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The potential of alkoxyamines as theranostic agents has been recently promoted by our groups. The
success of such an approach relies on the switch upon enzymatic triggering between highly stable pre-
cursor alkoxyamines and activated alkoxyamines exhibiting fast homolysis of the C-ON bond. Hence, at
37 °C in water, benzyl 2-(2,2,6,6-tetramethylpiperidin-N-oxy)-3-ethoxy-3-acetoxypropanoate and benzyl
2-ditert-butylaminoxy-3-ethoxy-3-acetoxy propanoate afford tyax of 2000 s (35% conversion) and 500 s
(60% conversion), respectively, for the C—ON bond homolysis in the presence of Subtilisin A whereas t/,
of ca. 42 thousand millenniums and 330 years are expected accordingly to E, values in n-propanol. These
results nicely highlight the on/off switch, provided that an enzymatic activity controls the C-ON bond
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Introduction

Labile alkoxyamines were first'™* applied, in 1986, as control-
ler/initiator agents for Nitroxide Mediated Polymerization
(NMP).>"* During the last decade, several variants - Enhanced
Spin Capture Polymerization (ESCP),"* Nitroxide Mediated
PhotoPolymerization (NMP2),"***> Coordination Initiated-NMP
(CI-NMP),*® Surface Initiated-NMP (SI-NMP),"”” Spin Label
NMP (SL-NMP),'®'® Plasmon Initiated NMP (PI-NMP)*° - have
emerged, which extend the versatility of this radical polymeriz-
ation technique. Recently, the lability of the C-ON bond has
been used to develop new applications of alkoxyamines, e.g.,
self-healing polymers,*"*> dynamic microcrystal assemblies,*
and information-encoding polymers.>*® For a few years,*” our
groups have promoted the therapeutic application of alkoxy-
amines as drugs against cancer.>®*° For such an application,
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we aim to combine four antagonistic features: a highly stable
precursor (or pro-drug), a highly reactive drug, random reactiv-
ity, and specific addressing. The aim is to circumvent drug-
resistant cancer by using highly reactive and unselective drugs,
and to improve the patient welfare by using highly selective
pro-drugs via specific addressing, which is a step towards per-
sonalized medicine. For several years, a keen interest in using
radical species (mainly ROS) as drugs has been observed,**
although two challenges have arisen: the bio-distribution of
the drug and the generation of radicals at physiological temp-
erature. Radical generation at physiological temperature has
been mainly achieved by radiochemistry and by PDT, with the
use of photosensitizers. Nevertheless, it has a strong impact
on the welfare of the patient and it is not always efficient.
A few years ago,”” we proposed the concept of smart
alkoxyamines, ie., stable alkoxyamines that are transformed
into labile alkoxyamines upon chemical triggering. Several
chemical activation events - protonation,®* alkylation,**=*
oxidation,**?* coordination®*3® - have been applied to both
nitroxyl and alkyl fragments.>”*° To overcome the aforemen-
tioned bottlenecks, the specific addressing and activation
events are ensured by the persistent and specific activities of
protease present in the tumor environment, thus highly labile
alkoxyamines in the vicinity of tumors are released.””* Hence,
the proteases must hydrolyze specific peptides to release
highly reactive alkyl radicals in a handful of seconds to react
in the vicinity of the tumor, ie., the issues of drug bio-distri-
bution and release location are circumvented. Recently, we
reported the triggering of the C-ON bond homolysis due to
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Chart 1 Alkoxyamines and nitroxides discussed in the article.

specific enzymatic activity but the large half-life time ¢;,, of
111 min observed at 37 °C and the insufficient stability of the
pro-drug impeded any application of alkoxyamines as drug.*’
Consequently, our research is now focused on the develop-
ment of switches able to transform a stable alkoxyamine into a
highly labile alkoxyamine upon specific enzymatic activity.

To this end, alkoxyamines 1 and 2 (Chart 1) carrying a
malonic-like alkyl fragment with a carbonyl function hidden
as an unsymmetrical acetal were prepared and investigated in
various conditions of temperatures, solvents, and enzymes.
Using Subtilisin A as trigger, t;,, values of a few hundred
seconds were observed for 1 and 2, whereas several centuries
are expected in the absence of activation.

Results
Synthesis of 1 and 2

With the adapted reported procedure, trans-beta-hydromuca-
nic acid 8 was esterified with benzyl alcohol to yield 9,*" which
was oxidized by ozonolysis to afford 10. The enolate of 10 was
scavenged by acetic anhydride to yield the E-enol 11. The
ethanol solution of 11 in the presence of NBS (generation of
an intermediate bromonium) afforded bromoacetal 12.*?
Using the ATRA procedure, in the presence of TEMPO and
DBNO," bromide 12 yielded alkoxyamines 1 and 2, respect-
ively (Scheme 1 and ESIf).
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Scheme 1 Preparation of 1 and 2 (see ESI¥).

Fig. 1 XRD structure (see ESIT) of 3S5R-1 aka 1A(-).

Because of the presence of stereocenters in the alkyl frag-
ment, two diastereoisomers are observed for 1 and 2. Taking
into account that enzymes are dramatically sensitive to the
configuration of the stereocenters, enantiomers were separated
by chiral HPLC (see ESIY).

Isomers were noted A and B, and (+) and (-) signs were
given according to chromatographic retention order and to the
deviation of the polarized light, respectively. Colourless crystal
plates of enantiomer 1A(—)i were obtained from diethyl ether
(slow evaporation at 4 °C) and provided configurations S and R
(Fig. 1) for carbon atoms 3 and 5, respectively (Fig. 1 and
Chart 1). The geometrical parameters of 1A(—) were not very
different from those reported for similar models (alkoxyamines
carrying an ester group) except for shorter 017-C3 bond and
N21---C3 distance by 0.02 A and 0.01 A, respectively. Hence,
configurations 3S5R and 3R5S are ascribed to isomers 1A(—)
and 1A(+), respectively, and the relative configuration RR/SS to
isomers 1B(+) and 1B(—). As no XRD data are available for 2,
the assessment of absolute and/or relative configurations is
not possible.

1 CCDC 1989155.
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Table 1 Homolysis rate constants k'q at different temperatures T, in various conditions, and the subsequent activation energies E, as well as the re-

estimated kqy values at 120 °C and the half-life time t;,, at 37 °C

Conditions T (°C)* kq (sY? E, (k] mol™)° kq (120 °C, s71) t1» (37 °C, year)?

1 A+¢ t-BuPh 164 6.0 x107* 147.3 8.0x107° 433

A-° t-BuPh 163 8.3x107* 146.0 1.1x107° 294

B+¢ t-BuPh 155 3.3x107* 146.5 9.3x107° 371

B-° ¢t-BuPh 164 3.7x107* 149.2 1.0 x 107° 353

fe n-PrOH 85 4.4x107* 162.6 6.0x107® 231000

A+l n-PrOH/H,0:2/8 96 4.8x10™ M 174.0 1.8x107° 18.5 x 10°

A" n-PrOH/H,0:2/8 96 2.8x107" 176.0 9.9x 1071 41.5 x 10°

B-" n-PrOH/H,0:2/8 96 5.9x 107" 173.4 2.2x107° 14.7 x 10°

B+" n-PrOH/H,0:2/8 96 7.5x107 " 172.0 3.4x107° 8.5 x 10°
2 A+ t-BuPh 100.6 1.5%x107° 137.4 1.3x107* 13

A t-BuPh 100.7 1.9 x107° 136.6 1.7 x107* 9

B+ ¢t-BuPh 101.9 2.0x107° 138.6 9.2x107° 20

B-' t-BuPh 101.5 1.8x107° 137.2 1.4x107* 12

1 n-PrOH 70.2 1.6 x107° 145.8 1.0x 107 330

re n-PrOH 89.5 2.8x1077 145.4 1.2x107° 281
3 ¢t-BuPh’ k k 139.3 7.3x107° 27

Water/MeOH k k 121.6 0.016 248 hours

4 t-BuPh’ K k 141.8 3.4%x107° 72
5 t-BuPh’ k k 128.2 0.002 133 days
6 ¢ t-BuPh 158 5.8x107* 145.8 1.1x107° 296

“Error is +1 °C. ? Error <5%. ¢ Activation energies E, were estimated using a frequency factor A of 2.4 x 10" s™*, as reported in ref. 9. Errors in E,
are around 1-2 kJ mol~*. ? Unless otherwise mentioned. °k, values determined using eqn (1). /4 isomer mixture. £ k4 values determined using

eqn (2) and [alkoxyamine], = 0.1 M. " k, values determined using eqn (2)
[alkoxyamine], ~ 1072 M.” See ref. 45.  Not given. ' See ref. 53.
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Scheme 2 Preparation of 6 (see ESIY).

Synthesis of 6

The enol 19 was synthesised by a condensation of benzyl
acetate 17 and ethyl formate 18 activated by TiCl, as
reported.** Propanol solution of 19 in the presence of NBS
afforded bromoacetal 20.*> Using ATRA procedure,*’ in the
presence of TEMPO, bromide 20 yielded alkoxyamine 6 (see
Scheme 2 and ESIf).

Enzyme-free kinetics

Kinetics of 1 and 2 were measured as previously reported,*®
using either the plateau method (eqn (1), [nitroxide],

[alkoxyamine],) or the initial slope method (eqn (2), [nitrox-
ide], = [alkoxyamine],). The homolysis of all the isomers
was investigated in ¢-BuPh and in n-PrOH. Taking into
account the high E, observed in #-BuPh, n-PrOH (bp =

2918 | Org. Chem. Front., 2020, 7, 2916-2924

and [alkoxyamine], = 107! M. ' k4 values determined using eqn (2) and

97 °C) was selected as solvent to mimic water as much as
possible.

In [nitroxide],, — [nitroxide],\ %t (1)
[nitroxide],, -
[nitroxide], ko x t 2)

[nitroxide],

As expected, the pairs of enantiomers display the same
values of kq (Table 1) and the small differences in E, between
diastereoisomers are in the range (1-2 kJ mol™") of those
already reported in the literature and do not deserve more
comments.*

Using linear free energy relationships reported in the
literature,*”"*® E, of 1§ and 29 are estimated as 137.0 k] mol™*
and 126.5 kJ mol™",*® respectively. Polar, steric, stabilization
and conformational effects of the nitroxyl fragment TEMPO
and DBNO in 1 and 2 are the same as those reported in the lit-
erature, as E, of 2 is ca. 10 k] mol™" lower than E, of 1. On the
other hand, E, for 1 and 2 are clearly higher by 10 k] mol™
than expected from the literature,*® denoting an unexpected
effect (see Discussion), as parameters used to describe steric,
polar, and stabilization effects in the alkyl fragment are rather
reliable (see ESIT). The clear increase in E, of 1 and 2 due to
solvent effects, i.e., by 15 k] mol™" (ca. 200-fold) and 8 kJ mol "
(ca. 10-fold) from ¢-BuPh to n-PrOH, respectively, is in sharp

§ For 1: 6gs = 0.18, 6; = 0.16 and v = 0.83. More details are provided in ESIL.{
9For 2, E, is given by applying the increment —10.5 k] mol™" to E, of 1. See
ref. 53.
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contrast to the slight decrease in E, reported when changing
from non-polar to polar solvents.*>*® As claimed in a previous
article,”® this striking solvent effect is likely due to a change in
conformation in the alkyl fragment depending on the dipole
moment of the molecule, which is strongly sensitive to the sol-
vation cage related both to the polarity and the structuredness/
stiffness of the molecules of solvent. This is nicely supported
by the 30-fold decrease in k4 of 1 from bulk n-PrOH to 2:8
n-PrOH : water (Table 1).

Enzymatic kinetics

Since an acetyl leaving group is not a favoured substrate for
this enzyme, i.e., the Michaelis constant K, is very large, very
high concentrations up to 6 x 107> M of the enzyme were used
to afford the fast activation of the alkoxyamines. Fig. 2 and 3
display two groups of isomers: a fast reacting one (Fig. 2) and
a slow reacting one (Fig. 3).
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Fig. 2 Growth of TEMPO and DBNO released by the homolysis of
1A(-) (@), 1B(+) (@), 2A(-) (m), and 2B(+) (m) against time at 37 °C in
buffer (pH = 7.4) and in the presence of Subtilisin A (1.5 x 10~ M), and
of 1A(-) (@) in the absence of Subtilisin A. Initial concentrations in

alkoxyamines are 0.1 mM.
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Fig. 3 Growth of TEMPO and DBNO released by the homolysis of 1A(+)
(7). 1B(-) (@), 2A(+) (m), and 2B(—) (m) against time at 37 °C in buffer (pH
= 7.4) and in the presence of Subtilisin A (1.5 x 10~ M). Initial concen-
tration in alkoxyamines are 0.1 mM.
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Fig. 4 Plots of DBNO released during the homolysis of 0.1 mM of 2A(-)
vs. time in buffer (pH = 7.42) at 37 °C and in the presence of various
amounts of Subtilisin A (m) 4.0 x 10™* M, (m) 8.3 x 10™* M, (m) 1.6 x 10~°
M, m) 3.3x 107> M, and (m) 6.6 x 107> M.

Interestingly, two isomers of 1 and two isomers of 2 are
present in each group, suggesting an enantiomeric selection
by the enzyme. In the absence of enzyme no homolysis events
were detected.

By varying the enzyme concentration, an optimum is
observed around 3 x 10~* M, affording the fastest homolysis
rate and the highest conversion (Fig. 4). Surprisingly, for all
enantiomers the maximal conversion for 1 and 2 is of 40%
and 50%, respectively, and not the full conversion as expected.
Furthermore the conversion varies with the enzyme concen-
tration (Fig. 4).

In fact, Subtilisin A contains some residues, e.g., cysteine or
tyrosine residues, capable of reducing the nitroxide, as high-
lighted in Fig. 5, impeding the increase in concentration of the
nitroxide up to completion. This loss of nitroxide is only
clearly detected at high concentrations of the enzyme. Thus,
when using Subtilisin A in large excess,|| the values of ks are
determined as k! = 3.0 x 107® s™" for TEMPO and &2 = 1.1 x
107° 57 for DBNO,** assuming a pseudo first-order reaction
to occur between the enzyme and the nitroxide, as shown in
Scheme 3 and given by eqn (3).

Because the kinetics of enzymatically catalyzed reactions
are often complicated,” because the enzyme plays both the
role of catalyst and reducing agent for the nitroxide, because
intermediates have not yet been clearly identified, the kinetic
equations derived from Scheme 3 cannot be developed in a
simple way and would not provide more information on the
homolysis process.

Ko = K[E) 3)

|| Values of k, are given to a factor depending on the number of cysteine and tyro-
sine on the enzyme.
**For DBNO alone, ks = 5.3 1077 s~

Org. Chem. Front,, 2020, 7, 2916-2924 | 2919
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Scheme 3 Kinetic scheme for the decay of alkoxyamine ABC in the
presence of enzyme E (Subtilisin A). ABCE is the enzymatic complex, AB
the hemiacetal alkoxyamine (see Scheme 4), AD the activated aldehyde
alkoxyamine (see Scheme 4), A and D the nitroxyl and alkyl radicals,
respectively, and F the degradation product of the reaction between A
and E.

Discussion

Alkoxyamines 1 and 2 exhibit E, values (Table 1) in the range
of those of their simple models 4 and 5,°* respectively,
meaning that, as reported in literature,*® conventional polar,
steric and stabilization effects are ruling the C-ON bond
homolysis. These differences of 5-10 k] mol™ in E, are
ascribed to a homoanomeric and hyperconjugation effects sta-
bilizing the starting materials. As mentioned above, the con-
ventional geometrical parameters of 1A(—) are very close to
those reported for ester based alkoxyamines,*® except that
alkoxyamines carrying acetal groups have never been reported.
Interestingly, the dihedral angle <O17C3C506> exhibits a
value of 180°, meaning that the two C-O bonds have an anti-
periplanar conformation, favouring the hyperconjugation
effect (Fig. 1 and 6). Thus, the donations from the oxygen lone
pairs no of atoms O6 and O17 into the antibonding orbitals ¢*
of 017-C3 and C5-06 bonds, respectively, occur and this is
known as the Plough effect.**f+ Moreover, combination of the
presence of electron withdrawing ester function at C2 and the
dihedral angle <N21017C3C2> close to 90° (Fig. 6) support the
hyperconjugation interaction n,0 — o, o, via the electron
donation from p pure lone pair of 018 into the antibonding
orbital of the C2-C3 bond The anomeric (hyperconjugation)
effect,> intramolecular H-bonding®> and intramolecular
coordination®® between the alkyl and nitroxyl fragments are
well known for stabilizing starting materials and leading to
stronger C-ON bond, i.e., in all cases it is like cleaving an extra
bond.

Indeed, the Plough effect due to the noi; — 6¢s_o4 inter-
action affords an interaction between the nitroxyl fragment
with 017 and the alkyl fragment with C5-O18 bond, which
may be considered as an extra weak bond to be cleaved for
homolysis to occur. It is assumed that these comments hold
for all other isomers of 1 (as well as for the isomers of 2), as
they exhibit very similar E, that of 1A(-).

Although Subtilisin A (4.0 x 107" to 6.6 x 107> M) is not
used in sub-stoechiometric amounts as expected in enzymatic
catalysis, it still plays the role of a catalyst, as in its absence no
homolysis occurs whereas in its presence a maximal apparent

+1The difference between Plough effect and W effect lies in the position of the
donating lone pair which is parallel to the bond onto which donating and
accepting group are attached.
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Scheme 4 Tentative activation pathway for the homolysis of 1 and 2
induced by Subtilisin A.

conversion of 50% and 30% (Fig. 2-4) is reached for 2A(-) and
1A(—), respectively, in less than 500 s and 1500 s, respectively.
Remarkably, less than 107'® M of 1 and 2 are decomposed
during this time in the absence of enzyme according to their
E, values! The dramatic effect of Subtilisin A on the stability of
1 and 2 is accounted for only by a dramatic change in struc-
tures of 1 and 2. Indeed, the Subtilisin A enzyme is known as a
poorly selective protease capable of hydrolyzing an ester bond,
the acetoxy group in 1 and in 2 is thus “readily” hydrolysed
(Scheme 4) to afford hemiacetal 13 and 14, respectively. The
latter are not stable in aqueous media and collapse into alde-
hydes 15 and 16 respectively, which are prone to homolyze
into the corresponding TEMPO and DBNO and the malonic-
like alkyl radicals (Scheme 4). This sequence of events is sup-
ported by the high values of E, for 6 (E, = 145 k] mol™},
Table 1) and 7 (E, = 146 k] mol™"),*’{{ which leads to discard
the replacement of the acetoxy group of 1 by the propyloxy
group in 6 and the hydrolysis of the benzyloxycarbonyl moiety
of 1 into the carboxylic/carboxylate function in 7.

Moreover, as 3 experiences a dramatic solvent effect from
tBuPh to water/MeOH with a decrease in the E, by 18 kJ mol ™",

{1 Private communication of authors. Data for 6 will be reported in a forthcom-
ing article.
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Fig. 6 Homoanomeric Plough (top) and hyperconjugation (bottom)
effects in alkoxyamines 1 and 2.

the same effect is expected for 15, with a conformational effect
likely stronger, as the oxo group in 3 is replaced by a formyl
group in 13, which may favour the required conformation at
TS, and hence, afford a striking increase in kq. Therefore, the
enzymatic hydrolysis of 1 affords the hemiacetal which is spon-
taneously hydrolized into formyl-based alkoxyamine 15, which
accounts for the spontaneous generation of TEMPO.TT,§§9Y
Unfortunately, despite several attempts it was not possible to
prepare 13 via conventional methods, meaning either the
formyl derivative 9 is less stable than the oxo derivative 3 or
the intermediates do not react as expected. It is assumed that
these comments hold for 2.

Because of a side-reaction between nitroxides and
Subtilisin A (Fig. 6 and Scheme 3) and a selective efficiency of
the enzyme for the hydrolysis of the acetoxy group, the steady

§§The occurrence of a charged intermediate during the enzymatic hydrolysis
cannot be straightforwardly disregarded as it would dramatically increase the
C-ON bond homolysis rate.

highly labile species due to the malonic R 6Et
moiety and the positive charge K
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99A reviewer mentioned the possible formation of enol which would dramati-
cally favoured the N-O bond homolysis over the C-O bond homolysis. However,
this possibility is discarded because using model 3 and several homologues
(ref. 45), basic catalysis with various bases, e.g., KH, LiH, NaH, HMDS, OH™, and
acidic catalysis, e.g., H', Lewis acids and several traps, the formation of enol was
never observed and starting materials always recovered.
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Fig. 7 Maximal concentration in DBNO (%) for various amounts of
Subtilisin A.

state in the nitroxide is reached between 5% to 50% conver-
sion (Fig. 2 and 3). Indeed, for 1 and 2, Subtilisin A shows a
selectivity in favour of enantiomers A(—) and B(+) against
enantiomers A(+) and B(—). Taking into account that 1 and 2
exhibit very different homolysis rate constants and that
TEMPO and DBNO react at different rates with Subtilisin A,
the role of the nitroxyl fragment on the selectivity of Subtilisin
A is unclear.

As mentioned above, in enzymatic catalysis, the use of a
large excess of enzyme is rather unconventional. The rate of
DBNO generation and the yield of the reaction vary with the
enzyme concentration (Fig. 4), suggesting that for such a
simple acetoxy leaving group the enzymatic activation is rate-
limiting. The bell-shaped curve of the maximal concentration
in nitroxide vs. the amount of Subtilisin A (Fig. 7) shows a
maximal concentration of ca. 70% conversion in nitroxide for
ca. 4 107 M in enzyme. Interestingly, this bell-shaped curve is
divided in 3 regions: region I for sub-stoechiometric enzyme
concentrations, for which a different regime (Fig. 7) is
observed for the generation of nitroxide, because the non-
reversible nitroxide and enzyme reaction competes with the
enzyme-intermediate formation (ABCE in Scheme 3), affording
lower and lower concentrations in enzyme with time, slowing
down the formation of intermediate and, hence, the release of
15 and 16; region II for an excess of enzyme for which the
Ostwald assumption holds, and then the release of nitroxide is
favoured over its degradation by the enzyme; and region III
for which the excess of enzyme is so large that the decay of
nitroxide by reaction with the enzyme becomes the favoured
reaction.

Conclusions

The enzyme-triggered hydrolysis of acetal into hemiacetal,
which, in turn, hydrolyzes spontaneously into aldehyde, is a
powerful switch to transform highly stable alkoxyamines into
highly labile ones. The results reported here show that the
enzymatic reaction is the limiting event, in sharp contrast to
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the results reported for an alkoxyamine locked with a peptide.
Thus, the next step should focused on more targeted peptides
including those relevant for the enzymes found in the tumour
environment. Despite this limitation, more than 60% conver-
sion of 2A(—) is reached in less than 10 minutes, meaning that
the homolysis of peptide-locked alkoxyamines should be
faster, and that the C-ON bond can be weakened by changing
the nitroxyl fragment, ester and alkoxy functions on the alkyl
fragment.
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