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Abstract: Here, we report a general approach to the
synthesis of the difluoroalkyl bicycloalkanes (CF2-
BCAs), as structural surrogates of aryl ketones and
ethers. The chemistry is driven by a dihydrobenzoacri-
dine photocatalyst, that engages in a catalytic electron-
donor acceptor (EDA) complex, or directly reduces the
fluorinated substrate. These two convergent manifolds
lead to the generation of the R-CF2 radical, that reacts
with the [1.1.1]- or [3.1.1.]-propellane. The method is
extremely general, and extendable to complex bioactive
molecules (30 examples, up to 87% yield). The struc-
tural features of the CF2-BCP hybrid bioisostere were
investigated by single crystal X-ray. Finally, we synthes-
ised a CF2-BCP analogue of a Leukotriene A4 hydrolase
inhibitor, replacing the original aryl ether motif. In silico
docking studies indicated that this new analogue main-
tains the same arrangement within the enzyme pocket,
profiling the use of the CF2-BCA hybrid bioisostere in
medicinal chemistry settings.

Introduction

The bioisosteric replacement is a fundamental tool in
medicinal chemistry to tune the physicochemical and bio-
logical properties of a drug. This strategy is based on the
substitution of a chemical motif with another functionality,

without altering the key interactions for molecular
recognition.[1] Of particular interest are the bioisosteres that
can replace widely present chemical units in bioactive
molecules. In this regard, the difluoromethylene group
(� CF2� ) is a suitable replacement of carbonyl groups (C=O)
or oxygen atoms, inferring to the parent molecule an
enhanced potency and/or pharmacokinetic profile.[1c] For
example, the introduction of a � CF2� group in 1 (Figure 1a)
led to an increased inhibitory activity towards Leukotriene
A4 (LTA4) hydrolase, while other functionalities showed
inferior effects.[2] On the other hand, bicyclopentanes
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Figure 1. a) Examples of the use of CF2 and BCPs as hybrid
bioisosteres. b) This work: Design of new fluorinated fragments for
bioisosteric replacement. c) Photo-organocatalytic strategy to the CF2-
BCA unit.

Angewandte
ChemieResearch Articles
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2023, 62, e202303585
doi.org/10.1002/anie.202303585

Angew. Chem. Int. Ed. 2023, 62, e202303585 (1 of 8) © 2023 The Authors. Published by Wiley-VCH GmbH

http://orcid.org/0000-0001-6179-7306
http://orcid.org/0000-0003-4826-1499
http://orcid.org/0000-0001-8125-3293
http://orcid.org/0000-0001-7522-9756
http://orcid.org/0000-0003-0423-9628
https://doi.org/10.26434/chemrxiv-2023-vdvlw
https://doi.org/10.1002/anie.202303585
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202303585&domain=pdf&date_stamp=2023-06-23


(BCPs) and bicycloheptanes (BCHeps) have emerged as
promising bioisosteres of para- and meta-substituted aro-
matic rings, respectively.[1d,3] Interestingly, these moieties
can infer improved water solubility avoiding π–π interac-
tions, and a higher resistance to oxidative metabolic
processes, as exemplified with the BCP-resveratrol 2 (Fig-
ure 1a).[4] The merger of two structural bioisosteres into a
new hybrid functionality has recently attracted the attention
of the scientific community (Figure 1b). Pioneering contri-
butions in this field have involved the design of multivicinal
fluoroalkanes,[5a] and SF5� BCPs.

[5b] By merging two bioisos-
teres, it is possible to give rise to a number of new molecules
with improved biological activity. This approach is in great
demand, especially within drug discovery programs.[6] How-
ever, in spite of its potential applications in synthetic and
medicinal chemistry settings, general methods to combine
established bioisosteric units are largely underdeveloped.[5,7]

Herein, we document the design and implementation of
a mild photocatalytic strategy to access CF2� BCA (bicy-
cloalkane) hybrid bioisosteres 7 (Figure 1c). Our light-driven
approach builds on the activity of an organic photocatalyst
(PC), that can generate the reactive R� CF2 radical through
two alternative yet convergent mechanisms. The PC can
form a catalytic electron-donor-acceptor (EDA) complex
with the aromatic substrates or directly reduce the other
types of difluoroalkyl precursor 5.[8] Light excitation of the
EDA complex promotes a single-electron transfer (SET)
that leads to the generation of a difluoromethylene radical,
engaging in an atom-transfer radical addition (ATRA) with
propellane 6.

The method is general and extendable to highly
diversified scaffolds, including complex bioactive
ingredients.[9] The synthetic versatility of the CF2� BCA 7
was proved with various manipulations. To evaluate the
structural features of the hybrid bioisosteres in the solid
state, we performed single crystal X-ray analysis on selected
products. Finally, the CF2� BCP hybrid bioisostere was
installed into a known Leukotriene A4 (LTA4) hydrolase
inhibitor, whose interactions with the enzyme were eval-
uated by means of docking studies.

Results and Discussion

Optimization Study and Mechanistic Investigations

Our investigation began by evaluating the performance of
(bromodifluoromethyl) phenylsulfone 8 as a radical precur-
sor, under the conditions described in Table 1. We selected
this substrate since the sulfonyl moiety (� SO2Ph) can be
easily removed under reductive conditions, giving access to
the valuable � CF2H functionality.[10]

We initially tested the performance of different highly
reducing PCs, including phenothiazine PC1, the naphtho-
chromenone (PC2), 12-aryl dihydrobenzoacridine
(12ADBA, PC3)[11] and the trisubstituted phenolate PC4,
developed by our group (Table 1, entries 1–4).[12] Satisfac-
torily, we found the best performance with PC3, obtaining
the desired CF2� BCP product 10 in 89% NMR yield after

1 h (entry 3). Increasing the reaction time to 2 h allowed the
full conversion of the starting material 8, forming the
product 10 in 96% NMR yield (70% isolated yield, entry 5).
No product was detected in the absence of light (entry 6) or
without PC (entry 7), revealing the photocatalytic nature of
the process.

Our next efforts were directed towards the elucidation
of the mechanism of this light-triggered radical process. The
analysis of the optical absorption spectra of the reaction
components showed a clear red-shift when PC3 was mixed
with an increasing amount of the sulfone 8. This behavior
suggests the possible formation of an EDA complex (Fig-
ure 2a). By UV/Vis Job plot analysis, we determined the
molar ratio of the species involved in the complex to be 1 :1
(see Supporting Information, section G.6). To gain further
insights into the nature of this complex, we performed a
series of spectroscopic and computational analyses. 1H NMR
titration experiments ruled out the hypothesis of having H-
bonding interactions between PC3 and 8 (See Supporting
Information, section G.5). These results are in agreement
with the DFT calculations (M06-2x/Def2TZVP/IEFPCM-
(CH3CN)), since amongst the different complexes com-
puted, including H-bonding and halogen-bonding ones, the
most stable are characterized by a π–π interaction between
the aromatic core of PC3 and the phenyl ring of the sulfone
(see Supporting Information, section H).

Interestingly, the HOMO lies entirely on the PC3’s core
while the LUMO is located on the sulfone 8, and it is

Table 1: Optimization of the reaction conditions and control experi-
ments—selected results.[a] Reactions performed at 0.2 mmol scale,
using 1 equiv of 8 and 1 equiv of 9 (see Supporting Information).[b] The
yields were determined by 1H NMR analysis, using trichloroethylene as
internal standard. Isolated yields are reported in parenthesis.[c] Reaction
time: 2 h.
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distributed all along the molecule structure (Figure 2b).
Moreover, TD-DFT calculations at the same level of theory
predict a red-shift of the computed UV/Vis spectrum of the
π–π complex which agrees with the experimental observa-
tion. To provide information on the initiation step, we
carried out Stern–Volmer quenching studies. Here, increas-
ing amounts of the bromide 8 could effectively quench the
excited state fluorescence of PC3, whereas no quenching
was observed with the propellane solution 9 (Supporting
Information, section G.4). To investigate the possibility of
alternative productive pathways, we evaluated the contribu-
tion of a dynamic quenching through time-resolved
fluorescence decay of PC3 excited state (Figure 2c). Indeed,
we observed a linear correlation between the PC3 lifetime
(τ0/τ) and concentration of 8, indicating that a SET under
diffusional control can occur (kq=1.95×1010 M� 1 s� 1). Based
on these results, we propose two alternative initiation steps,
both converging into an ATRA manifold (Figure 2d). The
direct excitation of PC3 or the excitation of the EDA
complex I, lead to the reactive intermediate III, with the
concomitant formation of the PC3’s radical cation II. DFT
analysis of 8*� shows that the C� Br bond is almost entirely
dissociated, with a bond length between the CF2 carbon and
the bromine atom of 2.99 Å. Interestingly, the spin density
map (Figure 2b, right) revealed that the unpaired electron is
mostly located at the CF2 carbon, thus corroborating the
indirect experimental evidence for the formation of the
reactive radical intermediate III.

Having determined a reaction quantum yield (QY) value
of 1.1, and in agreement with other literature reports,[13] we
confirmed an ATRA manifold, where III adds to 9 through
a strain-release process, affording the open-shell intermedi-
ate IV. This radical species undergoes halogen-atom transfer
(XAT) with another molecule of 8, giving the product 10,
while regenerating the reactive difluoroalkyl radical III. At
the other side of the photoredox cycle, the PC3’s ground
state is regenerated by reduction of the Br anion (Eox= +

0.71 V vs SCE).[14]

Generality of the Process

After having elucidated the reaction manifold, we evaluated
the generality of the developed photocatalytic process. As
shown in Table 2, a wide array of difluoroalkyl bromides 5
proved to be suitable for this transformation. It is worth
noting that previous photocatalyzed ATRA processes with
difluoroalkyl bromides have typically suffered from ineffi-
cient initiation and/or atom transfer steps, thus limiting the
scope of radical precursors to biased substrates.[15] Sulfur
derivatives, including substituted aryl sulfones (10–13),
thioethers (14–18), as well as aryl sulfoxide (19), were
successfully used under the ATRA process, leading to the
corresponding CF2� BCP products in good to high yields (up
to 79%). Both [1.1.1]- and [3.1.1]-propellanes reacted
equally well (70% yield for 10 vs 84% yield for 11).
Noteworthy, amine derivatives proved to be useful starting

Figure 2. a) Ultraviolet absorption spectra of PC3 with increasing amount of 8. The colour intensity corresponds to increasing amount of 8, i.e.
0.025 mmol per addition. b) Computational analysis of selected reaction intermediates. c) Lifetime decay of PC3 and Stern–Volmer quenching of
PC3 with 8. In the inset on the right is shown the plot of τ0/τ as a function of the quencher concentration [8]. d) Proposed mechanism for the
organophotoredox catalyzed difluoroalkylation of propellanes.
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materials, delivering the corresponding products 20–22 in
high yields (up to 87%). To the best of our knowledge, this
is the first example on the use of bromo(difluorometh-

yl)amines derivatives as radical precursors in ATRA proc-
esses. Also, the phosphonate derivative 23 proved to be
reactive (47% yield). Interestingly, the reaction with CF2Br2

Table 2: Scope of the reaction for the precursors 5 and 6. Reactions performed on 0.2 mmol scale with 1 equiv of 5 and 6. Isolated yields are
reported.[a] 1.5 equiv of CF2Br2 was used (see Supporting Information for details).
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as radical precursor gave straightforward access to the
synthetically versatile BCA products 24 and 25, in 85% and
55% yield, respectively. To our delight, other highly diverse
radical precursors, including benzyl derivatives, ketones,
esters, Weinreb amide, and alkynes were all found to be
competent substrates, affording products 26–32 in high
yields (up to 87%).The reaction took place also with the
substrates for which π–π interactions were minimal or not
possible. In these examples, we assume that a classical SET
manifold occurs for the generation of the key RCF2 radical
and final CF2� BCA product formation. Finally, we proved
the robustness of the method with more complex bio-
logically relevant substrates. We efficiently installed the
CF2� BCA hybrid bioisostere into paracetamol, tyramine,
and D-galactose derivatives, giving access to the products
33–35 in up to 76% yield. Also, aminoacids and short
peptides: L-tryptophan, L-phenylalanine, and the Gly-Ala
derivatives delivered the corresponding hybrid bioisosteres
36–39 in good to high yields (up to 75%). Of note, the
reactions proceeded well also when in presence of free
phenolic OH, or amidic and indolic NH groups, proving the
robustness and high selectivity of the developed method.

Solid state analysis

By slow solvent evaporation, we managed to grow the
crystals of the products 17, 26, 35 and 39 (See Supporting
Information, Section E). Single crystal X-ray diffraction
(SC-XRD) of these new type of CF2-BCPs allowed us to
perform comparative studies in the solid state, evaluating
the structural changes associated with the replacement of an
aryl ketone (ArCO) or an aryl ether (ArO) unit with the
CF2� BCP bioisostere.

[16]

We thus compare the distances of the distal atoms of the
� ArCO� , � ArO� and � CF2BCP� units in a series of X-ray
data (Figure 3a). In 477 molecular structures containing the
ArCO unit, the average distance ð�d) found was to be 5.21 Å,
whereas in the case of aryl ethers (ArO), the �d was found to
be 5.02 Å considering the data of 1413 crystals bearing this
unit.[17] The X-ray analysis of the crystal of compound 26
showed that the change for the CF2-BCP bioisostere results
in a 17–20% reduction of the distance between terminal
atoms.

Consistently, a 19% reduction in distance was observed
in the crystals of the thioester 40 and the CF2� BCP
derivative 17 (Figure 3b). Under both analyses, the reduc-
tion of the distance is mainly attributed to the shorter
transannular distance between the C1 and C3 atoms of the
single BCP unit [dC1-C4 (Ar)=2.77–2.75 Å vs. dC1-C3 (BCP)=

1.82 Å]. On the other hand, the replacement of the C=O or
O fragment for the CF2 unit corresponds to minimal distance
variations (1–5%). Al together these observations indicate
that the main structural variations of the � ArCO� or
� ArO� !CF2� BCP hybrid bioisostere are in line with the
well-established Ph!BCP isosteric replacement.

Products Derivatisations

To demonstrate the synthetic versatility of the CF2� BCA
products, we performed various products manipulations
(Figure 4). First, the sulfonyl moiety of product 10 was
removed upon reductive cleavage with Mg in MeOH-d4,
giving access to the valuable 2HCF2� BCP product 41 (Fig-
ure 4a). It is anticipated that these deuteration routes are
particularly relevant for tagging purposes.[18] Next, product
31, bearing an alkyne unit, proved to be a suitable
intermediate for both Cu-catalyzed click reaction[19] and
Sonogashira coupling,[20] affording the products 43 and 45 in
70% and 59% yield, respectively (Figure 4b). Lithiation of
product 14 followed by reaction with different electrophiles,
including 4-fluorobenzaldehyde (47) or CO2, gave access to
the products 48 and 49 bearing an alcohol, or a carboxylic
acid, respectively (Figure 4c).[21] Interestingly, the CF2� BCP-
organolithium intermediate 46 also engaged in a Negishi
coupling with 2-bromopyiridine (50), affording the product
51 in 24% yield. Finally, the reaction of 46 with MeOH-d4

allowed the straightforward installation of deuterium (2H) in
the BCP unit, forming product 52 in 66% yield.[22]

Synthesis of LTA4 Hydrolase, Inhibitor Analogue and Molecular
Docking Studies

Aiming at evaluating the replacement of an aryl ether
moiety with the CF2� BCA hybrid bioisostere in a bioactive
molecule, we selected the LTA4 hydrolase inhibitor 1 and
targeted the corresponding analogue 53 (Figure 5a). Inter-
estingly, we found that 53 shows enhanced lipophilicity and
water solubility as indicated by the computed cLogP and

Figure 3. Structural changes associated with the substitution of a) an
aryl ketone, aryl ether or b) aryl thioester moieties with the correspond-
ing hybrid CF2-BCP bioisostere. Structures determined by single-crystal
X-ray diffraction.
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cLogS values. With these promising indications, we next
performed the synthesis of 53. We were able to readily
convert compound 26 into 53, through a two-steps process
involving: i) a C� O cross-coupling reaction with the amino-

alcohol 54,[22] and ii) a Li/Br exchange followed by proto-
nation, with an overall yield of 39% (Figure 5b).

Having 53 in hand, we interrogated docking studies on
the spatial organization of this molecule within the LTA4

hydrolase (Figure 5c).[23] Interestingly, both compounds
were found to bind to the protein with analogous orientation
within an L-shaped hydrophobic cavity in proximity of the
Zn-binding site. This binding mode is in good agreement
with those observed for related small molecules co-crystal-
lized with the LTA4 hydrolase enzyme.

[24] More in detail, the
inhibitor 1 showed polar interactions between the pyrroli-
dine moiety and the protein backbone (Gln136 and Ala137)
and a π–π stacking between the p-disubstituted aryl ring and
the lateral chain of Phe314, while placing the phenoxy ring
at the end of the hydrophobic cavity (see Figure S23 in the
Supporting Information). Importantly, these key interac-
tions are fully preserved for the analogue 53, whose BCP
moiety, as for the phenoxy ring of 1, is placed at the end of
the hydrophobic cavity. Hence, the overall bioisosteric
replacement of the phenoxy ring for the CF2� BCP unit does
not significantly alter the binding mode within the LTA4

hydrolase. These promising data open the way to the
following in vitro biological evaluations of such molecule, as
well as other CF2� BCA derivatives as effective bioisosteric
replacements.

Conclusion

In summary, we have developed a general and mild photo-
chemical strategy to the synthesis of CF2� BCA hybrid
bioisosteres. The process is catalyzed by the acridine PC3,
that upon light-excitation, promotes the generation of the
key R� CF2 radical, either by direct reduction of the starting
substrate or via an EDA-complex manifold. Then, the
R� CF2 radical reacts with the propellane through an ATRA
process. The generality of the method was proven for
structurally diverse substrates including amines, amides,

Figure 4. Product derivatisations with diverse CF2-BCA products 7.

Figure 5. a) Selected LTA4 hydrolase inhibitor 1 and targeted CF2-BCP
analogue 53. b) Synthesis of 53. [PdII]=AdCyBrettPhos Pd G3.
c) Calculated structure of 1 (light blue backbone) and 53 (orange
backbone) within the hydrophobic pocket of the zinc metalloenzyme
LTA4 hydrolase (pink backbone). Best docking poses for 1 and 53 are
shown.
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esters, aminoacids or carbohydrates. Structural analysis on
the single crystal of products 17, 26, 35 and 39 revealed a
structural contraction of the corresponding aromatic ketone
or aromatic ether of 17–20%, thus profiling the possible
utilization of the CF2� BCA core as a hybrid bioisostere for
such scaffolds. These findings were corroborated by docking
studies, which revealed that the binding mode of a known
LTA4 hydrolase inhibitor 1 was retained in the CF2-BCP
analogue 53. We foresee the utilization of the developed
synthetic platform to access new fluorinated hybrid bioisos-
teres, while opening the way to their widespread use in
medicinal chemistry settings.
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