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ABSTRACT: A self-immolative bioorthogonal conditionally
cleavable linker based on Grob fragmentation is described. It is
derived from 1,3-aminocyclohexanols and allows the release of
sulfonate-containing compounds in aqueous media. Modulation of
the amine pK, promotes fragmentation even at slightly acidic pH, a
common feature of several tumor environments. The Grob
fragmentation can also occur under physiological conditions in

Grob
fragmentation

living cells, highlighting the potential bioorthogonal applicability of fg:l‘ﬁ:ew
this reaction.

g ntibody—drug conjugates ( ADCS) are attracting consid- a) Previous work: cascade elimination reaction or cyclization

erable attentilon due to their high therapeutic potential in L~ Delvey o b0 gANG )
cancer treatment. ADCs combine the high selectivity of a Y. \ )k N\)sz*
. . . S XN /N
monoclonal antibody for a specific target on cancer cells with ( 03 ' H g 2aH
the toxicity of a drug attached through a linker. Once the ADC Gemgej Clnepon?
has reached its target, the payload can be released. Despite e ONHS HN
extensive research in ADCs, improvement is still highly Y=0,NR, CH, HN" S0
. . . .y . =1,2
desirable, particularly in those related to conditionally activable "
linker technologies. Two main families of linkers have been b) This work: Grob fragmentation reaction
developed. “Noncleavable linkers” rely on proteolytic degra- +
p y on p ytic deg AN D —— X~ * @

dation of the antibody upon internalization to release the drug.

On the'co'ntrar).I, “cleaV?.b'le. linkers” are designed to releas? the Figure 1. (a) Examples of reported self-immolative linkers. (b) Self-
drug within or in the vicinity of the tumor cell upon a trigger immolative linker based on Grob fragmentation.
stimulus. In recent years, there have been multiple reports of

self-immolative linkers able to self-degrade in a spontaneous
and irreversible manner through a cascade-elimination process.
This process is, in general, driven by an entropy increase and
the formation of thermodynamically stable products. Control
of drug release is achieved by a stimulus such as an enzymatic
cleavage of the linker that activates the self-immolative
process.” !

The most validated self-immolative linker uses a p-amino
benzyl carbamate either coupled to a valine-citrulline (Val-Cit-
PAB) or f-glucuronide, which release the cytotoxic payload
upon cathepsin B or f-glucuronidase cleavage, respectively.'”
These linkers have been successfully translated into the clinic;
for example, Adcetris has been approved for the treatment of
refractory Hodgkin’s lymphoma."” In the last years, a range of
self-immolative linkers have also been developed such as p-
aminobenzyl ethers,'* cinnamyl ethers,'” or cyclization driven
linkers'®'” (Figure 1a).

Here, we decided to explore the Grob fragmentation'®~*° in
the design of self-immolative linkers. Substrates that can
undergo Grob fragmentation are 1,3-disubstituted chains

bearing a nucleophile with a negative charge or a lone electron
pair at position 1, such as a heteroatom (X in Figure 1b), and a
leaving group in position 3, such as halogens, sulfonates, or
quaternary ammonium salts (represented as a blue sphere in
Figure 1b)."” This fragmentation has been widely used in the
. . . . 21
synthesis of highly demanding macrocyclic structures™ and
natural products.”” Typical conditions use organic solvents,
high temperatures, and strong bases. Interestingly, isolated
o L2324
reports have used water as a cosolvent in this reaction,
which led us to envision that the Grob fragmentation may be
performed under milder conditions found in biological
environments.
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To this purpose, we synthesized compounds 1—3 shown in
Figure 2. A secondary amine was chosen as a pushing group
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Figure 2. Substrates synthesized in this work to study the Grob
fragmentation.

because its pK,, and thus, the corresponding reaction rate can
be modulated by the installation of different substituents.
Similarly, sulfonates were selected as leaving groups due to
their broad presence in organic molecules with biological
applications such as fluorophores. Compound 3 was used as a
negative control since the nitrogen lone pair is not available
and precludes the Grob fragmentation. This compound is
completely stable in a mixture of CD;CN/PBS (1:1) buffer
with a pH of 7.4 for 48 h at 37 °C, as shown by 'H NMR
spectroscopy (Figure S7). The addition of an organic solvent
to the buffer is required for the complete solubilization of these
compounds.

Compound 1 was also stable in a mixture CH;OH/PBS
buffer (pH 7.4) (1:1). However, the fragmentation reaction
took place when the pH of the buffer was increased from 7.4 to
8.0. In this case, a mixture of the starting material and the
fragmentation product was observed by "H NMR (Figure S1).
The reaction was complete after 18 h when NaP; buffer (pH
9.3) was used (Scheme 1 and Figure S1). These results

Scheme 1. Grob Fragmentation of Compounds 1 and 2c
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confirmed that the Grob fragmentation can proceed in an
aqueous environment in a pH-dependent manner. To
investigate this property, we carried out the Grob fragmenta-
tion using compounds 2a—c. It is known that the pK, value of
benzylamine is one unit lower (pK, = 9.3 at 25 °C) than that of
methylamine (pK, = 10.7 at 25 °C).”> Therefore, compound
2b is expected to have a lower pK, than derivative 2a.
Moreover, the installation of a pentafluorinated benzyl group is
expected to have a greater effect on the pK, due to the
electronegative nature of the fluorine atoms, significantly
decreasing its value, and allowing for reaction to occur at
slightly acidic pH (see below). We studied the Grob
fragmentation in these substrates in mixtures CD;CN/PBS
buffer (pH 7.4) (1:1) by '"H NMR spectroscopy. While
compound 2a did not undergo Grob fragmentation after 48 h
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(Figure S2), the reactions of 2b and 2c showed 'H NMR peaks
in the range of 5—6.5 and around 10 ppm, corresponding to
the terminal alkene and the aldehyde resulting from the
hydrolysis of the imine, respectively (Scheme 1, Figures 3 and
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Figure 3. Monitoring the Grob fragmentation of 2c¢ by 'H NMR
spectroscopy. The reaction was performed at S mM of 2¢ in CD;CN/
PBS pH 7.4 (1:1) at 37 °C.

S3). According to the '"H NMR experiments, 69% and 61% of
the dansyl sulfonate was released for compound 2¢ and 2b,
respectively, after 48 h. As observed with derivative 1, higher
pH values of the buffer led to an increase in the reaction rate
and yield (Figure S4).

Next, we examined the fragmentation reaction under slightly
acidic pH conditions (NaP; 0.1M, pH 6.0), which is a common
feature of the various tumor environments.”® As expected, the
reaction rate was dampened, but significant release of dansyl
sulfonate was observed in 2b and 2c¢ under these conditions
after 48 h (51% and 69%, respectively, Figures SS and S6).

Interestingly, when dansyl acid is conjugated to our Grob
fragmentation scaffolds, the absorbance of this group suffers a
red shift, and the absorbance maximum shifts from 312 nm for
the free acid to ~348 nm for derivatives 2c and 3 (Figure 4a).
When the latter molecules are excited at 380 nm, they emit
fluorescence while free dansyl acid does not. This property was
exploited to investigate the potential bioorthogonality of the
reaction under physiological conditions. First, we incubated 2¢
and 3 with cell medium at pH 7.5. As shown in Figure 4b, the
fluorescence of compound 3 was retained after 28 h. A similar
result was obtained at pH 6.0 (Figure S8), indicating that these
acidic conditions are not strong enough to cleave the Boc and
prompt the corresponding fragmentation. The reaction under
strongly acidic conditions could favor the cleavage of the
carbamate. At the same time, however, these conditions may
reduce (as shown above) or hinder the rate of fragmentation
since the amino group is likely to remain in the fully
protonated form. On the contrary, the fluorescence decreases
significantly for compound 2c at pH 6.0 and 7.5 after 4 h
(Figures 4b and S8), indicating that fragmentation of this
molecule takes place successfully under biological conditions,
in agreement with our previous NMR study.
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Figure 4. (a) Absorbance and excitation (380 nm) spectra for dansyl-OH and compounds 2c and 3. (b) Evolution of Grob fragmentation for
compounds 2c and 3 (20 uM) in cell medium (pH 7.5). (c) Compounds 2c and 3 generate a fluorescent signal when irradiated in the violet
spectrum (excitation 405 nm, emission 420—470 nm) that can be detected by the confocal microscope. For compound 2c, the Grob reaction
generates two fragments that produce no signal in this region of the spectrum (top). Representative confocal microscopy photographs of cell line
SH-SY SY exposed to compounds 2c and 3 for 1 and 24 h (bottom). The cell limit was labeled with CellMask Orange (orange color). The
compounds form intracellular vesicles in the cytoplasm (blue). Scale bar = 25 ym. ***: p < 0.001 compared with the value at 0 h. Each point
represents the mean + standard deviation of eight independent measurements.

Finally, we investigated the use of the fluorogenic derivative
2c¢ in living cells by confocal microscopy. To this end, we used
compounds 2¢ and 3, which were nontoxic to the cell line SH-
SY SY after 24 h of treatment with a wide range of
concentrations (Figure S9). As mentioned above, both
derivatives produce a fluorescent signal in the violet region
(excitation 405 nm, emission 420—470 nm) and can be
captured by the confocal microscope (Figure 4c). However,
when the Grob reaction takes place, two fragments are
obtained that do not generate signal in this spectrum. Briefly,
cells were treated with compounds 2c and 3 (20 mM) for 24 h.
At this time, cells were imaged by confocal microscopy, and
satisfyingly, the loss of blue fluorescence in compound 2c¢ was
observed as the result of the successful Grob fragmentation.
On the other hand, the fluorescence intensity of compound 3
did not change over time (Figure S10). Finally, it is important
to note that the substrates of Grob fragmentation undergo side
reactions such as substitution, cyclization, or even elimi-
nation.”” However, we have not observed any potential
compounds derived from these reactions with our derivatives
and under the above experimental conditions.

In summary, we have designed and synthesized a new self-
immolative linker based on the Grob fragmentation that
allowed the controlled release of sulfonate-containing com-
pounds such as a dansyl group under physiological conditions.
We have also tuned conveniently the pK, of the pushing group
(amino group) using different substituents, leading to more
efficient conversions at physiological pH and in some cases
even at acidic pH, which is normally found in tumor
environments. In addition, the Grob fragmentation takes
place in living cells, demonstrating the potential bioorthogonal
applicability of the reaction. On the basis of these promising
results, research is currently underway to incorporate this type
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of linker into antibody—drug conjugates for the targeted
delivery of cytotoxic drugs and fluorophores.
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