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Synthesis and Characterization of Hydrophilic Trityl Radical TFO
for Biomedical and Biophysical Applications

Abstract: Tetrathiatriarylmethyl (TAM, trityl) radicals have found
wide applications as spin probes/labels for electron paramagnetic
resonance (EPR) spectroscopy and imaging, and as polarizing
agents for dynamic nuclear polarization (DNP). High hydrophilicity of
TAM radicals is essential for their biomedical applications. However,
the synthesis of hydrophilic TAM radicals (e.g., OX063) is extremely
challenging and their synthesis has only been reported in the patent
literatures until now. In the present work, we report on an efficient
synthesis of a highly water-soluble TAM radical TFO which contains
additional four hydroxylethyl groups as compared to the Finland trityl
radical CT-03. Similar to OX063, TFO exhibits excellent properties
including high water solubility in phosphate buffer, low logP, low pKa,
long relaxation times as well as negligible binding with bovine serum
albumin. On the other hand, TFO has sharper EPR line and higher
O2 sensitivity than OX063. Therefore, in combination with its facile
synthesis, TFO should find wide applications in magnetic resonancerelated fields and our synthetic approach would shed new light on
the synthesis of other hydrophilic TAM radicals.

and imaging[9] as well as magnetic resonance imaging and other
related fields.[10] The most studied members of TAM radicals are
the Finland trityl radical CT-03 and its hydrophilic analogue
OX063 (Figure 1). Since the large-scale synthesis of CT-03 has
been achieved,[11] additional attention is paid to its structural
modification and functionalization. For instance, the derivatives
of CT-03 have been used to measure various physiological
parameters including superoxide anion radical, [12] pH,[13] thiol
levels[14] as well as total redox status.[15] New TAM spin labels
show great potential in distance measurements of proteins[16]
and nucleic acids[17] under physiological conditions by pulsed
EPR dipolar spectroscopy. Moreover, mixed biradicals
composed of TAM and nitroxide radicals have been proposed as
the most promising polarizing agents for high-field DNP so far.[18]

Introduction
Stable water-soluble radicals have accepted intense attention
due to their potential applications in biophysics and biomedical
sciences. These radicals are mainly used as spin probes for
electron paramagnetic resonance (EPR) spectroscopy and
imaging,[1] spin labels for distance measurement in biomacromolecules,[2] polarizing agents for dynamic nuclear polarization
(DNP) [3] as well as organic radical contrast agents for magnetic
resonance imaging.[4] To satisfy the above applications, much
effort has been made to improve the stability, water solubility
and/or electron spin relaxations of stable radicals.[5]
We have been focusing on developing tetrathiatriarylmethyl
(TAM, trityl) radicals and expanding their applications in
magnetic resonance-related techniques.[6] TAM radicals which
belong to derivatives of triphenylmethyl radical[7] have fully
substitution on each phenyl ring with alkylthio and carboxylate
groups. This structural feature renders TAM radicals with high
biostability, sharp EPR singlet signal and long relaxation times
under physiological conditions.[6, 8] Thus, they have found wide
applications in continuous-wave and pulsed EPR spectroscopy
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Figure 1. Molecular structure of TAM radicals.

Despite the outstanding properties, CT-03 and its derivatives
has strong binding with proteins (e.g., albumin) through
hydrophobic interactions.[19] This nonspecific binding with
proteins was also observed for CT-03-based spin label, resulting
in an unusually broad EPR signal. [16b] Moreover, due to the
relatively high hydrophobicity of the TAM core and high pKa (~
4.0) of its carboxylate groups,[11a] CT-03 is subject to selfaggregation or precipitation especially in the compartments with
low dielectric constants (e.g., biomembranes). Thus, CT-03 and
its derivatives exhibit the in vivo toxicity[9a, 19b] but OX063 has
good biocompatibility.[20]
To overcome the hydrophobic issue of CT-03, we developed
the dendritic PEGylation as a new strategy for its structural
modification and the resulting TAM radicals exhibited no binding
with albumins, good biocompatibility and improved in vivo
pharmacokinetics.[21] However, the use of these PEGylated
analogues as spin labels or polarizing agents is limited due to
the linkage of the bulky dendritic groups. Although OX063 has
much higher hydrophilicity than CT-03, its synthesis is extremely
challenging and has only been reported in the patent
literatures.[6a, 6b] Indeed, except for the patent literatures, there
are few reports regarding the synthesis of TAM radicals with
different substituents on the methylene bridge in the fivemembered ring.[22] Therefore, we herein report on an efficient
synthesis of a highly water-soluble TAM radical TFO (Figure 1)
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which contains four hydroxylethyl groups on the methylene
bridge. Our results show that similar to OX063, TFO has much
better physicochemical properties than CT-03. Considering its
efficient synthesis, TFO could be used to develop new EPR
probes, spin labels and polarizing agents.

Results and Discussion

Scheme 1. Synthesis of the aryl monomers 4 and 5.

The trityl alcohol is a key intermediate for the synthesis of
TAM radical but its synthesis is difficult with a low yield due to
the steric crowdness from three aryl monomers. Thus, we used
two methods to synthesize the trityl alcohols 9 and 10. In
Method A (Scheme 2), the symmetric ketone 7 was firstly
obtained in 70% yield by deprotonation of the aryl monomer 6 (1
equiv) with n-BuLi (1.1 equiv) in Et2O at room temperature,
followed by addition of dimethyl carbonate (DMC, 0.48 equiv).
[11a]
Then, we attempted to synthesize the trityl alcohol 9 through
the similar deprotonation of the aryl monomer 4 by n-BuLi,
followed by dropwise addition of the symmetric ketone 7.
However, no reaction was observed and the monomer 4 was

Scheme 2. Synthesis of the trityl alcohols 9 and 10.

almost completely recovered. In order to find out whether the
monomer 4 was deprotonated under the reaction condition,
excess of DMC instead of the ketone 7 was added. No
production of the ester 8 (see Scheme 2 B) indicated that the
deprotonation of the monomer 4 did not occur only using n-BuLi
in Et2O at room temperature. Considering that TMEDA can
induce the deaggregation of n-BuLi in solution and increase its
reactivity,[23] n-BuLi in combination with TMEDA was attempted.
Gratifyingly, the monomer 4 (3 equiv) was successfully
deprotonated by n-BuLi (3 equiv) and TMEDA (3 equiv) in Et 2O
at 0 °C and then the resulting aryl anion reacted with the ketone
7 (1 equiv) at room temperature to produce the trityl alcohol 9 in
42% yield. A side product from the monomer 4 was also
detected and determined to be the trithiobenzene according to
its 1H NMR and 13C NMR spectra (see Scheme S1 in SI). The
production of the trithiobenzene is possibly due to a nucleophilic
attack of n-BuLi to the sulfur atom which leads to the cleavage of
C-S bond on the thioketal and subsequent release of thioketone
(see Scheme S1 in SI). As such, three equivalents of 4/nBuLi/TMEDA were used to compensate their consumptions.
Further increasing the equivalents of 4/n-BuLi/TMEDA (5 equiv)
did not improve the yield of the trityl alcohol 9 (Data not shown).
On the other hand, to maximize the recovery of the monomer 4
from the reaction mixture, LDA, a weaker base than n-BuLi, was
tested to inhibit the production of the trithiobenzene. As
expected, its use efficiently prevented the side reaction but the
yield of the trityl alcohol 9 (~ 8%) was greatly attenuated. Finally,
the temperature effects on the side reaction and the yield of the
trityl alcohol 9 were also examined. The monomer 4 (3 equiv)
was deprotonated by n-BuLi/TMEDA (3 equiv) in Et2O at -40°C
and the reaction mixture was stirred at room temperature for 90
min. Then, the ketone 7 was added to the above solution at
room temperature. We found that the production of the
trithiobenzene was almost completely inhibited and the yield
(50%) of the trityl alcohol 9 was slightly increased. Subsequently,
using the optimized reaction condition, we synthesized the trityl
alcohol 10 from the monomer 5. Unfortunately, the trityl alcohol
10 was obtained in a very low yield (~ 10%) possibly due to
much more bulkiness of the TBS group than the tert-butyl group.
Attempts to optimize the reaction conditions (e.g., temperature,
reaction time, solvent and organolithium agents) were
unsuccessful. In Method B, the monomer 4 was easily converted
into the corresponding ester 8 in 70% yield using the above
deprotonation protocol and subsequent treatment with excess of
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The TAM radical TFO can be seen as a hybrid compound of CT03 and OX063. Three aryl monomers (4，5 and 6) were firstly
synthesized (Scheme 1). According to the well documented
procedure,[6d] the aryl monomer 6 was efficiently obtained in high
yield (85%) in one-step reaction from tetra-tert-butylthiobenzene
1. Since the tBu- and TBS-protected aryl monomers 4 and 5
were only reported in the patent literatures,[6a,6b] our initial effort
was made for their synthesis. As shown in Scheme 1, the
tetraester 2 was firstly obtained in 74% yield by condensation of
1 with diethyl 1,3-acetonedicarboxylate in the presence of BF 3Et2O and TsOH, followed by simple trituration of the crude
product with methanol. Then, reduction of the tetraester 2 by
LiAlH4 in THF afforded the corresponding tetraol 3, which was
easily purified by extractions in 80% yield. The monomers 4 and
5 were obtained, respectively, by treating the tetraol 3 with 2methyl propene in the presence of CF3SO3H or TBSCl in the
presence of imidazole. The crude products were purified by
simple crystallization in ethanol in the yields of 60% for 4 and
80% for 5. Therefore, no chromatographic purifications were
required for the three-step synthesis of the three aryl monomers,
which will be a great advantage for their large-scale synthesis.
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the aromatic carbon is an important indicator of the relative spin
density distribution on the trityl radical core that is closely
associated with its conformation.[27] Thus, the almost identical
13
C HFCs observed for three TAM radicals suggest that their
trityl radical cores have similar conformations in aqueous
solution.

Scheme 3. Synthesis of the TAM radical TFO.

Finally, the TAM radical TFO was obtained according to the
previous methods[11b,11c] with moderate modifications (Scheme 3).
The trityl alcohol 9 was extensively deprotonated by a large
excess of n-BuLi (10 equiv) and TMEDA (10 equiv) in THF at 40 ºC and the resulting reaction mixture was further treated with
excess of dimethyl carbonate (50 equiv) to afford the trityl
triester 11 in 35% yield. Addition of TFA into the solution of 11 in
CH2Cl2 led to the cleavage of the four tert-butyl ether bonds into
the corresponding alcohols and simultaneous transformation of
the trityl alcohol into the trityl carbocation. Then, the trityl
carbocation was reduced by SnCl2 into the methyl ester form of
the trityl radical which was further hydrolyzed using LiOH in
ethanol to the TAM radical TFO. TFO was obtained as a green
solid in 70% yield from 11 and well characterized by EPR and
HRMS. Its purity was determined by reversed-phase HPLC to
be > 95% (Figure S1).
With TFO in hand, its EPR spectrum was recorded at room
temperature under anaerobic conditions and compared with
those of CT-03 and OX063 (Figure 2). Three TAM radicals have
similar EPR singlet signals with the linewidths of ~ 90 mG for
CT-03,[11b] 120 mG for TFO and 165 mG for OX063.[24] Thus,
partial or full replacement of the CH3 groups by hydroxylethyl
groups broadens the EPR lines of TFO and OX063 and the line
width is inversely related to the number of the hydroxylethyl
group in their molecular structures. The covalent linkage of the
hydrophilic hydroxylethyl may 1) increase unresolved hyperfine
couplings (HFCs) from the intramolecular protons in TAM
radicals and/or the solvent protons[25] (i.e., secular broadening)
and 2) accelerate the electron spin relaxation which induces the
lifetime broadening. As shown in Table 1, CT-03 has slightly longer
relaxation times (T1e = 17.3 μs and T2e = 9.1 μs) [22,26] than TFO
(T1e = 13.4 μs and T2e = 8.0 μs) under anaerobic conditions at
room temperature. Moreover, the relatively shorter relaxation
times of OX063 than that of CT-03 were reported previously.[26]
These results are consistent with the linewidth differences of the
TAM radicals. Besides the main singlet line, five sets of 13C
HFCs from the aromatic rings and carboxylates are also
observed in the enlarged EPR spectra (Figure 2) and three TAM
radicals have similar 13C HFCs (Table S1). The 13C HFC value of

Figure 2. Experimental (solid line) and simulated (dash line) EPR spectra of
TAM radicals (100 μM) in PBS (20 mM, pH 7.4). The 13C hyperfine couplings
were shown in the enlarged portion.

High oxygen (O2) sensitivity is an important feature of TAM
radical, enabling their EPR oximetric application. Figure 3 shows
EPR linewidths of CT-03, TFO and OX063 as a function of
percent O2. The good linearity ensures their use as O2 probes.
TFO and CT-03 have identical O2 sensitivities (4.2 mG/%O2) that
are higher than that of OX063 (3.6 mG/%O2). Since the line
broadening induced by intermolecular spin−spin interaction may
interfere with the O2-induced broadening, we further investigated
the concentration effect on the EPR signals of TFO and CT-03.
Their signal intensities increase linearly with concentrations
(Figure S2) and the deviation from the linearity occurs above the
self-aggregation concentrations (SACs). As shown in Table 1,
the SAC value of TFO (3.2 mM) in PBS is very close to the
reported value of OX063 (3.0 mM) [20] but higher than that of CT03 (2.1 mM) most likely due to higher hydrophilicity of TFO and
OX063 than CT-03 (see below). In combination with the narrow
EPR line, TFO exhibits improved properties as oximetric probes
compared to CT-03 and OX063.

Figure 3. Plots of peak-to-peak linewidths of (■) CT-03, (▲) OX063 and (●)
TFO as a function of percent O2 in PBS (pH 7.4).

This article is protected by copyright. All rights reserved.

Accepted Manuscript

DMC (3 equiv). However, the synthesis of the trityl alcohol 9
from the ester 8 failed with the formation of unidentified products
having very broad NMR peaks (see SI). Taken together, the trityl
alcohol 9 can be obtained in a moderate yield from the monomer
4 according to the Method A.
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Table 1. Physicochemical properties of TAM Radicals
Radical

OS[a]

LogP

SAC[b]

WS[c]

AB[d]

pKa

T1e (T2e)[g]

CT-03

4.2

-0.8

2.1

38

Strong

4.0

17.3 (9.1)

TFO

4.2

-1.2

3.2

154

None

2.7

13.4 (8.0)

OX063

3.6

-2.0

3.0[e]

--

None

2.6[f]

15 (6.4)[h]

contrast, a broad signal was observed for CT-03 at low pH (< 4)
due to the formation of the corresponding carboxylic acid form
which is highly hydrophobic and aggregates.

To explore the hydrophilicity of TFO, its water solubility and
octanol/water partition coefficient (logP) were measured and
compared with those of CT-03 and OX063. As shown in Table 1,
TFO has 4-fold higher water solubility (154 mM) in PBS (20 mM,
pH 7.4) than CT-03 (38 mM). High hydrophilicity of TFO was
also verified by its low logP (-1.2) as compared to CT-03 (-0.8).
As expected, OX063 had the most negative logP (-2.0).
The hydrophobic nature of the trityl core in CT-03 and its
derivatives induces the strong binding interactions with proteins
such as albumins. [19] Interestingly, both TFO and OX063 did not
show any binding with bovine serum albumin (BSA) as
evidenced by no change of their EPR signal intensities in the
presence of BSA (Figure 4 and Figure S3). On the contrary, the
signal intensity of CT-03 was greatly decreased to 25% and 6%
in the presence of 500 and 1000 μM of BSA, respectively,
indicating the strong binding between CT-03 and BSA. This
result is well consistent with our previous observation. [19]

Figure 4. Relative EPR signal intensity of TAM radicals (20 μM) in PBS (20
mM, pH 7.4) in the presence of bovine serum albumin (0, 500 and 1000 μM).

To check if TFO undergoes self-aggregation at low pH or in
nonpolar environments, its pKa was measured using TEMPOL
as internal standard.[13a] The reversible protonation of the
carboxylate groups in TFO induces the EPR line shift due to the
difference of g-factors between the neutral and charged forms of
TFO. Figure 5 shows pH dependence of the line position of TFO
in sodium citrate buffer (1.5 mM). The pKa of TFO was
determined to be 2.7, almost identical to the reported value of
OX063 (2.6) which was obtained using the same method.[13a] In

Figure 5. pH dependence of the EPR spectral line position of TFO in sodium
citrate buffer (1.5 mM). TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy)
was used as an internal standard. The symbols (■) and (○) denote the data
obtained upon titration from alkaline to acidic pH and acidic to alkaline pH,
respectively.

Conclusions
In summary, we report on the efficient synthesis of the highly
water-soluble TAM radical TFO. The tBu- and TBS-protected
aryl monomers 4 and 5 were conveniently synthesized in three
steps from tetra-tert-butylthiobenzene. No chromatographic
separations required for the purification of the monomers in the
three steps significantly expedited their synthesis, allowing for
the large-scale synthesis. In addition, the optimized
deprotonation of the monomer 4 by using n-BuLi/TMEDA in Et2O
at low temperature (i.e., -40°C) led to the efficient synthesis of
the trityl alcohol 9 which is the key intermediate of TFO. Using
the present synthetic method, TFO can be obtained in a total
yield of ~ 12% in the last three steps from the monomer 4,
comparable to the previously reported yield (~ 20%) for the
classic TAM radical CT-03 from the monomer 6.[6d,11a,11c]
Importantly, the resulting TAM radical TFO exhibits excellent
physicochemical properties due to the linkage of four
hydroxylethyl groups. Therefore, TFO shows great potential in
the fields of spin labeling, DNP and biomedical imaging. Since
the synthesis of OX063 and its analogues remains elusive in the
research community, our present study will shed new light on
their synthesis. Synthesis of new hydrophilic TAM radicals with
improved properties is now underway in our laboratory.

Experimental Section
General

Information. All reactions were carried out under argon
atmosphere. Anhydrous grade solvents were used for reactions and
analytical grade solvents for purifications. Tetrahydrofuran (THF) and
diethyl ether (Et2O) were distilled from sodium benzophenone ketyl.
Dichloromethane (CH2Cl2) was distilled from calcium hydride. Reactions
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Note: [a]Oxygen Sensitivity (mG/%O2); [b]Self-aggregation Concentration (mM);
[c]
Water Solubility in PBS (20 mM, pH 7.4) (mM); [d]Albumin Binding.
[e]
Reference 20; [f]Reference 13a; [g]Spin-lattice (T1e, μs) and spin-spin (T2e, μs)
relaxation times under anaerobic conditions; [h]Reference 26.
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Tetraethyl-2,2',2'',2'''-(benzo[1,2-d;4,5-d']bis([1,3]dithiole)-2,2,6,6-tetrayl)tetra-cetate (2): To a solution of tetra-tert-butylthiobenzene 1 (40 g,
93.0 mmol), p-toluenesulfonic acid (3.54 g, 18.6 mmol) in CHCl3 (160 mL)
was added BF3-Et2O (70 mL, 470 mmol) and diethyl 1,3acetonedicarboxylate (101.6 mL, 560 mmol). The reaction mixture was
stirred at room temperature for 0.5 h and then refluxed overnight at 80 ºC
under argon. The mixture was allowed to reach r.t. and quenched with
methanol (50 mL). The reaction mixture was gradually changed from the
red solution into the yellow precipitation. The resulting solid was washed
with methanol (100 mL) and dried in vacuo to give the compound 2 (39.6
g) in a yield of 74%. 1H NMR (400 MHz, CDCl3) δ 6.96 (s, 2H), 4.15 (q, J
= 6.8 Hz, 8H), 3.48 (s, 8H), 1.26 (t, J = 6.8 Hz, 12H); 13C NMR (100 MHz,
CDCl3) δ 168.65, 133.69, 115.08, 64.03, 59.99, 42.79, 13.12.
2,2',2'',2'''-(benzo[1,2-d;4,5-d']bis([1,3]dithiole)-2,2,6,6-tetrayl) tetraethanol (3): To a stirred, chilled (0 ºC, bath temp) suspension of LiAlH4
(14.9 g, 393 mmol) in THF (400 mL) was added dropwise 2 (25 g, 43.5
mmol) in THF (300 mL). The cold bath was removed, and the gray
suspension was stirred for 12 h at room temperature. The suspension
was cooled again to 0 ºC, and the HCl solution (12 M) was added
dropwise until pH~1. The organic layer was separated and the aqueous
layer extracted with ethyl acetate (4 x 100 mL). The combined organic
layers were dried on anhydrous Na2SO4, filtered and concentrated in
vacuo to give a light yellow solid 3 (14.2 g) in a yield of 80%. 1H NMR
(400 MHz, DMSO-d6) δ 7.20 (s, 2H), 4.64 (t, J = 4.8 Hz, 4H), 3.59
(apparent q, J = 5.6 Hz, 8H), 2.24 (t, J = 6.4 Hz, 8H); 13C NMR (100MHz,
DMSO-d6) δ 134.93, 115.91, 70.51, 57.82, 43.02.
2,2,6,6-tetrakis(2-(tert-butoxy)ethyl)benzo[1,2-d;4,5-d']bis([1,3]dithio
-le) (4): To a stirred, chilled (-78 ºC, bath temp) suspension of 3 (1 g,
2.46 mmol) in THF (25 mL) was injected 2-methyl propene (8.2 g, 14 mL)
and CF3SO3H (0.6 mL, 6.78 mmol). The mixture was allowed to reach r.t.
and stirred overnight. Solid Na2CO3 was added. The resulting reaction
mixture was filtered and the solvent removed under reduced pressure.
The crude product was crystallized in ethanol (5 mL) to give a white solid
4 (0.93 g) in a yield of 60%. 1H NMR (400 MHz, CDCl3) δ 6.94 (s, 2H),
3.56 (t, J = 6.4 Hz, 8H), 2.33 (t, J = 6.4 Hz, 8H), 1.17 (s, 36H); 13C NMR
(100 MHz, CDCl3) δ 135.34, 116.20, 73.09, 71.44, 58.60, 41.19, 27.52.
2,2,6,6-tetrakis(2-((tert-butyldimethylsilyl)oxy)ethyl)benzo[1,2-d;4,5d']bis([1,3]dithiole) (5): To a solution of 3 (2 g, 4.92 mmol) and
imidazole (4.02 g, 59 mmol) in DMF (50 mL) was added TBSCl (4.45 g,
29.5 mmol). The reaction mixture was stirred at room temperature for 10
h and then quenched with saturated NaHCO3 aqueous solution (15 mL).
The organic layer was separated, washed with brine (3 x 20 mL), dried

on anhydrous Na2SO4, filtered and concentrated in vacuo. The orange
residue was crystallized in ethanol (20 mL) to give a white solid 5 (3.4 g)
in a yield of 80%. 1H NMR (400 MHz, CDCl3) δ 6.96 (s, 2H), 3.83 (t, J =
6.4 Hz, 8H), 2.34 (t, J = 6.4 Hz, 8H), 0.89 (s, 36H), 0.05 (s, 24H); 13C
NMR (100 MHz, CDCl3) δ 135.34, 116.22, 71.07, 60.20, 42.87, 25.94,
18.24, -5.37.
2,2,6,6-Tetramethylbenzo[1,2-d;4,5-d']bis[1,3]dithiole (6): According
to the previously reported procedure, [6d] the compound 6 was obtained
as a white solid (85%). 1H NMR (400 MHz, CDCl3) δ 7.02 (s, 2H), 1.88 (s,
12H); 13C NMR (100 MHz, CDCl3) δ 135.92, 117.03, 65.93, 31.48.
Bis-(2,2,6,6-tetramethyl-benzo[1,2-d;4,5-d']bis[1,3]dithiol-4-yl)-methanone (7): According to the previously reported procedure,[11a] the
compound 7 was obtained as an orange solid (70%). 1H NMR (400 MHz,
CDCl3) δ 7.16 (s, 2H), 1.83 (s, 24H); 13C NMR (100 MHz, CDCl3) δ
193.60, 137.70, 137.60, 127.32, 119.34, 65.36, 31.17.
Methyl-2,2,6,6-tetrakis(2-(tert-butoxy)ethyl)benzo[1,2-d;4,5-d']bis
([1,3] dithiole)-4-carboxylate (8): To a stirred solution of 4 (1 g, 1.58
mmol) and TMEDA (360 μL, 2.39 mmol) in THF (8 mL) at 0 ºC was
added dropwise n-BuLi (2.5M in hexane, 0.76 mL) under argon. The
mixture was allowed to reach room temperature and stirred for 80 min.
Dimethyl carbonate (0.4 mL, 4.75 mmol) was added and stirred for 2 h.
Then, the reaction was quenched with 5% citric acid solution (w/v, 5 mL).
The organic layer was separated and the aqueous layer extracted with
ethyl acetate (3 x 20 mL). The combined organic layers were dried on
anhydrous Na2SO4, filtered and concentrated under reduced pressure.
The resulting residue was purified by column chromatography on silica
gel eluting with ethyl acetate/petroleum ether (1:20) to give 764 mg (70%)
of the title compound 8 as an orange oil. 1H NMR (400 MHz, CDCl3) δ
7.09 (s, 1H), 3.93 (s, 3H), 3.57 (t, J = 6.4 Hz, 8H), 2.30 (t, J = 6.4 Hz, 8H),
1.17 (s, 36H); 13C NMR (100 MHz, CDCl3) δ 166.10, 139.06, 136.64,
119.77, 118.66, 73.12, 68.66, 58.45, 52.32, 41.42, 29.70, 27.53.
(2,2,6,6-tetrakis(2-(tert-butoxy)ethyl)benzo[1,2-d;4,5-d']bis([1,3]dithiole)-4-yl)bis(2,2,6,6-tetramethylbenzo[1,2-d;4,5-d']bis([1,3]dithiole)-4yl)methanol (9): Method A. To a solution of 4 (1 g, 1.58 mmol) and
TMEDA (240 μL, 1.58 mmol) in ether (20 mL) at -40 ºC was added
dropwise n-BuLi (2.5M in hexane, 0.64 mL) under argon. After 0.5 h, the
reaction mixture was allowed to reach room temperature and stirred for
90 min. The ketone 7 (316 mg, 0.54 mmol) was added at once and
stirred overnight at room temperature. The reaction mixture was diluted
with 20 mL of ethyl acetate and 10 mL of water. The organic layer was
washed with 5% citric acid solution (w/v, 5 mL) and water (15 mL), dried
over anhydrous Na2SO4, filtered and concentrated in vacuo. The
resulting residue was purified by column chromatography on silica gel
using petroleum ether/CH2Cl2 = 5:1 to 1:1 as eluents to afford 9 as a
white solid (324 mg) in a yield of 50%. 1H NMR (400 MHz, CDCl3) δ 7.15
(s, 1H，ArH), 7.13 (s, 1H, ArH), 7.12 (s, 1H, ArH), 6.27 (s, 1H, OH),
3.62-3.30 (m, 8H, OCH2), 2.48-2.30 (m, 4H, CH2), 2.28-2.13 (m, 2H,
CH2), 2.11-1.99 (m, 2H, CH2), 1.82(s, 3H, CH3), 1.80(s, 3H, CH3), 1.78(s,
3H, CH3), 1.75(s, 3H, CH3), 1.73 (s, 3H, CH3), 1.68(s, 3H, CH3), 1.67(s,
3H, CH3), 1.60(s, 3H, CH3), 1.18(s, 9H, C(CH3)3), 1.16(s, 9H, C(CH3)3),
1.11(s, 9H, C(CH3)3), 1.04(s, 9H, C(CH3)3); 13C NMR (100 MHz, CDCl3) δ
138.91, 138.82, 138.72, 138.10, 138.07, 138.03, 137.99, 137.92, 137.83,
137.67, 137.58, 136.46, 131.97, 131.91, 131.71, 118.24, 117.86, 117.66,
83.59, 73.31, 72.98, 72.88, 72.65, 70.24, 68.67, 64.21, 64.09, 63.69,
63.00, 59.51, 58.80, 58.27, 57.94, 43.96, 39.92, 38.87, 37.79, 35.07,
34.02, 32.08, 31.61, 29.68, 29.55, 28.59, 27.64, 27.57, 27.54, 27.50,
27.22.
Method B. To a solution of 6 (1.25 g, 4.36 mmol) and TMEDA (1.32 mL,
8.74 mmol) in ether (25 mL) at 0 ºC was added dropwise n-BuLi (2.5 M in
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were monitored by thin layer chromatography (TLC) with 0.25 mm precoated silica gel plates (GF254). Column chromatography was carried
out on silica gel (200-300 mesh). Proton (1H NMR) and carbon (13C
NMR) nuclear magnetic resonance spectra were recorded at 400 MHz
and 100 MHz, respectively. High resolution mass spectra (HRMS) were
obtained on an MALDI-TOF spectrometer (Bruker Autoflex III TOF/TOF).
High performance liquid chromatography (HPLC) experiments were
carried out on Agilent 1260 Infinity. CW EPR measurements were carried
out on Bruker EMX-plus X-band spectrometer at room temperature.
General instrumental settings were as follows: modulation frequency, 100
kHz; microwave power, 0.05-1 mW; modulation amplitude, 0.01-0.08 G.
Measurements were performed in 50 μL capillary tubes. In addition, EPR
measurements under anaerobic conditions were carried out using a gaspermeable Teflon tube (i.d. = 0.8 mm). Briefly, the experimental solution
was transferred to the tube which was then sealed at both ends. The
sealed sample was placed inside a quartz EPR tube with open ends.
Nitrogen gas was allowed to bleed into the EPR tube and then EPR
spectrum was recorded.

10.1002/chem.201900262

Chemistry - A European Journal

hexane,1.74 mL) under argon. The mixture was allowed to reach r.t. and
stirred for 80 min. Then 8 (0.5 g, 0.73 mmol) in ether (1 mL) was added
dropwise and stirred overnight. Then, the reaction mixture was diluted
with ethyl acetate (20 mL) and water (20 mL). The organic layer was
washed with 5% citric acid solution (w/v, 5 mL) and water (20 mL), dried
over anhydrous Na2SO4, filtered and concentrated under vacuo. The
resulting residue was purified by column chromatography on silica gel
using petroleum ether/CH2Cl2 = 5:1 to 1:1 as eluents to afford a white
solid that has identical Rf value with the compound 9. However, this
compound has very broad 1H NMR signal (see 1H NMR spectrum of
compound 9, Method B).

organic layer was separated, dried over Na2SO4, filtered and
concentrated in vacuo. The crude solid was dissolved in ethanol (2 mL)
and aqueous solution of LiOH (5 M, 0.80 mL) was added. The solution
was heated at 50 ºC for 6 h. After being cooled to room temperature, the
reaction mixture was diluted with water, the aqueous layer was acidified
with 1 M HCl, and the resultant brown precipitate was extracted with ethyl
acetate (3 x 5 mL). The combined organic layers were dried on
anhydrous Na2SO4, filtered and concentrated in vacuo to give 22 mg
(70%) of the title compound TFO. HRMS (ESI) calculated for
([C44H45O10S12]2-•, [(M – 2)/2]-, m/z): 558.4817 (measured); 558.4836
(calcd).

(2,2,6,6-tetrakis(2-((tert-butyldimethylsilyl)oxy)ethyl)benzo[1,2-d:4,5d']bis([1,3]dithole)-4-yl)bis(2,2,6,6-tetramethylbenzo[1,2-d:4,5-d']bis([1,3]dithiole)-4-yl)methanol (10): To a solution of 5 (1 g, 1.16 mmol)
and TMEDA (0.17 mL, 1.16 mmol) in ether (20 mL) at -40 ºC was added
dropwise n-BuLi (2.5M in hexane, 0.46 mL) under argon. After 0.5 h, the
reaction mixture was allowed to reach r.t. and stirred for 90 min. Then,
the ketone 7 (231 mg, 0.39 mmol) was added at once and stirred
overnight at room temperate. The reaction mixture was diluted with 20
mL of ethyl acetate and 10 mL of water, and the organic layer was
washed with 5% citric acid solution (w/v, 5 mL) and water (15 mL), dried
over anhydrous Na2SO4, filtered and concentrated in vacuo. The
resulting residue was purified by column chromatography on silica gel
using petroleum ether/CH2Cl2 = 5:1 to 2:1 as eluents to afford 10 as a
white solid (56 mg) in a yield of 10%. 1H NMR (400 MHz, CDCl3) δ 7.14
(s, 1H, ArH), 7.13 (s, 1H, ArH), 7.12 (s, 1H, ArH), 6.23 (s, 1H, OH), 4.123.37 (m, 8H, OCH2), 2.34-2.19 (m, 8H, CH2), 1.83(s, 3H, CH3), 1.80(s,
9H, CH3), 1.74(s, 3H, CH3), 1.72(s, 3H, CH3), 1.69(s, 3H, CH3), 1.65(s,
3H, CH3), 0.89(s, 9H, C(CH3)3), 0.88(s, 9H, C(CH3)3), 0.84(s, 9H,
C(CH3)3), 0.82(s, 9H, C(CH3)3), 0,05(s, 6H, SiCH3), 0.01(s, 6H, SiCH3), 0.04(s, 6H, SiCH3), -0.10(s, 6H, SiCH3); 13C NMR (100 MHz, CDCl3) δ
140.37, 138.83, 138.61, 133.45, 128.29, 125.62, 117.89, 117.73, 84.49,
65.88, 36.81, 31.65, 29.71, 25.99, 22.18, 18.24, 13.73, -5.35.

Oxygen Sensitivity: Oxygen sensitivities of TAM radicals were
evaluated according to our previous method.19a In brief, aqueous
solutions of each TAM radical (100 μM) were transferred into gas
permeable Teflon tubes (i.d. = 0.8 mm) that were sealed at both ends.
Sealed samples were placed and immobilized inside a quartz EPR tube
with open ends using two sticks. Both nitrogen (N2) and O2 gas tanks
were directly connected to the Gas Controller (Noxygen, Science
Transfer & Diagnostics GmbH). The N2/O2 gas mixtures containing
varying concentrations of O2 (0%, 2.5%, 5%, 7.5%, 10%, 15%, 21%)
were controlled by the Gas Controller and allowed to flow into the EPR
tube. After at least 10-min equilibration the gas mixture was changed to
the next gas mixture. EPR spectra were recorded at room temperature
with the following acquisition parameters: modulation frequency, 30 kHz;
microwave power, 0.08 mW; modulation amplitude, 0.01 G.

Triester (11): To a stirred suspension of 9 (300 mg, 0.24 mmol) and
TMEDA (0.37 mL, 2.4 mmol) in THF (1.5 mL) at -40 ºC was added
dropwise n-BuLi (1.6M in hexane,1.53 mL) under argon. The mixture
solution was allowed to reach r.t. and stirred for 2.5 h. This mixture
solution was added dropwise to a solution of dimethyl carbonate (1.10
mL, 12.0 mmol) at 0 ºC. The reaction mixture was stirred for 2 h at r.t.
and then quenched with 5% citric acid solution (w/v, 5 mL). The organic
layer was separated and the aqueous layer extracted with diethyl ether (3
x 10 mL). The combined organic layers were dried on anhydrous Na2SO4,
filtered and concentrated in vacuo. The resulting residue was purified by
column chromatography on silica gel using CH2Cl2/diethyl ether (50:1) as
eluents to afford 11 as an orange solid (120 mg) in a yield of 35%. 1H
NMR (400 MHz, CDCl3) δ 6.81 (s, 1H, OH), 3.95 (s, 3H, COOCH3), 3.93
(s, 6H, COOCH3), 3.64-3.25 (m, 8H, OCH2), 2.48-2.04 (m, 8H, CH2),
1.78(s, 3H, CH3), 1.75(s, 9H, CH3), 1.70(s, 3H, CH3), 1.66 (s, 6H, CH3),
1.65 (s, 3H, CH3), 1.25(s, 9H, C(CH3)3), 1.18(s, 9H, C(CH3)3), 1.12(s, 9H,
C(CH3)3), 1.11(s, 9H, C(CH3)3)；13C NMR (100 MHz, CDCl3) δ 165.71,
165.40, 165.36, 141.36, 141.09, 140.90, 140.76, 140.50, 140.04, 139.19,
139.03, 138.40, 138.35, 137.82, 137.30, 133.62, 132.88, 132.69, 120.20,
119.82, 119.71, 83.26, 72.00, 71.93, 71.89, 71.54, 66.09, 65.68, 60.63,
60.15, 59.90, 59.76, 57.89, 57.64, 57.08, 56.99, 51.24, 51.22, 51.16,
41.59, 39.26, 37.93, 37.56, 33.69, 31.66, 30.90, 30.68, 29.86, 29.17,
28.63, 28.31, 26.58, 26.56, 26.41, 26.28.
The title compound TFO: To a stirred solution of 11 (40 mg, 0.03 mmol)
in CH2Cl2 (0.3 mL) was added TFA (0.3 mL) under argon at room
temperature. After stirring for 2 h, the resulting dark green-blue solution
was treated with a solution of SnCl2 (2.7 mg, 0.015 mmoL) in THF (1 mL).
After 10 min, saturated aqueous solution of NaH2PO4 was added. The

Electron spin relaxation (T1e and T2e): Measurements of electron spin
relaxation (T1e and T2e) were performed by pulsed X-band EPR at room
temperature under anaerobic conditions.[22,26] An aqueous solution of CT03 or TFO (100 μM) was transferred to a gas-permeable Teflon tubing
with 0.8 mm i.d. which was supported in a 3 mm o.d. quartz tube.
Deoxygenation was performed by passing N2 through the quartz tube for
more than 10 minutes until the measured relaxation times were not
increasing. T1e was measured using an inversion−recovery sequence
based on FID detection and T2e was measured using a two-pulse Hahn
echo sequence. The typical length of the π-pulse was 28 ns.
Octanol−Water Partition Coefficient (LogP): Solutions of TAM radicals
with various concentrations (10−50 μM) in octanol-saturated water were
prepared and their UV−vis spectra were recorded. The absorption
intensities at 467 nm (CT-03, TFO, and OX063) were plotted as a
function of concentrations. Then, solutions (0.3 mL) of TAM radicals in
octanol-saturated water were incubated with water-saturated octanol (0.3
mL) at room temperature. Two phases were separated by centrifugation
and the absorbance intensity at 467 nm in the aqueous phase was
measured. All the experiments were carried out in triplicate. The detailed
results are shown in Table S2.
pKa: The reversible protonation of the carboxylate groups in TFO induces
the EPR line shift due to the difference of g-factors between the neutral
and charged forms of TFO. To obtain the EPR signal position of TFO at
each pH point, aliquot of the solution (30 μL) containing TFO (50 μM) and
TEMPO (1 mM) was taken at different pH and EPR spectra were then
recorded. The EPR signal position of TFO was plotted as a function of
pH and the curve was fitted using the following equation:

𝑷 = (𝑲𝒂 ∗ 𝑷𝒂𝒍𝒌𝒂𝒍𝒊𝒏𝒆 + 𝑷𝒂𝒄𝒊𝒅𝒊𝒄 ∗ 𝟏𝟎−𝒑𝑯 )

𝟏
𝑲𝒂 + 𝟏𝟎−𝒑𝑯

Thus, the Ka value of TFO was calculated to be 0.00223 (pKa = 2.7).
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A new hydrophilic TAM radical TFO
was synthesized, which exhibits
excellent physicochemical properties
including high water solubility, high O2
sensitivity, low logP, low pKa, long
relaxation times, negligible binding
with bovine serum albumin and low
self-aggregation tendency. Therefore,
TFO shows great potential in the fields
of spin labeling, DNP and biomedical
imaging. This study also provides a
new strategy for the synthesis of new
hydrophilic TAM radicals.

