""N,-acetylimidazole) are hyperpolarized
under SABRESHEATH (SABRE 1n SHield Enables Align-
ment Transfer to Heteronuclei) conditions with spin-relay of
hyperpolarization to distant >C spins. Upon activation (e.g.,
hydrolytic cleavage of the acetyl group), the hyperpolarized
payload is released (**C-acetate/acetic acid in the illustrated
embodiment). While a variety of Ir-binding moieties can be
envisioned, which would be recognized by a skilled person
knowledgeable 1n SABRE catalysts, the 1llustrated embodi-
ment employs a >N, -imidazole, as it reversibly binds to the
Ir catalyst, 1s biologically relevant (including as a potential
pH-imaging agent), and can be functionalized with DC-
labeled carboxylic acids via cleavable bonds, as described
above.

Definitions

[0044] The term halo or halogen refers to any radical of
fluorine, chlorine, bromine or 10dine.

[0045] Unless otherwise indicated, an alkyl group as
described herein alone or as part of another group 1s an
optionally substituted linear saturated monovalent hydrocar-
bon substituent containing from one to sixty carbon atoms
and preferably one to thirty carbon atoms in the main chain
or eight to thirty carbon atoms in the main chain, or an
optionally substituted branched saturated monovalent
hydrocarbon substituent containing from three to sixty car-
bon atoms, and preferably eight to thirty carbon atoms in the
main chain. Examples of unsubstituted alkyl groups include
methyl, ethyl, n-propyl, 1-propyl, n-butyl, 1-butyl, s-butyl,
t-butyl, n-pentyl, 1-pentyl, s-pentyl, t-pentyl, and the like.
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The term alkylene refers to an alkyl group having free
valencies on two carbon atoms.

[0046] The term alkenyl as employed herein by itself or as
part of another group 1s an optionally substituted linear
saturated monovalent hydrocarbon substituent containing
from two to sixty carbon atoms and preferably two to thirty
carbon atoms in the main chain or eight to thirty carbon
atoms 1n the main chain, or an optionally substituted
branched saturated monovalent hydrocarbon substituent
containing from three to sixty carbon atoms, and preferably
cight to thirty carbon atoms in the main chain, and including
at least one double bond between two of the carbon atoms
in the chain. Examples of unsubstituted alkenyl groups
include ethenyl, 1-propenyl, 2-propenyl, 2-methyl-1-prope-
nyl, 1-butenyl, 2-butenyl, and the like. The term alkenylene
refers to an alkenyl group having free valencies on two
carbon atoms.

[0047] Alkoxy groups are generally alkyl
described above substituted by an oxygen atom.
[0048] The term heteroaryl as used herein alone or as part
ol another group denotes optionally substituted heterocyclic
aromatic groups, preferably monocyclic or bicyclic groups
containing from 2 to 12 carbons 1n the ring portion, such as
furanyl, thienyl, pyrrolyl, oxazolyl, thiazolyl, imidazolyl,
pyrazolyl, 1soxazolyl, isothiazolyl, 1,2,3-oxadiazolyl, 1,2,3-
triazolyl, 1,3,4-thiadiazolyl, pyridinyl, pyridazinyl, pyrim-
1idinyl, 1,3,5-triazinyl, and the like.

[0049] The term “substituted” as 1n “substituted alkyl,”
and the like, means that 1in the group in question (1.¢., the
alkyl, aryl or other group that follows the term), at least one
hydrogen atom bound to a carbon atom 1s replaced with one
or more substituent groups such as hydroxy (—OH), alkyl-
thio, phosphino, amido (—CON(R ,)(R)), wheremn R , and
R are mmdependently hydrogen, alkyl, or aryl), amino (—N
(R ,)(Rz)), wherein R , and R ; are independently hydrogen,
alkyl, or aryl), halo (fluoro, chloro, bromo, or 10do), silyl,
nitro (—NO,), an ether (—OR , wherein R | 1s alkyl or aryl),
an ester (—OC(O)R , wherein R, 1s alkyl or aryl), keto
(—C(O)R , wherein R | 1s alkyl or aryl), heterocyclo, and the
like. When the term “substituted” introduces a list of pos-
sible substituted groups, it 1s intended that the term apply to
every member of that group. That 1s, the phrase “optionally
substituted alkyl or aryl” 1s to be interpreted as “optionally
substituted alkyl or optionally substituted aryl.”

[0050] Having described the invention 1n detail, 1t will be
apparent that modifications and variations are possible with-
out departing from the scope of the invention defined in the
appended claims.

groups

EXAMPLES

[0051] The following non-limiting examples are provided
to further illustrate the present invention:

Example 1: Synthesis of 1-'°C-""N,-acetylimida-
zole

[0052] 1-"°C-'°N,-acetylimidazole was synthesized as
shown 1n Scheme 1, below:

Scheme 1: Synthesis of 1-°C-1°N5-acetylimidazole

O
13 )\ 13”
C R.T.-50°C., 1 h, Ar C
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—

[0053] 1-'°C-Acetic acid (0.890 ml, 15.5 mmol) and a.,0.-
dichloromethyl methyl ether (1.410 ml, 15.5 mmol) were
added to a 100-ml RB flask equipped with a stir bar. The

reaction was allowed to proceed from room temperature to
50° C. for 1 h under argon atmosphere. The resulting yellow
crude o1l was then chilled 1n an 1ce bath for several minutes
before dropwise addition of '°N,-imidazole (1.00 g, 14.3
mmol) previously dissolved in dry dichloromethane. A
precipitate was immediately formed and the reaction was
allowed to stir for an additional 30 min before addition of

triecthylamine (2.20 ml, 15.5 mmol). The reaction was
allowed to stir overnight before addition of diethyl ether
(100 ml). The addition of diethyl ether caused precipitation
of the triethylamine hydrochloride salt, later to be removed
via filtration. The filtrate was then evaporated using a
rotovap and solid product was collected. The product was
recrystallized three times using a DCM:hexane (50:50)

mixture. Pure 1-'°C-'""N,-acetylimidazole crystals were
then dried and collected, yielding 1.37 g (85%).

[0054] The experiment was performed with 20 mM
methanol-d, solutions of >N, *C-acetylimidazole, 1 mM
Ir-catalyst precursor [IrC1-(COD)(IMes)] (where IMes=1,3-
bi1s(2.4,6-trimethylphenyl)-imidazol-2-ylidene and
COchyclooctadiene),, and ~75-85% parahydrogen enrich-
ment (at 75 ps1) with a flow rate of 80 sccm provided by a
home-built para-H, generator. The catalyst 1s activated via
para-H, bubbling in the presence of substrate for at least ~30
mins prior to SABRE hyperpolarization experiments.
SABRE-SHEATH mixing fields of 2 uT (*°C) and 1.2 uT
("°N) were used for pre- and post-cleaving experiments,
which were performed at room temperature prior to NMR

acquisition with a 400 MHz Bruker AVANCE III spectrom-
eter.

Example 2: Synthesis of 1-'°C-""N,-pyruvyl-imida-
zole

[0055] 1-°C-"N,-pyruvyl-imidazole was synthesized as
shown 1n Scheme 2, below:

Scheme 2: Synthesis of 1-1PC-1PN,-pyruvyl-imidazole

Cl
' )\ 100°C.. 2 b Ar
°C.,2 h, Ar
Cl o
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[0056] 2-oxopropionic acid and o,0-dichloromethyl

methyl ether were added to a 100-ml RB flask equipped with
a stir bar. The reaction was occurred at 100° C. for 2 h under
argon atmosphere. The resulting yellow crude o1l was then
chilled 1n an i1ce bath for several minutes before dropwise
addition of '°N,-imidazole previously dissolved in dichlo-
romethane. A precipitate was immediately formed and the
reaction was allowed to stir for an additional 30 min before
addition of triethylamine. The reaction was allowed to stir
for 24 h before addition of diethyl ether. The addition of
diethyl ether caused precipitation of the triethylamine hydro-
chloride salt, later to be removed via filtration. The filtrate
was then evaporated using a rotovap and solid product was
collected. The product was recrystallized three times using
a DCM:hexane (50:50) mixture. Pure 1-'°C-'"N,-acetylimi-
dazole crystals were then dried and collected, yielding 1.37
g (83%).

Example 3: Calculation of SABRE Enhancements

[0057] '"H SABRE and '°C/""N SABRE-SHEATH
enhancements were calculated using the following equation:

E_(SHP)X[[REF])X(AREF)
\Szer | HP] Amp )

where € 1s the calculated enhancement, S, 1s the absolute
integral of the hyperpolarized signal, S, 1s the absolute
integral of the signal from a thermally-polarized reference
species (here, acquired with a 300 s relaxation delay time),
|REF] 1s the concentration of the reference species, [HP] 1s
the concentration of the hyperpolarized species, A, 1s the
cross-sectional area of the NMR tube containing the refer-
ence species, and A, 1s the cross-sectional area of the

hyperpolarized sample NMR tube (in the present work,
ApridAnp=1.12).

[0058] When SABRE-SHEATH was attempted with only
a partially labeled construct (20 mM 1-'°C-acetylimidazole,
without '°N-labeling), minimal polarization transfer to the
distant '°C-labeled acetyl moiety was observed (FIG. 4b).
However, use of fully-labeled construct (with '°N labeling)
yielded significant, ~263-fold '°C enhancements of the
carbonyl in 1-'°C-'"N,-acetylimidazole (FIG. 4¢) when
compared to a reference signal (0.11 M thermally polarized
1-'?C-'"N,-acetylimidazole; FIG. 4a). These results support
the conclusion that the distant 'C of the acetyl moiety is
hyperpolarized through a spin-relay mechanism, wherein
>N of imidazole is first hyperpolarized within the sub-
micro-Tesla field, and transfers polarization to the acetyl '°C
through the heteronuclear J-coupling network (FIG. 3).
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[0059] Heteronuclear hyperpolarization of 1-'°C-'"N,-
acetylimidazole also resulted in >N enhancements ~493 for
free 1-'°’C-'"N,-acetylimidazole (unbound to the catalyst;
FIG. 5b). HP signals were also observed from naturally
abundant '°C spins of the imidazole ring with enhancements
of ~100. Interestingly, the HP '°N spectrum (FIG. 5b) also
shows hyperpolarization of a signal from Ir-bound species
that appears stronger than that of the '°N signals from
unbound substrate at ~275 ppm and ~212 ppm (see also FIG.
6; note that the concentration of catalyst-bound species will
be an order of magnitude lower than that of the free
substrate). Moreover, only one HP resonance attributed to
unbound substrate 1s observed (~212 ppm). It 1s noteworthy
that high-field 15N enhancements of structurally similar
substrates show smmilar behavior to the present
SABRESHEATH results, wherein bound substrates can
show strong dispersive HP signals. Thus, it 1s possible that
the substrate may be hyperpolarized at high field upon
transfer for NMR detection due to residual p-H2 1n solution.
Additionally, the anticipated mmequivalence of the bound
sites would be expected to result 1n one unbound signal and
three bound signals for each '°N, potentially giving a total
of eight unique signals (neglecting any significant J split-
tings). Such complexity is also reflected in the 'H SABRE
hydride region (FIG. 2).

[0060] After polarization transfer to '°C and '°N in the puT

magnetic shield, the solution was transferred to a 0.3 T
storage field, where heteronuclear relaxation times can be
relatively long. T1 decay constants were measured by
repeating the hyperpolarization cycle with variable delay
periods at 0.3 T prior to rapid transfer to 9.4 T for detection.
The resulting '°C and '°N T1’s were 5248 s and 149142 s,
respectively, at 0.3 T—indicating sufficient time not only for
agent administration, but additional preparation steps as well
(as described below).

[0061] Following spin-relay of SABRE hyperpolarization
to 1°C spins of 1-'?C-'"N,-acetylimidazole, we immediately
transferred the solution to 0.3 T, depressurized 1t to 1 atm,
added ~200 pL. of 5.0 M NaOH to hydrolytically cleave the
acetyl moiety, and transferred the sample to 9.4 T for
detection. FIG. 5¢ and FIG. 5f respectively show retention of
3C and '"N hyperpolarization post-hydrolysis with rapid
and complete conversion to HP '°C-acetate/acetic acid and
>N-imidazole occurring within the timescale of base addi-
fion and sample transfer—supported by corresponding
changes to the '*C and '°N chemical shifts (compare with
the precleavage HP '°C spectrum, repeated in FIG. 5a). Free
acetate/acetic acid and imidazole exhibit '°C and '°N
enhancements of ~139 and ~180, respectively. The single
enhancement value reported for acetate/acetic acid reso-
nances is an average that assumes similar '°C T1 losses
during the preparation period. An estimate of that relaxation
rate can be obtained by repeating the SABRE-SHEATH
hyperpolarization and cleavage steps with fresh (1.e. intact)
substrate, followed by variable delay at 0.3 T prior to
high-field detection. The corresponding decay curve (FIG.
5¢) gives a T1 value of ~1449 s at 0.3 T for the combined
3C signal. The value calculated here for imidazole '°N
enhancement 1ncludes the fact that magnetization achieved
on one substrate '°N spin becomes effectively “diluted” by
a factor of two (because the two '°N spins are magnetically
equivalent). It should also be noted that the lower enhance-
ments for acetate/acetic acid and 1imidazole are consistent
with the expected T1 losses during the ~10 s elapsed time of
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the hydrolysis procedure; moreover, dilution from base
addition 1s not accounted for in the reported enhancement.
Thus, minimal hyperpolarization loss results from the cleav-
age process 1tsell or the brief exposure of the sample to
paramagnetic O, from air. Importantly, while ">N spins of
free 1midazole can be “re-hyperpolarized” by repeating the
SABRE-SHEATH procedure (FIG. 7), any attempt to re-
hyperpolarize free acetic acid or acetate post-cleaving yields
no '°C enhancement (FIG. 8)—further indicating the impor-
tance of the spin relay within the intact substrate for achiev-
ing DC-acetic acid/acetate hyperpolarization.

Example 4: Calculations of Signal Enhancements

[0062] Table 1 and Table 2 show calculations of DC signal
enhancement for FIG. 8 and FIG. 2, respectively. For Table
2, the integral post-cleave '"N-free species shown was
obtained after dividing the measured integral by 2, reflecting
the presence of two magnetically equivalent >N spins in
"N, -imidazole. Concentrations for post-cleave species
were not corrected for dilution (during the hydrolysis pro-
cess), so true polarization enhancements were likely up to
~30% larger than those reported herein.

TABLE 1

Calculations of '*C signal enhancement for FIG. 8

Fully Labelled '°C-Free

Sz 481900.15

S /p 17519238.15

[REF] 110 mM

[HP] 17 mM

. 263
TABLE 2

Calculations of !*C and N signal enhancements for FIG. 2

Pre-Cleave *C-Free Pre-Cleave °N-Free

S prsr 481900.15 26677.48
S,/p 17519238.15 1813482.01
[REF] 110 mM 110 mM
[HP] 17 mM 17 mM
. 263 493

Post-Cleave '*C-Free Post-Cleave °N-Free

SpEr 481900.15 26677.48
Szrp 9275396.76 664183.75
[REF] 110 mM 110 mM
[HP] 17 mM 17 mM (34 mM in °N)
E 139 180
[0063] When mtroducing elements of the present inven-

tion or the preferred embodiments(s) thereot, the articles
“a”, “an”, “the” and “‘said” are intended to mean that there
are one or more of the elements. The terms “comprising”,
“including” and “having” are itended to be inclusive and
mean that there may be additional elements other than the
listed elements.

[0064] In view of the above, 1t will be seen that the several
objects of the invention are achieved and other advantageous
results attained.

[0065] As various changes could be made in the above
compounds and methods without departing from the scope

of the invention, it 1s intended that all matter contained 1n the
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above description and shown 1n the accompanying drawings
shall be interpreted as 1llustrative and not 1in a limiting sense.

1. A method of cleaving a cleavable agent for enhanced
magnetic resonance, wherein the cleavable agent 1s of for-
mula;

Y-L-R

wherein Y 1s a catalyst-binding moiety, L 1s a cleavable
bond, and R 1s a hyperpolarized payload; wherein Y contains
at least one 1sotopically labeled heteroatom and R contains
at least one isotopically labeled carbon, and wherein the
method comprises:

hyperpolarizing the cleavable agent via SABRE within a
magnetic shield; and

depressurizing a container containing the hyperpolarized
cleavable agent to cause rapid hydrolytic, aminolytic,
or enzymatic cleavage of the bond between the cata-
lyst-binding moiety and the hyperpolarized payload.

2. The method of claim 1, wherein Y 1s bound to a SABRFE
catalyst.

3. The method of claim 2, wherein the SABRE catalyst 1s
an 1ridium-type catalyst.

4. The method of claim 1, wherein Y contains at least one
1sotopically labeled mitrogen.

5. The method of claim 1, wherein R comprises a car-
boxylic acid or carboxylate thereotf, urea, an amino acid, a
molecule mvolved in lipid metabolism, a neurotransmitter, a
sugar, a nucleic acid, a drug, a metabolite, or another
molecule that binds to or i1s a substrate of enzymes or other
proteins or biomacromolecules.

6. The method of claim 5, wherein R comprises a car-
boxylic acid or carboxylate thereof involved in a metabolic
cycle, an amino acid selected from the group consisting of
alanine, glutamine, and arginine, choline or a derivative
thereof, glucose, or fructose.

7. The method of claim 5, wherein R 1s a carboxylic acid
or a carboxylate thereof.

8. The method of claim 5, wherein R 1s an amino acid.

9. The method of claim 1, wherein the cleavable agent

corresponds 1n structure to Formula I, Formula II, Formula
III, Formula IV, Formula V, Formula VI, Formula VII,
Formula VIII, or Formula IX:

Formula I
R4
RS
T i
R Z J\ R2
Rﬁ
Formula II
RS
R? RS
= ‘ O
! J%
\ Rl RZ
R?
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-continued
Formula III
RS N R*
N \‘ e 5
U N Y R?
Formula IV
R3
O% R4
N
e \
N R
Formula V
R3
5
R N
\N
V4
R N
R?
Formula VI
R3

Formula VII

Formula VIII

Formula [ X

wherein:

R' is a bond or optionally substituted alkylene;

R” is optionally substituted alkylene carboxylate or alkyl;
and

R® is optionally substituted alkyl, alkenyl, heteroaryl,
haloalkyl, guanidine, alkylene carboxylate, alkenylene
carboxylate, or R” corresponds in structure to:
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Qr

R* R>, R°, R’ or Ware independently selected from the
group consisting ol hydrogen and optionally substi-
tuted alkyl, alkenyl, heteroaryl, haloalkyl, guanidine,
alkylene carboxylate, alkenylene carboxylate;

wherein at least one nitrogen is "N labeled and at least
one carbon on R', R?, or R? is °C labeled.

10. The method of claim 9, wherein R' is methylene.

11. The method of claim 9, wherein R' is a bond.

12. The method of claim 9, wherein R* is methyl or
C(O)OH.

13. The method of claim 9, wherein R is methyl, ethenyl,
pyridyl, CF,, guanidine, or acrylic carboxylate.

14. A method of cleaving a cleavable agent for enhanced
magnetic resonance, the method comprising:

hyperpolarizing the cleavable agent via SABRE within a
magnetic shield; and

depressurizing a container containing the hyperpolarized
cleavable agent to cause rapid hydrolytic, aminolytic,
or enzymatic cleavage of the bond between the cata-
lyst-binding moiety and the hyperpolarized payload;

wherein the cleavable agent 1s selected from the group
consisting of:

O OH,
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A

O

10

-continued
O
O,
=
¢ N
N:/
O
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< OH
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7N
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Q)

one acyclic carbon is "°C labeled.

¥ ¥ # ¥ ¥
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wherein at least one nitrogen is >N labeled and at least
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