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Exploring the Relationship Between Structure and Activity in
BODIPYs Designed for Antimicrobial Phototherapy

Benjamin F. Hohlfeld *¢, Burkhard Gitter¢, Keith J. Flanagan¢, Christopher J. Kingsbury¢, Nora Kulak
b, Mathias O. Senge ¢ and Arno Wiehe *2¢

A synthetic strategy to BODIPY dyes is presented giving access to a range of new compounds relevant in the context of
antimicrobial photodynamic therapy (aPDT). BODIPYs with the 8-(4-fluoro-3-nitrophenyl) and the 8-pentafluorophenyl
substituent were used for the synthesis of new mono- and dibrominated BODIPYs. The para-fluorine atoms in these electron-
withdrawing groups facilitate functional modification via nucleophilic aromatic substitution (SnAr) with a number of amines
and thio-carbohydrates. Subsequently, the antibacterial phototoxic activity of these BODIPYs has been assessed in bacterial
assays against the Gram-positive germ S. aureus and also against the Gram negative germ P. aeruginosa. The bacterial assays
allowed to identify substitution patterns which ensured antibacterial activity not only in phosphate-buffered saline (PBS)

but also in the presence of serum, hereby more realistically modelling the complex biological environment that is present in

clinical applications.

Introduction

Rising drug and multi-drug resistance of bacteria and
microorganisms against common antibiotics is a serious problem for
public health systems around the world. In 2014 the World Health
Organization (WHO) published a report on the surveillance of
antimicrobial resistance in bacterial and viral cultures, indicating that
in the coming decades the effectiveness of common antimicrobial
drugs will be severely affected. Therefore, new strategies against
microbial pathogens and antimicrobial resistance need to be
developed.! Antimicrobial photodynamic therapy (aPDT) represents
such a new strategy and shows large potential as an alternative to
common antibiotic treatments.? aPDT is a light-based treatment for
the inactivation of bacteria. The antimicrobial effect of aPDT is based
on the photoactivation of a dye (photosensitizer) by light of an
appropriate wavelength. In the presence of oxygen, cytotoxic
reactive oxygen species (ROS) are generated by the excited
photosensitizer, which finally results in the oxidative cellular
destruction of microorganisms.?*® aPDT is not limited to an
application against bacteria, but can as well be used for the
inactivation of viruses?, fungi®, and protozoae.®
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Also, antimicrobial coatings with photoactive substances have found
interest in the protection of surfaces against bacterial colonization
and biofilms.” These coatings are not limited to medical applications,
like the disinfection of surfaces in hospitals® or antimicrobial coatings
for implants,® but as well antimicrobial surfaces are relevant for
protecting water pipelines and surfaces in the food industry against
colonization with microorganisms.””2® In this context, boron-
dipyrromethenes (BODIPYs) show potential for antimicrobial
inactivation!! and have been used as components of antimicrobial
coatings.’? So far, BODIPYs are well established as fluorescence
imaging dyes in diagnostics’® and share many characteristics with
well-known photosensitizers, e.g., porphyrins and chlorins, such as
their intense color and fluorescence, high extinction coefficients, and
resistance against photobleaching.’* However, the basic BODIPY
structure itself only shows a low ability for generating ROS and a low
phototoxicity, making such structures ideal for fluorescence and
imaging applications. Therefore, in order to be suitable for aPDT the
BODIPY structure needs to be modified, e.g., to increase excited
triplet state and ROS formation,*” to adjust solubility to the biological
environment,’® and to increase interaction with bacterial target
structures.’’ Especially, the addition of heavy atoms (e.g., bromine
or iodine) into the 2- and 6-positions of the BODIPY core structure
has been shown to change the BODIPYs photochemical properties in
a favorable way and leads to BODIPY derivates in principle suitable
for an application in aPDT.!® This ‘heavy atom effect’ dramatically
impacts the BODIPY’s photochemical properties, shifting the
absorption maximum towards higher wavelengths (500 to 600 nm)
and leading to an increased population of the excited triplet state.
The latter is caused by enhancement of the spin-orbital coupling and
improvement of the intersystem crossing rate.'®&8%1° Of course, also
the other positions of the BODIPY can be used to modify its
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photochemical and biological properties.’>"20 Specifically, the
substitution in the 8- or meso-position can be used to introduce a
multitude of functionalities but also to change the photochemical
properties. For example, heavy atom free 8-anthra, -phenanthrene-
and -pyrene-BODIPYs efficiently generate triplet excited states via
photoinduced electron transfer?'22!® and increased singlet oxygen
quantum vyields have been reported for meso-p-aminophenyl
substituted BODIPYs?!¢

In this work the stepwise optimization of the 8-pentafluorophenyl
BODIPY and the 8-(4-fluoro-3-nitrophenyl) BODIPY for an application
in antimicrobial phototherapy is presented. The BODIPY core
structure or its methylated congeners allows for targeted
halogenation, while the pentafluorophenyl moiety and the 4-fluoro-
3-nitrophenyl moiety on the other hand enable a variety of
subsequent nucleophilic substitutions. Thus, targeted bromination of
the 2-position (monobromination) and the 2,6-positions
(dibromination) of the BODIPYs and as well the p-fluorine exchange
with numerous nucleophiles, amines and thio-carbohydrates, were
applied to synthesize specifically functionalized BODIPYs. With these
methods four series of BODIPYs were synthesized: BODIPYs with no
core substitution, core-tetramethyl-substituted BODIPYs,
tetramethyl-dibromo-substituted BODIPYs, and monobrominated
BODIPYs. These groups of BODIPYs were evaluated for their
antibacterial effect with and without light in assays against S. aureus.
Moreover, instead of testing the substances in phosphate-buffered
saline (PBS) only, all tests were additionally carried out with the
addition of horse serum, to challenge their activity under more
realistic conditions, modelling the complex mixtures that are present
in clinical applications like chronic wounds.?? In these assays,
structures with a high bactericidal and phototoxic potential against
S. aureus were identified, pointing at structural elements that favor
antibacterial activity.

Results and discussion
Synthesis of target compounds

In the literature the stepwise halogenation of the BODIPY core
structure with different halogens has been described. Specifically,
brominated and iodinated BODIPYs are attractive in eliciting the
desired heavy atom effect.’® For the synthesis of such brominated
BODIPYs, different synthetic pathways have been reported, e.g.
using molecular bromine,?® copper(ll) bromide,”* or N-
bromosuccinimide (NBS).2> As target structures for the selective
bromination BODIPYs with an 8-pentafluorophenyl or an 8-(4-fluoro-
3-nitrophenyl) moiety were chosen. The pentafluorophenyl group,?®
as well as the 4-fluoro-3-nitrophenyl group,?” have shown great
potential for nucleophilic aromatic substitution reactions (SnAr), e.g.,
introducing sugar moieties?® or alkynyl groups giving access to
subsequent 1,3-dipolar cycloaddition reactions for connection with
biomolecules (“click” chemistry).?®

In preparation for the following investigations, BODIPYs 1a, 3a, 4a,
and 6a — 12a were synthesized according to the literature (Scheme
1) from their corresponding pre-functionalized dipyrromethanes 1,
3, 4, and 6 — 12262260272 The pew BODIPYs 2a and 5a were
synthesized analogously from dipyrromethanes 2 and 5 and were
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obtained in 16% and 11% yield,
Supporting Information).

First, the targeted halogenation of the 2- and 6- position was
investigated with BODIPYs 1a, 7a, 8a, and 9a. The reactions were
performed according to the description in the literature, using
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as solvent and NBS as
halogen source.?®> The BODIPYs were dissolved in HFIP and 2.5 equiv.
of NBS were added. Within a short reaction time, the starting
material was no longer detectable by TLC. However, instead of the
favored 2,6-dibromo-substituted product a complex mixture of
multiple BODIPYs was observed (Scheme 2, variant A). Next to the
mono- and dihalogenated BODIPYs, other BODIPYs were detected.

respectively (for details see

1.) DDQ, 5 min R
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Scheme 1 BODIPYs for subsequent bromination reactions (Compounds 1, 3, 5 —
12, 1a, 3a, 4a, 6a — 12a were synthesized according to the literature?s> 268, 275 ; for
the synthe5|s of 2, 2a, and 5a see Supporting Information).
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Scheme 2 Bromination of BODIPYs with NBS.
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In order to obtain the desired 2,6-dibrominated BODIPYs, the
synthesis was modified as follows. Prasannan et al. showed that in
dichloromethane (DCM) much longer reaction times (15 —17 h) were
required for a targeted 2,6-bromination, in comparison to HFIP as
solvent, with the 2,6-dibromated BODIPY being the favorite
product.3® Based on this, BODIPY 1a and the 8a were reacted under
these modified conditions (DCM as solvent and 2.5 equiv. of NBS,
Scheme 2, variant B). Interestingly, after 24 h larger amounts of the
starting material could still be detected via TLC. Finally, after 4 d the
starting material was no longer detectable and the expected 2,6-
dibromo products 13 and 15 could be isolated. However, the desired
BODIPYs 13 and 15 were only obtained as the minor product. Next to
the desired dibrominated BODIPYs, other BODIPYs were as well
detected via TLC. The major products were identified as the
corresponding monobrominated BODIPYs 17 and 18 (for details see
Supporting Information). Thus, a targeted monobromination of the
2-position of the BODIPYS seemed possible with NBS in DCM and
adequate reaction times. Therefore, pre-functionalized BODIPYs
were dissolved in DCM and treated with 2.5 equiv. of NBS (Table 1)
to obtain the monobrominated BODIPYs 17 — 24. The reaction times
for monobromination were similar in all cases (1-3 h, Table 1), with a
tendency of the tetrafluorophenyl-substituted compounds requiring
shorter reaction times (Table 1, entry 1-5, respectively). BODIPYs 17
and 18 were obtained in high yields (Table 1). A number of BODIPYs
carrying side chains (19, 20, and 23) still provide good to high yields
(Table 1). In the case of BODIPY 21, 22, and 24 — carrying the prop-2-
enyl and the prop-2-ynyloxy moieties — only moderate yields were
observed (Table 1). Despite this synthesis of the monobrominated
compounds, in some cases the reaction mixtures required tedious
column chromatography, as the mono substituted BODIPY and the
starting material showed nearly the same elution behavior. In
addition, there were hints that next to the mono- and dihalogenation
of the BODIPY core structure again, like for HFIP as solvent, other
positions of the BODIPY were substituted as well with bromine,
leading to a mixture of BODIPYs and resulting in complicated
purifications. Such multiple brominations have also been reported
for other BODIPYs, 19223

To exclude the substitution with bromine in other than the desired
2- and 6-positions, the synthetic concept was modified and the
investigations were continued with 1,3,5,7-tetramethyl substituted
BODIPYs. By ‘blocking’ the 1,3,5, and 7-positions of the BODIPY with
methyl groups, the halogenation should be restricted to the 2- and
6-position. The synthesis of such 1,3,5,7-tetramethyl substituted
BODIPYs is known in the literature.3! Hence, BODIPY 25, carrying the
pentafluorophenyl substituent was prepared according to the
literature.3? This synthetic procedure was also used to prepare the
analogous BODIPY 26 with the 4-fluoro-3-nitrophenyl moiety
(Scheme 3). 4-Fluoro-3-nitrobenzaldehyde and 2,4-dimethylpyrrole
were dissolved in DCM and were reacted under TFA catalysis,
followed by oxidation with DDQ and BF3 complexation, to obtain
BODIPY 26 in 47% yield (Scheme 2). In the next step, BODIPYs 25 and
26 were modified in the para-position of their phenyl moieties via
SNAr with several different amines (Tables 2 and 3). The
functionalization of BODIPY 25 with a limited number of amines and
thiols has already been described in the literature.3?

This journal is © The Royal Society of Chemistry 20xx

Table 1 Targeted monobromination of BODIPYs with NBS.

Br
N

R (e R

X (2.5 equiv.) S
( y /L ( N
N\B/N\ DCM N\B/N\

F’ \F rt,60min-3h F’ \F
1a, 3a, 5a- 10a 30 - 88% 17-24
Entry  Starting Substituent (R) Product Time Yield
material [h] [%]
1 1a F 17 2.5 84
F F
F F
2 3a /\NH 19 15 63
F F
F F
3 5a "0 20 1 53
F. F
F F
4 6a "o 21 1 31
F F
F F
5 7a = o 22 1 34
F F
F F
6 8a F 18 3 64
?/Noz
7 9% N 23 3 48
@/NOZ
8 10a NN 24 3 30
?/Noz
1.) CF3COOH, 2.5 h
H 2.) p-chloranil or DDQ, 1 h
Rior2 N 3.) DIPEA, BF5OEt, 1.5 h
A 24
H "0 DCM, rt
F 25: R (49%)
Rio " Foes NO, 26: R? (47%)
F F

Scheme 3 Synthesis of tetramethyl-BODIPYs 25 and 26.

Based on the p-fluorine exchange reaction with n-butylamine
described by Vives and co-workers3?, the SyAr with other amines was
performed (Table 2). BODIPY 25 was dissolved in DMF and treated
with an excess of the corresponding primary amine. The desired
amino-substituted BODIPYs 27 — 29 were obtained in good to
moderate yields, without need for heating or catalytic support. The
substitutions were complete within a time period of 4 h (Table 2,
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entry 1-3). In the case of the nucleophilic substitution with serinol;
however, the desired product could not be obtained (Table 2, entry
4). Based on previous results carried from our group on SyAr with 4-
fluoro-3-nitrophenyldipyrromethanes and 4-fluoro-3-nitrophenyl-
porphyrins,?’? the nucleophilic substitutions were now extended to
BODIPY 26. For this, BODIPY 26 was dissolved in DCM or DMSO and
reacted with an excess of the corresponding amine at room
temperature (Table 3). All desired BODIPYs (30 —33) were formed as
expected in moderate to high yields, again without need for heating
or catalytic support. In the nucleophilic substitutions of 26, yields
over 80% were achieved with n-butylamine and ethanolamine as
nucleophiles (Table 3, entry 1 and 3). The substitution with
propargylamine led to the desired product in a moderate yield (Table
3, entry 2). The reaction was also successful with a solid amine as
exemplified by the reaction of 26 with serinol (Table 3, entry 4).

Table 2 Nucleophilic aromatic substitutions of BODIPY 25.

HoN—-R
-
DMF or DMSO
rt,4-24h

23-52%

Entry Substituent Product Time Solvent  Yield
(R) [h] (%]
1@ 27 4 DMF 52
2 28 4 DMF 23
3 29 4 DMF 41
4b 24 DMSO -
a BODIPY was prepared according to the literature.3?
b No Product was obtained (see Supporting Information).
Table 3 Nucleophilic aromatic substitutions of BODIPY 26.
R.
HoN-R
DCM or DMSO
rt,15h-24h
23 -88%
Entry Substituent Product  Time Solvent Yield
(R) [h] [%]
1 30 1.5 DCM 88
2 31 24 DCM 44
3 32 24 DCM 87
4 33 24 DMSO 23
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For BODIPYs 11a and 29 crystals suitable for X-ray single crystal
structure determination were obtained. Figure 1 shows the structure
of 11a which was solved in a triclinic space group with one molecule
present in the asymmetric unit (see also Supporting Information;
Figure S1). One important feature is the tilt angle, which describes
the orientation of the phenyl ring relative to the BODIPY framework.
For 11a the tilt angle for these two structural elements is 39.2(2)°
similar to our previously reported structure.?’? The second
noteworthy feature in the structure of 11a is the presence of an
intramolecular hydrogen bond between N(2)-H(2)-:-:O(2) [2.6256(11)
A N---0, 129.9(12)°] (Figure 1). This bond holds the nitro group in a
co-planar conformation with regards to the benzene ring. Unlike our
previously reported structure, there is little indication of any
additional interactions involving the nitro group. Instead, there are
several interactions seen between the fluorine atoms with the
propargyl and benzene moieties. The first of these interactions are
shown in Figure 2, where the two interactions centered on the
propargyl group are the head-to-tail linear network (F13) {C(21)-
H(21A)--F(13) [2.9835(11) A C--F, 126.2(7)°]} and the head-to-tail
stacked (F14) dimers {C(23)-H(23)--F(14) [3.2348(12) A C--F,
156.9(2)°]}. The final intermolecular interaction in this structure is a
head-to-head contact seen between the fluorine atom F14 and the
benzene hydrogen atom H20 {C(20)-H(2)--F(14) [3.3097(11) A C--F,
161.3(6)°]} which holds two BODIPY cores in a stacked dimer
formation with a centroid-to-centroid distance of 4.332(7) A, and
plane-to-plane shift of 2.514(9) A (See Supporting Information;
Figure S2). These motifs result in a complex packing pattern shown
in Figure S3 (see Supporting Information). Figure 3 shows the
structure of 29, which was solved in the orthorhombic space group
Pca2;. The asymmetric unit of this crystal structure contains one
molecule of 29. Bond distances were indicative of the assigned
structure with delocalized n-bonding, with a large difference in the
two B-F distances of the BODIPY unit, at B(4)-F(18) 1.381(3) A, B(4)-
F(17) 1.414(3) A. In contrast to 11a, the tetrafluorophenyl rings at the
8-position of 29 are oriented approximately perpendicular to the
BODIPY plane, at an angle of 89.68(6)°, due to additional steric bulk
from methyl groups present at the 1 and 7 positions of the BODIPY.

Figure 1 Molecular structure of 11a showing the intramolecular interaction between
N(2)--0(2) (2.6256(11) A N---0, 129.9(12)°).

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 Expanded structure of 11a showing the head-to-tail linear network {C(21)---F(13)
[2.9835(11) A C--F, 126.2(7)°]} and the head-to-tail stacked patterns {C(23)---F(14)
3.2348(12) A C-++F, 156.9(2)°1}.

ARTICLE

Table 4 Halogenation of BODIPYs 25 — 33 with NBS.

Figure 3 Molecular structure of 29 showing the intramolecular hydrogen bonding in the
ethanolamino-moiety (2.736(3) A N---0, 111(2)°)

Intramolecular N(29)-H(29)-:-0(32) hydrogen-bonding interactions
are observed (2.736(3) AN---0, 111(2)°) in addition to intermolecular
0(32)-H(32):-:F(17) hydrogen-bonding to adjacent molecules
(2.799(3) A O---F, 171(4)°). Intramolecular interactions arrange these
molecules into hydrogen-bonded head-to-tail supramolecular
chains, in two directions parallel to the crystallographic bc- plane;
one of these supramolecular chains is shown in Figure S4. A unit cell
packing diagram of 29 is shown in Figure S5 (see Supporting
Information.

Finally, halogenation with the functionalized tetramethyl-BODIPYs
was investigated (Table 4). The targeted substitution of the 2- and 6-
position with bromine was expected to be significantly improved due
to blocking other possible substitution sites of the BODIPY core
structure. The targeted halogenation of 1,3,5,7-tetramethyl BODIPYs
has been described in the literature by dissolving the BODIPY in an
appropriate solvent and treating it with NBS or bromine.?>31033 Gijven
the short reaction times observed with the simple BODIPYs and NBS
in HFIP (see above, Scheme 1) we decided for these reaction
conditions for the 1,3,5,7-tetramethyl-substituted BODIPYs. The pre-
functionalized BODIPYs (25 — 33) were dissolved in HFIP and reacted
with NBS (Table 4). Controlling the reaction process by TLC, showed
a very fast, nearly instantaneous, formation of the product.
Therefore, the reaction time was reduced to 1 min. In all cases, the
desired 2,6-dibromo-1,3,5,7-tetramethyl-BODIPYs were formed as
expected and could easily be purified by chromatography. The
BODIPYs were obtained in moderate to good yields between 44 —
63% (Table 4).

This journal is © The Royal Society of Chemistry 20xx

Br
(2.5 equiv.)
HFIP
rt., 1 min
44 - 63%
Entry Starting  Substituent (R) Product  Yield [%]
Material
25 34 57
2 27 35 54
3 28 36 44
4 29 37 44
5 26 38 57
6 30 39 63
7 31 40 44
8 32 41 54
9 33 42 48

The BODIPYs 35 and 39, which had been pre-functionalized with an
n-butylamino group (Table 4) provided as well high yields. Good
yields were also observed with BODIPYs carrying additional hydroxy
groups (Table 4, entry 4, 8, and 9). Pre-functionalized BODIPYs, with
the prop-2-ynyl moiety, were as well successfully substituted at their
2- and 6-positions in moderate to good yields (Table 4, entry 3 and
7). Thus, the synthesis of the desired 2,6-dibromo-BODIPYs could be
significantly improved using the 1,3,5,7-tetramethyl-substituted
BODIPYs.

Carbohydrates are important synthons when it comes to increase the
biological activity of therapeutically interesting molecules.3* The

J. Name., 2013, 00, 1-3 | 5
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increased number of hydroxy groups has a significant influence on
the solubility in polar solvents. In addition to this, the introduction of
carbohydrates is a straightforward method to increase the
bioavailability of therapeutic compounds. The solubility and the
cellular uptake of peptides and antitumor agents can be significantly
improved by connecting them to carbohydrates.3> Also for BODIPYs,
there are a few examples for coupling with carbohydrates, e.g., via
extended linking groups.3® Therefore, it seems attractive to amend
the series of BODIPYs with compounds carrying sugar moieties. A fast
and effective method for direct glycosylation is the reaction with
thio-carbohydrates, via SxAr, which has successfully been applied to
porphyrins and corroles.?®37 This glycosylation can often be done
with the unprotected thio-carbohydrates, as shown for
porphyrinoids and metal complexes.?®338 Very recently, the synthesis
of two glyco-substituted BODIPYs has been described using acetoxy-
protected thio-carbohydrates starting with glycosylation of the
dipyrromethane.®® In  analogy to the literature on
porphyrinoids, %38 we decided instead to test the glycosylation
with unprotected thio-carbohydrates directly on the tetramethyl
BODIPYs 25 and 26. For this, BODIPY 25 was dissolved with the
corresponding 1’-thio-B-D-carbohydrate sodium salt (glucose or
galactose) in DMF and was reacted at room temperature (Scheme 3).
Within 15 min reaction time the reaction was complete and the
corresponding glycosylated BODIPYs were obtained. The glucosyl
conjugate 43 was isolated in 69% and the galactosyl conjugate 44 in
46% yield. The glycosylated BODIPYs 43 and 44 were then subjected
to halogenation with NBS in HFIP. Also, for these complex molecules,
the corresponding 2,6-dibromo-substituted BODIPYs were readily
obtained (45 and 46) within a reaction time of one minute in 62% and
58% yield, respectively (Scheme 3). Analogously, BODIPY 26 was
treated with the respective 1'-thio-pB-D-carbohydrate sodium salts,
yielding to the glycosylated BODIPYs 47 and 48 followed by
bromination, resulting in the dibrominated and glycosyl-substituted
BODIPYs 49 and 50 (Scheme 4). This simple post-functionalization
with unprotected thio-carbohydrates could also be extended to the
direct glycosylation of BODIPYs 1a and 8a, carrying the
pentafluorophenyl and the 4-fluoro-5-nitrophenyl substituent,
respectively (Scheme 5). The glucosyl- and galactosyl-substituted
BODIPYs 51 — 54 were obtained in very high to excellent yields
(Scheme 5). The BODIPY-glycoconjugates 51 — 54 served as non-
halogenated comparators in the subsequent bacterial assays (see
below) with BODIPY conjugates 43 — 50, which combine the
carbohydrate substituent and the 1,3,5,7-tetramethyl/2,6-dibromo
substitution pattern.

O N0
Ne' S=Rio2 <
(1.2 equiv.) (2.5 equiv.)
DMF HFIP
r.t., 15 min r.t., 1 min

Br

25

o PH
R'= o 0, R2= lo}
% HO
OH o

H

OH

43: R (69%)
44: R? (46%=

45: R (62%)
46: R? (58%)

Scheme 3 Glycosylation of BODIPY 25 and halogenation with NBS.
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Br
N

Na s=R1or2 ~r°
(1.2 equiv.) (2.5 equiv.)
—_
DMF HFIP
r.t, 15 min r.t, 1 min

Ho 47: R' (46%) 49: R (35%)

HO&/\ 48: R? (80%) 50: R? (45%)

OH

Scheme 4 Glycosylation of BODIPY 26 and halogenation with NBS.
Na S—R!or2
(1.2 equiv.)
T .
DMF
r.t., 30 min
51: R (88%)
OH
52: R? (61%)
Rl= HO &
" OH
/R1 or2
S
. o OH

Na S—R'°r2 RZ= o

. HO
(1.2 equiv.) on

DMF

r.t., 15 min

53: R' (91%)
54: R? (82%)
Scheme 5 Glycosylation of the BODIPYs 1a and 8a.

Evaluation in assays against S. aureus

For studying their antimicrobial properties, the synthesized BODIPYs
were tested in bacterial assays against S. aureus with and without
irradiation. S. aureus is an attractive target because it is a typical
member of the microflora of wounds with a high tendency to develop
antibiotic resistance.*° Results for homologous series of compounds
are presented in Figure 4 — 9, additionally; results for a selection of
monobrominated BODIPYs are given in Figure 10 (bacterial tests for
the other synthesized BODIPYs can be found in the Supporting
Information). For a possible antimicrobial application in clinical
practice the dyes need to be active in the presence of body fluids in
complex biological environments. In blood serum or (burn) wounds
typically different types of proteins are present. These protein-rich
environments can significantly reduce the effectiveness of
photosensitizers.?>*! Therefore, in addition to tests in PBS further
investigations were conducted in PBS with the addition of horse
serum (10%) to more realistically model the environment where the
BODIPYs would need to exert photoactivity. As mentioned above, the
investigations also included BODIPYs with a non-functionalized core
structure (no methyl groups, no bromine substitution) for
comparison to the modified BODIPYs. Typically, these non-
functionalized BODIPYs are expected to show only a limited or no
phototoxic activity. For the bacterial assays, cultures of S. aureus
were tested under different conditions (incubation with three
BODIPY concentrations, 1, 10, and 100 puM, with and without
addition of serum followed by light exposure; no BODIPY and
absence of light; and 100 pM of the BODIPY - the highest
concentration - in the absence of light to identify dark toxicity). For
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investigation of the phototoxicity, the bacteria were incubated with
the corresponding BODIPY (in concentrations of 1, 10, and 100 uM)
for 30 min in PBS and in PBS with 10% horse serum. The samples
were then exposed to white light with a power density and
irradiation time resulting in an energy fluence of about 100 J/cm?.
The short incubation time of 30 min — short in comparison to
investigations of PDT against tumor cells, where often an incubation
time of 24 h is used — was chosen with respect to the specific
recommendations of antibacterial therapy; bacteria reproduce much
more rapidly than cells, hence, activity is needed after shorter
residence times.*? Bacterial inactivation is presented as the
logarithm of the number of colony-forming units, lg (CFU mL?1),
taking into account that a reduction of several log stages is usually
required for a successful antibacterial treatment. As a control
experiment the effect of light only on the bacterial suspensions was
also tested (see Supporting Information; Figure S15), which did not
exert a measurable effect.

Interestingly, in contrast to what may be expected, some of the para-
amino-substituted BODIPYs with a non-functionalized core structure
exhibited a strong phototoxicity in PBS, where a complete
inactivation of the bacteria was observed already at 1 uM (Figure 4,
3a, 4a, 9a, and 11a), with no inactivation of bacteria occurring in the
absence of light. Of the glucosyl-substituted BODIPYs 51 and 53 (with
a non-functionalized core structure), the tetrafluorophenyl-
substituted BODIPY 51 showed an efficient phototoxic activity at the
highest concentration against S. aureus in PBS (Figure 4), whereas
the 3-nitrophenyl-substituted compound 53 (Figure 4, right side)
only exhibited a small phototoxic effect at 100 uM (the galactosyl-

substituted compound 52 showed only a small phototoxic effect at
100 uM and 10 uM, while 54 exhibited no significant activity, see
Supporting Information; Figure S6). Also, subsequent
investigations there is a tendency for the tetrafluorophenyl-
substituted BODIPYs to have a higher bactericidal activity than the
corresponding 3-nitrophenyl-substituted compounds (see Figures 5
— 9, below). In contrast to the results in PBS, the inactivation of S.
aureus by the BODIPYs 3a, 4a, 9a, and 11a and the others drastically
decreased, and in some cases vanished, in the presence of 10% of
serum (Figure 5). Here, no efficient inactivation of the bacteria was
observed, although for some compounds, 4a, 9a, and 11a, at least a
one stage reduction (90%) of bacterial viability was found. From the
comparison of Figure 4 and Figure 5 it becomes apparent how
strongly the addition of serum influences the antibacterial activity,
suggesting that the use of the PBS-serum combination as a more
realistic model can indeed help to screen and identify candidates
suitable for further aPDT testing.?*! Figure 6 shows the results in
PBS for the series of BODIPYs substituted with methyl groups at their
1, 3, 5, and 7-positions. Compared to the non-methyl-substituted
congeners the antibacterial activity seems diminished in this series
of BODIPYs. Nevertheless, for BODIPYs 29, 32, and 43 a complete
inactivation of S. aureus at least at the highest concentration is
observed. Only the two BODIPYs carrying the n-butylamino group (27
and 30) exhibit a strong activity with complete inactivation of S.
aureus already at a concentration of 10 uM (Figure 6). BODIPYs 28,
31, and 47 show a medium activity with a three-log stage reduction
of bacterial viability.

in
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Figure 4 Photoinactivation of S. aureus by selected BODIPYs with a non-functionalized core structure (30 min incubation and irradiation with white light) in phosphate-buffered saline

(PBS). The antibacterial toxicity is expressed as logarithm of the number of colony-forming units, Ig (CFU mL1). “{,” indicates suppression of bacterial growth below the detection

limit.
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Figure 7 Photoinactivation of S. aureus by selected 1,3,5,7-tetramethyl substituted BODIPYs (30 min incubation and irradiation with white light) in phosphate-buffered saline (PBS)

with 10% serum. The antibacterial toxicity is expressed as logarithm of the number of colony-forming units, Ig (CFU mL?).

On repeating the test of the tetramethyl-substituted BODIPYs with
the addition of serum (Table 7), again no efficient inactivation of the
bacteria could be observed, though here again a small reduction of
bacterial viability by at least one log stage (90%) was found for 27,
29, and 43. Finally, the 2,6-dibromo-substituted BODIPYs were
investigated in the assay against S. aureus. The testing of these
BODIPYs — substituted with methyl groups and bromine — showed a
drastic improvement of their antibacterial toxicity (Figure 8). All
BODIPYs, whether para-amino substituted (35-37, 39-41) or
thioglycosylated (45 and 49; for the galactosyl-substituted BODIPYs
46 and 50, see Supporting Information; Figure S8), exhibited a highly
effective inactivation of S. aureus in PBS with a complete inactivation
of bacteria already in a concentration of 1 uM under light. However,
except for BODIPYs 35, 39 and the galactosyl-substituted BODIPY 50
(see Supporting Information; Figure S8), all BODIPYs showed also a
strong dark toxicity at the highest concentration (100 uM) of the
BODIPY, resulting in a complete inactivation of the bacteria (Figure
8, black arrows). Having these highly active BODIPYs at hand they
were now again challenged with the antibacterial tests being
performed in the presence of 10% of serum. Not unexpectedly as for
the previous compounds a significant decrease in their activity was
observed under these conditions. Several of the tested BODIPYs
showed no significant phototoxicity and no dark toxicity anymore (35
— 37, and 39). However, with these methyl- and bromo-substituted
BODIPYs, for the first time in the series of experiments a complete
inactivation of bacteria in the presence of serum is found for some
compounds, namely BODIPY 40 and the ethylamino- and
thioglycosyl-substituted BODIPYs (Figure 9). Specifically, the
glycosylated conjugates (45 and 49; for 46 and 50 see again
Supporting Information; Figure S13) exhibited a similar influence on

This journal is © The Royal Society of Chemistry 20xx

the bacteria in the presence of serum compared to the results in PBS
(Figure 8). For BODIPY 45 there is no difference in the inactivation of
the bacteria in PBS and in PBS plus serum, while 49 still provided a
dominant phototoxic activity at the two higher concentrations of the
BODIPY (Figure 9; the same holds for the galactosyl-substituted
compound 46, whereas the galactosyl-substituted BODIPY 50
exhibited a complete inactivation of bacteria even at 1 uM, see
Supporting Information; Figure S13).

Having the monobrominated BODIPYs at hand (see above Table 2)
their antibacterial activity was also investigated. These
monobrominated BODIPYs (19, 20, 23, and24) showed a significant
inactivation of the bacteria in PBS, similar to the BODIPYs with an
unmodified core structure (see Supporting Information; Figure S10).
BODIPY 23 and 24 exhibited dark toxicity at 100 uM concentration in
PBS, while, the BODIPYs 19 and 20 showed no significant differences
in their antimicrobial activity in PBS (see Supporting Information;
Figure S10). Interestingly, the tested monobrominated BODIPYS (19,
20, 23, and 24) also exhibited a significant inactivation of S. aureus in
the presence of serum (Figure 10). In all cases, a complete
inactivation of the bacteria was observed at the highest
concentration of the BODIPY. Of those, BODIPY 24 still showed a
dominant toxicity in the absence of light. In comparison to the highly
active dibromo-substituted BODIPYs (45 and 49; 46 and 50, see
Supporting Information; Figure S13), the monobrominated
conjugates 19, 20, 23, and 24 showed a lower antimicrobial activity;
however, these monobrominated BODIPYs still had a notable effect
on S. aureus in the presence of serum. This is specifically remarkable
as they do not contain sugar moieties, like the most effective
dibromo-substituted compounds.
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Their high antibacterial activity may be due to the specific effect of
monobromination of BODIPYs on the photophysical properties
relevant for aPDT.*

In a last set of experiments the dibrominated BODIPYs were tested
against the Gram-negative germ P. aeruginosa (Figures 11 and 12).
P. aeruginosa has a high tendency to develop antibiotic resistance
and is a major threat in nosocomial infections.***>4¢ |t has also been
the target in several aPDT investigations.*’

The tests were conducted in the same way as for S. aureus:
incubation with three BODIPY concentrations, 1, 10, and 100 uM,
with and without addition of serum followed by light exposure; no

BODIPY and absence of light; and 100 uM of the BODIPY - the highest
concentration - in the absence of light to identify dark toxicity. The
‘light only’ experiment was performed with P. aeruginosa as well (for
all details see Supporting Information; Figure S15).

Figure 11 shows the results from the tests with the dibrominated
BODIPYs against P. aeruginosa. Not unexpectedly, the activity of the
dibrominated BODIPYs is significantly lower than against S. aureus. A
reduction of bacterial viability of about 1.5 log stages is achieved with
BODIPYs 35, 37, 40 in the highest concentration. The best
antibacterial activity, however, is again exhibited by the glycosylated
derivatives 45, 46, and 49. For 45 and 46 a reduction of bacterial
viability by 3 log stages is observed in the highest concentration of
100 pM. This is a remarkable activity against a Gram-negative
bacterium for a non-charged photosensitizer, as typically these
antibacterial photosensitizers are charged (cationic) compounds, like
methylene blue.*“4’2¢ Those cationic photosensitizers, however,
bear the risk of unwanted DNA interaction with mutagenic
potential.**® BODIPYs 45 and 46 are also the only ones which exert
an antibacterial activity against P. aeruginosa even in PBS
supplemented with 10% of serum (Figure 12). Here, 85% and 88%
reduction of bacterial viability, for 45 and 46, respectively, is
observed. Interestingly, for P. aeruginosa, again the different effect
of the 2,3,5,6-tetrafluorophenyl vs. the 3-nitrophenyl-substitution is
found. The 4-glycosyl-2,3,5,6-tetrafluorophenyl-substituted
compounds exert a higher antibacterial activity. Though this
antibacterial activity of the BODIPYs against Gram-negative P.
aeruginosa is still limited the bromination/glycosylation strategy
presents itself as a promising approach for photoactive antibacterial
compounds.
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Figure 11 Photoinactivation of P. aeruginosa by selected 2,6-d|br0mo—subst|tuted BODIPYs (30 min incubation and irradiation with white light) in phosphate-buffered saline (PBS).
The antibacterial toxicity is expressed as logarithm of the number of colony-forming units, Ig (CFU mL™?).

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 11



Photoinactivation of P. aeruginosa in PBS
i ¥ 10% Serum

no light, no BODIPY
N 100 pM (dark toxicity)
B 1M + light
B 10 uM + light

Ig (CFU/mL)

¥ r T =
I - | .: T |
I I I | | |

S 100 uM + light

HOoH

Figure 12 Photoinactivation of P. aeruginosa by 2,6-dibromo-substituted BODIPYs (30 min incubation and irradiation with white light) in phosphate-buffered saline (PBS) with 10%

serum. The antibacterial toxicity is expressed as logarithm of the number of colony-forming units, Ig (CFU mL-1).

Summary and conclusions

In this work the stepwise optimization of the 8-pentafluorophenyl-
and the 8-(4-fluoro-3-nitrophenyl)-BODIPY for a possible application
in aPDT was investigated. These basic BODIPY structures were
chosen because they can easily be modified at their para-position
with a multitude of nucleophiles. As halogenation is known to
influence the photophysical properties of BODIPYs in a way favorable
for aPDT, first a targeted bromination of the BODIPY core structure
investigated. Pre-functionalized BODIPYs with a
functionalized core structure were successfully monobrominated.
However, selective dibromination proved to be difficult and often led
to inseparable BODIPY mixtures. Therefore, the respective 1,3,5,7-
tetramethyl substituted BODIPYs, carrying the pentafluorophenyl
and the 4-fluoro-3-nitrophenyl moiety in their meso-positions were
synthesized. These BODIPYs were substituted with several amines
via SyAr. Also, a direct glycosylation was successfully achieved via a
simple nucleophilic  substitution with  unprotected thio-
carbohydrates. Subsequently, the various substituted tetramethyl
BODIPYs were selectively dibrominated via halogenation with NBS.
With this synthetic strategy four series of BODIPYs were obtained
which were then evaluated for their antibacterial activity against S.
aureus with and without irradiation. Tests were first performed in
PBS but then also with the addition of serum to more realistically
model the complex biological environment relevant for bacterial
Many of the tested BODIPYs exhibited a strong
antibacterial activity against S. aureus in PBS, sometimes also an

was non-

infections.

antibacterial activity even in the absence of light. However, in many
cases this antibacterial activity greatly decreased or vanished
completely in the presence of serum. Nevertheless, some BODIPYs
still showed a pronounced antimicrobial activity on the bacteria in
the presence of serum. A very effective inactivation - even in the
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presence of serum - was observed with the 2,6-dibromo-1,3,5,7-
tetramethyl substituted BODIPYs, carrying a thio-carbohydrate
group. Interestingly,
without carbohydrate substitution, also exhibited a significant

some simple monobrominated BODIPYS,

inactivation of S. agureus in the presence of serum. Finally, the
dibrominated BODIPYs were tested in the inactivation of the Gram-
negative bacterium P. aeruginosa. It turned out that the
glycosylated, dibrominated BODIPYs were able to reduce bacterial
viability by 3 log stages suggesting that such glycosylated,
dibrominated BODIPYs could be promising candidates for aPDT.

Experimental
General remarks

All reactions were performed in standard round bottom flasks. DCM,
n-pentane, and methanol were purchased and used as received.
Other solvents were purchased and distilled at reduced pressure.
Purchased chemicals were used as received without further
purification. All liquid reagents were added through syringes.
Reactions were monitored by thin-layer chromatography (Merck,
TLC Silica gel 60 F;s4 and visualized under UV light (254 nm and 366
nm). Flash column chromatography was performed on silica gel
(Fluka silica gel 60M, 40-63um). NMR spectra were recorded with
JEOL ECX400, JEOL ECP500, JEOL ECZ600, and Bruker Avance700
instruments. Multiplicity of the signals was assigned as follows: s =
singlet, br s = broad singlet, d = doublet, t = triplet, dd = doublet of
doublets, dt = doublet of triplets, tt = triplet of triplets, ddd = doublet
of doublets of doublets, ddt = doublet of doublets of triplets, m =
multiplet, m. = centered multiplet. Chemical shifts are reported
relative to CDCl3 (*H: 6 = 7.26 ppm, 13C: § = 77.2 ppm), THF-dg (*H: &
=3.58 ppm, 13C: § = 67.6 ppm), and DMSO-d¢ (*H: & = 2.50 ppm, 13C:
& =39.5 ppm). Coupling constants are given in hertz (Hz). All 13C NMR
spectra are proton-decoupled. For a detailed peak assignment 2D
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spectra were measured (COSY, HMBC, and HMQC). HRMS analyses
were carried out on an Agilent Technologies 6210 ESI-TOF
(electrospray ionization, time of flight) instrument. IR spectra were
measured with a JASCO FT/IR 4100 spectrometer equipped with a
PIKE MIRacle™ ATR instrument. UV/Vis spectra were recorded on a
SPECORD S300 UV/Vis spectrometer (Analytik Jena) in quartz
cuvettes (1 cm length). The fluorescence spectra of the BODIPYs
were recorded with a JASCO FP 6500 spectrofluorometer in quartz
cuvettes (1 cm length). Specified melting points were recorded on a
Reichert Thermovar Apparatus.

Compounds 1,3 —-12, 1a, 3a, 4a, 6a — 123, 25 and 27 were prepared
according to the literature?%2.262:32; for the synthesis of 2, 2a, 5a, and
26 see Supporting Information.

General procedure for the dibromination of BODIPYs (13-16)

The corresponding BODIPY 1a, 7a — 9a (1 equiv.) was dissolved in 2
mL of HFIP. NBS (2.5 equiv.) was added and the mixture was stirred
for the indicated time at rt. Afterwards, the reaction mixture was
diluted with DCM and washed with water several times. The organic
layer was dried with Na,SQ,, filtrated and evaporated to dryness. The
crude product was purified by column chromatography.

General procedure for the targeted dibromination of BODIPYs
under modified conditions (13 and 15)

The corresponding BODIPY 1a or 8a (1 equiv.) was dissolved in DCM.
NBS (2.5 equiv., dissolved in DCM) was added and the mixture was
stirred for the indicated time at rt. Afterwards, the reaction mixture
was diluted with DCM and washed with water several times. The
organic layer was dried with Na,SO,, filtrated and evaporated to
dryness. The crude product was purified by column chromatography.

General procedure for the targeted monobromination of BODIPYs
(17 -24)

The corresponding BODIPY 1a, 3a, 5a — 10a (1 equiv.) was dissolved
in DCM. NBS (2.5 equiv., dissolved in DCM) was added and the
mixture was stirred for the indicated time at rt. Afterwards, the
reaction mixture was diluted with DCM and washed with water
several times. The organic layer was dried with Na,SO,, filtrated and
evaporated to dryness. The crude product was purified by column
chromatography.

General procedure for the nucleophilic substitution of BODIPYs
with amines (28 — 33)

The corresponding BODIPY 25 or 26 (1 equiv.) was dissolved in DMF,
DCM, or DMSO and the corresponding amine (10 — 20 equiv.) was
added. The mixture was stirred for the indicated time. Afterwards,
the mixture was diluted with EtOAc and washed with water several
times. The organic layer was dried with Na,SO,, filtered, and
evaporated to dryness. The crude product was purified by column
chromatography.

General procedure for the glycosylation of BODIPYs (43, 44, 47, 48,
51-54)

The corresponding BODIPY 1a, 8a, 25, or 26 (1 equiv.) was dissolved
in DMF and the corresponding 1’-thio-carbohydrate sodium salt (1.2

This journal is © The Royal Society of Chemistry 20xx

equiv.) was added. The mixture was stirred for the indicated time.
Afterwards, 5 mL water was added and stirred for additional 5 min at
rt. Due to the high polarity of the product, the mixture was directly
evaporated to dryness with a rotary evaporator. The crude product
was purified by column chromatography and recrystallized.

General procedure for the dibromination of tetramethyl-BODIPYs
(34 - 42, 45, 46, 49, and 50)

The corresponding 1,3,5,7-tetramethyl substituted BODIPY 25 — 33,
43, 44, 47, or 48 (1 equiv.) was dissolved in 2 mL of HFIP, NBS (2.5
equiv.) was added and the mixture was stirred for 1 min at rt.
Afterwards, the reaction mixture was diluted with EtOAc and washed
with water several times. The organic layer was dried with Na,SO,,
filtered, and evaporated to dryness. The crude product was purified
by column chromatography.

Antibacterial testing

The bacterium S. aureus is a typical Gram-positive member of the
microflora of wounds. Cultured bacterial cells of S. aureus ATCC
25923 (WDCM 00034) were suspended in sterile PBS or sterile PBS
supplemented with 10% sterile horse blood serum. The bacterial
suspensions were placed into sterile black well plates with clear
bottoms. Concentrations of the BODIPYs used in the study were as
follows: 100 uM, 10 uM and 1 uM. After an incubation time period
of 30 minutes, the samples are exposed to white light (KL 2500 LCD;
Schott), with a power density and irradiation time resulting in an
energy fluency of about 100 J/cm?. After irradiation, the samples are
removed and suspended again in the culture media. The numbers of
colony-forming units (CFU/ml) are enumerated after an adequate
incubation time period. Control plates contained no BODIPY and are
not exposed to white light. The control samples for dark toxicity are
only exposed to BODIPY without any illumination. In an additional
control experiment the bacterial suspension was subjected to white
light illumination only (see Supporting Information; Figure S15). In
the same way as described above the experiments with the Gram-
negative bacterium P. aeruginosa ATCC 27853 (WDCM 00025) were
performed.

X-ray crystallography

Crystals were grown following the protocol developed by Hope by
dissolving the compound in CH,Cl, and layering with MeOH for liquid-
liquid diffusion.*® Single crystal X-ray diffraction data for all
compounds were collected on a Bruker APEX 2 DUO CCD
diffractometer by using graphite-monochromated MoK, (A =0.71073
R) radiation. Crystals were mounted on a MiTeGen MicroMount and
collected at 100(2) K by using an Oxford Cryosystems Cobra low-
temperature device. Data were collected by using omega and phi
scans and were corrected for Lorentz and polarization effects by
using the APEX software suite.®® The structure was solved with the
XT structure solution program, using the intrinsic phasing solution
method and refined against |F2| with XL using least-squares
minimization, using the Olex2 and ShelXle graphical interfaces.*!
Hydrogen atoms were generally placed in geometrically calculated
positions and refined using a riding model unless otherwise stated.
All images were rendered using Olex2.%12 Details of data refinements
can found in tables S1 in the Supporting Information. Refinement
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details for KJF202: The hydrogen attached to N2 (H2) was allowed to
freely refine. The distance of this bond was fixed using the DFIX
restraint at 0.88 (0.01) A. Refinement details for CJK009: N- and O-
bound H atoms were allowed to freely refine, with riding isotropic
thermal parameters.

CCDC 1975111 (for CJKO09) and 1975112 (for KJIF202) contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre.
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