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Abstract. In this work, we describe the use of Boron
Dipyrromethene (BODIPY) as electron-withdrawing group
for activation of double bonds in asymmetric copper-
catalyzed [3+2] cycloaddition reactions with azomethine
ylides. The reactions take place under smooth conditions and
with high enantiomeric excess for a large number of
different substituents, pointing out the high activation of the
alkene by using a boron dipyrromethene as electron-
withdrawing group. Experimental, theoretical studies and
comparison with other common electron-withdrawing
groups in asymmetric copper-catalyzed [3+2]

cycloadditions show the reasons of the different reactivity i
of the boron dipyrromethene derivatives, which can be |
exploited as a useful activating group in asymmetric
catalysis. Additional experiments show that the so obtained
pyrrolidines can be employed as biocompatible biosensors,
which can be located in the endosomal compartments and
do not present toxicity in three cell lines.

Keywords: asymmetric catalysis; pyrrolidines; Electron-
Withdrawing Group; bioimaging cell; Frontier Molecular
Orbitals; BODIPY; cycloaddition

Introduction

Boron dipyrromethene derivatives (BODIPYs) are a
very remarkable family of fluorescent dyes that have
been employed as powerful tools for labeling
strategies in biochemistry and molecular biology.!
The reasons for their success are related to their high
cell  permeability,  impressive  spectroscopic
properties!?) as well as excellent robustness and
chemical- and photo-stability.***] Owing to their
unique optical and chemical properties, BODIPY's
have been used as biological sensors and for cell
imaging. However, although some recent
methodologies allow the direct labelling of
biomolecules with the BODIPY unit,* generally, it is
necessary to use approaches that are based on
conventional  coupling reactions from two
functionalized substrates,” thus requiring tedious
modifications of the target biomolecule, including the
corresponding linker.

Proline and its derivatives constitute a remarkable
family of natural and synthetic compounds with very
interesting chemical and bioactive applications.!®
Furthermore, proline plays a crucial role in peptides
by limiting their conformational freedom, which

modulates the nucleation of their secondary structures.
Those spatial arrangements tune their biological
behavior and protect them against degradation. Such
changes are especially relevant in therapeutic
peptides, where their selectivity and activity can be
enhanced.””) Moreover, proline core is present in the
structure of kainoid natural neurotoxins such as o-
Kainic acid (I),! (-)-Domoic acid (II),’) and
Acromelic acid (II),"” which promote potent
stimulation of the central nervous system, cause brain
damage, and neurological disorders (Figure 1).
Another related family of synthetic molecules such as
IVI'] has been identified as potent hepatitis C virus
(HCV) inhibitors (Figure 1).

Plenty of novel strategies and methods have been
developed in recent years to synthesize these
heterocycles. Among them, catalytic asymmetric 1,3-
dipolar cycloadditions of azomethine ylides with
activated alkenes have turned out to be one of the
most straightforward and efficient methods for the
preparation of enantioenriched prolines,!'?! from
which, and by simple transformations, it is possible to
obtain highly functionalized pyrrolidines.!'*!
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Figure 1. Different biologically active proline derivatives
described in the literature.

Usually, strong electron-withdrawing groups
(EWG) (e.g. nitro, ester, sulfone, amide, phosphonate,
etc) at the alkene are needed to achieve the desired
reactivity (Scheme 1a). In a very recent report, the
activation of a double bond was achieved by a very
electron-poor aryl group, such as nitrophenyl styrenes,

|E| EWGs in [3+2] Cycloaddition Reactions

EWG

DFT studies
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allowing their use as dipolarophiles in [3+2]
cycloadditions.'* Nevertheless, the range of suitable
dipolarophile partners is still limited, and most of
them are related to the common EWGs in asymmetric
catalysis.

Since BODIPY core is known for its electron-
withdrawing character,l' and can be used as
fluorescent moiety for bioimaging techniques,!!! we
wondered if it would be possible to use this
interesting group as EWG for alkene activation in
asymmetric [3+2] cycloaddition reactions. Taking
into account that BODIPY's and pyrrolidines moieties
are very important structures, this [3+2] cycloaddition
will give access to enantiomerically enriched
pyrrolidines incorporating a fluorophore dye (Scheme
1b). In this work, we show that BODIPY units can be
used as EWG in asymmetric catalysis for the
synthesis of pyrrolidines thus adding a new EWG to
the range of suitable dipolarophiles in [3+2]
cycloaddition  reactions.  Quantum  chemistry
calculations, comparing the reactivity with other
common EWGs, demonstrate that BODIPY is able to
activate the double bond better than any other.
Besides, we show that the so obtained pyrrolidines
incorporating a fluorophore moiety (BODIPY) could
be applied to live-cell imaging in three different
cellular cell lines.

> G EwWe, R - Usually as EWG: NO, CN,
VR Metal 7\_\/ CO,R, CONHR, SO,AT.......
_—
| Chiral Ligands ~ R™" "1COo,Me

Ref[12]

good yields & high ee’s Biological Sensors

[— First Asymmetric [3+2] Cycloaddition with BODIPY

as EWG for the synthesis of pyrrolidine derivatives

- Good Photochemical Properties
- No Toxicity and High Cellular Uptake

Scheme 1. Comparison of the previously used approaches and present work (M/L*: Metal/Chiral Ligands).

Results and Discussion

Synthesis of BODIPY pyrrolidines, screening and
scope. We began our investigations carrying out the
cycloaddition reaction between iminoester la and
alkenyl-BODIPY 2a in the presence of

[Cu(CH3CN)4][PFs] (15 mol%), triethylamine (30
mol%) as base, toluene as solvent and several chiral
ligands (L1-L6) (15 mol%) at room temperature
(Table 1, entries 1-6). It should be noted that in all
trials a complete exo selectivity was obtained
(dr>98:2). The best result was achieved using
Walphos (L6) as the ligand (entry 6, Table 1),
obtaining the exo-3a adduct in 90% ee and complete

2
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diastereoselectivity (dr>98:2) but with low yield. In
order to improve this result, we tested different
solvents (see S.I. for further details), obtaining the
desired product in 85% yield and with a 96% of
enantiomeric excess (ee) when the reaction was
performed in DCM (entry 7). Then, the influence of
the catalyst loading on the reaction outcome was
evaluated. The use of 10 mol% of catalyst maintained
the ee values previously obtained (entry 8), but a

10.1002/adsc.201901465

lower catalytic loading (5 mol%) provoked a slight
decrease in the final enantioselectivity (90% ee, entry
9, Table 1). Considering these results, we decided to
decrease the temperature to 4 °C, achieving the final
adduct exo-3a in high yield (89%) and excellent
enantioselectivity (98%) (entry 10, table 1).11¢
However, the use of even lower catalyst loading (2.5
mol%, entry 11, table 1) gave low ee.

Table 1. Catalysts screening and optimization of reaction conditions.!

CuPFgPlIL (15 mol%) -

Et3N (30 mol%)
solvent, T, 2-14 h

MeO OMe OO
PAr,
o) PAr, MeO Q O OMe P(Ph),
< ‘ P(Ph),
e} Ar,P PAr, OO
Ar = 4-MeO-3,5-(t-Bu),CqH, Ar = 3,5-(CF3),CeHs
(R)-DTBM-Segphos (L1) (R)-Garphos (L2) (R)-BINAP (L3)
(Ph),P
St-Bu ] PAr,
PhP” \/ P(eY)2 = ~P(Ph), CFeb :
& 3 <
Q Ar = 3,5-(CF3),CgH3
(R)-Josiphos (L4) (R)-Fesulphos (L5) (R)-Walphos (L6)
Entry L (%mol) Solvent T(°C) Yield (%) Exolendo'™ ee (%)
1 L1 (15) Toluene 25 64 >98:2 -84
2 L2 (15) Toluene 25 58 >98:2 6
3 L3 (15) Toluene 25 60 >98:2 -75
4 L4 (15) Toluene 25 49 >98:2 -70
5 L5 (15) Toluene 25 34 >98:2 -76
6 L6 (15) Toluene 25 33 >98:2 90
7 L6 (15) DCM 25 85 >98:2 96
8 L6 (10) DCM 25 nd >98:2 97
9 L6 (5) DCM 25 nd >98:2 90
10 L6 (5) DCM 4 89 >98:2 98
1 L6(25)  DCM 4 nd >98:2 90

[al All the reactions were performed on a 0.07 mmol scale of 2a using a dry solvent (0.5 mL)
under air atmosphere. ® CuPFs: [Cu(CH3CN)4][PFs]. [ Isolated yield after flash-
chromatography. 4 Ratio determined by 'H NMR spectroscopy of the crude mixture. ¢

Determined by chiral HPLC.

Once the best conditions were determined (entry
10, Table 1), we carried out the scope of the reaction
using different iminoesters 1 and alkenyl-BODIPY's 2
(Table 2). Firstly, we tested the influence of the
electronic properties and the steric effect of
substituents at the dipole precursor 1. The presence of
an electron-donating group (EDG, p-MeO, 1b) or an
EWG (p-CFs;, 1c) in the aryl moiety yielded
pyrrolidines 3b-c in high yield (79-84%) and high ee
(93-98%), which indicates that the reaction tolerates

imines with different electronic properties. A more
sterically hindered imine such as 1d allowed the
synthesis of 3d with excellent enantioselectivity and
without erosion of the final yield (88%). Similarly,
the cycloaddition reactions of imines le-f, containing
a heteroaromatic ring, gave the corresponding
adducts 3e and 3f with high ee. The reaction also
proceeded with very high enantioselectivity (98% ee)
but with a lower yield (40%) with the cycloalkyl
substituent (1g). The reaction worked properly even

3
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when the ester group of the imine was substituted for
an amide group, obtaining the pyrrolidine 3h in very
high yield and excellent ee (83% yield, 98% ee).
Then, a variety of different alkenyl-BODIPYs 2d-f
were also studied (third and fourth row). Indeed,
electron-donating and electron-withdrawing groups
on the aryl moiety of the dipolarophile were tolerated,
leading to pyrrolidines 3i (p-MeO), 3j (p-CF3) and 3k
(p-Cl) with very high enantioselectivities (93-97%

10.1002/adsc.201901465

ee). The presence of two ethyl groups at C-3 and C-5
positions of the BODIPY core did not affect the
stereoselectivity (91% ee) but provoked a decrease of
the yield (53%). Finally, we were delighted to find
that alkenyl-BODIPY 2f, which contains a primary
alkyl chain substituent, also led to the pyrrolidine 3m
in high yield and very high enantioselectivity. In
addition, pyrrolidine 3n with a quaternary center was
obtained, but in low yield and enantiomeric excess.

Table 2. Scope for the synthesis of BODIPY pyrrolidines 3 from different imines 1 and double bonds 2.

CuPFg/L6 (5 mol%)

' o

EtsN (30 mol%)
DCM, 4 °C, 12h

""CO,Me

3e (56%), 97% ee

31 (53%), 91% ee 3m (88%), 97% ee

3h (83%), 98% ee

3n (30%), 39% ee, 1:1dr

(2l All reactions were performed in 0.1 mmol scale of 2 using dry DCM (0.75 mL) under air atmosphere.
Isolated yields were calculated after flash-chromatography. ee were determined by chiral HPLC. ! Yield

determined by 'H NMR using an internal standard.

The spatial arrangement of all the substituents of
the pyrrolidine moiety was determined from the
absolute configuration of the asymmetric centers of
pyrrolidine 3K, which was unequivocally assigned as

2R, 3R, 4R, 5§ by X-Ray crystallographic analysis
(see bottom-right, Table 2).1'7l This configuration can
be explained by an exo approach, (the more favorable
when copper salts are used)!'?®! of the dipolarophile 2

4
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to the bottom prochiral face (2Re,4S7) of dipole 1 (see
explanation in next section).

DFT calculations: BODIPY as EWG,
thermodynamics and kinetics.'® In order to shed
light into the reaction mechanism, additional
experiments and DFT calculations were carried
out.'”’ We modeled the reaction between dipole la
and dipolarophile 2a in the presence of the catalyst
complex: [Cu(CH3CN)4][PFs]/Walphos (Cu/L6). We
started the computational study analyzing the most

(a)

Complex |

(b)

10.1002/adsc.201901465

favorable way for the dipole to coordinate to the
catalyst complex. As it can be seen in Figure 2a, once
the metalloazomethine ylide is formed in presence of
the base (dipole), it can coordinate with Cu/L6 in two
different ways: complex | or Il; both of them having
the top prochiral face blocked by the 3,5-
ditrifluoromethylaryl substituents of the Walphos
ligand. The Gibbs free energy difference (AG)
between | and Il is 4.15 kcal/mol, being complex |
the most stable.

Complex Il

(c)

Imine 1a

Cu/L6/1a

Figure 2. a) Optimized structures (at B3LYP/6-31G(d,p) level of theory) for the two possible orientations of the complex
between the catalyst and dipole: Cu/L6/dipole (see Figure S4 in the Supporting Information for more details). The Gibbs
free energy difference (AG) between them is 4.15 kcal/mol, being complex | the most stable. (b) Stabilizing interactions
present in complex . (C) Mass spectrum of a mixture of Cu, ligand L6 and imine 1a (see S.I. for full mass-spectrum).

This could be attributed to a stabilizing n-n
interaction between the phenyl group of the imine
and a 3,5-(CF3),Ph ring of the ligand, which is absent
in complex Il (Figure 2b). In addition, an
intramolecular hydrogen bond between the carbonyl
oxygen of the imine and a hydrogen of the other 3,5-
(CF3):Ph ring of the ligand could further stabilize
complex |. In order to check that a complex
Cu/L6/1a was formed and stable, we carried out a
mass  spectroscopy  study (see  Supporting
Information). We detected a peak at m/z 1170.11 amu
corresponding to the Cu/L6/1a complex and a peak at

m/z 993.04 amu, which corresponds to the Cu/L6
complex (Figure 2c). This evidences the existence
and stability of the Cu/L6/1a complex.

In a second step, we studied the attack of several
dipolarophiles to the previously formed dipole-
catalyst complex (complex-l). Frontier Molecular
Orbital Theory is often employed to explain the
reactivity on this kind of reactions.?® Thus, the
HOMO-LUMO gap energy difference between the
HOMO of the dipole and the LUMO of the
dipolarophile can be related to the reaction rate
constant, being faster the reaction as the HOMO-

5
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LUMO gap decreases. Experimental conversions,*!
after 30 minutes at r.t., and values of HOMO-LUMO
gap for different dipolarophiles are shown in Figure 3

Reactivity

A

Conversions

H
More N
Ovo 100%
NO,
— 100% ;
PH E
BP 5
— 25% !
PH 5
CO,Me ;
— 24% ;
MeO,C ;
COMe ;
— 0%
Less Ph

10.1002/adsc.201901465

together with the LUMO of the dipolarophiles
considered.

HOMO-LUMO Reactivity
GAP (eV)
BP A
— 1.06 More
Ph
N
OWO 1.19
NO,
— 1.27
Ph
CO,Me
— 1.74
MeOZC
COMe
— 2.08
PH Less

Figure 3. Conversions and HOMO-LUMO gap for the reaction of Cu/L6/dipole with different dipolarophiles. We have
used Kohn-Sham orbitals computed at B3LYP/6-31G(d,p) level of theory. The LUMO of the different dipolarophiles is

also shown in the bottom.

In general, we found a good correspondence
between conversion and HOMO-LUMO gap.
However, for the derivative 2a with the BODIPY unit
as EWG, the low HOMO-LUMO gap (1.06 V) does
not correspond to the low conversion found
experimentally (25%). The BODIPY is a better EWG
than the nitro group since it triggers a larger decrease
of the LUMO energy than the nitro group (and
consequently the HOMO-LUMO gap is smaller for
the BODIPY derivative). However, conversion to
product is one quarter of that obtained with [3-
nitrostyrene. Therefore, these differences between

LUMO and HOMO cannot explain the observed
trend and other factors must influence the reactivity,
affecting the conversion.

This leads us to evaluate whether kinetic factors
control the reactivity. Figure 4a shows the potentia!
energy surface (PES) for the [3+2] cycloaddition
reaction of ylide la with 2a in the presence of
catalyst (Cu/L6). Figure 4b shows the corresponding
PES using B-nitrostyrene as dipolarophile in the
presence of catalyst (Cu/L6) and ylide 1a. Therefore,
a direct comparison of the reaction of BODIPY 2a
and B-nitrostyrene with 1a is shown (Figure 4).

This article is protected by copyright. All rights reserved.
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TS1 152 Product
1'l 2!.' ‘ﬂ 2"! 1“ 2'6
BODIPY 21 3.13 1.63 215 1.61 161

NO, 197 280 165 234 1,60 1.5%

35+

Figure 4. Potential energy surface for the [3+2] cycloaddition reaction of ylide 1a in the presence of catalyst (CuPF¢/L6)
with BODIPY alkene 2a (a), or with B-nitrostyrene (b). PES computed at SMDpichioromethancy WB97X-D/6-
311+G(d,p)//B3LYP/6-31G(d,p) level of theory. Relative Gibbs free energies are referred to the separate reactants
(ylide 1a, catalyst and dipolarophile ((a) BODIPY alkene 2a, (b) B-nitrostyrene)). From left to right: separate
reactants, PAC, 1% transition state (TS), intermediate, 2" TS and final pyrrolidine product. A table with the distances
of the 1% and 2™ C-C forming bonds for key structures is also shown.

The zero corresponds to the separated catalyst,
dipole and dipolarophile. The first step is the
exothermic formation of complex | between the
catalyst and the dipole (Cu/L6/ylide-la) as
previously stated, which is 30 kcal/mol more stable
than the separate reactants. Then, complex | forms,
together with the dipolarophile (2a or B-nitrostyrene),
a pre-association complex (PAC),* which is about 5
kcal/mol above in energy.

The mechanism for BODIPY substituted alkene 2a
and P-nitrostyrene is qualitatively similar. The [3+2]

cycloaddition reaction is stepwise in both cases. Thus,
the first energy barrier corresponds to the formation
of the first new C-C bond leading to an intermediate.
The second energy barrier corresponds to cyclization
of the intermediate through the formation of a 2™ C-C
bond, yielding the final products. Also in both cases
this second step is reversible since the product is less
stable than the intermediate. However, there are
several quantitatively essential differences between
the reaction mechanisms of the two considered
dipolarophiles. For BODIPY derivative, the rate-

7
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limiting step is the formation of the 2" C-C bond. On
the contrary, for B-nitrostyrene, the highest barrier
corresponds to 1 C-C bond formation being this the
rate-limiting step.

The intermediate is markedly more stable for 2a
(BODIPY) than for [-nitrostyrene. Moreover, -
nitrostyrene intermediate has about the same energy
as the PAC while BODIPY intermediate is
significantly more stable than its PAC (about 9
kcal/mol). This could be explained by the more
significant charge separation found for the BODIPY
derivative (see Figure S5 in the Supporting
Information). Since BODIPY is a better EWG than
nitro, the negative charge located in the alkene
moiety is larger for the first one (0.74 vs. 0.60,
respectively). Concomitantly, the positive charge
located in the catalyst moiety is equivalently more
substantial. The greater charge separation leads to a
more significant dipole moment in the BODIPY
alkene (21.6 D vs. 16.2 D) and a larger electrostatic
stabilization of the BODIPY intermediate.

We can also explain these quantitative differences
using the orbital picture. Thus, the 1% step is favored
for BODIPY 2a because the HOMO-LUMO gap is
smaller (1.06 vs. 1.27 eV for 2a and nitrostyrene,
respectively). However, this interaction leads to the
formation of a very stable intermediate compared to
B-nitrostyrene. In addition, orbital overlap for
formation of the product from the intermediate (2™
C-C bond) is much better for B-nitrostyrene (see
Figure 5), making this process -and the overall
reaction- faster for the latter one. Furthermore, B-
nitrostyrene product is more stable than BODIPY
product 3a. Probably due to higher steric congestion
at the BODIPY product.

Figure 5. Frontier molecular orbitals in the intermediate of
the reaction pathway computed at the B3LYP/6-31G(d,p).
(a) BODIPY alkene 2a; (b) B-nitrostyrene.

Overall, BODIPY is able to activate the double
bond in the first C-C bond formation better than other
typical EWGs used for [3+2] cycloaddition reactions
in spite of its bulkiness. However, the second C-C
bond requires more energy due to the high
stabilization of the intermediate provided by the
BODIPY group.

BODIPY pyrrolidine derivatives as probes for
imaging. Taking into account that the synthesized

10.1002/adsc.201901465

pyrrolidines-BODIPYs 3a-n  showed excellent
absorption and emission properties (see Figure 7b),
similar to those described in the literature for other
BODIPY derivatives,® we thought that it would be
very interesting to evaluate the applicability of these
pyrrolidine-BODIPYs 3 for live-cell imaging. We
interrogated representative derivatives (3a and 3h)
for their ability to penetrate in three cellular lines,
MEL 202 (uveal melanoma cell line), PANC-1
(pancreatic cancer cell line) and MCF7 (breast cancer
cell line), and their propensity for nonspecific
background staining. The results obtained with
BODIPYs 3a and 3h were compared with the
derivative 4,31 to determinate the influence of the
pyrrolidine moiety and to show the advantage of
having this structure joined to the BODIPY core.
First, we studied their toxicity by incubation during
24 h in the three cell lines mentioned at different
concentrations. The BODIPY derivatives 3a, 3h and
4 were non-toxic up to 10 pM (Figure 6 and S6 in the
Supporting Information). We observed a decrease in
the viability of the cells when treated with the
compounds at high concentrations (100 upM).
However, this result is due to the presence of DMSO,
required to solubilize the compounds at such

concentration, since the viability reduction is the
same when exposed only to DMSO in the three cell
10 uM

lines tested. Therefore, we selected
concentration for the next experiments.

-~

e NI

32 gl = = i =~ gl | g VI N B SR AR Sooge I & P P
o Ll ) o st e Y 4 2T o" n
~ W o e E - P * B

P &8

il

Figure 6. BODIPYs toxicity in PANC-1 cell line. The
highest DMSO concentration employed was 2.5 %, the
same DMSO amount present in the samples at 100 uM
concentration. (a) BODIPY 3a, (b) BODIPY 3h, (c)
BODIPY 4.

We studied BODIPYs accumulation in the cell
using lysotracker, as an endosomal probe (Figure 7a).
The images show that BODIPYs were colocalized
with the lysotracker in PANC-1, revealing that
BODIPYs were accumulated in endosomal
compartments. Moreover, the internalization of the
BODIPY derivatives was also studied by flow
cytometry (Figure 7c). In this assay, the peaks at the
right imply better uptake by the cells. Therefore, the

8
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internalization in PANC-1 was higher with BODIPY
3a than BODIPY 3h, and the latter was better
uptaken than BODIPY 4 (Figure 7c). The same

(a)

Bodipy Lysotracker Red Merge

10.1002/adsc.201901465

behavior was observed in MEL 202 and MCF-7 cell
lines (see Supporting Information).

(b)

A
In

(c)

d Untrasted I‘, r
|
3
. | l
n | ’
ot I
! A

Figure 7. (a) BODIPYs localization in PANC-1 cells. In the first column, BODIPY fluorescence is showed in green, in the
second one a lysotracker Red labeling to show the endosomal compartment and in the third column the merge. Row ¢
corresponds to untreated PANC-1 cells. Row b to PANC-1 cells treated with 10 pM of BODIPY 3a. Row ¢ to PANC-1
cells treated with 10 uM of BODIPY 3h and Row d to PANC-1 cells treated with 10 uM of BODIPY 4. (b) Absorptio1
and emission (dash-line) spectra of BODIPY's 3a-n (see S.I. for details). (c) BODIPY uptake in PANC-1. The further to

the right, the better the uptake.

This study highlights the potential use of the newly
synthesized pyrrolidines-BODIPYs for imaging
lysosomes in cells. All of them were localized in the
endosomal compartment but the cellular uptake was
very different between the different BODIPYs,
obtaining the best result with the proline BODIPY 3a
in the three different tumoral cells.

Conclusion

In summary, we have reported an easy and versatile
approach for preparation of pyrrolidine-BODIPY
derivatives in  high yields and excellent
stereoselectivities by an asymmetric metal-catalyzed
[3+2] cycloaddition reaction. Also, it has been shown
that the BODIPY group is capable of activating
double bonds in this type of reactions acting as an
electron-withdrawing group. DFT studies show that,
in this specific [3+2] cycloaddition, the BODIPY
moiety, although it should work as a better EWG, is
less reactive than a nitro group. This is because the
intermediate generated in the first step of the
cycloaddition is very stable in the case of the
BODIPY-alkene because of the high charge

separation between the catalyst/L6/dipole complex
and the dipolarophile, leading to a great electrostatic
stabilization. The derivatives were tested in three
different cell lines revealing a selective accumulation
in the lysosomes. Therefore, due to their inherent
excellent fluorescent properties, the synthesized
BODIPY derivatives could be used for the imaging of
these organelles in live cells.

Experimental Section
General procedure for the [3+2] cycloaddition

An oven-dried 10 mL vial equipped with a magnetic stir
bar was charged with [Cu(CH3CN)4]PF¢ (0.005 mmol, 5
mol%), (R)-Walphos ligand L6 (0.006 mmol, 6 mol%) and
the corresponding BODIPY substrate 2 (0.1 mmog. Then,
anhydrous DCM (0.75 mL) were added, followed by the
corresponding imine 2 (0.15 mmol, 1.5 equivﬂ. The vial
was closed with a PTFE/rubber septum and the reaction
mixture was stirred at 4 °C for 15 minutes prior adding
triethylamine (0.03 mmol, 30 mol%). Stirring was
maintained at the same temperature for 12 hours. The
solvent was removed under reduced pressure and the crude
mixture was purified by flash chromatography (eluent
indicated in each case) affording the corresponding
pyrrolidines 3.
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Methyl (2R,3R,4R,582-4-(5,_5-diquo_rq-5H-47\.4,5x4-
d!pKrroIo[l,Z—c;Zf,l'—ﬂ[1,3,] diazaborinin-10-yl)-3,5-
diphenylpyrrolidine-2-carboxylate (3a)

Pyrrolidine 3a was obtained following the general
procedure, from BODIPY 2a and imine 1a, after
guriﬁcation by flash chromatography (CyHex:EtOAc =

:1) as a red solid (42 mg, 89% yie (g [al] O =-139 (c =
0.035, CHCI3). 'H NMR (500 MHz, CDCI3,278 K): § 7.80
(br s, 1H), 7.73 (br s, 1H), 7.62 (br s, 1H), 7.45 — 7.41 (m,
2H), 7.33 — 7.18 (m, 8H), 6.65 (br s, 2H), 6.20 (br s, 1H),
4.87 (d,/=9.8 Hz, 1H), 4.68 (d, J=9.4 Hz, 1H), 433 (t, J
=9.5 Hz, 1H), 3.87 (t, J = 9.7 Hz, 1H), 3.25 (s, 3H), 3.02
(br s, 1H). 3C NMR (126 MHz, CDCl; 278 K): § 172.6,
148.2, 145.8, 141.8, 139.5, 139.0, 137.2, 132.3, 129.7,
129.0, 128.7, 128.5, 127.8, 127.7, 127.6, 126.4, 118.8,
118.0, 72.5, 65.9, 59.7, 58.8, 51.9. 'F NMR (282 MHz,
CDCl3, 298 K): 6 -145.6 — -145.9 (m, 2F). HRMS (ESI+):
calculated for Co7HasBFoN30O,", [M+H]" = 472.2002; found
= 472.2008. The enantiomeric excess was determined by
HPLC on a Chiralpak 1B column: n-Hex/i-PrOH 40:60,
flow rate 1.0 mL/min, A =495 nm, Tmajor = 12.06 min, Tminor
=7.06 min (98% ee).

Computational details

Geometry oPtimizations, orbital energies, harmonic
frequency calculations, thermodynamic corrections and
intrinsic  reaction coordinate (IRC) calculations were
computed with B3LYP functional combined with Pople’s
double-¢ basis set 6-31G(d,p), which includes polarization
functions. Harmonic vibrational frequencies were
computed to characterize minima and transition states (TS)
and IRCs to verify connectivity between TSs and adjacent
minima at the same level of tﬁeory - B3LYP/6-31G(d,p).
More accurate values for the final energies were computed
by means of single point calculations with ®-B97X-D
functional and a larger, triple-&, basis set including diffuse
functions, 6-311+G(d,p), over the geometries previously
optimized. The range-separated hybrid functionaFm-B97X—
D includes Grimme’s D2 dispersion correction, absent in
B3LYP functional. The effect of the solvent (CH»Cl,) was
also taken into account using the SMD continuum
solvation model.

Biological studies

Viability assays: alamar blue. After treating the cells
with the solutions of the compounds, a stock solution of
resazurin sodium salt (Sigma-Aldrich, St. Louis, MO,
USA) (1 mg/mL) in PBS was diluted 1% (v/v) in complete
RPMI medium and added to the cells. After 3 h in the
incubator (37 °C), the fluorescence was measured at 25 °C
in a plate reader Synergy H4 Hybrid reader (BioTEK) Aex
= 550 nm, Aem = 590 nm. The fluorescent intensity
measurements were processed using the following
equation: % Cell viability = ((Sample data - Negative
control) / (Positive control - Negative control)) x100. The
positive control corresponds with untreated cells. A
resazu{in solution without cells was used as negative
control.

Localization assay. The cells were harvested on coverslips.

Then the bodipys were added in a final concentration of 10
uM. 24h later the cells were washed twice with PBS.
Finally, 48 h after the treatment LisoTracker red DND-99
was dissolved in optiMEM to 50 nM final concentration.
The solution was incubated 5 min with the cells at room
temperature and the cells were then washed twice with
PBS. Then, the samples were studied in a Leica DMI3000
M inverted microscope (Leica, Wetzlar, Germany) at 800
exposure units. The bodibys signal was observed with the
green filter of the microscope (Aex 460-500 nm; Aem S15-
545 nm) and the lysotracker with the red filter (Aex 540-580
nm; Aem 615-680 nm). The images were modified for a
correct visualization with Fiji-Image J program.
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Flow cytometry assay. After the treatment the cells were
trypsinized for 5 min, then the process stopped with
complete medium. The cells were washed with PBS and
centrifugated with 177x g for 5 min in an Eppendorf
centrifuge 5804 R (Eppendorf, Hamburg, Germany). The
process was done twice. After that, the cells were analyzed
in a Beckman Coulter Cytomics 500 Flow Cytometer
(Blelckman Coulter, Indianapolis, IN, USA) using 20000
cells.
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