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Radical Compounds and Methods of Using Thereof

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims benefit of U.S. Provisional Application No. 62/541,334 filed

August 4, 2017, which 18 hereby incorporated herein by reference in its entirety.

BACKGROUND

There is an interest in preparing samples with high nuclear spin polarizations with the
goal of increasing signal intensities 1o nuclear magnetic resonance (NMR) spectra and magunetic
resonance imaging (MRI} images. Example approaches inclhude hugh frequency, microwave
driven dynamic nuclear polanization (IDNP}, para hydrogen induced polarization (PHIP),
polarization of noble gases (e.g., He, Xeand, Kr}, and optically pumped nuclear polarization of
semiconductors and photosyuthetic reaction centers and other proteins. Dynamic nuclear
polarization 1s an approach in which the large spin polarization in an electron spin system is
transterred to a nuclear spin reservoir via microwave irradiation of the electron pararmaguetic
resonance (EPR) spectrum. The electron spin system in DNP ts provided by an endogenous or
exogenous paramagnetic polanzing agent. A number of polarizing agents have been investigated,
ncluding monoradicals {e g, TEMPO-based radicals, trityl radicals, etc.) and biradicals {e.g.,
bis-TEMPO-2-ethvleneglycol (BT2E), where TEMPG 15 2,2,6,6-tetramethylipiperidin-1-oxy! and
w=2 1ndicates a tether of two ethylene glyeol uniis). While some polarizing agents are known,
there remains a need in the art for improved polarizing agents and in particular improved

biradical polarizing agents.

SUMMARY

Disclosed herein are compounds defined by Formuia I below

=8 O’
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Formula 1
wherein L represents a direct bond or a Hnking group; R' is selected from the group consisting of
hydrogen, Cis atkyl, Cows alkenyl, Cre alkynyl, Ciag cycloalkyl, 6-10 membered aryl, 5-10
membered heteroaryl, 4-10 roembered heterocyeloalkyl, Csao eyvcloalioyl-Crg alkylene, 4-10
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membered heterocycloalkyl-Cia alkvlene, 6-10 membered aryl-Cigalkylene, S-10 moembered
heteroaryl-Ci.q alkylene, Ci.z alkylcarbonyl, Ci.p2 alkoxyearbonyl, €.z alkylearbamyi, di(Crio-
allovDearbamyl, amino acid, poly{amino acid), and poly{alkylene oxide), each optionally
substituted with 1, 2, 3, or 4 independently selected R® groups; R? is selected from the group
consisting of hydrogen, hydroxy, -ORM, Ci6 alkyl, Cas atkenvl, Cow alkynyl, Csao cycloalkyl, 6-
10 membered aryl, 5-10 membered hetercaryl, 4-10 membered heterocycloalkvl, Csag
cycloatkyl-Ciy4 alkylene, 4-10 merbered heterocycloalkyl-Cra atkylene, 6-10 membered aryl-Ci.
g alkylene, 5-10 membered heteroaryi-Cig altkylene, amino, T altkylamino; di{Ciaya-
alkyhjamino, amino acid, poly{amino acid}, and poly{alkylene oxide), each optionally substituted
with 1, 2, 3, or 4 independently selected R™ groups; R’ and R* are independently selected from
group consisting of Crs alkyl, Cog alkenyl, Cag alkynyl, Csag cycloatkyl, 6-10 membered aryi,
5-10 membered heteroaryl, 4-10 membered heterocycloalkyl, Caap eycloalkyl-Ciaq alkylene, 4-10
membered heterocycloatkyt-Cr.s alkvlene, 6-10 membered aryl-Ci.q alkylene, 5-10 membered
heteroaryl-Cia alkylene, each optionally substituted with 1, 2, 3, or 4 independently selected R™
groups; or R* and R, together with the carbon atom to which they are attached, form a 3-10
membered cycloalkyl or 4-10 membered heterocycloaliyl ring each optionally substituted with 1,
2, 3, or 4 independently selected R” groups; R® and R® are independently selected from group
consisting of Cr.s alkyl, Cas alkenyl, Cog alkynvl, Csao cycloalkyl, 6-10 membered aryl, 5-10
membered heteroaryl, 4-10 membered heterocycloalkyl, Cao eveloalkyl-Crg alkylene, 4-10
membered heterocycloatkyt-Crg alkvlene, 6-10 membered aryl-Ciq alkylene, 5-10 membered
heteroaryl-Cis alkylene, each optionally substituted with 1, 2, 3, or 4 independently selected R®
groups; or R and R®, together with the carbon atom to which they are attached, form a 3-10
membered cycloatkyl or 4-10 membered heterocycloatkyl ring each optionally substituted with 1,
2, 3, or 4 independently selected R groups; R’ and R? are independently selected from group
consisting of Cie alkyl, Caws alkenyl, Cos alkynyl, Caaooycloalkyl, 6-10 membered aryi, 5-10
membered hetercaryl, 4-10 membered heterocycloalkyl, Cs.a0 cycloalkyl-Chq alkylene, 4-10
membered heterocycloaltkyl-Ci4 alkylene, 6-10 mermbered arvl-Ciqalkylene, 5-10 membered
heteroaryl-Ci.s alkylene, each optionally substituted with 1, 2, 3, or 4 independently selected R™
groups; or R’ and R®, together with the carbon atom to which they are attached, form a 3-10
membered cycloalyt or 4-10 membered heterocycloalioyl ring each optionally substituted with 1,
2, 3, or 4 independently selected R™ groups; R’ and R are independently selected from group
consisting of Uy alkyl, Cog alkenyl, Cou alkynyl, Csaocycloalkyl, 6-10 membered aryi, 5-10
membered heteroaryl, 4-10 membered heterocycloalkyl, Cia0 cveloalkyl-Cra alkylene, 4-10
membered heterocycloatkyt-Crsalkylene, 6-10 membered aryl-Ciq alkylene, 5-10 membered
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heteroaryl-Ciq alkylene, each optionally substituted with 1, 2, 3, or 4 independently selected R*
groups; or R” and R'Y, together with the carbon atom to which they are attached, fornm a 3-10
membered cycloalkyl or 4-10 membered heterocycloalkyl ring each optionally substituted with 1,
2, 3, or 4 independently selected R” groups; R is selected from the group consisting of Cis
alkvl, Cz.s alkenyl, Cos alkynvl, Caaocycloalkyl, 6-10 membered aryl, 5-10 membered
heteroaryl, 4-10 membered heterocycloalkyl, Cipo eyvcloalioyvt-C g alkylene, 4-10 membered
heterocycloalkyl-Cis alkvlene, 6-10 membered aryl-Cig alkylene, 5-10 membered heteroaryi-Ci.
g alkylene, and poly{aikylene oxide)}, each optionally substituted with 1, 2, 3, or 4 independently
selected R™ groups; and each R, when present, are each independently selected from OH, NQ3,
N, halo, Cis alkyl, Cos alkenyl, Coue alkynyl, Cia haloallyl, Crs alkoxy, Crehaloalkoxy,
cyano-Csalkyl, HO-Craalkyl, amino, Cisalkylamine, di{Cie alkyllamino, thio, Cig alkyithio,
Crg alkylsultinyl, Cie alkylsulfonyl, carbamyl, Cresalkyicatbamyl, di{Ci.s altlyDcarbamyl,
carboxy, Ci.s alkylcarbonyl, Ci.s alkoxycarbonyl, Ci.¢ alkvicarbonylamino, Cig
alkylsutfonvlamuino, aminosulfonyl, Cie alkylaminosultonyl, di{Cre alkyDamwosulfonyl,
aminosulfonylamine, Crs alkylaminosulfonylamino, di{Cis alkylhlaminosuifonylaming,
amnocarbonviamine, Cr.s allvlaminocarbonylamino, and di{Cs allkyDaminocarbonylamino,

The compounds described herein can be used as polarizing agents for performing
dynamic nuclear polarization. Accordingly, also provided are methods that comprise (a)
providing a frozen sample in a magnetic field, wherein the frozen sample 1ncludes a polarizing
agent described herein and an analyte with at least one spin half nucleus; (b} polarizing the at
least one spin balf nucleus of the analyte by irradiating the frozen sample with radiation having a
trequency that excites electron spin transitions in the polarizing agent; (¢} optionally melting the
sample to produce a molten sample; and {d) detecting nuclear spin transitions in the at least one
spin half nucleus of the analyte in the frozen or molten sample. In certain embodiments, the
methods further comprise a step of freezing a sample 1n a wagoetic field to provide the frozen
sample in a magnetic field. In one such embodiment, the sample is melted prior to detection and

the freezing, polarizing, melting and detecting steps are repeated at least once.

DESCRIPTION OF DRAWINGS
Figure 1 shows the structures of nitroxide biradicals: AMUPOL, TOTAPOL, TOAC-
TOAC (1T}, TOAC-Ser-TOAL (IS8T}, TOAC-TOAC-Ser (TTS) & acetyl-TOAC-TOAC (ATT).
Figure 2A shows the DNP enhancement profies of TT as a function of concentration:

microwaves on/off signal enbancement, eDNP and the absolute signal enhancement between
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doped and undoped samples, cAbs. The DNP build-up time, TDNP, as a function of hiradical
concentration, 1s also shown.

Figure 2B shows the DNP enhancement profiles of TST as a function of concentration:
nucrowaves on/oft signal enhancement, eDNP, and the absolute signal enhancement between
doped and undoped samples, eAbs. The DNP butid-up time, TDINP, as a fusction of biradical
concentration, is also shown.

Figure 2C shows the DINP enhancement profiles of TTS as a function of concentration:
microwaves on/off signal enhancement, eDNP, and the absolute signal enhancement between
doped and undoped samples, eAbs. The DNP build-up time, TDNP, as a function of biradical
concentration, is also shown.

Figure 213 shows the DNP enhancement profiles of ATT as a function of concentration:
microwaves on/off signal enhancement, eDNP, and the absolute signal enhancement between
doped and undoped samples, sAbs. The DNP buiid-up time, TDNP, as a function of biradical
concentration, s also shown.

Figure 3 shows the time-adjusted absclute DNP enhancement profiles for AMUPOL,
ATT, TT, TTS, TST, and TOTAPOL, as a function of biradical concentration.

Figure 4 shows 10-minute 'H-"C CP experiments of the optimal concentrations of
AMUPQOL, TTS, TT, ATT, TST & TOTAPOL with recycle delays set to 1.26 x tDNP.

Figure SA shows the positive mode electron spray ionization mass spectrometry {(ESI-
MS} of oxidized TOAC-TOAC, TT(OH). Expected mass: 414.28 m/z. Found masses: 414.27
/e, 41527 mie, 41628 vz, 95.6% TT purity.

Figure 5B shows the negative and positive mode ESI-MS of activated, reduced TOAC-
TOAC, TT Expected mass: 41227 w/z. Found masses: 41124 w/z, 412 25 m/z, 413 25 w/z,
41326 m/z, 414 27 wm/z. 90.4% TT purity.

Figure 5C shows the continuous wave, X-band electron paramagnetic resonance (EPR}
spectrum of activated TOAC-TOAC (500 mM NHyCH;COO pH 95, S0 M TT) diluted to 5
mM TT in methanol. Microwave power = 2.0 W, sampling time = 7.0 s, time constant = 1 28 5, 4
scans.

Figure 5D shows the continuous wave, X-band EPR spectrum of purified TOAC-TOAC
by reverse-phase HPLC {Cis, Ho( / CH3UN) and lvophilization. Ihssolved in methanol.
Microwave power = 2.0 W, sampling time = 7.0 s, time constant = 1 28 s, 4 scans.

Figure 6A shows negative mode ESI-MS of reduced TOAC-Ser-TOAC, TST. Expected

mass: 49930 m/z. Found masses: 498 3 m/z, 4993 mv/z, 3003 m/z. 91.3% TST purity.
5 z o
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Figure 6B shows continuous wave, X-band EPR spectrum of activated TOAC-Ser-TOAC
(500 mM NHCH;CO0 pH 9.5, 50 mM TST) diluted to 5 mM TST in methanol. Microwave
power = 2.0 W, saropling ttme = 7.0 5, time constant = 1.28 s, 128 scans.

Figure 7A shows negative mode ESI-MS of reduced TOAC-TOAL-8er, TTS. Expected
mass: 499 30 m/z. Found masses: 498 3 m/z, 4993 m/z, 5003 m/z. 91 3% TST purity.

Figure 7B shows continuous wave, X-band EPR spectrum of activated TOAC-TOAC-Ser
{500 mM NH4CH;COO0 pH 9.5, 50 mM TST) diluted to 5 mM TTS in methanol. Microwave
power = 2.0 W, sarpling time =7

Figure 8A shows negative mode ESI-MS of reduced Acetyl-TOAC-TOAC, ATT.

s, tume constant = 1 28 ¢, 128 scans.

Expected mass: 454 28 w/z Found masses: 453 3 nv/z, 454 3 wy/z, 4553 wy/z, 907 .5 wo/z, 908.3
m/z. 95.1% ATT purity.

Figure 8B shows continuous wave, X-band EPR spectrum of activated Acetyl-TOAC-
TOAC in methanol. Microwave power = 2.0 W, sampling time = 7.0 5, time constant = 1.28 5,
128 scans.

Figure 9 shows the use if EPK spectroscopy to determine ntfroxide concentration. 4~
hydroxy-2,2,6,6-tetramethyipiperidine-1-oxyl {TEMPOL, 172 24 g/mol) was dissolved in 3:2
glycerol/HxO. Concentrations were confirmed and standardized by UV-Vis spectroscopy (=240
nm}). EPR spectroscopy was performed on an X-band, Bruker EMX-Plus spectrometer at room
terperature. EPR parameters: center field = 3350 G, microwave power = 2.0 W, sampling time
=70, ime constant = 1 28 5, 4 scans. Double integration of the EPR spectrum and the Q-factor
of the resonator was used to determine the electron-spin concentration.

Figure 10 shows the EPR spectra of biradical DNP samples. 12 mM AMUPOL, 16 mM
TOAC-TOAC, 1S M TOTAPOL, 17 M TOAC-8er-TOAC, 17 mM TOAC-TOAC-Ser and
16 mM Acetyl-TOAC-TOAC biradicals were prepared in 6:3:1 d®glyeerol/D0/H0 (viviv)
with 0.5 M YC PN-L-proline. EPR spectroscopy was performed on a contiruous wave, X-band,
Bruker EMX-Plus spectrometer at room temperature. EPR parameters: center field = 3350 or
3308 (different cavities) G, microwave power = 2.0 W, sampling tine = 7.0 s, time constant =
1.28 s, 4 scans. Signals were scaled to egual intensity for clarity.

Figure 11A shows DNP enhancements as a function of magic angle spinning (MAS)
frequency from 5 kHz to 12 kHz, where microwave-on spectra are compared to microwave-off
spectra at the same spinning speed.

Figure 118 shows DNP enhancements as a function of temperature, with microwave-on

spectra are compared to microwave-off spectra of approximately the same temperature.

(41
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Figure 12 shows microwave power curves for TOAC-TOAC (IT), TOAC-TOAC-Ser
(TTS), TOAC-Ser-TOAC (TT8), and Acetyl-TOAC-TOAC {ATT). Microwave powers are
arraved from 0.06 V (90 mA current) to 0.25 V (140 mA current). BNP enhancements from
measured from 11 1H-13C CP experiments between microwave-on spectra and a microwave-off
spectrunt.

Figure 13 shows a 1D} TH-V'C CP experiment of PC PN-wt-huPrP23-144 fibrils prepared
with 12 mM AMUPCL and 12 mM TTS in 6:3:1 dS-glycerol/D:0/HO (viv/vy. Both BNP
enhanced {microwave on} specira and microwave off spectra are shown using optimal recycle

delays. The number of scans was adjusted to achieve a 10-minute experiment.

DETAILED DESCRIPTION

Definitions

Unless otherwise defined, all technical and scieniific termes used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Methods and maternials are described herein for use in the present invention; other,
suitable methods and materials known in the art can also be used. The maternials, methods, and
exaroples are Hustrative only and not intended to be limaiting. Al publications, patent
applications, patents, sequences, database entries, and other references mentioned herein are
wmecorporated by reference in their entirety. Io case of conflict, the present specification,
including definitions, will control.

At various places in the present specification, divalent linking substituents are described.
Where the structure clearly requires a linking group, the Markush variables listed for that group
are understood to be linking groups.

The term “n-membered” where n 1 an integer typically describes the number of ring-
forming atoms in a moiety where the number of ring-forming atoms is n. For example,
pipertdinyl 13 an example of a 6-membered heterocycloalkyl ring, pyrazolyl is an example of a 5-
membered heteroaryl ring, pyridyl is an example of a 6-membered heteroaryl ring, and 1,2,3 4~
tetrabydro-naphthalene 13 an example of a 10-membered cycloalkyl group.

As used herein, the phrase “optionally substituted” means unsubstituted or substituted.
As used herein, the term “substituted” means that a hydrogen atom is removed and replaced by a
substituent. It is to be understood that substitution at a given atom is limited by valency.

Throughout the definitions, the term “Cen” indicates a range which ncludes the
endpoints, wherein o and o are integers and indicate the number of carbons. Examples include

C1«4, Ci-(;; and the like.
6



1

2

2

(9]

A

¢

0

5

o

WO 2019/028473 PCT/US2018/045429

As used herein, the term “Crnalkyl”, employed aloue or 1o combination with other
terms, refers to a saturated hydrocarbon group that may be straight-chain or branched, having o
to m carbous. Examples of alkyl moieties include, but are not birotted to, chemical groups such
as methvl, ethyl, n-propyl, isopropyvl, r-butyl, ferf-butyl, isobutyl, sec-butyl; higher homologs
such as 2-methyvl-1-butyl, s-pentyl, 3-pentyl, n-hexyl, 1.2 2-trimethylpropyl, and the like. In
some embodiments, the alkyl group contains from 1 to 6 carbon atoms, from 1 to 4 carbon
atoms, from 1 to 3 carbon atoms, or 1 to 2 carbon atoms.

As used herein, “Chrm alkenyl” refers to an alkyl group having one or more double
carbon-carbon bonds and having n to m carbons. Example atkenyl groups include, but are not
limited to, ethenvl, s-propenyl, isopropenyl, s-butenyl, sec-butenyi, and the hike In some
embodiments, the alkenyl moiety contains 2 t0 6, 210 4, or 2 to 3 carbon atoms.

As used herein, “Chw alkynyl” refers to an alkyl group having one or more triple carbon-
carbon bonds and having n to m carbons. Example alkynyl groups include, but are not limited
to, ethynyl, propyn-1-yl, propyn-2-vl, and the hke In some embodiments, the alkynyl motety
contains 2106, 2 to 4, or 2 to 3 carbon atoms.

As used herein, the term “Cam alkylene”, employed alone or in combination with other
terms, refers to a divalent alkyl Hnking group having n to m carbons. Examples of alkylene
groups include, but are not limited to, ethan-1,2-diyl, propan-1,3-divl, propan-1,2-diyl, butan-
1,4-diyl, butan-~1,3-divi, butan-1,2-divl, Z-methyl-propan-1,3-diyl, and the like. In some
embodiments, the alkylene motety contains 2to 6, 2104, 2103, 1 to 6, 1 to 4, or 1 t0 2 carbon
atoms.

As used herein, the term “Cy alkoxy”, employed alone or in combination with other
termas, refers to a group of formula ~O-alioyl, wherein the alkyl group bas o to m carbons.
Example alkoxy groups include methoxy, ethoxy, propoxy {e.g., #-propoxy and iSOpropoxy),
feri-butoxy, and the ke In some embodiments, the alkyl group has 1106, 1104, 0r 1103
carbon atoms.

As used herein, the term “Cyum alkylaminoe” refers to a group of formula -NH{alkyl},
wheretn the alkyl group has o to m carbon atoms. In some embodiments, the alkyl group has 1
166, 1to 4, or 1 to 3 carbon atoms.

As used herein, the term “Cunp alkoxycarbonyl” refers to a group of formula -C{G¥0-
alkvl, wherein the alkyl group has n to m carbon atoms. In some embodiments, the alkyl group

has 110 6, o4, or 1 to 3 carbon atoms.
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As used herein, the term “Chalkylearbonyl” refers to a group of formula -C{O-alkyl,
wherein the alkyl group has n to m carbon atoms. In some embodiments, the alkyl group has 1
106, 1to 4, or 1 to 3 carbon atorms.

As used herein, the term “Cun alkoylcarbonylaming” refers 1o a group of
tormula -NHC(O)-alkyl, wherein the alkyvl group has n to m carbon atoms. In some
embodiments, the alkyl group has 1to 6, 1 to 4, or 1 to 3 carbon atoms.

As used herein, the term “Cag alkylsulfonylamino” refers to a group of
formula ~NHS(Oh-alkyl, wherein the alky] group has n to m carbon atoms. In some
emtbodiments, the alkyl group has 110 6, 1 to 4, or 1 to 3 carbon atoms.

As used herein, the term “aminosulfonyl” refers to a group of formula -S{ORpNH,.

As used herein, the term “Ch.w alkylaminosulfonyl” refers to a group of
formula ~S{ORNH{alkyl), wherewn the alkyl group bas o to m catbon atoras. In some
embodiments, the alkyl group has 1 t¢ 6, 1 10 4, or 1 to 3 carbon atoms.

As used herein, the term “di{Caan alkyDaminosulfonyl” refers to a group of
formula -S{O}N{alkyl), wherein each alkyl group independently has n to m carbon atoms. In
some embodiments, each alkyl group has, independently, 110 6, 1 to 4, or 1 to 3 carbon atoms.

As used herein, the term “aminocsulfonyliaming” refers to a group of formula -
NHS{Q)NH:.

As used herem, the term “Ch.n atkvlaminosulfonvliaming” refers to a group of formula -
MNHS(O R NH(alkyl), wherein the alkyl group has n to m carbon atoms. In some embodiments,
the alkyl group has 1 t0 6, Tio 4, or 1 to 3 carbon atorns.

As used herein, the term “di{ Cu alkyvhaminosulfonylamine” refers to a group of formula
-WHS{OpN(atkyl y, wherein each alkyl group independently has n to yo carbon atoms. In some
embodiments, each alkyl group has, independently, 1 to 6, 1 to 4, or | to 3 carbon atoms.

As used herein, the term “aminocarbonylamine”, eraployed alone or 1u combination with
other terms, refers to a group of formula -NHC(OINH;.

As used herein, the term “Cuan atkylanminocarbonylamine” refers to a group of formula -
NHC(ONH{alkyl}, wherein the alkyl group has n to m carbon atoms. In some embodiments, the
atkyl group has 1 to 6, 1 to 4, or 1 to 3 carbon atoms.

As used herein, the term “di{Cam alkyDaminocarbonylamino” refers to a group of
tormula -NHC{O)N(alkyl p, wherein each alkyl group independently has n to m carbon atoms.
in some embodiments, each alloyl group has, independently, 1106, 110 4, or 1 to 3 carbon

atoms.



A

10

20

25

[5]
o

WO 2019/028473 PCT/US2018/045429

As used herein, the term “Conalkylcarbamyl” refers to a group of formula -C{0)-
NH{alkyl), wherein the alkyl group has n to m carbon atoms. In some embodiments, the alkyl
group has 1to 6, 1 to 4, or 1 to 3 carbon atoms.

As used herein, the term “thio” refers to a group of formula -SH.

As used herein, the term “Cuaalkylsulfinyl” refers to a group of formula -S(O)-atkyl,
wheretn the alkyl group has o to m carbon atoms. In some embodiments, the alkyl group has 1
166, 1to 4, or 1 to 3 carbon atoms.

As used herein, the term “Cuap allovlsulfonyl” refers 1o a group of formula -S{O)-alkyl,
wherein the alkyl group has o to m carbon atoms. In some embodiments, the alky! group has 1
to 6, 1to 4, or | to 3 carbon atoms.

As used herein, the term “amino” refers to a group of formula ~NHz.

As used herein, the terrn "aryl," eroployed alone or in combination with other terms,
refers to an aromatic hydrocarbon group, which may be monocyelic or polyeyclic {e.g., having 2,
3 or 4 fused rings). The term "Coan aryl” vefers to an aryl group haviog from n to m ning carbon
atoms. Aryl groups include, e g, phenyl, naphthy!, anthracenyl, phenanthrenyl, indanyl, indenvyl,
and the hike. In some embodiments, aryl groups have from 6 to about 20 carbon atorus, from 6 to
about 15 carbon atoms, or from ¢ to about 10 carbon atoms. In some embodiments, the aryl
group is a substituted or unsubstituted phenyl,

As used herewn, the term “carbamyl” to a group of formula ~C{MNHz,

As used herein, the term “carbonyl”, employed alone or in combination with other terms,
refers to a -C(=0)- group, which way also be written as C(O).

As used herein, the term “di{ Cu-alkylamino” refers to a group of formula -N(alkvlp,
wheretn the two alkyl groups each has, independently, n to o carbon atoms. In some
embodiments, each alkyl group independently has 1 to 6, 1 to 4, or 1 to 3 carbon atoms.

As used herein, the term “di{Com-allkylcarbarayl” refers to a group of formula —
C{ON{alkyl);, wherein the two alkyl groups each has, independently, n to m carbon atoms. in
some embodiments, each alkyl group independently has 1 to 6, T to 4, or | to 3 carbon atoms.

As used herewn, the term “halo” refersio F, L Br, or I In some embodiments, a halo is
F, Cl, or Br. In some embodiments, a halo s F or Cl.

As used herein, “Chum haloatkoxy” refers to a group of formula ~O-halealkyl having o o
m carbon atoms. An example haloalkoxy group 1s OCF:. In some embodiments, the haloalkoxy
group s fluorinated only. In some embodiments, the alkyl group has 1106, 1to 4, or 110 3

carbon atoms.
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As used herein, the term “Cra haloalkyl”, employed alone or in combination with other
terms, refers to an alkyl group having from one halogen atom to 2s+1 halogen atoms which may
be the same or different, where “s7 18 the nurober of carbon atoms in the alkyl group, wherein the
atkvl group has n to m carbon atoms. In some embodiments, the haloalkyl group is fluonnated
only. In some embodiments, the alkyl group has 1 to 6, 1 to 4, or | to 3 carbon atoms.

As used herem, “cycloalkyl” refers to non-aromatic cyclic hydrocarbous wocluding
cyclized alkyvl and/or alkenyl groups. Cycloalkyl groups can include mono- or polyeyelic {e.g,,
having 2, 3 or 4 fused rings) groups and spirocyeles. Cycloalkyl groups can have 3, 4, 5,6, 7, 8,
S, or 10 ring-forming carbons (Ca.p}. Ring-forming carbon ators of a cycloalkyl group can be
optionally substituted by oxo or sulfido (e g, C{O) or C(5}). Cycloalkyl groups also include
cycloatkylidenes. Example cycloaliyl groups include cvclopropyl, cyclobutyl, cveiopentyl,
cyclohexyl, cycloheptyl, cyclopentenyl, cyclohexenyl, cyclohexadienyl, cycloheptatrienyl,
norbornyl, norpinyl, norcarnyl, and the like. In some embodiments, cycloalkyl is cyclopropyl,
cyclobutyl, cyclopentyl, cyclohexyi, cyclopentyl, or adamantyl. In some ernbodiments, the
cycloatky! has 6-10 ring-forming carbon atoms. In some embaodiments, cycloalkyl is adamantyl.
Also included in the definition of cycloalkyl are moieties that have one or wore aromatic nogs
fused (i.e., having a bond in common with} to the cycloalkyl ring, for example, benzo or thienyl
derivatives of cvelopentane, cyelohexane, and the like. A cycloalkyl group containing a fused
aromatic ring can be attached through any ring-forming aton including a ring-forming atom of
the fused aromatic ring.

As used herein, “heteroaryl” refers 1o a monocychic or polycyehie aromatic heterocycle
having at least one heteroatom ring member selected from sulfur, oxygen, and nitrogen. In some
embodiments, the heteroaryl ring has 1, 2, 3, or 4 hetercatom ning menbers wndependently
selected from nitrogen, sulfur and oxygen. In some embediments, any ring-forming Nin a
heteroaryl motety can be an N-oxide. In some embodiments, the heteroaryl has 5-10 ring atoms
and 1, 2, 3 or 4 heteroatom ring members independently selected from nitrogen, sulfur and
oxygen. In some embodiments, the heteroaryl has 5-6 ring atoms and | or 2 heteroatom ring
members independently selected from nitrogen, sulfur and oxvgen. In some embodiments, the
heteroaryl is a five-membered or six-membereted hetercaryl ring. A five-membered heteroaryl
ring is a heteroaryl with a ring having five ring atoms wherein one or more {e.g., 1, 2, or 3} ring
atoms are independently selected from N, O, and S, Exemplary tive-membered ring heteroaryls
are thienyl, furyl, pyrrolyi, imidazoivl, thiazolyl, oxazolyl, pyrazolyl, isothiazolvl, isoxazolyl,
1,2,3-riazolyl, tetrazolyi, 1,2,3-thiadiazolyl, 1,2 3-oxadiazolyt, 1,2,4-triazolyl, 1,2 4-thiadiazolyl,
1,2, 4-oxadiazolyi, 1,3 4-triazolyl, 1,3 4-thiadiazolyl, and 1,3, 4-oxadiazolyl. A six-membered
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heteroaryl ring 15 a heteroaryl with a ring having six ring atoms wherein one or more {e.g., 1, 2,
or 3} ring atoms are independently selected from N, O, and S, Exemplary six-membered ring
heteroaryls are pyndyl, pyrazinyl, pyrimidinyl, triazinyl and pynidazioyl

As used herein, “heterocycloallyl” refers to non~-aromatic monocyclic or polyeyclhic
heterocycles having one or more ring-forming heteroatoms selected from O, N, or 8. Included in
heterocycloalkyl are monocyclic 4+, S+, 6-, and 7-membered heterocycloatkyl groups.
Heterocycloalkyl groups can also include spirocycles. Example heterocycloalkyl groups include
pyrrolidin-2-one, 1,3-isoxazolidin-2-one, pyranyl, tetrabydropuran, oxetanyl, azetidinyi,
morphaolino, thiomorpholine, piperazinyl, tetrahydroturanyl, tetrahvdrothienyl, piperidinyl,
pyrrolidiny, isoxazolidingl, isothiazolidingl, pyrazolidinyl, oxazolidinyl, thiazolidinyl,
imidazolidinyl, azepanyl, benzazapene, and the like. Ring-forming carbon atoms and
hetercatoms of a heterocycloalkyl group can be optionally substituted by oxo or sulfido {e.g.,
C{OY, S(0), T8}, or 8{O), etc.). The heterocycloalkyl group can be attached through a ring-
torming carbon atom or a ring-forming heteroatom. To some embodiments, the heterocycloalkyl
group contains 0 to 3 double bonds. In some embodiments, the heterocycloalkyl group contains
0 to 2 double bonds. Also included in the definition of heterocycloalkyl are moieties that have
one or more aromatic rings fused {#.e., having a bond in common with) to the cycloalkyl ring, for
example, benzo or thienyl derivatives of piperidine, morpholine, azepine, etc. A heterocyeloalkyl
group containing a fused aromatic ring can be attached through any ting-forming atom including
a ring-forming ator of the fused aromatic ring. In some embodiments, the heterocycloalkyl has
4-10, 4-7 ot 4-6 ring atoms with 1 or 2 heteroatoms independently selected from nitrogen,
oxygen, or sulfur and having one or more oxidized ring members.

At certain places, the definitions or embodiments refer to specific rings (e g., an azetidine
ring, a pyridine ring, eic.}. Unless otherwise indicated, these rings can be attached to any ring
member provided that the valency of the atom 18 not exceeded. For example, an azetidine ring
may be attached at any position of the ring, whereas a pyridin-3-yl ring is attached at the 3~
position.

“Linker,” “Linking Moiety,” or “Linking Group”, as used herein, refer 1o a bivalent
group or moiety which connects the two radical moieties in the compounds described herein
The linker can be composed of any assembly of atoms, including oligomeric and polymeric
chains; however, the total number of atoms in the spacer group 1s preferably between 3 and 200
atoms, more preferably between 3 and 150 atoms, more preferably between 3 and 100 atoms,
more preferably between 3 and 50 atoms, most preferably between 3 and 20 atoms. The linker
can serve to modify the solubility of the compounds described herein. In some erabodiments, the
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linker is hydrophilic. In some embodiments, the Hnker is hydrophobic. In some embodiments,
the linker can be an alkyl group, an alkylaryl group, an oligo- or polvalkylene oxide chain (e.g.,
an oligo~ or polyethylene glycol chain), or an oligo- or poly{amino acd) chain.

The term “amino acid,” as used heretn, refers to both natural and non-natural amino
acids, and analogs and derivatives thereof. The term “non-natural amine acid” refers to an
organic compound that is 3 congener of a natural amino acid in that tt has a structure similar to a
natural amino acid so that it mimics the structure and reactivity of a natural amino acid. The non-
natural amine acid can be a modified amino acid, and/or amino acid analog, that is not one of the
20 comymon naturally occurring amino acids or the rare natural amino acids selenocysteine or
pyrrolysine. Examples of suitable amino acids include, but are not limited to, alanine,
alloscleucine, arginine, asparagine, aspartic acid, cysteine, glutamine, glutamic acid, glycine,
histidine, 1soleucing, leucine, lysine, methionine, napthylalanine, phenylalanine, proline,
pyroglutamic acid, serine, threonine, tryptophan, tyrosine, valine, a derivative, or combinations

thereof These are listed in the table 1 along with their abbreviations used herein,

Aming Acid Abbreviations”® Abbreviations”
L-amine acid D-amine acid
Alanine Ala {A) ala {a)
Allosoleucine Alle aile
Arginine Arg () arg {1}
Asparagine Asn {IN} ast {n)
aspartic acid Asp (I3} asp {d)
Cysteine Cys (C) cys {c}
Cyclohexylalanine Cha cha
2,3~diaminopropionic acid Dap dap
4-fluorophenylalanine Fpa () pfa
glutamic acid Glu (E) ghi(e)
Glutamine Gin () gln (g
Glycine Gly {(G) aly (&)
Histidine His {H) fus (h)
Homoproline {aka pipecolic acid) Pip (8) pip {©)
Isoleucine He (I) ile {1}
Leucine Leu (L) teu (1)
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Amine Acid Abbreviations® Abbreviations®
L-amino acid B-amine acid

Lysine Lys (K} iys (k)
methionine Met (M} met {m)
napthylalanine Nal (B} nal {$)
norleucine Nie () nle
phenvlalanine Phe {F} phe (F}
phenvlglycine Phyg (*¥) phg
4-{phosphonodifluoromethylphenvialanine F:Pmp (A) HHrpmp
proline Pro (P} pro {p}
sarcosing Sar (X)) sar
selenocysieing Sec (U) sec (1)
serine Ser {$) ser {s}
threonine Thr (T) thr {y)
tyrosing Tyr (Y} tyr {y)
tryptophan Trp (W) trp {w)
2,2,6,0~tetramethyl-N-oxyl-4-amino-4- TOAC (TOAC) toac (toac)
carboxvlic acid
Valine Val (V) val (v}
2,3~diaminopropionic acid Dap dap

* single letter abbreviations: when shown in capital letters herein it indicates the L-

amino acid form, when shown in lower case herein t indicates the D-amino acid form

As discussed above, non-natural amino acids and D-amino acids can be used herein. In
some cases, aming acids can be coupled by a peptide bond. Each amino acid can be coupled to
an adjacent amino acid at the amino group, the carboxylate group, or the side chain.

The term “poly{amine acid),” as used herein, refers to a moiety comprising a plurality of
amino acids coupled by peptide bonds. Polv{amino acid) groups can comprise from 2 to 500,
from 2 o 250, from 2 to 100, from 2 to 50, from 2 to 25, from 2 to 20, from 2 to 15, from 2 to
i0, from 210 5, from 2 to 4, or from 2 to 3 amino acid residues. In some embodiments, the
poly{amino acid) group can be a dipeptide. In some embodiments, the poly{amino acid) group

can be a tripeptide. In some embodiments, the poly{aminoe acid) group can be a tetrapeptide. In
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some emboditaents, the poly(amino acid) group can comprise a protein. In certain embodiments,
the protein can be an analyte of interest.

The term “direct bond” or “bond” refers to a single, double or triple bond between two
groups. In certain embodiments, a “direct bond” refers to a single bond between two groups

The term “compound” as used herein is meant to include all sterecisomers, geometric
wsomers, tautomers, and isotopes of the structures depicted. Compounds herein identified by
name or structure as one particular tautomeric form are intended to include other tautomeric
forms unless otherwise specified.

Compounds provided herein also include tautomeric forms. Tautomeric forms result from
the swapping of a single bond with an adjacent double bond together with the concomitant
migration of a proton.  Tautomeric forms include prototropic tautomers which are isomeric
protonation states haviog the same empirical formula and total charge. Example prototropic
tautomers inchlude ketone — enol pairs, amide - imidic acid pairs, lactam — lactim pairs, enamine —
umine pairs, and annular forms where a proton can occupy two of more positions of a
heterocyclic system, for example, 1H- and 3H-imidazole, 1H- 2H- and 4H- 1,2 4-4riazole, 1H-
and 2H- 1soindole, and 1H- and 2ZH-pyrazole Tantomeric forms can be 1o equilibrium or
sterically locked into one form by appropriate substitution.

In some embodiments, the compounds described herein can contain one or more
asymmeiric centers and thus occur as racemates and racemic mixtures, enantiomerically enriched
mixtures, single enantiomers, individual diastereomers and diastereomeric muxtures {e.g
including ()~ and (Yy-enantiomers, diasierecmers, {(D-1somers, (L }-isomers, {+)
{dexirorvoiatory) forms, {-) (Jevorotatory) forms, the racemic mixtures thereof, and other
mixtures thereot). Additional asymmetnic carbon atoms can be present in a substituent, such as
an atkyl group. All such tsomeric forms, as well as mixtures thereof, of these compounds are
expressly included in the present descruiption. The compounds described heretn can also or
turther contain linkages wherein bond rotation is restricted about that particular linkage, e g
restriction resulting from the presence of a ring or double bond {e.g., carbon-carbon bonds,
carbon~-utirogen bonds such as amide bonds}. Accordingly, all cis/frans and 77 1somers and
rotational isomers are expressly included in the present description. Unless otherwise mentioned
or indicated, the chemical designation of & compound encompasses the mixture of all possible
stereochemically isomeric forms of that compound.

(ptical isomers can be obtained 1o pure form by standard procedures known to those
skitled in the art, and include, but are not limited to, diastereomeric salt formation, kinetic
resolution, and asymmetric synthesis. See, for example, Jacques, et al |, Enantiomers, Racemates
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and Resolutions {Wiley Interscience, New York, 1981}, Wilen, S H, et al, Tetrabedron 33.272S
(1977, Ehiel, E.L. Stereochemistry of Carbon Compounds (McGraw-Hill, NY, 1962}, Wilen,
S H. Tables of Resolving Agents and Optical Resolutions p. 268 (E L. Eliel, Ed,, Univ. of Notre
Dame Press, Notre Dame, IN 1972), each of which is tncorporated herein by reference in thewr
entireties. 1t is also understood that the compounds described herein include all possible
regioisomers, and mixtures thereof, which can be obtained in pure form by standard separation
procedures known to those skilled in the art, and include, but are not limited to, column
chromatography, thin-fayer chromatography, and high-performance liquid chromatography.

Unless specitically defined, compounds provided herein can also include all 1sotopes of
atoms occurring in the intermediates or final compounds. Isotopes include those atoms having
the same atomic number but different mass numbers. Unless otherwise stated, when an atom is
designated as an isotope or radioisotope (e.g., deuterium, [11C], [*F)), the atom is understood to
comprise the 1sotope or radioisotope in an amount at least greater than the natural abundance of
the 1sotope or radicisotope. For exarople, when an atom 1s designated as “D7 or “deuterium”, the
position is understood to have deuterium at an abundance that is at least 3000 times greater than
the natural sbundance of deuterium, which is 0.015% (1.¢., at least 45% wncorporation of
deuterium}.

All compounds, and pharmaceutically acceptable salts thereof, can be found together
with other substances such as water and solvents {e. g hydrates and solvates) or can be 1solated.

In some embodiments, preparation of compounds can involve the addition of acids or
hases to affect, for example, catalysis of a desired reaction or formation of salt forms such as
acid addition salts.

Example acids can be inorganic or organic acids and include, but are not hmited o,
strong and weak acids. Some example acids include hydrochioric acid, hydrobromic acid,
sutfuric acid, phosphoric acid, p-toluenesultonic acid, 4-nitrobenzoie acid, methanesulfonic acid,
benzenesulfonic acid, tnfluorcacetic acid, and nitric acid. Some weak acids include, but are not
limited to acetic acid, propionic acid, butancic acid, benzoie acid, tartaric acid, pentanoic acid,
hexanoic acid, heptanoic acid, octanoic actd, nonanoic acid, and decanoic acid.

Example bases include lithium hydroxide, sodium hydroxide, potassium hydroxide,
lithium carbonate, sodium carbonate, potassium carbonate, and sodium bicarbonate. Some
example strong bases include, but are not limited to, hydroxide, alkoxides, metal amides, metal
bydrides, metal dialkylamides and arvliamines, wherein; alkoxides inchude Hithium, sodium and
potassium salts of methyl, ethyl and t-buty! oxides; metal amides include sodium amide,
potassium amide and hthiom amide; metal hydrides inclade sodium hydride, potassium hydride
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and hithium hydride; and metal dialkvlamudes wchade lithium, sodium, and potassium salts of
methyl, ethvl, n-propvl, iso-propyl, n-butyl, ferr-butyl, trimethyisilyl and cyclohexyl substituted
arnrdes.

In some embodiments, the compounds provided herein, or salts thereof, are substantially
isolated. By “substantially 1solated” 1s meant that the compound 15 at least partially or
substantially separated from the envircument in which it was formed or detected. Partial
separation can include, for example, a composition enriched 1n the compounds provided herein.
Substantial separation can include compositions containing at least about 50%, at least about
60%, at least about 70%, at least about 80%, at least about 90%, at least about 95%%, at least
about 97%, or at least about 99% by weight of the compounds provided herein, or salt thereof,
Methods for isolating compounds and their salts are routine in the art.

The expressions, “ambient temperature” and “room temperature” or “rt” as used herein,
are understood in the art, and refer generally to a temperature, e g. a reaction temperature, that is
about the temperature of the roow in which the reaction is carnied out, for example, a

temperature from about 20 °C to about 30 °C.

Compounds

The sensitivity in solid-state NMR (ssNMR) experiments can be enhanced by two to
three grders of magnitude by dynamically polarizing the nuclear spin system prior to recording
the NMR spectrum. This enhancement can be transferred into the hiquid-state (e ¢, liguid-state
NMR or MRI) by melting the solid sample after polatization. For MRI applications, at least a
portion of the molten sample that includes a polarized analyte 1s administered into the subject
being imaged prior to imaging.

The DINP procedure involves microwave irradiation of the electron paramagnetic
resonance {EPR} spectrurn of either an endogenous or exogenous paramagnetic species present
in a sample, and results in the transfer of the greater spin polarization of the electrons to the
nucler of surrounding molecules. While the methods described herein are not himited to any
specific magnetic field and the BNP procedure could be performed at low magnetic fields, the
performance of dynamic nuclear polarization {DNP) experiments at the high magnetic fields
used in contemporary NMR experiments {(e.g., 5-20 T} 15 affected by the following three factors.

First, a high frequency (140-600 GHz), hugh power (T10 watts) microwave souree is
typically used to drive the continuous-wave {CW) DNP transitions associated with the second

order electron-nuclear dipolar interactions {(though other sources, such as pulsed and chirped
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microwave irradiation can also be used). To date this has been achieved by utilizing gyrotrons
since they operate in the requisite frequency range and produce suitable microwave powers.

Second, the relaxation times of the spin systems in the experiment dictate that it be
optimally performed at low temperatures (usually 90 K}, When obtaining high resolution

ssNMR spectra of solids, magic-angle spinning (MAS) is preferably incorporated into the

experiment. Thus, multiple resonance—i.e., 'H, ¥C, "N and ¢ —low temperature MAS probes
may be required for optimal execution of certain DNP experiments.

The third factor is the nature of the paramagnetic polarizing agent. Preferably, the
polarizing agent should: (a} be compatible with the polarization mechanism that yields the
optimal signal enhancement, namely the three-spin thermal mixing (TM) or cross effect (CE), (b}
be useful 1o polanzing a large array of analytes ranging from small molecules to proteins, {¢)
produce large signal enhancements at a reduced concentration of paramagnetic species, and {d}
be soluble 1n aqueous media.

The compounds described herein can satisfy one or more of the criteria above. In some
embodiments, the compounds described herein can satisty at least the first three criteria. In
certain embodiments, can satisfy the first three criteria as well as the fourth requirement (i.e,
solubility in aqueous media).

Provided herein are compounds defined by Formula I below

Formula

wherein L represents a direct bond or a linking group; R’ is selected from the group consisting of
hydrogen, Ui alkyl, Cos alkenyi, Cog alkynyl, Co.o cycloalkyl, 6-10 membered aryi, 5-10
membered heteroaryl, 4-10 membered heterocycloalkyl, Caie eycloalkyl-Ci alkylene, 4-10
membered heterocycloaltkyi-Crsalkvlene, 6-10 membered aryl-Ci.q alkylene, 5-10 membered
heteroaryl-Ciq alkylene, Ci.1o alkylearbonyl, Ci.12 alkoxyearbonyl, Ci.0 atkylearbamyl, di(Crip-
alkylicarbamyl, amino acid, poly{amino acid), and poly{alkylene oxide), each opticnally
substituted with 1, 2, 3, or 4 independently selected R”™ groups; R? is selected from the group
consisting of hydrogen, hydroxy, -ORM, Cis alkyl, Cas alkenyl, Cos alkynyl, Crao cycloalkyl, 6-
10 membered arvl, 5-10 membered heteroaryl, 4-10 membered heterccyeloatkyl, Caap

cycloalloyi-Crg alkylene, 4-10 membered heterocycloalkyl-Ciq alloviene, 6-10 membered aryl-C.
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1 alkylene, S-10 membered heteroaryl-Ci alkylene, amino, Ci.p alkylamino; di{Cip-
atkyllamino, aming acid, poly{amino acid), and poly{aikylene oxide}, each optionally substituted
with 1, 2, 3. or 4 independently selecied R groups; R? and RY are independently selected from
group consisting of Ci.g alkyl, Cas alkenyl, Crs alkynvl, Caagevcloalkyl, 6-10 membered arvi,
5-10 membered heteroaryl, 4-10 membered heterocycloalkyl, Cso cycloalkyl-Cig alkylene, 4-10
membered beterocycloalkyi-Ci.g aliovlene, 6-10 membered aryl-Cigalkylene, 5-10 membered
heteroaryl-Ci alkylene, each optionally substituted with 1, 2, 3, or 4 independently selected R®
groups; or R’ and R?, together with the carbon atom to which they are attached, form a 3-10
membered cycloalkyl or 4-10 membered heterocycloalkyl ring each optionally substituted with 1,
2, 3, or 4 independently selected R™ groups; B> and R are independently selected from group
consisting of Cig alkyl, Co alkenyl, Ca alkynyl, Csaio cycloalkyl, 6-10 membered aryl, 5-10
membered heteroaryl, 4-10 membered heterocycloalkyl, Cag oveloalkyl-Ciag alkylene, 4-10
membered heterocycloatkyt-Crsalkylene, 6-10 membered aryl-Ci.q alkylene, 5-10 membered
heteroaryl-Cia alkylene, each optionally substituted with 1, 2, 3, or 4 independently selected R™
groups; or R” and R°, together with the carbon atom to which they are attached, form a 3-10
membered cycloalkyl or 4-10 membered heterocycloaliyl ring each optionally substituted with 1,
2, 3, or 4 independently selected R groups; R and R® are independently selected from group
consisting of Cr.s alkyl, Cas alkenyl, Cog alkynvl, Csao cycloalkyl, 6-10 membered aryl, 5-10
membered heteroaryl, 4-10 membered heterocycloalkyl, Cao eveloalkyl-Crg alkylene, 4-10
membered heterocycloatkyt-Crg alkvlene, 6-10 membered aryl-Ciq alkylene, 5-10 membered
heteroaryl-Cis alkylene, each optionally substituted with 1, 2, 3, or 4 independently selected R®
groups; or R’ and R¥, together with the carbon atom to which they are attached, form a 3-10
membered cycloatkyl or 4-10 membered heterocycloatkyl ring each optionally substituted with 1,
2, 3, or 4 independently selected R groups; R” and R'° are independently selected from group
consisting of Cie alkyl, Caws alkenyl, Cos alkynyl, Caaooycloalkyl, 6-10 membered aryi, 5-10
membered hetercaryl, 4-10 membered heterocycloalkyl, Cs.a0 cycloalkyl-Chq alkylene, 4-10
membered heterocycloaltkyl-Ci4 alkylene, 6-10 mermbered arvl-Ciqalkylene, 5-10 membered
heteroaryl-Ci.s alkylene, each optionally substituted with 1, 2, 3, or 4 independently selected R™
groups; or R” and R'C, together with the carbon atom to which they are attached, form a 3-10
membered cycloalyt or 4-10 membered heterocycloalioyl ring each optionally substituted with 1,
2, 3, or 4 independently selected R™ groups; R is selected from the group consisting of Cie
alkyl, Cog alkenyl, Cog alkynyl, Csao cycloalkyl, 6-10 membered aryl, 5-10 membered
heteroaryl, 4-10 membered heterocycloalkyl, Ci.o eycloaliyl-Cr.g alkylene, 4-10 membered
heterocycloalkyl-Cras alkvlene, 6-10 membered aryl-Ci4 alkylene, 5-10 membered heteroaryi-Ci.
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1 alkylene, and poly{alkylene oade), each optionally substituted with 1, 2, 3, or 4 independently
selected R™ groups; and each R, when present, are each independently selected from OH, NO»,
CN, halo, Cre alloyl, Cow alkenyl, Cos alkynyl, Cig haloalkyl, Gy alkoxy, Crs haloalkoxy,
cyano-Cyaalkyl, HO-Cs alkyl, amino, Cue alkylamino, d{Cres alkyhamino, thio, Cis alkylthio,
Cre alkylsulfinyl, Cie alkylsultonyl, carbamyl, Crsalkylcarbamyl, di{Cis altkylycarbamyl,
carboxy, Crg altkylcarbonyl, Cig alkoxycarbonyi, Crs alkyicarbonylamino, Cis
alkylsulfonylamine, aminosultonyl, Cis alkylaminosulfonyl, di{Cis alkyDanunosulfonyl,
aminosulfonviaming, Crg alkvlaminosulfonylamine, di{Cie alkvhaminosulfonylamino,
aminocarbonylamino, Cre alkyvlaminocarbonylamine, and di{Crs alkvljaminocarbonylamine.

In some embodiments, R®, RY, R°, R® R’ R® R’ and R are each Cig allyl (T alkyl).

in certain embodiments, R*, R R’ R® R, R* R” and R'” are each ethyl.

In certain embodiments, R, RY, R RS R7, R® R’ and RY are each methyl In these

embodiments, the compound is defined by Formula A

Formula [A

wherein L represents a direct bond or a linking group; R’ is selected from the group consisting of
hydrogen, Crs alkyl, Chs alkenyl, Co alkynyl, Ciapcycloalkyl, 6-10 membered aryl, 5-10
membered heteroarvl, 4-10 membered heterocycloalkyl, Csa0 cycloalkyl-Crag alkvlene, 4-10
membered beterocycloalkyi-Ci.g allovlene, 6-10 membered aryl-Cigalkylene, 5-10 membered
heteroaryl-Cig alkylene, Ci.z alkylearbonyl, Crpo alkoxycarbonyl, Ciaz alkylcarbamyl, di{Cio-
alkyhcarbamyl, amino acid, poly(amino acid}, and poly{atkylene oxide}, each optionally
substituted with 1, 2, 3, or 4 independently selected R* groups; R” is selected from the group
consisting of hydrogen, hydroxy, -OR', Cig alkyl, o alkenyl, Crs alkynyt, Csocycloalkyt, 6-
10 membered aryl, 5-10 membered hetercaryl, 4-10 membered heterocycloaltkyl, Csae
cycloatkyl-Cia alkylene, 4-10 merbered heterocycloalkyl-Chg alkylene, 6-10 membered aryi-Cy.
salkyleneg, 5-10 membered heteroaryt-Ci.q altkylene, aming, Crap alkylaming; di(Crao-
alkyhamino, amino acid, poly{amino acid), and poly{alkylene oxide}, each optionally substituted
with 1, 2, 3, or 4 independently selected R groups; RY is selected from the group consisting of
Crs alkvl, Coe alkenyl, Crs alkynyl, Csae cycloalkyl, 6-10 membered arvl, 5-10 membered
hetercaryl, 4-10 membered heterocycloatkyl, Cs. oycloalkyl-Cigalkylene, 4-10 membered

heterocycloalkyl-Ci.g alkylene, 6-10 membered arvl-Ciq alkylene, 5-10 membered heteroaryi-Ci.
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salkylene, and poly{alkylene oxde), each optionally substituted with 1, 2, 3, or 4 independently
selected R™ groups; and each R, when present, are each independently selected from OH, NO»,
CN, halo, Cre alloyl, Cow alkenyl, Cos alkynyl, Cig haloalkyl, Gy alkoxy, Crs haloalkoxy,
cyano-Cyaalkyl, HO-Cs alkyl, amino, Cue alkylamino, d{Cres alkyhamino, thio, Cis alkylthio,
Cie alkvisulfinvl, Cie alkylsulfonyl, carbamyl, Crs alkylearbaryl, di{Crs altkyljearbamyl,
carboxy, Crg altkylcarbonyl, Cig alkoxycarbonyi, Crs alkyicarbonylamino, Cis
alkylsulfonylamine, aminosultonyl, Cis alkylaminosulfonyl, di{Cis alkyDanunosulfonyl,
aminosulfonviamine, Cig alkvlaminosulfonylamino, di{Ci.q alkyaminosulfonylamino,
aminocarbonylamino, Cre alkyvlaminocarbonylamine, and di{Crs alkvljaminocarbonylamine.

In other embodiments, the compound can be detined by Formula 1B

Formula IB

wherein L represents a direct bond or a linking group; R’ is selected from the group consisting of
bydrogen, Ui alkyl, Cous alkenyi, Cog alkynyl, G cycloalkyl, 6-10 membered aryi, 5-10
membered heteroaryl, 4-10 membered heterocycloalkyl, Cia0 cveloalkyl-Cra alkylene, 4-10
membered heterocycloatkyt-Crsalkylene, 6-10 membered aryl-Ciq alkylene, 5-10 membered
hetercarvi-Ci.q alkylene, Craz alkylearbonyl, Ciag alkoxyearbonyl, Crop alkylcarbamyl, di{Cia-
alkyhcarbamyl, amino acid, poly{amino acid), and poly{alkylene oxide), each optionally
substituted with 1, 2, 3, or 4 independently selected R™ groups; R* is selected from the group
consisting of hydrogen, hydroxy, -ORM, Cis alkyl, Cas alkenyl, Cos alkynyl, Crao cycloalkyl, 6-
10 membered aryl, 5-10 membered heteroaryl, 4-10 membered heterocycloalkyl, Cs.pp
cycloatkyi-Cig alkyvlene, 4-10 membered heterocycloalkyl-Crg alkylene, 6-10 membered aryi-Ci.
1 alkylene, 5-10 membered heteroaryi-C . alloylene, amino, Ci.p albylamino,; di{Chap-
alkylDamino, amino acid, polv{amino acid), and poly{alkylene oxide}, cach optionally substituted
with 1, 2, 3, or 4 independently selected R* groups; R'! is selected from the group consisting of
Cie alkyl, Cr alkenyl, Cas alkynyl, Cao cveloalkyl, 6-10 membered arvl, 5-10 membered
heteroaryl, 4-10 membered heterocycloalkyl, Cipo eyvcloalioyvt-C g alkylene, 4-10 membered
heterocycloalkyl-Ci. alkylene, 6-10 membered aryl-Ciq alkylene, 5-10 membered hetercaryl-Ci.
salkylene, and poly{alkylene oxide), each optionally substituted with 1, 2, 3, or 4 independently

selected R™ groups; and each R”, when present, are each independently selected from OH, NO;,
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N, halo, Cis alkyl, Cos alkenyl, Coue alkynyl, Cia haloallyl, Crs alkoxy, Crehaloalkoxy,
cyano-Csalkyl, HO-Craalkyl, amino, Cisalkylamine, di{Cie alkyllamino, thio, Cig alkyithio,
Crg alkylsultinyl, Cie alkylsulfonyl, carbamyl, Cresalkyicatbamyl, di{Ci.s altlyDcarbamyl,
carboxy, Ci.g alkylcarbonyl, Cie alkoxycarbonyl, i alioylcarbonylamino, Cig
alkvlsulfonylamino, aminosulfonyl, Cie alkylaminosultonyl, di{Cr.e alkyljaminosulfonyl,
aminosulfonylamine, i alkylaminosulfonylamino, di{C s alkyhaminosulfonylamino,
armninocarbonylamino, Cres alkylanunocarbonylamine, and di{Cy.s atkylDaminocarbonylamine.

In other embodiments, the compound 1s defined by Formula IC

Formula IC

wherein L represents a direct bond or a linking group; R is selected from the group consisting of
hydrogen, Crs altkyl, Crs altkenvi, Cog alkynyl, Cig cvcloalkyl, 6-10 membered aryi, 5-10
membered heteroaryl, 4-10 membered heterocycloalkyl, Cae eveloalkyl-Crg alkylene, 4-10
membered heterocycloatkyt-Crg alkvlene, 6-10 membered aryl-Ciq alkylene, 5-10 membered
heteroaryl-Cig alkylene, Ty alloylearbonyl, Ciap alkoxyearbonyt, Cra alkvicarbamyl, di{Cras-
atkylycarbamyl, aming acid, poly(amino acid), and poly{alkylene oxide), each optionally
substituted with 1, 2, 3, or 4 independently selected R® groups; R” is selected from the group
consisting of hydrogen, hydroxy, -ORY, Cis alkyl, Ca atkenyl, Cas allynyl, Cso cycloallyl, 6-
10 membered arvl, 5-10 membered heteroaryl, 4-10 membered heterocycloalkyl, Ciap
cycloatkyl-Ci. alkylene, 4-10 membered heterocycloalkyl-Ci.q alkylene, 6-10 membered aryh-Ci.
1 alkylene, S-10 membered heteroaryl-Ci alkylene, amino, Ci.p alkylamino; di{Cip-
alkylamino, amino acid, poly{amino acid), and poly{alkylene oxide}, each optionally substituted
with 1, 2, 3, or 4 independently selected R® groups; R'! is selected from the group consisting of
Ci alkyl, Cas alkenyl, Crs alkynyl, Caapo cycloalkyl, 6-10 membered aryl, 5-10 membered
heteroaryl, 4-10 membered heterocycloalkyl, Csao cyeloalkyl-Cio alkylene, 4-10 membered
heterocycloalkyl-Ci . alkylene, 6-10 membered aryl-Cia alkiylene, 5-10 membered hetercaryi-Ci.
s alkylene, and polv{alkylene oxide), each optionally substituted with 1, 2, 3, or 4 independently
selected R” groups; R is selected from the group consisting of OH, NO», CN, halo, (.6 alkyl,

Cr6 alkenyl, Crg alkynyi, Ciq halealkyl, Crs altkoxy, Cishaloalkoxy, cyano-Cizalkyl, HO-Cis
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alkyl, amino, Cie alkylarioo, di{Cis alkvhamivo, thio, Cie altkylthio, Cre alkylsulfingd, Cis
alkyvisulfonyl, carbamyl, Cialkylcarbamyl, di{Ci. alkylicarbamyl, carboxy, Ci.s alkylcarbonyl,
Cig alkoxycarbonyl, Cre alkylcarbonylamino, Cre atkylsulfonylaminoe, amnosulfonyl, Cis
atkviaminosulfonyl, di{Cis alkvljaminosulfonyl, aminosulfonylamino, Cig
alkvlaminosulfonylamine, di{Ci.¢ alkyl Jaminosulfonylamino, aminocarbonylamino, Cis
alkylaminocarbonylamino, di{Cy.s allkyDaminocarbonylaming, Ciae eycloalkyl, 6-10 membered
aryl, 5-10 membered heteroaryl, 4-10 membered heterocycloalkyvl, Ciio cycloalkyl-Cig alkylene,
4-10 membered heterccycloalkyi-Chrg alkyvlene, 6-10 membered aryl-Ci.g alkyiene, 5-10
membered heteroaryl-Ci alkylene, and poly(alkylene oxide); and each R”™, when present, are
each independently selected from OH, NO», ON, halo, Ci alkyl, Crs alkenyl, Co alkynyl, Crs
haloalkyl, Cisalkoxy, Cighaloalkoxy, cyano-Cig alkyl, HO-Craaltkyl, amino, Ci alkylamino,
di{Cy.g alkyDamino, thio, Ciealkvithio, Cis alkylsulfinyl, Cie alkylsultfonyl, carbamyl, Cre
atkyicarbamyl, di{Cis altkylicarbamyl, carboxy, Crgalkvylcarbonyl, Cis alkoxyearbonyl, Cis
alkylcarbonyvlamino, Cre atkylsulfonylamino, aminosulfonyl, Crs alkylanunosutfonyl, di{Crs
alkyhanminosulfonyl, aminosulfonylaminoe, Cie alkylaminosulfonviamine, di{Cis
alkyDaminosulfonylamino, aminocarbonylamino, Crs alkylaminocarbonylamino, and d{Crs
atkyDaminocarbonyiamine.

In some embodiments, L represents a direct bond. For example, the compounds of

Formula 1 can be represented by the formula below.

In other embodiments, L represents a inking group. In some embodiments, the linking
group can comprise one or more amino acid residues. In certain embodiments, the linking group
can consist of one or more amino acid residues (i1.e., the corpound can be a peptide-based

biradical}. For example, L can be defined by the structure below

}:EQM o
YT
N R‘IB

n

wherein for each occurrence in L, R is H and RY is selected from one of the following
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or R" and RY, together with the atoms to which they are attached, form a five-membered

heterocycle defined by the structure below

AN

0t is an integer selected from 1, 2, 3, 4, 5, and 6. In certain embodiments, m is 1. In other

, and

5  embodiments, wis 2. In some of these embodiments, L can comprise one or more aming acid
residues selected from the group consisting of a serine residue, a threonine residue, an asparagine
residue, a glutamine residue, an aspartic acid residue, a cysteine residue, a glutamic acid residue,
and any combination thereof

I some embodiments, L can comprise one or more unnatural amino acids. For example,
10 L can comprise one or more 2,2.0,6-tetramethyl-N-oxyl-4-amino-4-carboxylic acid (TOAC)
residues. In these embodiments, the compound can comprise, for example, three, four, five, six,
seven eight, or more radicals,
in some embodiments, R' can comprise hydrogen. In other embodiments, R’ can

comprise a Ci.iz alkylcarbonyl or Cruiz alkoxycarbonyl group. For example, R' can comprise an

-
(52}

acetyl group. In some embodiments, R’ comprises an amino acid residue. In certain

Eatel
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embodiments, the amino acid residue 15 selecied from the group consisting of a serine residue, a
threonine residue, an asparagine residue, a glutamine residue, an aspartic acid residue, and a
glutamic acid residue. In some embodiments, R comprises a cysteine residue. In these cases,
the cysteine residue can be used to covalently attach the polanizing agent to an analyte (e g, a
protein by way of a disulfide bond). In some embodiments, R! can comprise one or more
unnatural amino acids. For example, R! can comprise one or more 2,26 6-tetramethyl-N-oxyl-4-
armnino-4-carboxvlic acid {(TOAC) residues. In these embodiments, the compound can comprise,
for example, three, four, five, six, seven eight, or more radicals. In some embodiments, R can
comprise a poly{amino acid) sequence. The poly{amino acid) sequence can, for example, serves
as a bromolecular recognition motit for an analyte of 1nterest.

in some embodiments, R* can comprise a hydroxy group. In other embodiments, R? can
comprise ORM, where R is selected from the group consisting of Cis alkyl, Caws alkenyl, Cas
atkvoyl, Csaocveloalkyl, 6-10 membered arvl, 5-10 membered hetercaryl, 4-10 membered
beterocycloalkyl, Caae eyeloalkyl-Crag alkylene, 4-10 membered heterocycloalkyl-Cra alkylene,
6-10 membered aryl-Cr.a alkylene, 5-10 membered heteroarvi-Ci alkylene, and poly{alkylene
oxide), each optionaily substituted with 1, 2, 3, or 4 independently selected R groups. In certain
embodiments, R? can comprise OR' where R is a Ci.s alkyl group optionally substituted with
i, 2,3, or 4 independently selected R* groups. In certain embodiments, R? can comprise OR!
where R' is a U1 2 poly{alkylene oxide} group.

In some embodiments, R* comprises an amino acid residue. In certain embodiments, the
amino acid residue is selected from the group consisting of a serine residue, a threonine residue,
an asparagine residue, a glutamine residue, an aspartic acid residue, and a glutanuce acid residue.
fn some embodiments, R? comprises a cysteine residue. In these cases, the cysteine residue can
be used to covalently attach the polarizing agent to an analyte {(e.g., a protein by way of a
disuifide bond). In some embodiments, R? can corprise one or more unnatural amino acids.
For exampie, R? can comprise one or more 2,2,6 6-tetramethyl-N-oxyl-4-amino-4-carboxylic
acid (TOAC) residues. In these embodiments, the compound can comprise, for example, three,
four, five, six, seven eight, or more radicals. In some embodiments, R can comprise a
polv{amino acid) sequence. The poly{amine acid) sequence can, for example, serves as a
biomolecular recognition motif for an analyte of interest.

In certain embodiments, the compound can be one of the following:
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In some embodiments, the compounds described herein can be deuterated at one or mose
positions. For example, in some embodiments of Formula I, one or more of RY, R* R* R% R,
R* RY and R'can be deuterated (e.g, RY, R* R°, R® R7 R®* R® and R* canall be -CDx1). In
other embodiments, deuterated moieties can be encorporated at R', R?, L, or at other positions

{e.g., at the meta positions of the TEMPO ring).

Methods of Use

In general, the methods involve (8) providing a frozen sample tn a magnetic field,
wherein the frozen sample includes a polarizing agent and an analyte with at least one spin half
muclens; (b} polarizing the at least one spin half nucleus of the analyte by trradiating the frozen
sample with radiation having a frequency that excites electron spin transitions in the polarizing
agent; {¢) optionally melting the sample to produce a molten saraple; and {d) detecting nuclear
spif transitions in the at least one spin half nucleus of the analyte in the frozen or molten sample.
The polarizing agent can be a compound (e g, a biradical) described herein. In certain
embadiments, the methods further comprise a step of freezing a sample in a magnetic field to
provide the frozen sample o a magnetic field o one such embodiment, the sample s melted
prior to detection and the freezing, polarizing, melting and detecting steps are repeated at least
once.

In certain embodiments, the analyte 1s a molecule {e.g., a protein) that is being studied by
solid- or liguid-state NMR_ In other embodiments, the analyte i1s an imaging agent that is being

I8
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used for MR In such embodiments, the step of detecting 1s performed after at least a portion of
the molten sample which comprises the polarized imaging agent has been administered to the
subject being imaged. In general, the frozen sample may tnclude any solvent; however, in certain
embodiments, the frozen sample includes an amount of water, e.g., at least 50%, 60%, 70%,
80%, 90%, 95%, 99% or 100% by volume of water

In one embodiment, the methods do not include a step of melting the sample to produce a
molten sample. According to such embodiments, the sample is frozen 1n the detection step and
the nuclear spin transitions in the at least one spin half nucleus of the analyte in the frozen
sample are detected by solid-state NMR.

In another embodiment, the methods do include a step of melting the sample to produce a
molten sample. According to such embodiments, the sample is molten in the detection step and
the nuclear spin transitions o the at least one spin half nucleus of the analyte in the molten
sample may be detected by liguid-state NMR. Alternatively, the nuclear spin transitions in the at
least one spin half nucleus of the analyte in the molten sample may be detected by MRL
According to this last embodiment, at least a portion of the molten sample that includes polarized
analyte s admunistered (e.g., by injection, ingestion, inhalation, etc.} to a subject prior to
detection. In certain embodiments {¢ g, when the polanzing ageunt is toxic) the polanzed analyte
may be separated from the polarizing agent prior to admirustration. U5, Patent No. 6,311,086
{the contents of which are incorporated herein by reference} describes several methods for
achieving such a separation {¢.g., physical and chemical separation or extraction techuiques).

fn general, the methods may be used to polarize any analyte. Without himitation, the
analvte may be a protein or nucleic acid. In certain embodiments, the analyte may be a protein or
nucleic acid that 13 covalently attached to the polarizing agent. For example, o the case of
polarizing agents defined by Formula I, R, R, or both R’ and R” are an analyte (e g, a protein)
covalently attached to the polarizing agent).

Numerous solid-state and liquid-state NMR methods have been developed to study the
structures of these biomolecules, e g, one dimensional techniques, multi-dimensional
technigues, inchuding without hmitation techniques that rely on NOESY, ROESY, TOCSY,
HSQC, BMQC, ete. type polarization transfers and combinations thereof. Any of these
techniques and vanants thereof may benefit from the enbanced NMR signals that can be
provided by the methods described herein. The methods may also be advantageously used to
unprove the detection of analytes {e.g., metabolites) that are present iny a sample at low
concentrations {e.g., less than 1 pM, less than 100 nM, less than 10 oM or even less than 1 nM}.
When the analvie 18 being used as an imaging agent for an MRI experiment then it will
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preferably woclude at least one spin half nucleus with a long T relaxation time. This will ensure
that the enhancement is not lost by relaxation in between the polarizing and detecting steps. For
exarople, U.S. Patent No. 6,311,086 describes imaging ageunts that include spiun half nucler with
Ty refaxation times of at least 6 seconds ai 310 K in DO in a magnetic fleld of 7T It wili be
appreciated that any of the imaging agents that are described in U S, Patent No. 6,311,086 may
be used as an analyte 1n a method described herein. It is also to be undersiood that any known
MRI technique may be used to image the spatial distribution of a polarized analvie once
administered to a subject (e.g, see MRI in Practice Ed. by Westerbrook et al., Blackweli
Publishing, Oxford, UK, 2005, the contents of which are incorporated herein by reference).

Any spin half nucleus within the analyte may be polarized according to the methods
described herein. In one embodiment, the spin half nucleus is a ‘H nucleus. In one embodiment,
the spin half nucleus is a C nucleus. In one embodiment, the spin half nucleus is a N nucleus.
In one embodiment, the spin half nucleus is a F nucleus. The spin half nucleus may be present
i the analyte at natural abundance levels. Alternatively, stronger signals may be obtained if the

, N, YF, etc ) is enriched at one or more positions within the analyte.

spin half nucleus (e g, VC
A variety of methods are known 1u the art for entiching one or more sites of an analvte {e.g . a
protetn, nucleic acid, metabolite, imaging agent, etc.}. When the at least one spin half nucleus
has a y-value smaller than that of 'H (e.g., Y, "N, F etc.) then in certain embodiments, the
step of polarizing may turther involve irradiating the frozen sample with radiation having a
frequency that causes cross-polarization between a 'H nucleus present in the sample (e g,
without limitation from 'H:0} and the at least one spin half nucleus of the analyte.

The methods described herein may be performed under any magnetic field strength. In
one embodiment the field may have a strength in the range of about 0.1 T to about 30 T. For
exarople, somwe of the expeniments that are described herein were performed at 5 T, The radiation
for exciting electron spin transitions in the unpaired electron{s} of the polarizing agent at these
tields will be 1o the range of about 2.8 GHz to about 840 GHz. For examples, the radiation in the
experiments that are described herein was from a 140 GHz gyrotron.

When studying molten samples {e.g, by liquid-state NMR), the sample may be recycled
by freezing the sample, repolarizing the at least one spin half nucleus of the analyte by
irradiating the frozen sample with radiation having a frequency that excites electron spin
transttions in the polarizing agent, remelting the frozen sample to produce a molten sample, and
redetecting nuclear spin transitions in the at least one spin half nucleus of the analyte in the
molten sample. This process can be repeated for as many cycles as needed. This can be used,

e.g., to signal average NMR signals and thereby further enhance the sensitivity of the NMR
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experiment. The freezing step can generally be achieved by cooling the sample until it reaches a
solid state. In certain embodiments, the sample can be cooled to a temperature of less than about
200 K. For example, the sample may be cooled to a temperature n the range of about 1 K to
about 100 K. Some of the experuments that are described herein involved cooling the sample to a
temperature of about 100 K. In one embodiment, the freezing step may be completed in less than
about 2 minutes, e.g., less than about 1 minute.

I general, once a frozen sample has been polarized, 1t can be optionally melted prior to
signal detection using any suitable method. In certain embodiments, this is achieved by exposing
the frozen sample to radiation having a wavelength of less than about 100 pum, e g, in the range
of about 0.5 pm and about SO um. In one embodiment, the radiation may come from a laser, e g,
a COh laser In another embodiment, the radiation may come from a lamp, e.g., an infra-red lamp.
The frozen sample can be exposed to the radiation ustng an optical fiber. This will typrcally
involve coupling the radiation (e.g., from a laser or lamp) to one end of the fiber, e g, using a
lens. In one ernbodiment, the sample 18 within a cvlindrical rotor The rotor can be made of
quartz which allows both microwave radiation (e.g., the 140 GHz radiation from a gyrotron) and
infra-red radiation {e.g., from a COs laser) to reach the sample. In some cases, the quartz rotor
does not crack when exposed to multiple freeze-thaw cycles. Finally, the use of a cylindrical
rotor can enable the sample to be spun during the melting step (and optionally during other steps
wnchading the detecting step) which can significantly improve melting homogeneity and time. In
some examples, samples are meited in less than about 1 second.

By way of non-limiting illustration, examples of certain embodiments of the present

disclosure are given below.

EXAMPLES

Example {: Peptide-Based Biradicals for Dynamic Nuclear Polarization of Solid-State
Nuclear Magnetic Resonance Spectroscopy

The modular and facde generation of nitroxide-based biradical polarizing agents for
dynamic nuclear polarization (DBNP) solid-state NMR via sclid-phase peptide synthesis is
described. Four representative peptides were prepared to illustrate the concept, each containing
two TOAC spin label amino acids (2,2,6,0-tetramethyl-N-oxyl-4-aminc-4- carboxylic acid} at
posttions 1 and ++1 or t and ++2) including TOAC-TOAC, acetyl-TOAC- TOAC, TOAC-TOAC-
Ser and TOAC-8er-TOAC. Electron-electron dipelar couplings computed from geometries
optimized using broken-symmetry DFT are found to be large, mn the ~50-60 MHz range. To
assess their utility for potential biomolecular DNP solid-state NMR applications, the four

peptide-based biradicals were used as exogenous polarizing agents to enhance 'H-YC CP-MAS
g
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solid-state NMR spectra of C, P N-proline in the usual 6:3:1 de-glycerol/D:O/HLO matrix at 600
MHz 'H frequency and temperature of ~100 K. At their optimal concentrations {~10-15 mM},
the peptide~based biradicals yielded absolute DNP NMR signal enhancements rangiog between
~10 and ~20 and absolute enhancements per unit time ranging between ~5 and ~10, with TOAC-
TOAC-Ser providing the highest signal enhancement factors. These results compare favorably
with those obtained for the well-established TOTAPOL and AMUPo! polanizing agents, which
under the same conditions vielded absolute NMR signal enhancements of ~6 and ~30,
respectively, and absolute enhancements per unit time of ~3 and ~18, respectively. The fact that
such peptide-based biradical polarizing agents displaying an array of physicochemical properties
tattored toward different apphications, including the possibility to target specific sites in
momolecules by covalent attachment or non-covalent binding, can be readily synthesized makes
them a promisiog too} for DNP solid-state NMR.

Introduction

Dynaric nuclear polarization (DNP} is a powerful technigue in increasing the overall
sensitivity of solid-state nuclear magnetic resonance {ssNMR} spectroscopy. DNP employs a
microwave-driven transfer of polarization, from free electrons to surrounding nuclet, to achieve
hyperpolarization 1o a given maguetic field. While this method bas been known since the 1950s,
recent technologies have enabled DNP to become coupled to high-field ssNMR with the
development of gyrotrons capable of generating high-powered, high-freguency microwaves. In
theory, the maximurm signal enhancement that may be achieved using DNP is a ratio of the

electron to proton Larmor frequencies, Yo/ ya~ 660, Currently, DNP signal enhancements of 30
to S0 have been achieved for biological samaples and over 200 in small molecules and materials.

A number of methods have been paired with DNP to optimize the technique for studving
small molecules, biological systems and synthetic matenals. Low temperatures are employed to
maximize the DNP effect by exploiting longer spin relaxation times at low temperatures. Sroall
biradical molecules have been synthesized to serve as an exogenous paramagnetic source and 1o
utilize the cross-ettect (CE) mechanism of DNP. Glass-forming solvents, such as glycerol and
tetrachioroethane (TCE), are used to dissolve these hiradical polarizing agents and to suspend
them throughout a sample-of- interest in a cryo-protecting glass. Magic-angle spinning (MAS)
ssNMR is employed to study these frozen glasses, with the use of cryogenic probes, to overcome
chemical shift anisotropies found in solids and frozen solutions. Recently, additional methods
such as systematic biradical design, isotopic deuteration of polarizing agents, fast-spinning
MAS, and multi-dimensional NMR experiments have been emploved to further enhance this
strategy.
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Nitroxide radicals are the preferred radical in DNP because they are stable and easily
incorporated into organic syntheses. Nitroxide-based biradicals were developed by synthetically
tethering together two 2,2.0 6-tetramethyl-T-pipetidinyloxy (TEMPO)- moieties. By fixing the
inter-electron distance through biradical design, the efficiency of the CE mechanism of DNP
greatly increases, resulting in larger DNP enhancements. Common biradicals include
TOTAPOL, AMUPQL and TEKPOL, which can reach DNP enhancements of over 200
Biradicals have been designed to shorten inter-electron distances, o restrain dintiroxide g-
tensors in orthogonal orientations, to increase electron relaxation times {Tie, Tre) and o increase
solubilities.

In this example, a new category of nutroxides biradicals based on peptide synthesis and
the amino acid derivative TOAC is described. Solid phase peptide synthesis (8PPS) is a popular
technique for synthesizing short peptides 1o a quick and controlled fashion. By using TOAC as a
mono-nmitroxide butlding biock, biradical peptides can quickly be synthesized to different inter-
attroxide fengths and amino acid compositions. Herein, four example TOAC-based biradical
peptides have been prepared and evaluated: TOAC-TOAC (TT), TOAC-Ser-TOAC {T8T),
TOAC-TOAC-Ser (TT8) and acetyl-TOAC-TOAC (ATT) In addition, the geometries of these
biradicals were evaluated using broken symmetry BET calculations, their biradical
characteristics were investigated by continuous wave (CW), X-band EPR spectroscopy, and their
DINP-ssNMR characteristics as polarizing agents were identitied.

Materials and Methods

Biradical peptide synthesis: TOAC-based biradical peptides TOAC-TOAC (TT), TOAC-
Ser-TOAC (TST), TOAC-TOAC-Ser {(TTS}), and acetvl-TOAC-TOAC (ATT) were synthesized
via Fmoc-based solid-phase peptide synthesis. Briefly, Fimoe-2.2,6,6-tetramnethylpipendine-N-
oxyl-d-aminc-carboxylic acid (Fmoc-TOAC-CH, Chem-IMPEX, CAS#93372-25-9) was
coupled to Wang resin using HATU, HOAL, and DIPEA, dissolved 1n DMF. The reaction vessel
was shaken at room temperature for 24 hr. The Fmoc-protecting group was removed with 20%
piperidine/DMF. Subsequent anuno acid or TOAC-couplings were then repeated until desired
product was prepared. Then, the peptide was cleaved from the resin using 95%TFA /2. 5%H 0/
2.5% TIS. The filtrate was concentrated under vacuum and re-dissolved in methanol. The crude
product was purified by reverse-phase HPLC (Cig, SOmM NHiCHCOO pH=5.0, 60%
CH:CN/H:O) and Iyvophilized. Nitroxide-radicals are regenerated by re-dissolving product in 6.5
M NHLCHCOO pH 9.5 and let sit overnight at 4°C. Ammontum acetate 18 removed via HPLC

{Cig, H2O, 60% CH3ON/HO). Pure product is lyophilized and stored at 4°C.
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Detailed syothetic protocols for TT, TST, TTS, and TTS are described below.

EPR Spectroscopy: All spectra were obtained on a Bruker EMXPlus EPR spectrometer
(CW, X-band} at room teroperature. A standard concentration curve was made using 4-
hydroxyi-2,2,6,6-tetramethyl-1-oxyl {TEMPQOL, Sigma~-Alrich, CAS#2226-96-2) dissolved 1o
3:2 glveerol/HO and packed into a glass capillary. TEMPOL concentrations were contirmed and
standardized by UV-Vis spectroscopy. Biradical EPR-~profiles are obtained by dissolving
activated TOAC-based biradical peptides in methanol at concentrations of approximately 5 mM
t0 20 mM. Biradical concentrations of DNP samples tn 6:3:1 d8-glycerol/In0/H (0 are
determined using the TEMPOL standard curve.

DNP-SSNMER Sample Preparation: AMUPQL was obtained from SATT SUD-EST
{Marseille, France). TOTAPOL was purchased from DyNuPol, Inc. (Newton, MA). These
nitroxides were used as provided by the wanufacturer without any further purification.
AMUPCL and TOAC-TOAC-Ser were dissolved 1in 1.25 M 13C 15N-L-proline 3:1 DhO/HO
solution. dB-glycerol was added by weight to a final ratio of 6:3.1 d8-glycerol/B:0/MH0 and a
final profine concentration of 0.5 M. Lyophilized TOAC-TOAC and Acetyl-TOAC-TOAL were
dissolved in 1.25 M 13C,15N-L-proline, 1 eq. of NaOH, 3:1 D:0/H0 solution. d8-glveerol was
added by weight to a final ratio of 6:3:1 dB-glycerol/InO/H: O and a final proline concentration
of 0.5 M. TOTAPGL was dissolved directly into a solution of 0.5 M 13C, 1SN-L-proline in 6:3:1
dB-glycercl/D0/H (0. Biradical concentrations were measured by EPR. Samples were flash
frozen and thawed 10 times each. Finally, 23 yL of each solution was pipetted directly into a
clean, dry 3 Zrom sapphive rotor and equipped with a silicone plug.

DINP-SSNMR Spectroscopy: All experiments were performed on a Bruker Avance T HD
Wide-Bore 14.1 T spectrometer equipped with a 7.2 T gyrotron cryogenic magnet and a 3 2mm,
triple-resonance (HXY), cryogenic LT-MAS probe. Samples were packed into Bruker 3 2mm
sapphire rotors, each with a silicone plug and a zivconium cap. Proline samples were spun at a
magic angle frequency of 8000 Hz, with temperatures ranging from 97 K to 107 K. Microwave
tield power curves were performed for each biradical, to determine the optimal applied MW
power for DNP enhancement. Microwaves are set to 145 mA {0.34 V) for AMUPOL, 100 mA
{0.10 Vi for TOTAPOL, and 115 mM (0.15 V) for TOAC-TOAC. DNP build-up times were
measured from a saturation-recovery experiment. 'H T1 relaxation times were measured from
two inversion-recovery experiments, one with the microwaves turned on and one with the
microwaves turned off. 1D 'H-PC cross-polarization experiments were recorded of each sample.
For 10 min experiments, recycle delays were set to 1.256 x TN and number of scans are
adjusted to set total experiment time to approximately 10 muinutes. Fach sampie used 4 dummy

i
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scans. Signal-to-noise ratios are determined using TOPSPIN 3.8 and are divided by total
experiment times {in seconds). Each sample was made from the same proline stock solution, so it
was assumed that proline concentrations were identical.

DFT Calewlations: Electronic stracture calculations were performed using broken-
symmetry density tunctional theory (DFT) at a oBO7X-DV/6-31+G* level. C-PCM solvation
model with a dielectric constant of 59.3 13 also applied. A dielectric constant of 593 matches that
of 3:2 glycerol/HaQ. Calculations of bTUrea and TOTAPOL are used as standards. 1-5 local
mintmum energy conformations are found in the gas phase for TT, TST, TTS & ATT and the
solvent model 1s applied to each of these. Nitroxide distances and relative orientations are
extracted from these siructures and weighted averages are determined based on their relative
abundances at 100K,

Results and Discussion

The unnatural amino acid 2,2,6 6-tetramethyl-1-oxyl-4-amino-4-carboxviic acid (TOAC)
containg a stable nitroxide radical and has been used as an ESR spin label. An Frooc-protecting
group can be added for use in Fmoc-based solid phase peptide synthesis (SPPS). This allows
TOAC to be incorporated into a peptide at a specific location 1o serve as a spin probe. By
creating TOAC-based biradical peptides though SPPS, the inter-electron distances, solubiiities
and geometries of each polarizing agent can be customized by inserting additional amino acids or
by functionalizing the C- and/or N-terminus of the peptide {e.g., acetyiating the N-terminus).

The established biradicals AMUPOL and TOTAPOL are used as standard polarizing
agents n agueous wedia. TOTAPOL contains two TEMPO-moieties linked by a S-atom tether.
AMUPOL 15 the leading biradical for use in aqueous media as the nitroxide flanking methyl
groups found i TEMPO, are replaced by spirocyclohexyt groups (Figure 1), This results in
fonger Tz relaxation times and increased DNF enhancements. Additionally, AMUPOL has an
increased solubility in glycerol~water mixtures than TOTAPOL and other nitroxide biradicals.
This higher solubility enables AMUPOL to form a good glass in glycerol-water mixtures and to
be compatible with biciogical systems

Four TOAC-based biradical peptides were syunthesized by SPPS using Finoe-TOAC-0OH,
as described in Scheme 1. TOAC-TOAC (TT) 15 a short, biradical dipeptide; TOAC-8er-TOAC
containg a spacer amino acid; TOAC-TOAC-Ser {TTS) contains an terminal serine; and acetyl-
TOAC-TOAC {ATT) contains an acetylated anude (Figure 1), TOAC residues were coupled to a
solid p-benzvioxybenzyl alcohol resin {Wang resin) using HATU/HOAL coupling reagents in the
presence of DIPEA. Following SPPS, nitroxide radicals needed to be regenerated as they were
oxidized in the strong acidic conditions required for cleavage. This was accomplished by
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treatment i 10-molar excess ammonium acetate (NH:CHCOO) with a pH adjusted to 9.5 for 24

hours. NHyCH;COO was then removed through a buffer exchange via HPLC,

- 0 o)
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] Scheme 1. Synthetic pathway of TOAC-TOAC by solid-phase peptide synthesis using Wang

resin and Fmoc-2,2,6,6-tetramethylpiperidine-N-oxyl-4-amino-4-carboxylic acid (Fmoc-TOAC-

QH).
Broken symmetry DFT, @B97X-D/6-31+G calculations were performed to exarmine the
10 geometries of the TOAC-based biradical peptides. Broken symmetry DFT was used to break the

alpha and beta spin symmetry in order to properly capture the open-shell singlet character Up to
five of the lowest energy conformers were found in the gas phase for each biradical. These
geometries were then optimized using a C-PCM solvation model with a dielectric constant of
59.3 was also applied to miroic DNP solvent conditions of 60% glycerol. Tnter-nitroxide

15 distances were extracted as the average between the N-N distance and the G-0 distance. The
electron-electron dipolar coupling constant, Dee, was calculated as a function of the inter-
nitroxide distance. Angles between CNO planes and NQO-vectors were also measured. Weighted
averages of these properties were caleulated using each conformers” abundance at 100 K using
their relative energies {Table 1),
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Table 1. Internuciear distances and geometries of TOAC -based biradical peptides

Dipolar coupling
N-M distance] OG-0 distance constant, Angle between| Angle befween
(A} (A} Bee (MHz) CaNG planes, 8 NQ vectors, @
ATT B.747 10.96 597 34.8 1289
TST 9171 10.94 $6.4 48.1 83.6
17 9.163 11.61 50.5 289 163.6
TTS 9240 1170 493 350 160.2

TOAC directly bound to TOAC only has a Z-atom linkage between TEMPO-moieties,
shorter thawn any previous nitroxide biradical. This results i short inter-nitroxide distances and,
subsequently, large dipolar coupling constants. ATT has the shortest inter-electron distance of
9265 A and a dipolar coupling constant of §9.7 MHz. In comparison, TOTAPOL has an inter-
electron distance of 13.1 A and Dee 0f 23.2 MHz, and AMUPOL has an inter-electron distance of
1161 A and a Dee of 35.4 MHz. These TOAC-TOAC peptides (TT, TTS, ATT) share similar
geometries between inter-electron distance and angles between TEMPO-groups. Also, the short
linkage between TOAC residues leads a more restricted geometry. Interestingly, TST has the
second shortest inter-nitroxide distance despiie having an additional amino acid separating the
TEMPO-moteties. This is a result of a hydrogen bond between terminal amine and carboxylic
groups, which pulls the TOAC residues together. But the longer backbone will hikely result in a
larger sampling of orientations with less favorable DNP characteristics.

Room temperature, continuous wave (CW), X-band EPR specira were collected for each
biradical peptide. These spectra all display a signature five-line pattern. 3-lines coincide with a
monomeric nitroxide radial due to electron-nitrogen (N} hyperfine coupling (An) while an
additional two are present due to coupled electrons. Biradicals possessing these five-peak spectra
can be regarded as having an average exchange integral (J) larger than the An. Biradicals
possessing only 3-peaks are assumed to have J =~ Ayn (45 MH2z) The EPR spectra changes
between solvents (methanol, 60% glycerol} because the rate of molecular reorientation depends
on the solvent viscosity. Anisotropies present in the g-tensor and "IN hyperfine tensor results in
increased linewidths in viscous solvents. EPR spectra of biradicals dissolved in 60% glycerol are
used for determoining quantitative electron spin concentrations. Monoradical TEMPOL dissolved
inn 60% glycerol is used as a standard, with concentrations confirmed by UV-Vis spectroscopy.
EPR spectra are collected with a 150 (G sweep width, microwave power of 2.000 oW (below the
saturation condition}, 7.0 s sampling time and 1500 points. The double integration of each

sample was recorded and compared to the TEMPOL concentration curve to determine the
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electron spin concentration. Using this method, a series of samples with increasing biradical
concentration are prepared for each TOAC-based biradical peptide, AMUPOL, and TOTAPOL.
Between four and six samples are prepared for each biradical, with final dinttroxide
concentrations ranging from 35 mM to 30 mM. Each sample was prepared and packed in 1dentical
tashion, using the same stock solutions and d8-glycerol to ensure that a final proline
concentration of 0.5 M was consistent among each sample. This allowed for the direct
comparison of the DNP enhancement and depolarizing effect of each biradical.

'H-1C cross-polarization experiments are recorded for each 0.5 M ¥C, " N-L-proline
sample with varying concentrations of each biradical. DNP enhanced spectra are collected in the
presence of microwave irradiation, set at a radical-dependent power level Spectra in the absence
of DNP enhancement are recorded with the microwave irradiation turned off. Microwave-off
spectra are collected at a temperature of 97 K and the temperature of microwave-on spectra vary
from 101 K to 107 K. These temperature differences are not accounted for when directly
comparing the on~-to-off signal enhancement, commonly known as the DNP enhanceruent, sone

{equation 1}.

Intensity (MW on) .

Epnp = - ™ " i
DNE ™ marensity (MW o5 f) (1)

Absolute enhancement, says, 18 determined through the signal intensity difference between a
biradical-doped sample and an undoped sample of identical proline concentration {equation 2).
intensity (MW on)

Eps = ~1 (2)

Intensity (MW of [}

gabs values are always smaller than epwp values because the presence of biradical depolarizes
nearby nuclet. The amount of depolarization varies with the nature of each biradical, the spin
concentration and the MAS frequency. The enhancement profiles of TT, TST, TTS and ATT are
shown 1o Figures 2A-2D. 15 oM ATT s found to have the greatest sprp of 48 while 6 M TTS
has the largest eaps of 21, TT and TST have more modest enhancements (epwp = 25, gans = 11-
12). These biradical peptides outperform TOTAPOL o these same conditions (epne = 21, gaps =
93 but fall behind AMUPOL {epnp = 107, eaps = 373 | should be noted that maximum epnp and
eaps values do not occur at the same biradical concentration.

Another important factor to determine the optimal sample composition is the DNP build-
up time, tone, which 1s the amount of time required for the enhanced NMR signal to recover
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under DNP conditions. Low temperatures slow down spin relaxation to where the "H T
relaxation times of proline, in the absence of any radical, is on the order of 60 s at 100 K. This
increases the required delay fime between scans and makes signal averaging tedious. The
addition of paramagnetic species reiniroduces spin relaxation as a function of radical
concentration. Tone 15 a useful measure of ‘H T relaxation and DINP propagation throughout a
sample. The optimal recycle delay between scans can then be set to 1.26 X mpwe. DNP build up
times decrease with increasing TT, TST, TTS and ATT concentrations (Figures 2A-2D).

Neither the gp or gaps properly measures the overall signal gains from DNP o real time.
A more accurate measure is a time-adjusted absolute enhancement, apsme, which predicts the
absolute NMR signal enhancement possible with various biradicals by talang into account tone

times and how quickly scans can be recycled {equation 33},

ol

CALS “
£ Y 1 3
Abs—time J1256 X Tonp ( )

Time-adjusted absolute enhancement profiles for all six biradical studied here are
calculated as a function of biradical concentration (Figure 33, TOTAPOL has the lowest £aps-time
values as small gape are combined with longer Tone times, for a given spin concentration. TST
has only shightly better eavs.sme values, obtaining a maximum of 4.8 at 14 mM TST. This ts likely
because TST and TOTAPOL are similar in size and tlexibility. TST has a larger epnp from a
large Dee in s lowest energy conformation, but has a long tone time, relative to other bwradicals.

AMUPOL has the largest eone but its £abs 15 a factor of 3 smaller, due to large depolarizing

12

effects. AMUPOL is still the best polarizing agent with an Sapssime of 18.0 8% but the class of

TOAC-TOAC biradical peptides are not far behind. TT has the most modest epne of 25 but
exhibits the least depolarization effects, dropping only by a factor of two with an gassof 12,
Additionally, TT exhibits significantly faster DNP build up times. At similar concentrations of
12 mM biradical, AMUPOL has a tone of 2.35 s while TT has a tone of 1.60 s These phenomena
in TT are likely due to a more even distribution of biradical throughout the sample and better
glass formation. ATT has the largest sonp of the biradical pepiides at 48 but sutfers from large
depolarizing effects, with an gass of only 13, TTS appears to be the best balance among the newly
synthesized biradical peptides. TTS has an eowe of 40 and mid depolarizing effects of a factor of
two, with an eans 0f 19, While tone times are not as short as TT, TTS has an sAbs-time of 103

sY2 queto a higher solubility and better glass formation. Optimal biradical concentrations are

determined from these e Abs-time profiles and these DNP properties are summarized in Table 2.
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Table 2. DNP properties of each polarizing agent at optimal biradical concentrations.

AMUPOL | TT TST | TTS | ATT |TOTAPOL
opt. biradical cone (my) | 12,1 533 44 1 127 | 145 1 155
Tonr (5] 735 307 | 300 1 250 | 358 1 245
conp 167.4 746 | 253 1 407 | 4771 165
" 309 (1.7 06 | 185 | 1301 3%
. (s72) | 180 73 48 103 | 72 3.2
J1256 X tome | : ' ) ' .

10-minute “real time” experiments were set up to visualize the time-adjusted absolute
enhancement (Figure 4). Recycle delays were set to 1.26 x tone and the number of scans were
adjusted until a total NMR experiment time was approximately 10 minutes. The AMUPOL
signal is proportionally set to match the calculated savswme. Relative intensities of the remaining
biradicals closely match the eapstmetrend; TT =100, TST =49 TTS =121, ATT = 9.0, and
TOTAPOL = 3.6 {with respect to AMUPOL =18.0.

The four TOAC-containing biradical peptides studied here demonsirate the ability to use SPPS
to generate dinitroxide polarizing agents for DNP-ssNMR spectroscopy. These tour peptides have
various physiochemical characteristics which are tuned by pairing a serine amino acid with TOAC,
changing the sequential order of residues, or the acetylation of the N-ternunus. This results in large
{30 ranging from 49 to 60 MHz, wncreased solubility of serine contaiming-peptides, and overall
superior DINP utility than TOTAPOL. These biradical peptides also appear to result in better glass
tormation and a more homogenous distribution throughout the glass, as evidenced by shorter o
at equal nitroxide concentrations of both AMUPol and TOTAPOL. This 15 explicitly seen in two
human prion protein (huPrP23-144) fibril samples prepared with AMUPol and TTS, at identical
biradical concentrations. The sample containing 12 oM TTS has a tpwpe half that of the sample
with 12 mM AMUPGL, 2 s to 4 s, which allows for twice the scans in a given experimental time,
A logical extension of this study would be the synthesis of additional dinitroxide peptides with
sequences and compositions adjusted for desired properties. This would include peptides
containing specific amino actd sequences to non-covalently target biomolecules of interest, adding
bydrophobic or hydrophilic restdes to tune solubilities in aqueous or organic solvents, and
covalently binding biradicals to biomolecules through pepiide or disulfide bonds. The
customizable properties of this new class of nitroxide hiradical polarizing agents the potential to

expand the techniques used to study numerous systems by DNP-asNMR,

~d
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Experimental Procedures

Protocol for the Synihesis of TOAC-TOAC (TT): Ina 10 mL shaker vessel, 202 14 myg of
Wang resin was swollen in DCM for 30 muns, then drained and dried under vacuum. Separately,
228 53 mg of Fmoc-TOAC-OH, 117,98 mg of HOAt and 328 73 wg of HATU were dissolved in
3 mb of DMF. Next, 2993 ul of DIPEA was added, and the solution was mixed for 5 min
Finally, the coupling solution was added to the 10 mi vessel, the vessel was flushed with Ny gas
and shaken for 24 hours at RT. The solvent was drained, the resin was washed with DMF (3x)
and BUM (3x}, then dried under vacuum. A Kaiser test was used to confirm complete coupling.
The resin was capped with 32.3 pL acetic anhydride and 27.7 uL pyridine for 30 mins. The
solvent was drained, the resin was washed with DME (3x) and DCM (3x), then dried under
vacuum. The resin was then deprotected with 20% piperidine/DMFE for 20 min (2x}, rinsed with
DMF (3x} and DCM (5x}, and dried.

The Fmoc-TOAC-OH coupling was then repeated {as described above) and shaken for 48
hours at RT. The Kaiser test was used to confirm complete coupling. The resin was then
deprotected with 20% pipendine/DMF (2x), rinsed with DMF (3x) and DCM (5x}, and dried.
The product, TOAC-TOAC, was cleaved from the resin with 95% TFA, 2.5% TIS and 2.5%
H>(. The TFA was collected and concentrated, then the product was precipitated by adding
diethvl ether. The product was collected via centrifugation. The product was redissolved in
MeOH, purified by reverse-phase HPLC (CI8, 50mM NHCHCOO, pH = 5.0/ CHCN) and
iyophilized.

The TOAC-TOAC was dissolved 1o a concentration of 50 oM 1u a solution of 500 mM
NH4CH:COO pH = 9.5 The solution was vortexed to fully dissolve and gently agitated for 24
bours at RT to fully activate. Buffer exchange was performed using reverse-phase HPLC (C18,
H, (0 / CH3CON), and the resulting product was lyophilized.

TT was fully characterized by Electron Spray lonzation (ESH Mass Spectrometry and
Electron Paramagnetic Resonance (EPR) Spectroscopy. Figure 5A shows positive mode ESI-
MS of oxidized TOAC-TOAC, TT{OH). Expected mass: 414.28 m/z. Found masses: 414.27
w/z, 41527 m/z, 41628 m/z. 95.6% TT purity. Figure 5B shows negative and positive mode
ESEMS of activated, reduced TOAC-TOAC, TT. Expected mass: 412.27 m/z. Found masses:
41124 w/z, 412.25 w/z, 413.25 m/z, 413.26 nv/z, 414.27 w/z. 90.4% TT purity. Figure 5C
shows continuous wave, X-band EPR spectrum of activated TOAC-TOAC (500 mM
NHWCHCOO0 pH 9.5, 50 mM TT) diluted to 5 mM TT in methanol. Microwave power = 2.0 W,
sampling time = 7.0 s, time constant = 1.28 s, 4 scans. Figure 5D shows continuous wave, X-
band EPR spectrum of purified TOAC-TOAC by reverse-phase HPLC (C18, H:O/ CHCN) and
8
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tyophilization. Dhssolved 1o methanol, Microwave power = 2.0 W, sampling time = 7.0 3, time
constant = .28 5, 4 scans.

Protocol for the Synthesis of TOAC-3er-TOAC {187} In a 10 mL shaker vessel, 207 .42
mg of Wang resin was swollen 1o DCM for 30 mins, then drained and dried under vacuum.
Separately, 233.08 mg of Fmoc-TOAC-OH, 121.33 mg of HOAt and 336 56 mg of HATU were
dissolved in 3 mb of DMF. Next, 2963 uL of DIPEA were added and the sclution was mixed
for S min. Finally, the coupling solution was added to the 10 mb vessel, the vessel was flushed
with Nz gas and shaken for 24 hours at RT. The solvent was drained, wash the resin with DMF
(3X} and DCM (3X)}, then dry under vacuum. Use Kaiser test to confirm complete coupling. The
restn was capped with 32.1 pl acetic anhydride and 27 4 pL pyridine for 30 mins. The solvent
was drained, the resin was washed with DMF (3x) and BCM (3x}, then dried under vacuum. The
resin was deprotected with 20% piperidine/DME tor 20 min (2x), rinsed with DMF (3x} and
DCM (5x), and dried.

325.16 mg of Fmoc-Ser(tBul-OH and 337.57 mg of HATU were dissolved in 3 mL of
DMEF. Next, 2963 gl of DIPEA was added and the solution was mixed for 5 min. Finally, the
coupling solution was added to the 10 mL vessel. The vessel was flushed with Ny gas and
shaken for 21 hours at RT. The solvent was drained, and the resin was washed with DMF (3X)
and DCM (3X), then dried under vacuum. A Kaiser test was used to confirm complete coupling.
The resin was deprotected with 20% piperidine/DMF (2x), rinsed with DMF (3x) and BCM (8x}
and dried.

The Fmoe-TOAC-OH coupling was then performed {as described above) and shaken for
48 hours at RT. A Kaiser test was used to confirm complete coupling. The resin was deprotected
with 20% piperidine/DMF (2x), rinsed with DMF (3x) and DCM (5x) and dried. The product,
TOAC-8er-TOAC, was cleaved from the resin with 95% TFA, 2.5% TIS and 2.5% Ho(3. The
product was collected and concentrated the TFA, then precipitated by adding diethyl ether. The
product was collected via centrifugation. The product was then redissolved in MeQOH, purified by
reverse-phase HPLC {(C18, 50mM NHyCH:COO pH = 5.0/ CH;CON) and lyophilized.

TST was dissolved to a concentration of 30 mM in a solution of 300 mM NHiCHCOO
pH =95 The solution was vortexed to fully dissolve the TTS, and the solution was gently
agitated for 24 hours to fuily activate. Buffer exchange was performed using reverse-phase
HPLC (C18, H:O / CH3UN}) and the resulting product was fvophilized.

TST was fully characterized by Electron Spray lonization (ESI) Mass Spectrometry and
Electron Paramagnetic Resonance (EPR) Spectroscopy. Figure 6A shows negative mode ESI-MS
of reduced TOAC-Ser-TOAC, TST. Expected mass: 49930 m/z. Found masses: 498.3 w/z,
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4993 m/z, 5003 m/z 91.3% TST purity. Figure 6B shows continuous wave, X-band EPR
spectrum of activated TOAC-Ser-TOAC (500 mM NH:CH:COO pH 9.5, 50 mM TST) diluted to
S wM TST in methanol. Microwave power = 2.0 W, samphing time = 7.0 s, tume constant = 1.28
s, 128 scans.

Frotocol for the Synthesis of TOAC-TOAC-Ser (T8} In a 10 mU shaker vessel, 333 .6
mg of Fmoc-Ser{tBu}-Wang resin (0.51 meqg/g) was swollen 1n DCM for 30 mins, then drained
and dried under vacuum. Separately, 225 98 mg of Fmoc-TOAC-OH, 115.46 mg of HOAt and
32515 mg of HATU were dissolved 1n 3 b of DMF . Next, 2963 ul of DIPEA was added and
the solution was mixed for § nun. Finally, the coupling solution was added to the 10 mb vessel,
the vessel was flushed with N; gas and shaken for 24 hours at RT. The solvent was drained, and
the resin was washed with DMF (3X} and DYCM (3X), then dried under vacuum. A Kaiser test
was nsed to confirm corplete coupling. The resin was capped with 35.8 pL. acetic anhydride and
30.5 pL pyridine for 30 mins. The solvent was drained, and the resin was washed with DMF (3x}
and DCM (3x), then dried under vacuurn. The resin was deprotected with 20% piperidine/DMFE
for 20 min (2x}, rinsed with DMF (3x} and DCM (5%} and dried.

The Fmoe-TOAC-OH couphug was repeated (as described above) and shaken for 48
hours at RT. A Kaiser test was used to confurm complete coupling. The resin was deprotected
with 20% piperidine/DMF (2x), rinsed with DMF (3x) and DCM (5x} and dried. The product,
TOAC-TOAC-Ser, was cleaved from the resin with 95% TFA, 2.5% TIS and 2.5% H(3. The
product was coliected and the TFA was concentrated, then the product was precipitated by
adding diethyl ether. The product was collected via centritugation. The product was redissolved
in MeOH, purified by reverse-phase HPLC (C18, 50rmM NH,CH;COO pH = 5.0/ CH3ON) and
tyophilized.

TOAC-TOAC-8Ser was dissolved to a concentration of 50 mM in a solution of 500 mM
NHLCH3CO0 pH = 9.5, The solution was vortexed to fully dissolve the TTS, and gently agitated
for 24 hours to fully activate. Buffer exchange was performed using reverse-phase HPLC (C18,
H>(Q / CH:CNj and the resulting product was lyophilized.

TTS was fully characterized by Electron Spray lonization (ESI) Mass Spectrometry and
Electron Paramagnetic Resonance (EPR) Spectroscopy. Figure 7A shows negative mode ESI-
M8 of reduced TOAC-TOAC-Ser, TTS. Expected mass: 49930 m/z. Found masses: 4983 nv/z,
4993 m/z, 5003 mv/z. 91.3% TST purity. Figure 7B shows continuous wave, X-band EPR
spectrum of activated TOAC-TOAC-Ser (500 mM NH:CH:COO pH 9.5, 50 mM TST) dihited to
5 mM TTS in methanol. Microwave power = 2.0 W, sampling time = 7.0 5, time constant = 1.28
s, 128 scans.
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Frotocol for the Synthesiy of Acetyl-TOAC-TOAC (477} In a 10 mL shaker vessel,
20776 mg of Wang resin was swollen in DCM for 30 mins, then drain and dry under vacuum.
Separately, 228.69 mg of Fruoc-TOAC-OH, 118 30 mg of HOAt and 330,49 mg of HATU were
dissolved in 3 mL of DMF. Next, 302 8 ul. of DIPEA was added, and the solution was mixed for
5 min. Finally, the coupling solution was added to the 10 mL vessel, the vessel was flushed with
Ny gas and shaken for 24 hours at RT. The solvent was drained, the resin was washed with DIME
(33 and DCM (3X), then dried under vacuum. A Kaiser test was used to confirm complete
coupling. The resin was capped with 358 ul. acetic anhydride and 30.5 ub pyridine for 30 mins.
The solvent was drained, and the resin was washed with DMF (3x) and DCM (3x}, then dried
under vacuum. The resin was deprotected with 20% piperiding/DMF for 20 min (2x), rinsed with
DMEF (3x) and DCM (6x) and dried.

The Fmoe-TOAC-OH coupling was then repeated (as described above) and shaken for 48
hours at RT. A Kaiser test was used to confirm complete coupling. The resin was deprotected
with 20% piperidine/DMF (2x), rinsed with DMF (3 and DCM (5x) and dried.

Next, 32.8 uL acetic anhydride and 485 pL triethylamine in 3 mL DMF were added to
the shaker vessel, and the solution was shaken for 4 hours at RT. This procedure was repeated
and a Kaiser test was then used to confirm complete coupling. The resin was then rinsed with
DMF (3x} and DCM (5x) and dried.

The product, acetyl-TOAC-TOAC, was cleaved from the resin with 95% TFA, 2.5% TIS
and 2.5% HxO. The product was collected and the TFA was concentrated, then the product was
preciptiated by adding diethyl ether. The product was collected via centnifugation. Then, the
product was redissolved in MeQH, purified by reverse-phase HPLC (C18, 50mM NH,CHCOO
pH = 5.0/ CH:ON) and lyophilized.

The product was dissolved to a concentration of 50 mM in a solution of 500 mM
NHLCHCOO pH = 9.3, The solution was vortexed to fully dissolve the product and then genily
agitate for 24 hours to fully activate. Bufter exchange was performed using reverse-phase HPLC
(C18, HO / CH3CN) and the resulting product was lyophilized.

ATT was fully characterized by Electron Spray lonization (ESH Mass Spectrometry and
Electron Paramagnetic Resonance (EPR) Spectroscopy. Figure 8A shows negative mode ESI-
MS of reduced Acetyl-TOAC-TOAC, ATT. Expected mass: 454.28 m/z. Found masses: 4533
m/z, 454 3 m/z, 4553 m/z, 907 5 wm/z, 908 .5 m/z 95.1% ATT punity. Figure 8B shows
continuous wave, X-band EPR spectrum of activated Acetvl-TOAC-TOAC 1n methanol.

Microwave power = 2.0 W, sampling time = 7.0 g, time constant = 1.28 5, 128 scans.
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Freparation of PP N-E-Proline Samples for DNP-SSNME: AMUPOL was obtained
from SATT SUD-EST (Marseille, France). TOTAPOL was purchased from DyNuPol, Inc.
{(MNewton, MA). These mitroxides were used as provided by the manufacturer without any further
purification. TOAC-based biradical peptides (TT, TST, TTS, ATT) were purified by HPLC,
lyophilized, and used as dry powder.

AMUPOL and TTS were dissolved in 1.25 M PC PN-Z-proline 3:1 I,0/H:0 solution.
d8- glycerol was added by weight to a final ratio of 6:3:1 d8-glveerol/DnO/H>O and a final
proline concentration of 0.5 M. DBry TT and ATT were dissolved in 1.25 M 13C,15N-7~ proline,
i molar eq. of NaOH, 3:1 DO/H0 solution. d8-glyeerol was added by weight to a final ratio of
6:3:1 dR-glyeerol/D0/H,0 and a final proline concentration of 0.5 M. TOTAPOL was dissolved
directly into a solution of 0.5 M 13C, 15N-L-proline in 6:3:1 d&- glycerol/D:0/H 0.

For EPR spectroscopy, 25 uL of each solution are loaded into a sealed glass capillary
using a Hamilton syringe. Biradical concentrations were then determined by EPR. Samples were
flash frozen and thawed 10 times each. Finally, 23 pl of each solution was pipetted directly into
a clean, dry 3 .2mm sapphire rotor and equipped with a silicone plug.

Figure 9 shows the use of EPR spectroscopy to determine nitroxide concentration. 4-
hydroxy-2,2,6,6~tetramethyipiperidine-1-oxyl (TEMPOL, 172 24 g/mol) was dissolved in 3.2
glycerol/H:O. Concentrations were confirmed and standardized by UV-Vis spectroscopy (A=240
um ). EPR spectroscopy was performed on an X-band, Bruker EMX-Plus spectrometer at room
temperature. EPR parameters: center field = 3350 G, microwave power = 2.0 W, sampling time
=7 (g, time constant = 1 28 3, 4 scans. Double integration of the EPR spectrum and the Q-factor
of the resonator was used to determine the electron-spin concentration,

Figure 10 shows the EPR spectra of biradical DNP samples. 12 mM AMUPOL, 16 M
TOAC-TOAC, 15 mM TOTAPOL, 17 mM TOAC-Ser-TCAC, 17 mM TOAC-TOAC-Ser and
16 mM Acetyl-TOAC-TOAC biradicals were prepared in 6:3:1 d*-glycerol/DnOALO (viviv)
with 0.5 M PC PN-L-proline. EPR spectroscopy was performed on a continuous wave, X-band,
Bruker EMX-Plus spectrometer at room temperature. EPR parameters: center field = 3350 or
3308 (different cavities) (3, microwave power = 2.0 W, sampling time = 7.0 s, time constant =
1.28 s, 4 scans. Signals were scaled to equal intensity for clarity.

Preparation of PC P N-wi-huPrP23-144 Samples for DNP-SSNAME: PO PN-wt-
huPrP23-144 was expressed and purified based on previously described procedures. Fibrils were
prepared using 2% wi-seed with slow mversion at 25°C for 16 hrs. Prion fibnils were pelieted by
centrifugation at 101 ref and 4°C. Excess bufter was removed and the fibril pellet were washed
with 6:3:1 d8-glycerol/IH0O/HQ. Pellets were incubated in 12 mM AMUPOL or 12 mM TTS in
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6:3:1 dR-glyeerol/Tn0/H,0 for 48 birs. at 4°C. Priou fibrils were collected via ultracentnfugation
{5 x 10° ref, 4°C) and washed again with 12 mM biradical solution. Fibrils were packed into 3.2
o sapphite rotors using a swinging bucket tabletop centrifuge (3000 ref, 4°C). Rotors were
equipped with a silicone plug and a drive cap.

Dynanic Nuclear Polarization {DNP) Solid-State Nuclear Magnetic Resonance (ssNMR)
Spectroscopy: All experiments were performed on a Bruker Avance H HD Wide-Bore 141 7
spectrometer equipped with a 7.2 T gyrotron cryogenic magnet and a 3.2mm, triple-resonance
{(HXY), cryogenic LT-MAS probe. Samples were packed into Bruker 3 2mm sapphire rotors,
each with a silicone plug and a zircontum cap. Sapphire rotors were spun with liquid nitrogen
cooled gases to achieve ultimate low temperatures of 97 K. Coustant microwave irradiation were
applied to the sample through a corrugated waveguide at a set microwave power based on the
nature of the polarizing agent.

Proline samples and prion samples were spun at magic angle frequencies of 8 kHz and 12
kHz, respectively, at temperatures ranging from 97 K to 107 K. Microwave powers were set to
0.34 V for AMUPOL, 010 V for TOTAPOL, 016 V for TT, 0.14 V for TTS, 0.12 V for TRT,
and 0,14 V for ATT.

DNP build-up times, TDNP, were measured from a saturation-recovery experiment. 'H
T1 relaxation times were measured from two inversicn-recovery experiments, one with the
microwaves turned on and one with the microwaves turned off. 1D 1H-13C cross-polarnization
experiments are recorded of each sample. For 10 min experiments, recycle delays are set to 1.256
x TDNP and number of scans are adjusted to set total experiment time to approximately 10
minutes.

Figure 11A shows BNP enhancements as a function of magic angle spinning (MAS)
frequency from § kHz to 12 kHz, where microwave-on spectra are compared to myicrowave-off
spectra at the same spinning speed. Figure 11B shows DNP enhancements as a function of
temperature, with microwave-on spectra are compared to microwave-off spectra of
approximately the same temperature.

Figure 12 shows microwave power curves for TOAC-TOAC (IT), TOAC-TOAC-Ser
(TTS), TOAC-Ser-TOAC (TTS), and Acetyl-TOAC-TOAC (ATT). Microwave powers are
arrayed from 0.06 V {90 mA current) to 0.25 V (140 mA current). DNP enbancements from
measured from 1D 1H-13C CP experiments between microwave-on spectra and a microwave-off
spectrum.

The BNP-SSNMR of PC PN-wi-huPrP23-144 fibrils with both AMUPQL and TTS. The
DNP properties of ¢ PN-wi-huPrP23-144 fibsil samples containing 12 mM AMUPOL and 12
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mM TTS in 6:3:1 dE-glycercl/DyO/HO (v/v/v) are included in Table 3 below. Figure 13 shows
a 1D H-PC CP experiment of PC P N-wi-huPrP23-144 fibrils prepared with 12 mM AMUPQL
and 12 mM TTS in 6:3:1 d8-glycerol/DyO/HO {(v/v/v). Both DNP enhanced {microwave on}
spectra and microwave off spectra are shown using optimal recycle delays. The number of scans

was adjusted to achieve a 10-minute experiment.

Table 3. DNP properties of M C PN-wi-huPrP23-144 {ibril samples containing 12 mM
AMUPOL and 12 mM TTS in 6:3:1 d®-glycerol/D0/H0 (viviv)

12 mM AMUPOL 1I2mMTYS
sDNP S 18 -25
1DNP (s) 3.30 121
HT(s) 335 1.20
Optimal recycle delay (5} 415 152

The compounds and methods of the appended claims are not limited 10 scope by the
specific compounds and methods described herein, which are intended as itlustrations of a few
aspects of the claims. Aoy compounds and methods that are functionally equivalent are intended
to fall within the scope of the claims. Various modifications of the compounds and methods in
addition to those shown and described herein are intended to fall within the scope of the
appended claims. Further, while only certain representative compounds and method steps
disclosed herein are specifically described, other combinations of the compounds and method
steps also are intended to fall within the scope of the appended claims, even if not specifically
recited. Thus, a combination of steps, elements, components, ot constituents may be explicitly
mentioned herein or fess, however, other combinations of steps, elements, components, and
consittuents are included, even though not explicitly stated.

The term “comprising” and variations thereof as used herein is used synonymously with
the term “including” and variations thereof and are open, non-limiting terms. Although the terms
“comprising” and “inchuding” have been used herein to describe various embodiments, the terms
“consisting essentially of” and “consisting of” can be used in place of “comprising” and
“inchuding” to provide for more specific embodiments of the tnvention and are also disclosed.
{ther than where noted, all numbers expressing geometries, dimensions, and so forth used in the
specification and claims are to be understood at the very least, and not as an attempt to lut the
application of the doctrine of equivalents to the scope of the claims, 1o be construed in light of

the nurmber of significant digits and ordinary rounding approaches.
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Unless defined otherwise, all technical and scientific terms used herein have the same
meanings as commonly understood by one of skill in the art to which the disclosed invention
belongs. Publications cited herein and the materials for which they are cited are specifically

incorporated by reference.
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WHAT IS CLAIMED Is:

i A compound defined by Formula 1

Formula |

wherein

L representis a direct bond or a linking group;

R'is selected from the group consisting of hydrogen, Ci alkyl, Cas alkenyi, Cas
alkvnyl, Ciaecyeloalkyl, 6-10 mermbered arvl, 5-10 merabered hetercaryl, 4-10 membered
heterocycloalkyl, Csas eycloalkvi-Cia alyvlene, 4-10 membered heterocycloalkyl-Ciag alkviene,
6-10 membered aryl-Cra alkylene, 5-10 membered heteroarvl-Ci alkylene, Ci.pp alkylearbonyl,
Ci.iz alkoxyearbonyl, T alkylcarbamyl, di{Cilp-alkyDearbamyl, amino acid, poly{amino
acid), and poly(alkylene oxide), each optionally substituted with 1, 2, 3, or 4 independently
selected R™ groups;

R? is selected from the group consisting of hydrogen, hydroxy, -ORM, Ci alkyl, Crs
alkenyl, Cae alkyovl, Csapcycloalkyl, 6-10 membered aryl, 5-10 merobered heteroaryl, 4-10
membered heterocycloatkyl, Cs.e cycloalkyl-Cra alkylene, 4-10 membered heterocyclioalkyl-Ci.y
alkylene, 6-10 membered aryi-Cig alkylene, 5-10 membered heteroaryl-Cig alkylene, amino, Cr.
1z alkyiaming; di{Ci.z-alkyhaminoe, amino acid, poly(amino acid), and poly{alkylene oxide),
each optionally substituted with 1, 2, 3, or 4 independently selected R™ groups;

R’ and R are independently selected from group consisting of Cre alkyl, Cas alkenyl,
Cre alkynyl, Csopo cycloalkyl, 6-10 membered aryl, 5-10 membered hetercaryl, 4-10 membered
heterocycloalkyl, Caag eycloalkyl-Cias alloylene, 4-10 membered heterocycioatkyl-Cig alkyiene,
6-10 membered aryl-Crs alkylene, 5-10 membered heteroaryl-Ci.4 alkylene, each optionally
substituted with 1, 2, 3, or 4 independently selected R™ groups; or R and R*, together with the
carbon atom to which they are attached, form a 3-10 membered cycloalkyl or 4-10 membered
heterocycioalkyl ring each optionally substituted with 1, 2, 3, or 4 independently selected R®
groups;

R’ and R® are independently selected from group consisting of Ci.s alkyl, Cas alkenyi,
Cre alkynyl, Csao cycloalkyl, 6-10 membered aryl, 5-10 membered hetercaryl, 4-10 membered

heterocyeloalkyl, Cage cyeloalkyl-Cr.g alkylene, 4-10 membered heterocycloalkyl-Cig alkylene,
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6-10 membered aryl-Crs alloylene, 5-10 memwbered hetercaryl-Crg alkylene, each optionally
substituted with 1, 2, 3, or 4 independently selected R™ groups; or R® and RS, together with the
carbon atom to which they are attached, form a 3-10 membered cycloalkyl or 4-10 membered
heterocycloalkyl ring each optionally substituted with 1, 2, 3, or 4 independently selected R”
Qroups;

R’ and R® are independently selected from group consisting of Cig alkyl, Chw alkenyl,
Cz.6 alkynyl, Capo cycloalkyl, 6-10 membered aryl, 5-10 membered heteroaryl, 4-10 membered
heterocyeloalkyi, Csae cycloalkyl-Crus alkylene, 4-10 membered heterocycloallyl-Ci.q alkylene,
6-10 membered aryl-Crq atkylene, 5-10 membered heteroaryl-Ci.g alkvlene, each optionally
substituted with 1, 2, 3, or 4 independently selected R* groups; or R and R, together with the
carbon aton: to which they are attached, form a 3-10 membered cycloalkyl or 4-10 membered
heterocycloalkyl ring each optionally substituted with 1, 2, 3, or 4 independently selected R®
groups;

R? and R are independently selected from group consisting of Cre atkyl, Cas alkenyl,
Crs alkynyl, Caao cycloalkyl, 6-10 membered aryi, 5-10 membered heteroaryi, 4-10 membered
heterocycloalkyl, Csae cycloalkyl-Crs alkylene, 4-10 membered heterocycloaliyl-Ci 4 alkylene,
6-10 membered arvl-Cr alkylene, 5-10 membered heteroarvi-Ci.a alkylene, each optionally
substituted with 1, 2, 3, or 4 independently selected R* groups; or R” and R'°, together with the
carbon aton to which they are attached, form a 3-10 membered cycloalkyl or 4-10 membered
heterocycloalkyl ring each optionally substituted with 1, 2. 3, or 4 independently selected R®
Sroups;

R' is selected from the group consisting of Ci.s alkyl, Cas alkenyl, Co alkynvil, Csan
cycloatloyl, 6-10 membered aryl, 5-10 merobered heteroaryl, 4-10 membered heterocycloalkyl,
Ci.p0 cyvcloalkyl-Ciq alkylene, 4-10 membered heterocycloalkvl-Ci.s alkylene, 6-10 membered
aryi-Cig alkylene, 5-10 membered heteroaryl-Cy. alkylene, and poly(alkylene oxide), each
optionally substituted with 1, 2, 3, or 4 independently selected R™ groups; and

each R*, when present, are each independently selected from OH, NQ3, CN, halo, Cis
alkyl, Cog alkenyl, Cog alkynyl, €y haloalkyl, Crsalkoxy, Crshaloalkoxy, eyano-Cii alioyl,
HO-Crsalkyl, amino, Crs altkylamine, di{C s alkylanunoe, thio, Cys alkylthio, Crs alkylsultinyl,
Cig alloylsulfonyl, carbamyl, Ci.g alkylcarbamyi, difCig alkyljcarbamyl, carboxy, Cis
alkvlcarbonvl, Cis alkoxycarbonyl, Crs alkvlicarbonvlamine, Cie alkyisulfonylamine,
aminosutfonyl, Cie atkylaminosulfonyl, di{Cy. allkylaminosulfonyl, aminosulfonyiamino, Cis
alkvlaminosulfonvliaming, di{Cis atkylJaminosulfonylaming, aminccarbonylamine, Cie
alkylaminocarbonylamino, and di(Cis atkyDaminocarbonylamino.
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2. The compound of claim 1, wherein the compound is defined by Formula 1A

Formula 1A

wherein

L represents a direct bond or 3 Hinking group;

R} is selected from the group consisting of hydrogen, Ci.s alkyl, Cos alkenyl, Corw
atkvoyl, Ciocyeloalkyl, 6-10 membered arvl, 5-10 membered hetercaryl, 4-10 membered
heterocycloalkyl, Caap cycloalkyl-Ch. alkylene, 4-10 membered heterocycioalioyl-Ciy alkylene,
6-10 membered aryl-Crs alloylene, 5-10 mewbered hetercaryl-Crg alkylene, Crp alkylearbonyl,
Ci.12 alkoxycarbonyl, Ci.az alkylcarbamyl, di{Ci.iz-alkylicarbamyl, amino acid, poly{amino
acid), and poly{alkylene oxide), each optionally substituted with 1, 2, 3, or 4 independently
selected R™ groups;

R? is selected from the group consisting of hydrogen, hydroxy, -ORY, Cy alkyl, Crw
alkenyl, Co. alkynyl, Csaocyeloalkyl, 6-10 membered aryl, 5-10 membered hetercaryl, 4-10
membered heterocycloatkyl, Cs.qe cycloalkyl-Cigalkvlene, 4-10 membered heterocyeloalkyl-Cig
alkylene, 6-10 membered arvi-Ciaalkylene, 5-10 membered hetercaryl-Cia alkylene, amino, Cy.
12 alkylamine; di{Crz-alkyDamino, amino acid, poly{amino acid), and poly{alkylene oxide),
each optionally substituted with 1, 2, 3, or 4 independently selected R groups;

R i selected from the group consisting of Crs alkyl, Caws alkenyl, Caw alkynyl, Ciug
cycloatkyl, 6-10 membered aryl, 5-10 membered heteroaryl, 4-10 membered heterocycloalkyl,
Csaocycloalkyl-Cig alkylene, 4-10 membered heterocycloalkyl-Ci.s alkylene, 6-10 membered
aryl-Ci.g alkylene, 5-10 merobered heteroaryl-Cis alkylene, and poly{alkylene oxide), each
optionally substituted with 1, 2, 3, or 4 independently selected R” groups; and

each R™ when present, are each independently selected from OH, NO», CN, halo, Cie
atkvl, Crs alkenvyl, Crs alkynyl, Ciy haloalkyl, Cisalkoxy, Cighaloalkoxy, cyano-Cis alkyl,
HO-Cros atkyl, amino, Crs alkylamino, di{Cres altkylhiaminoe, thio, Cie alkyithio, Cre alkylsulfingd,
Crs alkylsulfonyl, carbamyl, Cis alkylcarbamyl, di{U s alkyhearbamyl, carboxy, Cire
alkylearbonyl, Ciw alkoxyvearbonyl, Cis alkylearbonylamine, Cis alkylsultonylanine,

annosulfonvl, Cr. allylaminosulfonyl, di{Cis altkylyaminosulfonyl, aminosulfonyiamino, Cis
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alkylaminosulfonvlamine, di{Cre alkyDamnosulfonylaminoe, aminocarbonylaminoe, Crg

alkvlaminocarbonylamino, and di(Ci. alkyl}aminocarbonylamino.

3. The compound of claim 1, wheretn the compound is defined by Formula IB

Formula I8

wherein

L represents a direct bond or a linking group;

R! is selected from the group consisting of hydrogen, Ciw alkyl, Ca. alkenyl, Cae
atkynyl, Caaocycloalkyl, 6-10 merbered aryl, 5-10 membered hetercaryl, 4-10 membered
heterocycloalkyl, Cs.q0 cycloatkyl-Cia alkylene, 4-10 membered heterocyeloalkyl-Cig alkylene,
6-10 membered arvi-Cra alkylene, 5-10 membered heteroaryt-Cia alicylene, .1y altkylcarbonyd,
1.1z alkoxycarbonyl, Cra atkylcarbamyl, di{Ciaz-alkylhicarbamyl, amino acid, poly{aminc
acid), and poly{alkviene oxide), each opticually substituted with 1, 2, 3, or 4 independently
selected R™ groups;

R2 is selected from the group consisting of hydrogen, hydroxy, ~ORY, Cip alkyl, Cos
atkenvl, Cas alkynvl, Caapcycloalkyl, 6-10 membered aryl, 5-10 membered heteroaryl, 4-10
membered heterocycloalkyvl, Caae eycloalkyi-Ciag alkylene, 4-10 membered heterocycloalkyl-Cia
alkvlene, 6-10 membered arvi-Ci.g alkylene, 5-10 membered heteroaryl-Ci. alkylene, aming, Ch.
1z alkylamino; d{Crz-alkyhiamino, amino acid, poly{amino acid), and poly{alkylene oxide},
each optionally substituted with 1, 2, 3, or 4 independently selected R” groups;

R is selected from the group consisting of Crs alkyl, Ca alkenyl, Cas alkynvl, Cag
cycloalkyl, 6-10 membered aryl, 5-10 membered heteroaryl, 4-10 membered heterocycloallyl,
(a0 cycloalkyl-Cigalkylene, 4-10 membered heterocycloalkyl-Crs alkylene, 6-10 membered
aryl-Cigalkylene, 5-10 membered heteroarvl-Ci.q alkvlene, and poly(aliylene oxide), each
optionally substituted with 1, 2, 3, or 4 independently selected R* groups; and

each R, when present, are each independently selected from OH, NO,, CN, halo, Cis
atkyl, Cors alkenyl, Crg alkynyl, Ci4 haloalkyl, Cisalkoxy, Creshaloalkoxy, cyane-Ci.z alkyl,
HO-C s allovd, amine, Crs allovlamino, di{Che alkyDamino, thio, i alkylthio, Crg alkylsulfiny,
Cirs alloyvisulfonyl, carbamyl, O atkylcarbamyl, di{Crs alkylicarbamyl, carboxy, Cis
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alkylcarbonyl, Cig alkoxycarbouyl, Crs alkylcarbonylamino, Cie alkylsulfonylamive,
aminosulfonyl, Cis alkylaminosulfonyl, di{Ci alkyDaminosulfonvl, aminosulfonylamino, Cis
atloviaminosulfonylamine, di{C. alkyhaminosulfonylamino, aminocarbonylamine, Cis

atkviaminocarbonylamino, and di{C. alkyDaminocarbonylamino.

4. The compound of claim 1, wherein the compound is defined by Formula IC
2
: R":?

Formula IC
wherein

L representis a direct bond or a linking group;

R'is selected from the group consisting of hydrogen, Ci alkyl, Cas alkenyl, Cas
alkvnyl, Csaecyeloalkyl, 6-10 mermbered arvl, 5-10 merabered hetercaryl, 4-10 membered
heterocycloalkyl, Csas eycloalkvi-Cia alyvlene, 4-10 membered heterocycloalkyl-Ciag alkviene,
6-10 membered aryl-Cra alkylene, 5-10 membered heteroarvl-Ci alkylene, Ci.pp alkylearbonyl,
Cr.iz alkoxyearbonyl, Tz alkylcarbamyl, di{Cion-alkyDearbamyl, amino acid, poly{amino
acid), and poly{alkvlene oxide), each optionally substituted with 1, 2, 3, or 4 independently
selected R® groups;

R? is selected from the group consisting of hydrogen, hydroxy, -ORM, Ci alkyl, Crs
alkenyl, Cae alkyovl, Csapcycloalkyl, 6-10 membered aryl, 5-10 merobered heteroaryl, 4-10
membered heterocycloalkyl, Ciaip cycloalkyt-Cry alkylene, 4-10 membered heterocyclioalkyl-Ciy
alkylene, 6-10 membered arvi-Cig alkylene, 5-10 membered heteroaryi-Cia alkvlene, amino, Cr
1 alkylaming; di{Ci.-alkylDamino, amino acid, poly{amino acid}, and poly{alkylene oxide),
each optionally substituted with 1, 2, 3, or 4 independently selected R™ groups;

RY is selected from the group consisting of Cr.s alkyl, Cre alkenyl, Crs alkynyl, Caap
cycloalkyl, 6-10 membered aryl, 5-10 membered hetercaryl, 4-10 membered heterocycloalkyl,
Cao evcloalkyl-Cig alkylene, 4-10 membered heterocycloalkvl-C . alloyvlene, 6-10 membered
aryl-Ci.q alkylene, 5-10 membered heteroaryi-Crq alkylene, and poly{atkylene oxide), each

optionally substituted with 1, 2, 3, or 4 independently selected R¥ groups;
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R s selected from the group consisting of OH, NO2, CN, halo, Cis alkyl, Cas alkenyl,
1 alkynyt, Cig haloalkyl, Crsalkoxy, Crehaloalkoxy, cyano-Cis atkyl, HO-C 5 alkyl, amine,
Cig alkylamino, di{Cig alkyDamino, thio, Cis alkylthio, G alkylsulfinyd, Cie alkylsultonyl,
carbamyl, Ciealkylcarbamyl, di{Ci alliylycarbamyl, carboxy, Cig alkvicarbonyl, Cig
alkoxycarbonyl, Ciw alkylcarbonylamino, Cis alkylsulfonylamino, aminosultonvl, Cie
alkylaminosulfonvl, di{C) . alkbyDaminosulfonyl, aminosulfonylaminoe, Cise
alkylaminosulfonylanmine, di{Crs atkyDaminosultonylanmine, anminocarbonvlamine, Cie
atkviaminocarbonylamino, di{Crs alkyljaminocarbonylamino, Csas oycloalkyl, 6-10 membered
aryl, 5-10 membered hetercaryl, 4-10 membered heterocyeloalkyl, Caqo cveloalkyl-Cig atkylene,
4-10 membered heterocycloalkyl-Crag alioylene, 6-10 merbered arvl-Cigalkylene, 5-10
membered heteroaryi-Ci. alkvlene, and poly{alkyiene oxide); and

each R™ when present, are each independently selected from OH, NO», CN, halo, Cie
atkvl, Crs alkenvyl, Crs alkynyl, Ciy haloalkyl, Cisalkoxy, Cighaloalkoxy, cyano-Cis alkyl,
HO-Cras alkyl, amino, Crs alkvlamino, di{Cres alkvhaming, thio, Cre alkylthio, Cre alkylsulfing,
Ci.s alkyisultonyl, carbamyl, Cis alkylcarbamyl, di{Ci.s alkyl)carbamyl, carboxy, Cis
alkylearbonyl, Cie alkoxyearbonyl, Cis allkylearbonylamine, Crs alkylsulfonylamino,
annosulfonvl, Cr. allylaminosulfonyl, di{Cis altkylyaminosulfonyl, aminosulfonyiamino, Cis
alkvlaminosulfonylamine, di{Ci.¢ alkyl Jaminosulfonylamino, aminocarbonylamino, Cis

alkylaminocarbonylamino, and di{Ci.s alkyljaminocarbonylamino.

S. The cornpound of any of claims 1-4, wherein L represents a divect bond.
6. The compound of any of claims 1-4, wherein L coroprises one or more amino acid
residues.
7. The compound of claim 6, wherein L is defined by the structure below
14
FE‘ o
N
Y - y
T (¥
R‘IS
m

wherein for each occurrence in L, R is H and RY is selected from one of the following
CH CH,
%-----H §m0H3 % Y

-‘H3 H‘)
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QK
%T‘RNS\C% % H.
% ’“‘i-;_,aw OH
N\
¢
o 3
NH

or R and RY, together with the atoms to which they are attached, form a five-membered

heterocyele defined by the structure below

>

m i3 an integer selected from 1, 2, 3, 4, 5, and 6.

;and

8. The compound of claim 7, wherein m is 1.
3. The cornpound of claiw 7, whereto m s 2.
10, The compound of any of claims 6-9, wherein L coruprises a serine residue, a threonine

resicdhie, or any combination thereof

i1 The compound of any of claims 6-10, wherein L comprises a 2,2,6,6-tetramethy{-N-oxyi-

4-amino-4-carboxvylic acid residue.

12. The compound of any of claims 6-11, wherein L comprises an asparagine residue.
13, The compound of any of claims 6-12, wherein L comprises a glutamine residue.
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14, The compound of any of claims 6-13, wherein L comprises an aspartic acid residue, a

glutamic acid residue, or any combination thereof.

i5.  The compound of any of claims 6-14, wherein L comprises a cysteine residue

16, The compound of any of claims 1-15, wherein L comprises from 3 to 20 atoms.

i7 The compound of any of claims 1-16, wherein R! is H.

18. The compound of any of claims 1-16, wherein R! comprises an amino acid residue.
19. The compound of clainy 18, wherein the amino acid residue is selected from the group

consisting of a sene residue, a threonine residue, an asparagine restdue, a glhutamine residue, an
aspartic acid residue, a cysteine residue, a 2,2, 6, 6-tetramethyl-N-oxyl-4-amino-4-carboxylic acid

residue, and a glutamic acid residue.

20. The compound of any of claims 1-16, wherein R’ comprises an acetyl group.
21, The compound of any of claims 1-20, wherein R* comprises a hydroxy group.
22 The compound of any of claims 1-20, wherein R comprises an amino acid residue.
3. The compound of claim 22, wherein the aming acid residue 1s selected from the group

consisting of a serine residue, a threomve residue, an asparagine residue, a glotamine residue, an
aspartic acid residue, a cysteine residue, a 2,2, 6,6-tetramethyl-N-oxyl-4-amino-4-carboxviic acid

residue, and a glutamic acid residue.

24 The compound of claim 1, wherein the compound is one of the following:

Ly
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5. A method comprising steps of!
providing a frozen sample in a magnetic field, wherein the sample includes a polarizing

agent and an analyte with at least one spwn half nucleus;

polarizing the at feast one spin half nucleus of the analyte by irradiating the frozen
sample with radiation having a frequency that excites electron spin transitions in the polarizing
agent;

optionally melting the frozen sample to produce a molten sample; and

detecting nuclear spin transitions in the at least one spin half nucleus of the analyte in the
trozen or molten sample,

wherein the polarizing agent comprises a compound of any of claims 1-24.

26 The method of claim 25, further comprising a step of freezing a sample within a magnetic

field to provide the frozen sample in a magnetic field.

27.  The method of any of claims 25-26, wherein the method does not include a step of
melting the sample to produce a molien sample and, 1o the step of detecting, the nuclear spin
transitions i the at least one spin half nucieus of the analyte in the frozen sample are detected by

solid-state NMR.
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28. The method of any of claims 25-26, wherewn the method does wnclude a step of melting
the sample to produce a molten sample and, in the step of detecting, the nuciear spin transitions
in the at least one spio half nucleus of the analvte 1o the molten sample are detected by hqud-

state NMR.

29 The method of any of claims 25-28, wherein the analyte is a protetn or nucleic acid.
30, The method of any of claims 25-29, wherein the analyte is a metabolite.
3L The method of any of claims 25-30, wherein the metaboliie is present in the sample at a

concentration of less than 1 pM.

32 The method of any of claims 25-31, further comprising a step of freezing a sample in a

magnetic field to provide the frozen saraple 1n a magnetic field.

33 The method of any of claims 25-32, further comprising repeating the freezing, polarizing
o 2 o o x 0

melting and detecting steps at least once.

34, The method of any of claims 26-33, wheretn in the step of freezing, the sample is cooled

to a temperature of less than about 200 K.

35 The method of claim 34, wherein in the step of freering, the sample 15 cooled to a

temperature 1n the range of about 1 K to about 100 K|, such as about 50 K.

36 The method of any of clatms 26-38, wherein the step of freezing is completed in less than
) ; 2

about 2 minutes, or less than about 1 minute.

37.  The method of any of claims 25-26 and 29-36, wherein the method does include a step of
melting the sample to produce a molten sample and, in the step of detecting, the nuclear spin
transitions i the at least one spin half nucleus of the analyte in the molten sample are detected

by MRIL

38, The method of claim 37, wherein the spin half nucleus of the analyte has a T relaxation
fime of at least 6 seconds at 310 K DO o a magnetic field of 7T,
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39, The method of claim 38 further comprising a step of administering at least a portion of

the molten sample that includes the avalyvie to a subject before the step of detecting.

40, The method of any of claims 25-39, wherein the at least one spin half nucleus has a y-
value smaller than that of 'H and the step of polarizing further comprises irradiating the frozen
sample with radiation having a frequency that causes cross-polarization between a 'H nucleus

present in the sample and the at least one spin half nucleus of the analvte.

41 The method of claim 40, wherein the at least one spin half nucleus s a PC nucleus.
42 The method of claim 40, wherein the at least one spin half nucleus is a "N nucleus.
43 The method of claim 40, wherein the at least one spin half nucleus is a UF nucleus.
44 The method of claim 40, wherein the 'H nucleus present in the sample is from "H 0.
45 The method of claim 40, wherein the at least one spin half nucleus is a 'H nucleus.

46. The method of any of claims 25-45, wherein in the optional step of melting, the frozen

sample is exposed to radiation having a wavelength ot less than about 100 um, such as iu the

range of about 0.5 um and about 50 pm.

47. The method of claim 46, wherein the radiation is from a faser.

48, The method of claim 47, wherein the laser is a CO; laser.

49, The method of claim 46, wherein the radiation 1s from a lamp.

50. The method of claim 46, wherein in the optional step of melting, the frozen sample is

exposed to the radiation using an optical fiber.

51 The method of claim 46, wherein in the optional step of melting, the frozen sample is
within a eylindrical rotor,
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52. The method of claim 51, wherein the cylindrical rotor is made of quartz.

53. The method of any of claims 51-52, wherein the cylindrical rotor is spun during at least
o ? J L]

the step of melting.

54, The method of any of claims 25-53, wherein the optional step of melting 1s completed in

leas than about 1 second.

55, The method of any of clairos 25-54, wherein the magnetic field has a strength in the

range of about 0.1 T to about 30 T,

50. The method of any of claims 25-55, wherein the radiation has a frequency in the range of

about 2.8 GHz to about 840 GHz

57 The method of claim 36, wherein the radiation has a frequency of about 140 GHz

538, The method of claim S5, wherein the magnetic ticld has a strength of about ST,

59, The compound of any of claims 1-24, wherein the compound comprises three or more
radicals.

60.  The compound of claim 59, wherein the compound 1s a triradical, a tetraradical, or a
pentaradical,

(¥
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