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A scalable synthetic route for 15N-labeled 4-oxo-2,2,6,6-tetraethylpiperidine nitroxide (15N-TEEPONE) is
described. This 15N-labeled nitroxide is suitable for electron paramagnetic resonance imaging of brain,
and its higher sensitivity compared with that of its 14N-counterpart is an important advantage of the
labeled derivative.

� 2014 Elsevier Ltd. All rights reserved.
Introduction

Electron paramagnetic resonance (EPR) imaging is a powerful
tool for investigating aspects of cellular and tissue environments,
such as the partial oxygen pressure, redox status, and pH. Nitroxide
radicals1,2 are often used as redox-sensitive contrast agents for
non-invasive EPR imaging of the redox status of tumors
because of their paramagnetic properties and interesting redox
properties.3,4

In vivo EPR imaging of the brain is also a promising area of
research. However, spin probes must be blood–brain barrier
(BBB) permeable for this application, and only a few simple nitrox-
ides (e.g., 3-hydroxymethyl-2,2,5,5-tetramethylpyrrolidine-1-oxyl
(HMP), and methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine-1-
oxyl (MCP)) have been employed.5–7 An additional challenge in
EPR brain imaging is the rapid reduction of these nitroxide radicals
to the corresponding hydroxylamines by reductants such as ascor-
bic acid (AsA).8,9

Many efforts have been made to improve the stability of
nitroxides toward bioreduction by varying the steric and electronic
environments around the NAO moiety.10,11 For example, 4-oxo-
2,2,6,6-tetraethylpiperidine nitroxide (TEEPONE) is the most
promising probe with respect to its resistance to AsA degradation
in comparison to other spin probes such as 4-oxo-2,2,6,6-tetra-
methylpiperidine nitroxide (TEMPONE). In EPR and magnetic
resonance imaging of mouse brains, TEEPONE showed a remark-
ably long in vivo half life of greater than 80 min.12,13 While
TEEPONE exhibits good resistivity to bioreduction in in vivo sys-
tems, a higher signal intensity is desirable for EPR imaging
with a better signal-to-noise (S/N) ratio. Therefore, to fulfill this
condition, 15N-labeling of TEEPONE was performed in this study.

In EPR spectroscopy, the two isotopes of nitrogen (14N and
15N) give rise to different splitting patterns in an absorption spec-
trum because of the differences in their nuclear spins. Thus, the
signal for a nitroxide radical containing 15N is a doublet, while
that for the 14N analogue is a triplet. The reduction in the spectral
multiplicity of 15N derivatives results in higher sensitivity, and
thus, 15N-labeled compounds are more useful for in vivo EPR
imaging.
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Figure 1. Previously reported intermediates for the preparation of 14N-TEEPONE.

Scheme 1. Synthesis of 15N-TEEPONE. Reagents and conditions: (a) 3-pentanone
(1.1 equiv), Zn (1.5 equiv), I2 (cat.), Et2O/PhH (3:1), rt, 30 min; (b) 3-pentanone
(1.1 equiv), NaH (1.2 equiv), Et2O, rt, overnight, 52% over two steps; (c) AgOTf
(0.1 equiv), DIPEA (1.0 equiv), CO2 (3 atm), CH2Cl2, rt, 24 h, 83%; (d) concd H2SO4

(cat.), CHCl3, 60 �C, 1 h, 80%; (e) 15NH4Cl (6.5 equiv), KOH (6.5 equiv), EtOH/H2O
(3:4), sealed tube, 3 days, 40% (73% brsm); (f) Na2WO4�2H2O (0.29 equiv), H2O2

(6.0 equiv), MeOH/H2O (3:1), 80%. cat. = catalytic, rt = room temperature, Tf = tri-
fluoromethanesulfonyl, DIPEA = diisopropylethylamine, brsm = based on recovered
starting material.
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Although several different protocols have been developed for
the synthesis of 14N-TEEPONE, none are suitable for the gram-scale
preparation of 15N-TEEPONE for imaging applications, because 15N
sources are very expensive; thus, an effective route must involve
introduction of the labeled nitrogen at the latest possible stage in
the synthesis. In fact, the preparation of 15N-TEEPONE has not been
previously described in the literature. The Studer group used
Table 1
Preparation of compound 7 using different reaction conditionsa

Entry Reagents

1 H2SO4 (cat.), 80% HOAc (aq)
2 Ag2CO3 (0.05 equiv), K2CO3 (0.3 equiv), 80% HOAc (aq)
3 AgNO3 (0.05 equiv), DIPEA (1 equiv), CH2Cl2, CO2 (1 atm)
4 AgOTf (0.1 equiv), DIPEA (1 equiv), CH2Cl2, CO2 (1 atm)
5 AgOTf (0.1 equiv), DIPEA (1 equiv), CH2Cl2, CO2 (3 atm)

a aq. = aqueous.
symmetric ketone 1 (Fig. 1) as an intermediate for 14N-TEEPONE,
and initially, we thought that this route may be a good method
for the preparation of 15N-TEEPONE.14 However, in a later paper,
Studer abandoned this method and disclosed that only small
amounts of product were obtained.15 His group then presented a
6-step scalable route using compound 2 as a key intermediate in-
stead of 1. Recently, the Yamada and Rajca groups reported a series
of synthetic routes (4�6 steps)11,16–18 for the synthesis of TEEPONE
using compound 3 as an intermediate. However, these methods
based on compounds 2 and 3 are inappropriate for the preparation
of 15N-TEEPONE because the nitrogen atom is introduced at the
very beginning of the syntheses, which would result in significant
loss of the expensive 15N source during the later steps, making the
desired product very costly.

Regardless of the negative results obtained by the Studer group,
we believed that the use of intermediate 1 was essential for imple-
mentation of our late-stage nitrogen installation strategy for the
gram-scale preparation of 15N-TEEPONE. Herein, we report a
scalable procedure for 15N-TEEPONE that involves an improvement
in the synthesis of TEEPONE via intermediate 1. Furthermore, EPR
imaging of a mouse head using both 15N-TEEPONE and 14N-TEE-
PONE was performed to demonstrate the advantages of labeling.

Results and discussion

Our 15N-labeled TEEPONE synthesis is presented in Scheme 1.
First, compound 5 was prepared according to a literature proce-
dure starting from commercially available 3-bromo-1-propyne.19

Compound 6 was then obtained by reacting 5 with 3-pentanone
in the presence of NaH. The Meyer–Schuster rearrangement20

(Table 1) of this propargyl alcohol to a,b-unsaturated carbonyl
compound 7 via a formal 1,3-hydroxyl shift and tautomerization
using either sulfuric acid in 80% acetic acid (entry 1) or silver car-
bonate in 80% acetic acid (entry 2) was unsuccessful.21 It has been
reported that the reaction of propargyl alcohols with carbon diox-
ide catalyzed by silver salts in polar solvents affords the corre-
sponding allene-enolates.22 This reaction was thus attempted by
using compound 6, and in the presence of 10 mol % AgNO3 and
1.0 equiv of N,N-diisopropylethylamine under 1 atm CO2 at room
temperature, only a trace amount of the desired product was de-
tected (entry 3). However, the use of silver triflate gave compound
7 in modest yield (entry 4), and an increased CO2 pressure (3 atm,
entry 5) further improved the yield to 83%. Next, elimination of the
hydroxyl group in 7 under acidic conditions gave a mixture of de-
sired ketone 1 and isomerized b,c-unsaturated ketones. Heating
this mixture in an 15NH4OH aqueous solution at 60 �C afforded
piperdinone 8. The desired 15N-TEEPONE was then obtained via
the oxidation of 8 with Na2WO4/H2O2. This synthetic procedure
Temp (�C) Time (h) Yield of 7

95 20 None
100 3.5 None (6:10:11 = 1:3.7:1.5)
rt 20 Trace
rt 55 47%
rt 24 83%



Figure 2. (A) X-band EPR spectra of 1 mM 14N-TEEPONE (black line) and 15N-
TEEPONE (red line) in dimethyl sulfoxide in quartz tubes; (B) 750 MHz EPR spectra
of 14N-TEEPONE and 15N-TEEPONE in mouse heads and a comparison of signal-to-
noise (S/N) ratio.

Figure 3. EPR imaging of mouse heads with injected 15N-TEEPONE and 14N-TEEPONE. The
probe injection, and the images were reconstructed from the spectra using the filtere
examined mouse head. (C) 3D-EPR images and 2D-slice-selective images of mouse head
(upper) and 14N-TEEPONE (lower). ⁄12 sets of EPR images were accumulated.
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was employed for the successful preparation of more than 2 g of
15N-TEEPONE for use in EPR studies.

Both 14N-TEEPONE and 15N-TEEPONE were examined by X-
band EPR spectroscopy (9.8 GHz, Fig. 2A), and it was found that
the amplitude of the EPR signal for 15N-TEEPONE was approxi-
mately 1.5 times greater than that of 14N-TEEPONE.

Next, in vivo EPR imaging of mice was performed to demon-
strate the potential of 15N-TEEPONE as a spin probe. An in-house
built 750 MHz CW-EPR imager was used for this experiment.23

Both 15N-TEEPONE and 14N-TEEPONE were emulsified by using
10% INTRAFAT, and each probe was injected into mice via the tail
vein (1.5 lmol/g weight of body). As shown in Figure 2B, 15N-TEE-
PONE exhibited an in vivo spectrum with a better S/N ratio in a
mouse head than 14N-TEEPONE. The distributions of the spin
probes in mouse heads were also observed via 3-dimensional
(3D)-EPR imaging and the 2D-slice-selective images are depicted
in Figure 3C. These images show that TEEPONE was distributed
in the mouse brain, and that the in vivo half lives of 15N-TEEPONE
and 14N-TEEPONE were both approximately 80 min (data not
shown). However, the sensitivity of the instrument did not allow
the monitoring of the 14N-TEEPONE signals for such a long period
under these conditions (see the single time-point images in
Fig. 3C). In contrast, 15N-TEEPONE signals were successfully ob-
served even at 1 h after the injection (Fig. 3C). In fact, the accumu-
lation of images over a certain time period improved their quality
(Fig. 3). However, such processing prevents observation of the dy-
namic changes in the abundance and localization of the nitroxide.
Notably, however, these results demonstrate that 15N-TEEPONE
signals can be monitored for longer than 1 h, and thus the use of
15N-TEEPONE is quite advantageous compared to its 14N
mice were anesthetized with isoflurane (1.5%). The EPR spectra were collected after
d back-projection method. (A) Photograph of a mouse head. (B) MRI image of an
s. EPR images were obtained at the indicated time after the injection. 15N-TEEPONE
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counterpart. Moreover, 15N-TEEPONE can potentially be used as a
labeling agent for biologically active molecules, and thus may en-
able the 3D imaging of dynamic changes in the localization of
intriguing molecules in the brain. In these cases, the higher sensi-
tivity of 15N-labeled probes would not only serve to enhance the
quality of the images, but also lead to reduction of the injection
dose. Consequently, the use of 15N-TEEPONE as a labeling agent re-
duces the risk of undesired toxic effects in laboratory animals.

Another potential use of 15N-TEEPONE may be in our recently
developed ‘simultaneous 3D-EPR imaging of enantiomer pairs’
analytical method.24 In this advanced technique, a pair of nitroxide
radical enantiomers is labeled by using isotopic nitrogen. Because
the distributions of the 14N- and 15N-nitroxides can be indepen-
dently and simultaneously monitored by using our EPR imaging
system, the difference in the pharmacokinetics of chiral molecules
and their interactions in biological systems can be investigated. Be-
cause TEEPONE is one of the most stable BBB-permeable nitroxides
in the brain, an 15N-TEEPONE and 14N-TEEPONE pair would have
significant potential as labeling agents for the detailed pharmaco-
logical investigation of chiral drug candidates.

Conclusion

A scalable synthetic procedure for the preparation of 15N-TEE-
PONE was developed, and a comparison of 15N-TEEPONE and
14N-TEEPONE was performed for mouse brain imaging for the first
time. Notably, 15N-TEEPONE provided 50% greater signal intensity
than 14N-TEEPONE. As a result, 15N-TEEPONE was detectable for a
longer time during in vivo EPR analysis, even though 15N-TEEPONE
and 14N-TEEPONE have similar half lives. In addition, 15N-TEEPONE
in combination with 14N-TEEPONE has great potential as a spin la-
bel precursor for use in simultaneous EPR imaging techniques.
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