Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry.
This journal is © The Royal Society of Chemistry 2021

SUPPLEMENTARY INFORMATION

A double-triggered self-immolative spacer for increased selectivity of
molecular release

Steve Huvelle,2 Thomas Le Saux,? Ludovic Jullien,*? and Frédéric Schmidt*2

9 Institut Curie, PSL Research University Paris, CNRS UMR3666, INSERM U1143, 26 rue d’UIlm, 75005 Paris, France.
b PASTEUR, Département de chimie, Ecole normale supérieure, PSL University, Sorbonne Université, CNRS, 24, rue Lhomond, 75005 Paris, France.

The Supporting Information reports on:
® The physicochemical @XPeriMENTS.......cceceeeeier ettt sre e e e es 2

® The SUPPIEMENTANY fIGUIES... ..ot sttt s tesaess e b ee s be s e e s 11



1. Physicochemical experiments

1.1.1 UV-Vis absorption

UV-Vis absorption spectra were recorded in 1 cm x 1 cm quartz cuvettes (Hellma) on a diode array UV-
Vis spectrophotometer (UV-Vis Cary 300, Agilent Technologies, Santa Clara, CA) at 298 K. Molar
absorption coefficients were extracted while checking the validity of the Beer-Lambert law.

1.1.2 Steady-state fluorescence emission

Corrected fluorescence spectra upon one-photon excitation were recorded with a Photon Technology
International QuantaMaster QM-1 spectrofluorimeter (PTI, Monmouth Junction, NJ). Solutions for
fluorescence measurements were adjusted to concentrations such that the absorption maximum was
around 0.15 at the excitation wavelength.

1.1.3 Irradiation experiments

Irradiations relying on one-photon excitation were performed at 298 K in CH;CN:H,0 (4:1 v:v). Two
different series of irradiation experiments have been performed:

- In the preparative experiments analyzed by UPLC/MS (gradient: 80 to 100% CH;CN/H,0), illumination
was applied with 3 TLC 6W lamps (VL-6.LC 24W) emitting at 365 nm. Irradiation experiments were
performed on 20 mL solutions of 1.75 mM carbamates in a 25 mL container under constant stirring.
The aliquots for analysis were taken up and were subsequently stored in the dark and submitted to
analyses following the evolution of the peak area of the photoreleased products as a function of the
illumination duration;

- In the cuvette experiments, excitations were performed using a light-emitting diode (PE-2, CoolLED,
Andover, United Kingdom; emission at 36525 nm) and/or the 75 W xenon lamp of the
spectrofluorometer at several slit widths. Irradiation experiments continuously followed by
fluorescence emission were performed on 50 pL solutions of 20 uM carbamates in 0.2x1 cm? quartz
fluorescence cuvettes (Hellma) under constant stirring.

1.1.4 UPLC coupled to mass spectrometry

UPLC-MS analyses were obtained on a Waters ACQUITY UPLC H-Class System with a BEH C18 pre-
column 2.1x5 mm and column 2.1x50 mm, 1.7 um coupled to a SQ Detector 2 (Waters) at a flow rate
of 0.6 ml/min with a mobile phase composed of two different solvents A and B, where A denotes for
water containing 0.1% formic acid, and B acetonitrile containing 0.1% formic acid. Initially, the column
contained a mobile phase consisting of 95% A and 5% B. These proportions were maintained for 0.2
min, then the proportion of B was fixed to 80%. After this step the gradient evolved to 10% A/90% B
within 2.3min, was increased to 100% B for 0.5 min and went down to 95% A/5% B during the last
minute.

The stability of the carbamates 7, 8 and 9 against hydrolysis was assessed by following the time
evolution of the absorbance of 50 uM solutions of 7, 8 and 9 in CH;CN/pH=8 Briton Robinson buffer?



(1:1 v:v) kept in the dark over 24 h. Figure 1S displays the results. It shows that none of the three
carbamates 7, 8 and 9 released the coumarin 11 in the absence of trigger over 24 h.
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Figure 1S. Time evolution of the absorbance of 50 uM solutions of 7 (top), 8 (middle), and 9 (bottom)
in CH;CN/pH=8 Briton Robinson buffer (1:1 v:v) kept in the dark over 24 h. The absorption spectrum
of the coumarin 11 is shown as a reference in green, t=0h in black, t=1h in blue, t=2h |, red, t=6h in
orange and t=24h in pink.

1.3 Kinetic analysis of triggered disassembly of the dicarbamate 7 and of the monocarbamates
8and 9

1.3.1 Theoretical model

The kinetic analysis of 7 disassembly in the presence of the triggers Pd(ll) and hv relies on Scheme 2 of
the Main Text, which recapitulates the steps occurring at timescales above the few seconds range. It
has been schematized in Scheme 1Sa. To analyze the kinetic data, this model has been reduced by
removing the fastest steps of the R 3< I; 3< I3 and R 3< I, 3< I3 branches so as to retain only the slowest
steps respectively associated to the rate constants ki o, and kyow (Scheme 1Sb). Since the rate
constants k; and k; (respectively k’; and k’,) are expected to have similar values since they rely on the
same trigger and type of reaction, ki ow = k; and kyow = ka or ki 0w = K’y @and ky 0w = k’». This reduced
model is equivalent to the two-steps model displayed in Scheme 1Sc with, Kiow = K1 jow + K, 0w
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Scheme 1S. Kinetic models for analyzing the kinetics of 7 disassembly in the presence of the triggers
Pd(ll) and hv. a: Starting model involving R, I, I,, I3, and P for 7, 8, 9, 10, and 11 respectively. k; and k;
(respectively k’; and k’,) are the rate constants associated to Pd(ll) (respectively hv) triggering; b:
Reduced model retrieving the fastest stepsin the R 2< I; 3< I3 and R 3< I, 3< I3 branches so as to retain
only the lowest steps respectively associated to the rate constants ky o, and kyow; €: Same as b after
Writing Kiow = K jow + K2,jow-

The set of differential equations governing the evolution of the concentration in the species shown in
Scheme 1S is given in Egs.(1-3):
dR

[ (1

dl,

i kR — ksl 2)

gy

a3 (3)
with the additional conservation law

Ry=R+1I;+P ()

since the system is closed.

In the most general case, the rate constants k,, and k; are different and the solutions of Egs.(1-3) are
given in Eqs.(5-7):
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By assuming that the coumarin 11 is the only species significantly generating fluorescence under the
adopted experimental conditions, Eq.(7) yields

~ Kyt - kst
kse -k, e

IF(t) = QPRO 1-
k3 - klow

(8)
for the time dependence of the fluorescence signal from the mixture.

In the presence of only one trigger (Pd(ll) or hv), the 7 disassembly stops at the level of the
intermediates I, and I,. Then the kinetic analysis relies on a single reaction R 3< I, or R 3< I, for the
Pd(ll) or hv triggers respectively and

R(t) kgt
Ko (8)
11(t) —klt
—=1-e
Ro (9)
with the Pd(ll) trigger whereas
R(t -k
RO _ by
Ro (10)
I,(t) “k
2_ = - e Zt
Ro (12)

with the hv one.

1.3.2 Kinetics during the preparative experiments

Figures 25-4S display the time evolutions of the UPLC chromatograms from 1.75 mM solutions of 7, 8
or 9 submitted to Pd(Il) (Pd(OAc), 2 mol%, TPPTS 4 mol%, HNEt, 2.2 eq) (Figure 2S), hv (365 nm) (Figure
3S), and Pd(Il) (Pd(OAc), 2 mol%, TPPTS 4 mol%, HNEt, 2.2 eq) + hv (365 nm) (Figure 4S).

Time Concentration of | Concentration of
8 (uM) 11 (uM)

0 1.75 0.00
10min 1.74 0.01
30min 1.71 0.04

1h 1.66 0.09

2h 1.57 0.18
6h 1.12 0.63
24h 0.25 1.50

Table 1: Temporal evolution of concentrations for compounds 8 and 11 from 8 upon hv (365 nm).

Time Concentration of | Concentration of




9 (uM) 11 (uM)
0 1.75 0.00

10min 0.55 1.20

30min 0.00 1.75

Table 2: Temporal evolution of concentrations for compounds 8 and 11 from 8 upon Pd(ll) (Pd(OAc), 2
mol%, TPPTS 4 mol%, HNEt, 2.2 eq).

Concentration of | Concentration of | Concentration of
7 (uUM) 8 (M) 11 (uM)

0 1.75 0.00 0.00
10min 1.27 0.48 0.00
30min 1.24 0.47 0.04

1h 1.21 0.48 0.06

2h 0.00 1.55 0.20

6h 0.00 0.94 0.81

24h 0.00 0.00 1.75

Time

Table 3: Temporal evolution of concentrations for compounds 7, 8 and 11 from 7 submitted to Pd(ll)
(Pd(OAc), 2 mol%, TPPTS 4 mol%, HNEt, 2.2 eq) + hv (365 nm). Compound 9 was not observed on

ULPC chromatograms.
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Figure 2S: Time evolution of the UPLC chromatograms of 1.75 mM solutions of 8 submitted to hv (365
nm). Dates (from top to bottom): initial time, 10 min, 30 min, 1 h, 2 h, 6 h and 24 h. Mass spectra
confirmed peaks at 1.44-1.46 and 1.34-1.35 min to correspond to compounds 8 and 11 respectively.
Despite an unexpected shift in retention time, we found [M-H]- = 227, which was coherent to the
release of coumarin 11. Solvent: CH;CN/H,0 (4:1 v:v); T =293 K.
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Figure 3S: Time evolution of the UPLC chromatograms of 1.75 mM solutions of 9 submitted to Pd(ll)
(Pd(OAc), 2 mol%, TPPTS 4 mol%, HNEt, 2.2 eq). Dates (from top to bottom): initial time, 10 min, and
30 min. Mass spectra confirmed peaks at 1.30 and 1.13 min to correspond to compounds 9 and 11
respectively. Solvent: CH;CN/H,0 (4:1 v:v); T =293 K.
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Figure 4S: Time evolution of the UPLC chromatograms of 1.75 mM solutions of 7 submitted to Pd(ll)
(Pd(OAc), 2 mol%, TPPTS 4 mol%, HNEt, 2.2 eq) + hv (365 nm). Dates (from top to bottom): initial
time, 10 min, 30 min, 1 h, 2 h, 6 h and 24 h. Mass spectra confirmed peaks at 1.44-1.47, 1.39-1.42
and 1.10-1.11 min to correspond to compounds 7, 8 and 11 respectively. Solvent: CH;CN/H,0 (4:1

viv); T=293 K.

1.3.3 Kinetics during the cuvette experiments

In view of possible biological applications in addition to the experiment reported at 298 K in the Main
Text, we also analyzed the liberation of the coumarin 11 from dual activation of 7 at 310 K. We
recorded the temporal evolution of the fluorescence intensity from a 7 solution submitted to both
Pd(ll) and continuous illumination at 365 nm. Figure 5S displays the temporal evolution of the
fluorescence emission reporting on the release of the coumarin 11 upon continuously illuminating a

20 uM solution of the precursor 7 containing Pd(Il) at 310 K.
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Figure 5S. Temporal evolution of the fluorescence emission (A.,=500 nm) upon illuminating at
Aexc=365 nm a 20 uM 7 solution containing Pd(OAc), 2 mol%, TPPTS 4 mol%, HNEt, 2.2 eq at various
light intensities in the ratios 1 (circles), 0.4 (squares), 0.2 (triangles). Markers: experimental data;
solid line: fits with Eq.(8). Solvent: CH;CN:H,0 (4:1 v:v). T=310K.

The time evolution of the fluorescence signal was analyzed upon adopting the reduced kinetic scheme
shown in Scheme 1S. We obtained satisfactory fits by constraining k,,, to be proportional to the light

intensity (as expected from a photochemical step) and k; = 8.4 103+ 103 s1.
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Figure 14S: 3C NMR spectrum of compound 3
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Figure 15S: HRMS spectrum of compound 3
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S Fédération de Racharche Physigue et Chimis du Vivant (FR2708 : CEM/ICOA) H RAM
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Figure 18S: HRMS spectrum of compound 4
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Figure 19S: 'H NMR spectrum of compound 5
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Figure 20S: 3C NMR spectrum of compound 5
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- Plata-forma de Spactrométria do Massa Haute Résolution

Analysis Info Acquisition Date 10/07/2017 13:30:11
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Figure 21S: HRMS spectrum of compound 5
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Figure 22S: 'H NMR spectrum of compound 6
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S Fédération de Racharche Physigue et Chimis du Vivant (FR2708 : CEM/ICOA) H RAM
- Plata-forma de Spactrométria do Massa Haute Résolution

Analysis Info Acquisition Date 10/07/2017 13:40:43
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Acquisition Parameter
Sourca Typa ESl ion Polanty Positiva Sal Mabulzar 0.5 Bar
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180086233 1+ 1 ClIHIZNCZ 150.0686255 LR 67 7.0 awen
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Figure 24S: HRMS spectrum of compound 6
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Figure 25S: *H NMR spectrum of compound 7
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Figure 26S: 13C NMR spectrum of compound 7
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S Fédération de Racharche Physigue et Chimis du Vivant (FR2708 : CEM/ICOA) H RAM
- Plata-forma de Spactrométria do Massa Haute Résolution

Analysis Info Acquisition Date 10/07/2017 13:42:15
Sample Name  SHET1 Instrument/ Ser# maXis 255552.000B6
Analysis Mame  X035580CYC.d Method Paositif.m
Acquisition Parameter
Sourca Typa ESl ion Polanty Positiva Sal Mabulzar 0.5 Bar
Scan Bagin 50 miz Sat Caplllary 4500V Sel Dry Haalar 200 *G
Scan End 2500 maz Sat Collision Call AF 1800.0 Vipp Sa1Dry Gas 740 ¥min
Intans.. +ME, 0L02-0.59min #1-35, -Peak Begrnd
¥10%] 4
1+ 3&85.1394
3 1960604 1
+
E15.1585
2 1+
5811304
1
517.0894
0 I || 2510282 . i | .l 7431011 g0z120
100 200 =00 400 S0 2] 700 8 mz
Infans.{; YOASSRICYE d- +MS, 0.02-0.59min #1-35, -Peak Bigrnd]
x105, I+
£81.1304
15 |
1.0
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6821336
0.5 |
1+
B83.1361 1+
00 ) BE4.1385
01 q CuHuFsMals, 621130
+
£81.1303
1.5 l
1.0
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6821335
05 |
1+
B83.1362 H
0.0 ! il 6E4.1388
BE1 632 B33 B34 B85 (= mz
Meas. mz =z # lonFormula miz err[ppm] mSigma rdb & Conf
146096425 1+ 1 CiI0HIZN 146.096426 0.0 -] ED aven
1500054996 1+ 1 CEBHSENOZ2 150.054855 03 4B B0 aven
190086254 1. 1 CiIIHIZNCZ 190.086255 0.0 23 70 aven
1960603581 1+ 1 CBHIDNO4 196.060434 0.2 o4 ED aven
385138357 1+ 1 CIOHZIN206 385139413 01 21 120 aven
G15.156503 1+ 1 CI0HZEFIMN205 15158491 0.0 1.6 1B.0 even
&e173051 1+ 1 CITHZIFINION E7E.174E70 03 32 180 aven
1+ 2 C44HZIF3NS E7E.174357 10 723 360 aven
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Figure 27S: HRMS spectrum of compound 7
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Plata-forma de Spactrométria do Massa Haute Résolution

HRAM

Analysis Info
Sample Name

SH5TT

Anglysis Name  X035580CYC.d

Acquisition Date
Instrument/ Ser#
Method

10/07/2017 13:43:54
maXis 255552.00086
Positif.m

Acquisition Parameter

Sourca Typa ESl ion Polanty Positiva Sal Mabulzar 0.5 Bar
Scan Bagin 50 miz Sat Caplllary 4500V Sel Dry Haalar 200 *G
Scan End 2500 maz Sat Collision Call AF 1800.0 Vipp Sa1Dry Gas 7.0 ¥min
Inbans.. +MS, 0:21-0.36min #12-21, -Paak Bgmd
X104
14
1860605
4 14+
150.0551
3
o 1+ 1
.
51 fr s 567.1095
1 2+
3365535
106.0651 L 4371935 5314371 [
0 L ol L | Ll
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Insans. ;- AOISS0CYC.d: +M5, 0.21.0.36min #12.21, -Peak Bigrng]
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1
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e 5761308
0
zoa]™ 1+ CarHuFaNyOs, 575.1272
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|
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0 1 ' A
5750 5755 576.0 5765 =70 75 578.0 5785 579.0 5795 mz
Meas. mz =z # lonFormula miz err[ppm] mSigma b e Conf
106065135 1+ 1 C7HEN 106.065126. 01 33 50 even
150055088 1+ 1 CEBHSENOZ 150.054955. 03 B4 &0 even
196060469 1+ 1 CEBHIDNO4 196060434 02 o4 60 even
531137136 1+ 1 CIGHZIFIN207 §531.137362 04 371 160 ewen
575126802 1+ 1 CZTHZIFIN209 STE1ZT18 0.5 323 170 ewan
59215373 1+ 1 CZTHZ5F3N3I05 592153740 0o BT 160 even
SO7.108452 1+ 1 CETHZIF3NZNa209 587.108136 L5 7.0 170 eaven
1+ 2 CZBHITF3INENaDS 597110473 1.7 B3 220 aven
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Figure 30S: HRMS spectrum of compound 8
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Figure 32S: 13C NMR spectrum of compound 9
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Analysis Info Acquisition Date 10/07/2017 13:45:27
Sample Mame  SH5TD Instrument/ Ser# maXis 255552.000B6
Analysis Mame  X035581CYC.d Method Paositif.m
Acquisition Parameter
Sourca Typa ESl ion Polanty Positiva Sal Mabulzar 0.5 Bar
Scan Bagin 50 miz Sat Caplllary 4500V Sel Dry Haalar 200 *G
Scan End 2500 maz Sat Collision Call AF 1800.0 Vipp Sa1Dry Gas 740 ¥min
Inbans.. +MS, 0:22-0032min #13-19, -Paak Bgmd
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14
420.1051
3
1+ 1
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2 % 442.0859
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1 1+
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S504.0583
1] pantiy " L ..J. v 1 L bl i " e
100 200 300 400 500 B0D mz
Inzns.{; AOISSIICYC.A: +M5, 0.22.0.32min #1319, -Peak Bigrng|
xiod] 1+ 5
470.1051
3
|
2 |
1
1 4211088
I | 1+
. || an3ze3 az2.1107
x101. CaF aNDs, 420.1053)
4 i
420.1053
3
2
1
1 4211088
1+
- 4221113
4185 4200 4205 4210 4215 4220 4225 423.0 4215 mz
Meas. mz =z # lonFormula miz em[ppm] mSigma rb e Conf
180086281 1+ 1 CIIHIZNCZ 190.086255 -0 16.1 70 ewen
4200108083 1. 1 CZIHITFINCS 420105334 o6 62 130 even
437131465 1.+ 1 CZIH20F3N205 437 131E83 10 240 120 ewen
442086832 1+ 1 CZIHIGFINNaOS 44208727E 0B 104 130 ewen
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Figure 33S: HRMS spectrum of compound 9



