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ABSTRACT: The synthesis and characterization of oxidized bis-
thioketal-trispiro dinitroxide biradicals that orient the nitroxides in a
rigid, approximately orthogonal geometry are reported. The biradicals
show better performance as polarizing agents in dynamic nuclear
polarization (DNP) NMR experiments as compared to biradicals
lacking the constrained geometry. In addition, the biradicals display
improved solubility in aqueous media due to the presence of polar
sulfoxides. The results suggest that the orientation of the radicals is not
dramatically affected by the oxidation state of the sulfur atoms in the biradical, and we conclude that a biradical polarizing agent
containing a mixture of oxidation states can be used for improved solubility without a loss in performance.

■ INTRODUCTION
Nuclear magnetic resonance (NMR) is well established as an
indispensible tool to the modern organic chemist,1 and in
recent years, it has also become essential in many areas of
biochemistry and structural biology.2−4 Furthermore, magic
angle spinning (MAS) NMR has emerged as the method of
choice in studies of polypeptides and proteins that are not
amenable to X-ray crystallography or solution NMR methods,
such as membrane proteins and amyloid fibers.5,6 However,
MAS and many other NMR experiments are often limited by
sensitivity, especially when multidimensional experiments on
13C and 15N are of interest.7 Dynamic nuclear polarization
(DNP) offers an approach to address this problem by
transferring the greater spin polarization of electrons to nuclei.8

In particular, gyrotron-based, microwave-driven DNP9,10 using
stable organic biradicals as the source of unpaired electrons is a
technique that significantly increases the signal-to-noise (S/N)
ratio in MAS NMR spectra, therefore enabling the use of less
sample and shorter acquisition times.11−13 Implementation of
DNP experiments requires that high frequency microwave
instrumentation and probes are interfaced to conventional
NMR spectrometers.14,15 In addition, successful DNP experi-
ments require nonperturbing exogenous or endogenous
paramagnetic polarization agents that can be added to or are
part of the sample.16,17 The design and synthesis of a new class
of biradical polarizing agents with the relative orientations of
the TEMPO moieties locked with respect to one another is the
subject of this paper.18

We have demonstrated that stable organic biradicals, such as
the bis-TEMPO biradical TOTAPOL (Chart 1), are more
efficient DNP polarizing agents than monomeric radicals, such
as 4-amino-TEMPO, because covalently tethering the two

radicals results in greater electron−electron dipolar coupling at
lower radical concentration.16−19 This approach is preferable to
the use of monoradicals because the high concentration needed
for intermolecular dipolar coupling leads to undesirable line-
broadening in the NMR spectra. Recently, Griffin, Tordo and
co-workers,18 reported that a bis-TEMPO biradical (Chart 1,
bTbk) with a defined geometry that rigidly holds the two
nitroxide moieties approximately orthogonal to one another
shows larger enhancements than TOTAPOL and other
TEMPO biradicals under similar conditions. A detailed
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description of why this orthogonal geometry is advantageous is
in the literature.19,20 In brief, at high magnetic fields and in
frozen solutions, the form of a nitroxide radical’s signal is
dominated by g-anisotropy, and only certain relative
orientations of the two planes defined by the g-tensors of the
N−O groups provide the correct frequency difference between
the two electrons to optimize DNP via a three-spin process (2
electrons, 1 nuclei) known as the cross effect (CE).19−24

Therefore, constraining the relative orientation of the radicals
to a geometry favorable to the CE optimizes the DNP
efficiency. Accordingly, the biradical bTbk is the polarizing
agent exhibiting the highest DNP enhancement factor in MAS
NMR. However, its sparse solubility in water/glycerol mixtures
limits its application in MAS experiments on proteins and MRI
dissolution experiments25 which are among the major foci of
contemporary DNP.
To synthesize a more water-soluble dinitroxide biradical

retaining the desirable orientation of bTbk, we replaced the
oxygen atoms with sulfur (Chart 1, Structure 1). Compounds
containing the 2,4,8,10-tetrathia[5.5]undecane skeleton have
been previously reported but in general have been less studied
than their oxygen counterparts.26−29 Oxidation of the sulfur
atoms to sulfoxides and sulfones was expected to introduce
polar groups that promote solubility in polar solvents. Reports
of oxidized 1,3-dithianes in the literature suggested that the
compounds might have the desired solubility.30 We initially
chose to synthesize the tetrasulfone version of 1 (Scheme 1)

because we anticipated that it would be easier to characterize as
compared to the intermediate oxidation products. Unfortu-
nately, tetrasulfone 4 lacked the desired solubility in aqueous
solutions. To address this issue, we synthesized biradicals with
the sulfur atoms oxidized to sulfoxides rather than sulfones
because sulfoxides were anticipated to provide better water
solubility.31 We pursued two complementary approaches to this
problem. We synthesized a pure sample of the disulfoxide
(Scheme 2, 8) using a protecting group strategy and
chromatographic purification. Additionally, we synthesized a
complex mixture of biradicals (1) in a two-step procedure that
did not require the use of protecting groups or chromatog-
raphy. The DNP performances of 1 and 8 were evaluated in
MAS-DNP at 5T/140 GHz at 90 K in a mixture of DMSO/
water (60/40) and compared to bTbk and TOTAPOL.

■ RESULTS AND DISCUSSION

Synthesis. The synthesis of biradical 4 began with the
condensation of 1.0 equiv of tetraacetyl pentaerythrithiol32 with
2.0 equiv of 2,2,6,6-tetramethyl-4-piperidone monohydrate in
refluxing concentrated hydrochloric acid (Scheme 1). The bis-
hydrochloride salt (2a) precipitated upon formation and was
easily isolated by filtration as a pure compound. For the
oxidation of the thioethers to sulfones, acidic conditions were
used to ensure protonation of compound 2a and thereby
protect against competing oxidation of the amine. After
investigating a variety of commonly used oxidants (such as

Scheme 1. Synthesis of Biradical 4

Scheme 2. Synthesis of Biradicals 7 and 8
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KMnO4,
33 H2O2/AcOH,34,35 m-CPBA,36−39 Oxone,40,41

NaIO4,
31 etc.), we found that only ruthenium tetraoxide,42

generated in situ from RuCl3 and periodic acid, provided
complete oxidation to the tetrasulfone, albeit in moderate yield.
Tetrasulfone 3 was isolated as the free base by extraction from
basic water. An X-ray crystal structure revealed intramolecular
hydrogen bonds between the amine protons and proximate
sulfone oxygens (Scheme 1). Tetrasulfone 3 was further
oxidized with 3.0 equiv of m-chloroperbenzoic acid to form
biradical 4.43

Biradical 4 showed excellent solubility in pure DMSO (>20
mM), but in a 60:40 mixture of DMSO/H2O it was only
sparingly soluble (<2 mM). Sulfones are not known to be
especially good at imparting water solubility although they do
contain polar sulfur−oxygen bonds.38 However, the lack of
water solubility observed for 4 may also be a consequence of
the structural rigidity. Sulfoxides contain sulfur−oxygen bonds
that are significantly more polarized than those in sulfones, and
in addition they offer more opportunity for the solvent to
interact with the electropositive sulfur atom as compared to
more sterically shielded sulfones.44 In addition, sulfoxides are
chiral centers when the two carbon atoms bonded to the sulfur
are unsymmetrical because of the sulfoxide’s pyramidal
geometry. Therefore, the presence of a mixture of diaster-
eomers would likely be beneficial for improving solubility.
To investigate the properties of the sulfoxide derivatives, a

pure sample of sulfoxide dinitroxide 8 was synthesized using a
different synthetic strategy (Scheme 2). Because of the
synthetic challenge in selectively controlling the oxidation of
the thioether to sulfoxide in the presence of reactive amine or
nitroxide groups, we protected the hydroxylamines as silyl
ethers (Scheme 2). TBDMS protected-TEMPONE was reacted
with pentaerythrityl tetrathiol in the presence of BF3·Et2O in
DCM and afforded 6 in a 75% yield. Hydrofluoric acid
promoted deprotection of 6 led to the dinitroxide 7 in
moderate yield. Selective oxidation of 6 was achieved by m-
CPBA (2.2 equiv) in Et2O, and subsequent deprotection of the
aminoxyl groups by HF in acetonitrile led to disulfoxide
dinitroxide 8 in 50% yield after chromatographic purification.
The corresponding tetrasulfoxide derivative was never attained
when 4 or more equiv of m-CPBA, H2O2, NaIO4, or DMD
were used as oxidant; instead, a mixture of oxidation states
(sulfoxide−sulfone) was observed. This result is in agreement
with previous work where it has been reported that oxidation of
1,3-dithiane to the monosulfoxide occurred rapidly but that
oxidation to the sulfone competed with oxidation of the second
sulfide to the disulfoxide.38 The structure of 8 was confirmed by
1HNMR (after reduction with phenylhydrazine), IR, and MS.
Biradical 8 was soluble in DMSO, in 60:40 DMSO/H2O (20
mM), and in water (5 mM).
The improved solubility of 8 supported our hypothesis that

sulfoxides would be better at improving solubility than sulfones.
We were interested in investigating the solubility and DNP
performance of the intermediate oxidation states between the
disulfoxide and the tetrasulfone, but the synthetic challenge of
generating and isolating all of the possible species was
prohibitive. However, we surmised that by synthesizing
mixtures of these species we could gain some insight into
their behavior. To generate these mixtures, we performed the
oxidation of 2b in three organic solvents (dichloromethane,
benzene, acetonitrile) with 7.1 equiv of m-CPBA (3 equiv to
generate the two nitroxide radicals and 4 equiv to oxidize the
thioethers) as shown in Scheme 3. In order to generate a

variety of mixtures, organic solvents of different polarity (least
polar, benzene; most polar, acetonitrile) were chosen with the
expectation that we would observe changes in the sulfoxide/
sulfone selectivity of the oxidant.44 The purification method
was carefully designed to remove likely contaminants because
characterization of complex mixtures is difficult. Extraction with
acidic and basic aqueous solutions removed unreacted amines
and acidic groups (i.e., m-chlorobenzoic acid), respectively.
Additionally, the reaction mixtures were stirred in DCM
partitioned with basic aqueous solution of the oxidant
potassium ferricyanide to ensure that any hydroxylamines
were fully oxidized to nitroxides. Finally, the biradical mixture
was precipitated from a 1:2 solution of DCM/hexane to
remove low polarity materials. The final products (1a−c) were
isolated in moderate to low yield. The biradical mixtures were
evaluated with proton NMR before and after reduction with
zinc powder in methanol-d4. Before reduction, at a concen-
tration of 10 mg/mL (approximately 17 mM), only solvent
signals were visible. After reduction, a series of singlets became
visible between 2.0 and 1.0 ppm, as expected. Molecules with a
2,4,8,10-tetrathia[5.5]undecane skeleton have complex NMR
spectra due the conformational flexibility of the rings, which
adds to the complexity inherent to a mixture of species.26 On
the basis of IR, all three samples contained significant amounts
of both sulfoxides and sulfones (see the Supporting
Information, Figure S2). A comparison of peak intensities
indicates that 1a (CH2Cl2) has the largest ratio of sulfoxides to
sulfones. IR also confirmed the presence of the nitroxide by
observation of absorbances characteristic of the N−O bond at
1362 and 1235 cm−1. The extent and range of oxidation was
evaluated using electrospray ionization mass spectrometry
(ESI-MS) (see the Supporting Information, Figures S3−S5).
Based on a qualitative inspection of the ESI-MS spectra, 1a
(CH2Cl2) and 1c (CH3CN) have an average of four oxygen
atoms in addition to the two oxygens of the nitroxide radicals,
whereas 1b appears to have an average of five oxygen atoms in
addition to the two oxygens of the nitroxide radicals. Elemental
analysis performed on sample 1a suggests an average of 4.5
sulfur−oxygen bonds per molecule, although the sulfur content
was below the expected value for the proposed structure. All
three samples (1a−c) were soluble at >10 mM in 60:40
DMSO/H2O, but they were not appreciably soluble in 60:40
glycerol/H2O.

Analysis of Geometry. The X-ray crystal structures of 4
and 7 (Figure 1A,B) show solid-state geometries wherein the
nitroxide moieties are held in the desired near-orthogonal

Scheme 3. Oxidation of 2b to Biradical 1
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geometry, albeit with a larger N-to-N distance primarily due to
the increased length of the carbon−sulfur bonds as compared
to carbon−oxygen bonds. Based on analysis of the crystal
structures, the nitrogen atoms of the nitroxides in 4 (N-to-N
distance, 12.2 Å) are approximately 1.5 Å farther apart than the
same atoms in bTbk (N-to-N distance, 10.7 Å). Similarly, in 7
(N-to-N distance, 12.1 Å) the nitrogen atoms are approx-
imately 1.4 Å farther apart as compared to bTbk.18 When the
orthogonality of the biradicals is assessed based on the dihedral
angle between planes 1 and 2 in the X-ray crystal structures, an
angle of 90.4° is measured for bTbk and a slightly larger angle
of 93.6° is measured for biradical 4. A significantly larger angle
of 98.9° is measured for 7.
The X-ray crystallographic analyses of 4 and 7 do not shed

light on how the presence of sulfoxides or both sulfoxides and
sulfones would affect the geometry of derivatives. In order to
investigate the impact of the oxidation state of the sulfur atoms
on the relative geometry of the nitroxide radicals we first
investigated how oxidation affects the carbon−sulfur−carbon
bond angle in thioethers, sulfoxides, and sulfones in 1,3-
dithianes. An examination of the Cambridge Structural
Database reveals that in 1,3-dithiane structures the carbon−
sulfur−carbon bond angles are similar for these three oxidation
states, with an average angle of 101.7 ± 1.4° in thioethers, 100.5
± 1.7° in sulfoxides, and 102.6 ± 2.0° in sulfones (thioether
and sulfoxide angles were determined from structures that had
tetrasubstituted carbons at the 2-position, whereas the sulfone
angles came from structures without this constraint as a result
of limited examples; see the Supporting Information, Figure
S7). When the standard deviations are taken into account, the
differences in the average bonds angles are not statistically
significant. On the basis of these results, it is not clear what
effect, if any, changing the oxidation state has on the biradical’s
geometry. To better understand the effect of sulfur oxidation
on the biradical’s geometry, we performed molecular mechanics
(MMFF94) calculations on biradical 8 and a series of
compounds representing a range of oxidation states of 1
(Supporting Information, Figure S1). The effect of oxidation
on the orthogonal geometry was evaluated by measuring the
dihedral angle between the two planes (plane 1, plane 2)
formed by the three carbon atoms closest to the spiro-thioketal

linkage in each nitroxide ring (Figure 1C, green). The same
minimizations were performed on bTbk, biradical 4, and
biradical 7 and compared to the values obtained from the
XRCS in order to comment on the accuracy of the calculations.
For bTbk, the MM-minimized structure predicts a dihedral
angle of 91.5°, which is in good agreement with the angle of
90.4° measured from the XRCS. In the case of biradical 4, the
MM-minimized structure predicts a dihedral angle of 92.5°,
which is in good agreement with the angle of 93.6° measured
from the XRCS. In the case of biradical 7, the predicted
dihedral angle is 90.9°, which is significantly smaller than the
angle of 98.9° measured from the XRCS. This discrepancy may
reflect the greater flexibility of the thioether linkages as
compared to the sulfoxide or sulfone linkages. In all cases, the
measured angle from the calculated structures was within a
range of 90° ± 6, suggesting that the effect of the sulfur
oxidation state on the orthogonal geometry between the
nitroxide rings is minimal within the structures studied.

EPR Spectroscopy. The 9 GHz liquid-state EPR spectrum
of 1 mM 4 in 1:1 DMSO/H2O (Figure 2A) shows an EPR

spectrum typically observed for nitroxide radicals in solution.
The spectrum consists of three lines separated by the isotropic
hyperfine coupling due to the interaction with a 14N nucleus (I
= 1), and an isotropic hyperfine coupling of 1.55 mT (43.45
MHz) was measured from the spectrum. The intensity of the
high-field line is strongly attenuated due to anisotropic
tumbling of the biradicals, and a correlation time τc of 15 ns
was obtained by numerical simulation of the spectrum. No
further features are observed in the spectrum indicating a
negligible exchange coupling (MHz).
The 9 GHz EPR spectrum of disulfoxide dinitroxide 8 (0.4

mM) in toluene at room temperature exhibits a triplet
(aiso(

14N) = 1.49 mT, g = 2.00589, Figure 3A) similar to the
EPR spectrum of a monomeric nitroxide recorded under the
same conditions. Similar spectra were observed for bTbk and
tetrasulfone dinitroxide 4 (Figure 2A). The pattern of the
spectrum is characteristic of a dinitroxide having weak exchange

Figure 1. Effect of sulfur oxidation on geometry. (A) Stick model of X-
ray structure of biradical 7. (B) Stick model of X-ray structure of
biradical 4. (C) Equilibrium geometry model of the trans,trans-
tetrasulfoxide version of biradical 1.

Figure 2. EPR spectra (9 GHz) of biradical 4. (A) Room-temperature
liquid-state EPR spectra of 1 mM biradical 4 in DMSO/H2O (50/50
v/v). The spectrum was recorded with a 0.1 mT modulation
amplitude. Simulations were performed using the EasySpin package
using a correlation time of τc = 15 ns. (B) Low-temperature EPR
spectrum taken at 77 K in d8-THF. The spectrum was recorded using a
modulation amplitude of 0.2 mT.
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coupling (J ≪ aiso(
14N)). However, the EPR spectrum of

dinitroxide 7 exhibits a more complex nine-line pattern in
toluene (Figure 3B). This feature could be due to a higher
torsional flexibility of the molecule, which gives rise to larger
exchange coupling (J ≈ aiso(

14N)).45 The calculated EPR
parameters of 7 are aiso(

14N) = 1.47 mT and g = 2.00586
(Figure 3B).
The 9 GHz spectra of the frozen solution of biradical 4 in

THF is dominated by the large AZZ component of the 14N
hyperfine interaction tensor (Figure 2B, AZZ = 3.5 mT). In
addition, several spectral features indicate the presence of an
electron−electron dipolar coupling. Most notable is the
splitting on the high-field side of the spectrum corresponding
to the DZZ component of the dipolar interaction tensor. A
dipolar coupling of 15.1 MHz can be estimated from the
spectrum. Though less well-resolved, the observed EPR
spectrum is very similar to that of bTbk, which exhibited a
dipolar coupling of 22.1 MHz.46 This may be a direct
consequence of the smaller dipolar coupling between the
electrons due to the increased N-to-N distance.
At 140 GHz, the solid-state EPR spectrum of biradical 4 is

dominated by the large electron g-anisotropy (Figure 4). With a
relatively small electron−electron dipolar coupling the high-
field EPR spectrum of 4 resembles that of a monomeric
nitroxide-based radical. However, the pseudomodulated
representation reveals some additional features that can be
attributed to the electron−electron dipolar coupling.47 From
this spectrum a hyperfine coupling of 95.3 MHz (AZZ) and an
electron−electron dipolar coupling of 18.1 MHz (DZZ) were
measured. The origin of the difference between the measured
dipolar coupling for 4 of 18.1 MHz in toluene at 20 K and 15.1
MHz in THF at 77 K is currently unknown.
DNP Spectroscopy. Samples of 1a−c (10 mM) in DMSO-

d6/D2O/H2O (60:34:6) with 1.0 M urea were used in DNP
experiments to compare their performance with the polarizing
agent TOTAPOL. In all cases, the 1H enhancement is indirectly
monitored by measuring the 13C signal intensity of 1 M 13C
urea in DMSO-d6/D2O/H2O (60/34/6 v/v/v) after a
subsequent 1H−13C cross-polarization step48 with (on) and
without (off) microwave irradiation. The enhancement factor is

determined from the ratio of the signal observed with and
without microwave irradiation. Note that the large urea
concentration is only necessary to observe the off-signal in a
reasonable acquisition time.
In our DNP experiments performed at 5 T (212 MHz 1H

Larmor) the microwave frequency of the gyrotron is fixed at
139.662 GHz. Therefore, to determine the correct position for
optimum DNP enhancement, a DNP-enhancement profile is
recorded by sweeping the magnetic field and measuring the
DNP enhancement for each field position. The field-dependent
DNP enhancement profile for biradical 1 is shown in Figure 5

Figure 3. EPR spectra (9 GHz) of biradicals 8 and 7. (A) Spectrum of
dinitroxide disulfoxide 8 in toluene at room temperature (J ≪
aiso(

14N)). (B) Spectrum of dinitroxide 7 in toluene at room
temperature (J ≈ aiso(

14N)).

Figure 4. EPR spectrum (140 GHz) of biradical 4 in toluene recorded
at 20 K. Top: absorption spectrum. Bottom: pseudomodulated
spectrum using a modulation amplitude of 0.4 mT. To remove high-
frequency noise, the spectrum was smoothened using a binominal
weighted moving average function. Particular care was taken to not
mask any spectral features. The spectrum was recorded using a three-
pulse echo sequence with equally spaced pulses (π/2-τ−π/2-τ−π/2)
giving overlap of the Hahn echo and stimulated echo for additional
sensitivity. The π/2 pulse lengths were 120 ns, and the delay between
pulses was 400 ns. 801 field points were acquired, with 300 shots per
point, and 10 ms between shots.

Figure 5. DNP enhancement profile (140 GHz) and EPR spectrum of
biradical 1. Top: 140 GHz EPR spectrum. Bottom: 1H-detected DNP
enhancement profile of biradical 1, biradical 8, bTbk, and TOTAPOL
(data for bTbk and TOTAPOL taken from ref 7). T = 90 K, tp(π/2) =
3 μs. All enhancement profiles are recorded under similar experimental
conditions.
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with field positions for maximum positive and negative
enhancement at 4980.7 mT (DNP(+)) and 4969.4 mT
(DNP(−)), respectively. The enhancement profile observed
for biradical 1 is very similar to those recorded for 1H-DNP of
other polarizing agents based on bis-nitroxides (Figure
5).16−19,49 The profile shows a slight asymmetry and only
75% of the maximum enhancement is observed at a field
position corresponding to DNP(-) as compared to DNP(+).
This observation is similar to bTbk and seems to be an intrinsic
feature of rigid biradicals with a similar conformation like 1 or
bTbk.18 In contrast, TOTAPOL shows a much less
pronounced asymmetry (Figure 5) that is most likely a direct
result of the more flexible linker between the nitroxide moieties.
The enhancement profile (Figure 5) is very closely related to
the high-field EPR spectrum recorded at a similar field strength
(Figure 4 and top of Figure 5). Since the dipolar coupling is
small (∼20−30 MHz) compared to the hyperfine coupling and
the breadth of the EPR spectrum, the shape of the spectrum is
governed by the large g-anisotropy and the 14N hyperfine
interaction.
In Figure 6, the DNP-enhanced MAS NMR spectra of 13C-

urea are shown using TOTAPOL and biradical 1 as polarizing

agents. Because of the increased solubility of 1, both polarizing
agents were studied at a concentration of 10 mM in a 60/40
mixture of DMSO/H2O. Because of solubility limitations, this
was not possible in the case of bTbk. In particular, the water
content had to be reduced which resulted in a decreased
enhancement, due to the poor glass-forming ability of the
mixture.18 All three samples (1a−c) gave the same signal
enhancements (ε) within experimental error, and the enhance-
ments obtained were 10% greater than those for TOTAPOL
under similar experimental conditions. A bulk-polarization
build-up time of τB = 4 s was observed (data not shown),
similar to build-up times recorded for TOTAPOL and
bTbk.17,18 The consistency of the enhancements among 1a−c
suggests that within these three samples the oxidation states of
the sulfur atoms have a minor effect on DNP performance
beyond its important effect on solubility.
Biradical 8 shows a similar DNP performance compared to

biradical 1, but important differences in its DNP behavior are
evident. The field dependent enhancement profile (Figure 5)
exhibits a more pronounced asymmetry between the positive
and negative legs than any other biradical in this comparison.

Only ∼53% of the maximum DNP(+) enhancement can be
obtained at the DNP(−) position. The maximum positive
enhancement, however, is obtained at a field very similar to that
of the other biradicals. At high microwave power biradical 8
yielded ∼5% higher enhancement than 1 (see Figure 7). The

slightly higher ε is accompanied by a slower build-up of
polarization; we measured monoexponential build-up time
constants of 5.5 s for biradical 8 vs 4.0 s for biradical 1 (cf. 3.8 s
for TOTAPOL) under identical conditions. These discrep-
ancies might be caused by differences in EPR interactions,
electronic relaxation times or the mutual orientation of the
nitroxide moieties between biradical 8 and the constituents of
biradical 1 mixture. The complex interplay between these
observables and the effect on enhancement factor and their
respective field dependence as well as the build-up time
constants is not yet understood. In practice, however, the
benefits from a significantly shorter build-up time constant
allowing for faster recycling of NMR experiments and therefore
higher sensitivity outweigh the slightly increased DNP
enhancement performance of biradical 8 over biradical 1.

■ CONCLUSION

In summary, we report the synthesis of oxidized bis-thioketal-
trispiro dinitroxide biradicals. When fully oxidized to the
tetrasulfone (4), the biradical has a rigid orthogonal geometry
but lacks the desired solubility. Furthermore, we showed that a
biradical mixture (1) containing intermediate oxidations states
improves solubility in aqueous solvents, most likely as a result
of the more polarized sulfur−oxygen bonds in sulfoxides and
the presence of a range of regioisomers and stereoisomers. The
mixtures show DNP enhancements similar to the previously
reported biradical of similar geometry (bTbk) and improved
performance over the geometrically unconstrained TOTAPOL
biradical. We also showed that biradical 8 gives slightly higher
enhancements over biradical 1, but that a shorter buildup-time
constant for biradical 1 gives better overall sensitivity. Future
work will focus on improving the solubility in glycerol/water
solutions to broaden potential applications.

Figure 6. DNP enhancements of TOTAPOL versus 1. The
enhancement in the 13C NMR signal of urea when biradical 1a
(blue) is used as the polarizing agent is 10% greater than when
TOTAPOL (red) is used under the same conditions. The signal in the
absence of DNP enhancement is shown at the bottom in black
(magnified 10 times).

Figure 7. Microwave power dependent enhancement factors of
biradical 1 (blue), biradical 8 (green), and TOTAPOL (red) for
comparison. All polarizing agent solutions were prepared from the
same DMSO/water mixture in order to maximize comparability.
Enhancement factors were determined by recording a full build-up
curve at each power level, and dividing the pre-exponential factor
(signal intensity at infinite time) of an exponential fit by the respective
factor of a build-up curve recorded without mw irradiation for each
biradical (off-signal). All experiments were performed at ∼84 K.
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■ EXPERIMENTAL SECTION
Biradical Mixture 1. In a flask, 0.300 g (0.62 mmol, 1.0 equiv) of

2b was dissolved in 45 mL of dry solvent (CH2Cl2, C6H6, or CH3CN).
While being stirred at room temperature, 1.03 g (4.37 mmol, 7.1
equiv) of m-chloroperbenzoic acid (73% pure by weight as determined
by titration with iodine) was added in one portion, and the reaction
was stirred overnight. For the reactions in benzene and acetonitrile,
the organic solvent was removed under vacuum and the solid was
redissolved in 45 mL of dichloromethane. The organic layer was
washed with saturated sodium bicarbonate (3 times) and 0.1 M HCl
(3 times), after which it was transferred to a flask and stirred under an
aqueous 0.5 M NaOH solution containing 0.200 g (0.62 mmol, 1.0
equiv) of potassium ferricyanide for 10 min. The organic layer was
washed with brine and then dried over sodium sulfate. The solvent was
removed, and the solid was redissolved with 5.0 mL of CH2Cl2. To the
solution was added 10.0 mL of hexane, which caused a precipitate to
form. After 10 min, the solid was isolated by filtration. Mass recovery
and yield based on addition of 6 oxygen atoms (MW = 596 g/mol):
CH2Cl2, 0.170 g (47%); C6H6, 0.075 g (21%); CH3CN, 0.083 g
(23%). Elemental analysis for sample 1a failed for sulfur in producing
the expected value: Anal. Calcd for C23H40N2O6.5S4

2•: C, 47.89; H,
6.99; N, 4.86; S, 22.24. Found: C, 47.89; H, 7.08; N, 4.67; S, 21.21.
The nature of the impurities causing the discrepancy are not known,
but the elemental analysis in combination with the NMR, IR, MS,
EPR, and DNP data suggest a mixture of the proposed biradicals.
2,2,4,4,14,14,16,16-Octamethyl-7,11,18,21-tetrathia-3,15-

diazatrispiro[5.2.2.512.29.26]henicosane-3,15-diium Dichloride
(2a). To a 500-mL flask were added 0.895 g (5.20 mmol, 1.0 equiv)
of 2,2,6,6-tetramethyl-4-piperidone monohydrate, 0.990 g (2.70 mmol,
0.52 equiv) of tetraacetyl pentaerythrithiol, and 50 mL of concentrated
hydrochloric acid. After a water-cooled condenser was attached, the
reaction mixture was heated to reflux for 3 h. A white precipitate
formed soon after heating began. Upon cooling, the solution was
filtered and washed with tetrahydrofuran to obtain 1.13 g (80% yield)
of compound 2a as a white powder: 1H NMR (500 MHz, CD3OD) δ
3.18 (s, 8H), 2.40 (s, 8H), 1.62 (s, 24H); 13C NMR (126 MHz) 57.8,
46.7, 45.2, 35.2, 28.8, 24.0; MS (ESI) of calcd for 2b (free diamine):
C23H42N2S4 [M + H]+ 475.2304, found 475.2198. Satisfactory HRMS
could not be obtained. Mp = dec >330 °C dec (conc HCl).
2,2,4,4,14,14,16,16-Octamethyl-7λ6,11λ6,18λ6,21λ6-tetra-

th i a - 3 , 15 -d i a za t r i sp i ro [5 . 2 . 2 . 5 1 2 . 2 9 . 2 6 ]hen i cosan
-7,7,11,11,18,18,21,21-octone (3). To a flask were added 0.200 g
(0.36 mmol, 1.0 equiv) of compound 2a, 6.0 mL of CCl4, 6.0 mL of
acetonitrile, 8.0 mL of water, 0.006 g of RuCl3 (0.028 mmol, 8 mol %),
and 0.706 g of periodic acid (3.1 mmol, 8.5 equiv). The reaction
mixture was stirred for 30 min at room temperature and then filtered
through Celite on a fritted filter. The organic solvents were removed,
and satd sodium carbonate solution was added to reach pH = 12. The
aqueous mixture was extracted with CH2Cl2, which was subsequently
dried over sodium sulfate. After removal of the solvent, 0.090 g (46%
yield) of tetrasulfone-3 was obtained: 1H NMR (500 MHz, CD3OD/
CDCl3) δ 3.84 (s, 8H), 2.36 (s, 8H), 1.29 (s, 24H); 13C NMR (126
MHz, DMSO-d6/CDCl3 with 2.0 equivalents of trifluoroacetic acid
added to improve solubility, 50 °C) 82.5, 53.1, 50.1, 29.5, 29.0(2);
HRMS (ESI) calcd for C23H42N2O8S4 [M + H]+ 603.1897, found
603.1890; FT-IR νmax (KBr)/cm

−1 3350 (br), 2919, 1450, 1388, 1373,
1343, 1314, 1167, 1149, 1129, 1019, 815, 666, 620, 579, 520. Mp =
>325 °C dec (methanol).
2,2,4,4,14,14,16,16-Octamethyl-7λ6, 11λ6, 18λ6, 21λ6-tetra-

thia-3,15-dinitroxyltrispiro[5.2.2.512.29.26]henicosan-
7,7,11,11,18,18,21,21-octone (4). To a flask were added 0.078 g
(0.13 mmol, 1.0 equiv) of compound 3, 0.096 g (0.39 mmol, 3.0
equiv) of m-chloroperbenzoic acid (75% purity), 6.0 mL of CH2Cl2,
and 6.0 mL of isopropyl alcohol. The solution was stirred at room
temperature overnight. In a separatory funnel, the organic layer was
washed with excess satd sodium bicarbonate solution, 0.1 M HCl, and
brine before being dried over sodium sulfate. After removal of the
solvent and recrystallization from acetone, 0.058 g (70% yield) of
biradical 4 was isolated as a light yellow crystal: HRMS (ESI) calcd for
C23H40N2O10S4

2• [M − H]− 631.1493, found 631.1504; FT-IR

νmax(KBr)/cm
−1 2935, 1456, 1388, 1373, 1362, 1345, 1314, 1234,

1150, 1131, 1018, 865, 666, 617, 589, 522; mp = >200 °C dec
(acetone). For NMR characterization, 0.010 g of the biradical was
reduced with 3.1 equiv (∼5.0 μL) of phenylhydrazine in acetone-d6:
1H NMR (500 MHz, CD6O) δ 3.80 (s, 8H), 2.53 (s, 8H), 1.25 (s,
24H).

1-(tert-Butyldimethylsilyloxy)-2,2,6,6-tetramethylpiperidin-
4-one (5). Under inert atmosphere, 1-hydroxy-2,2,6,6-tetramethylpi-
peridin-4-one (3 g, 18 mmol) was added to a mixture of imidazole (3.9
g, 57 mmol) and tert-butyldimethylchlorosilane (4.3 g, 28 mmol) in
dry DMF (13 mL). The solution was stirred 38 h at room temperature
and then diluted with 35 mL of hexane. The mixture was washed with
water (10 mL), and the organic phase was dried over sodium sulfate.
The crude product was purified via column chromatography (Al2O3,
ether−pentane 5/95) to give 5 as a white solid (4.3 g, 84% yield): 1H
NMR (400 MHz, CDCl3): δ 0.20 (s, 6H), 0.97 (s, 9H), 1.18 (s, 12H),
2.39 (broad s, 4H); 13C NMR (100 MHz, CDCl3) δ −1.75, 19.45,
26.50, 26.97, 53.79, 63.28, 208.3; MS (ESI) calcd for C15H32NO2Si [M
+ H]+, [M + Na]+ 286, 308, found 286, 308.

3,15-Bis[(tert-butyldimethylsilyl)oxy]-2,2,4,4,14,14,16,16-oc-
tamethy l -7 ,11 ,18 ,21 - te t ra th ia -3 ,15 -d iaza t r i sp i ro -
[5.2.2.512.29.26]henicosane (6). A mixture of 5 (1.30 mmol, 0370
g), pentaerythrityl tetrathiol26 (0.65 mmol, 0.130 g), and boron
trifluoride etherate (3.25 mmol, 0.80 mL) in dry CH2Cl2 (6 mL) was
stirred for 5 days at room temperature and under inert atmosphere.
The mixture was quenched by adding a solution of sodium hydroxide
1 M (10 mL). The aqueous phase was extracted with dichloromethane
(15 mL). The organic layers were collected, washed with a solution of
sodium hydroxide 1 M (10 mL), and dried over Na2SO4, and the
solvent was distilled under reduced pressure. The product was purified
by crystallization from pentane (0.358 g, 75%): 1H NMR (400 MHz,
CDCl3) δ 0.14 (s, 12H), 0.95 (s, 18H), 1.26 (s, 24H), 2.18 (s, 8H),
2.32 (s, 8H); 13C NMR (100 MHz, CDCl3) δ −1.90, 19.52, 22.79,
26.86, 27.01, 35.58, 47.52, 49.66, 60.50; MS (ESI) calcd for
C35H70N2O2S4Si2 [M + Na]+ 758, found 758.

2,2,4,4,14,14,16,16-Octamethyl-7,11,18,21-tetrathia-3,15-
dinitroxyltrispiro[5.2.2.512.29.26]henicosane (7). To a solution of
6 (0.20 mmol, 150 mg) in CH3CN (2 mL) was added HF (48% in
water, 5 drops). The solution was stirred for 2 h at room temperature,
and then aqueous saturated NaHCO3 solution (10 mL) was added.
Solid sodium chloride was added, and the aqueous phase was extracted
with CH2Cl2 (2 × 20 mL). The organic phase was dried over sodium
sulfate, and the solvent was removed under reduced pressure. The
crude light yellow oil was dissolved in MeOH (3 mL) and stirred for 2
days in the presence of MnO2 (50 mg). The mixture was filtrated, and
the residual oil was purified by SiO2 chromatography column (DCM/
EtOH, 9:1) to afford the dinitroxide 7 as orange crystals (36 mg, 38%
yield). Pure samples were also obtained by semipreparative HPLC
(purosphere RP-18 column (250 mm × 10 mm; 10 μm; Merck) using
a gradient with a flow rate of 3 mL·min−1. Gradient: solvent A (0.1%
TFA in H2O, pH = 2.6), solvent B (CH3CN): 0−25 min, 10−40% B;
25−35 min, 40−60% B; 35−40 min, 60% B. 1H NMR (400 MHz,
CDCl3, phenylhydrazine): δ 1.34 (s, 24H), 2.24 (s, 8H), 2.97 (s, 8H).
MS (ESI) calcd for C23H40N2O2S4 [M + H]+, [M + Na]+ 507, 527;
found 507, 527.

2,2,4,4,14,14,16,16-Octamethyl-7λ6, 11λ6, 18λ6, 21λ6-tetra-
thia-3,15-dinitroxyltrispiro[5.2.2.512.29.26]henicosan-7,18-
dione (8). To a solution of 6 (150 mg, 0.20 mmol) in dry ether was
added dropwise a solution of m-CPBA (2.2 equiv, 0.56 M in ether) at
0 °C. The mixture was stirred for 1 h at 0 °C. A white precipitate (120
mg) was collected by filtration and dissolved in acetonitrile (1 mL).
HF (48% in water, two drops) was added to the solution. The mixture
was stirred for 14 h, and then aqueous saturated NaHCO3 solution (10
mL) was added. Solid sodium chloride was added, and the aqueous
phase was extracted with CHCl3 (2 × 20 mL). The organic phase was
dried over sodium sulfate and the solvent was removed under reduced
pressure. The crude light yellow oil was dissolved in MeOH (3 mL)
and stirred for 1 day in the presence of MnO2 (50 mg). The residual
oil was purified by SiO2 column chromatography (CH2Cl2/EtOH,
95:5) to afford the dinitroxide disulfoxide 8 as an orange solid (56 mg,
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50% yield). Pure samples were also obtained by semipreparative
HPLC (purosphere RP-18 column (250 mm × 10 mm; 10 μm;
Merck) using a gradient with a flow rate of 3 mL·min−1. Gradient:
solvent A (0.1% TFA in H2O, pH = 2.6), solvent B (CH3CN), 0−25
min, 10−40% B; 25−35 min, 40−60% B; 35−40 min, 60% B. HRMS
(ESI): calcd for C23H40N2O4S4

2• [M + H]+ 537.1944, found 537.1930.
FT-IR νmax/cm

−1 (ATR): 3693, 2979, 2245, 1602, 1238, 1044.
EPR Spectroscopy. EPR experiments were performed on a

custom-designed high-field EPR spectrometer operating at a micro-
wave frequency of 139.504 GHz.50,51 The sample, with a volume of
approximately 250 nL, was placed in a Suprasil quartz tube with an
outer diameter of 0.55 mm. EPR spectra were recorded by using a
three-pulse echo sequence (π/2−τ−π/2−τ−π/2−τ−echo) by inte-
grating the echo intensity while sweeping the magnetic field. Detailed
experimental conditions are given in the figure legend. For accurate
field measurements, the spectrometer was equipped with a field/
frequency lock system.52 EPR measurements for biradical 7 and 8 were
performed on an X-band CW-EPR (9.8 GHz, 0.34 T) spectrometer at
rt. Spectral simulations have been carried out using the EasySpin
package.53

DNP Spectroscopy. DNP experiments were performed on a
custom-designed 211 MHz DNP NMR spectrometer using a
quadruple-resonance low-temperature 4 mm MAS probe (e−, 1H,
13C) with a commercial stator. The spectrometer operates at a
magnetic field of 5 T, corresponding to an electron Larmor frequency
of 140 GHz. High-power microwave radiation (>10 W) is generated
by a gyrotron, operating at a frequency of 139.662 GHz.9,51,54 The
NMR magnet is equipped with a superconducting sweep coil that
allows field sweeps over ±750 G. For accurate field measurements the
spectrometer is equipped with a field mapping unit. All experiments
were performed at 90 K at a spinning frequency ωr/2π =5 kHz and
100 kHz TPPM 1H decoupling.55 The 1H and 13C field strengths used
for cross-polarization were typically 50 kHz.
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