Open Access Article. Published on 15 March 2022. Downloaded on 6/12/2026 11:04:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 4327

2 Pau Sarro,
*a

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Liyin Jiang,
and Marcos G. Suero

Received 15th February 2022
Accepted 11th March 2022

DOI: 10.1039/d25c00968d

ab \Wei Jie Teo,

I ROYAL SOCIETY
PPN OF CHEMISTRY

Catalytic alkene skeletal modification for the
construction of fluorinated tertiary stereocenterst

@ Jordi Llop (2 ¢

Herein we describe the first construction of fluorinated tertiary stereocenters based on an alkene C(sp?)—
C(sp?) bond cleavage. The new process, that takes advantage of a Rh-catalyzed carbyne transfer, relies on
a branched-selective fluorination of tertiary allyl cations and is distinguished by a wide scope including

natural products and drug molecule derivatives as well as adaptability to radiofluorination.

rsc.li/chemical-science

Introduction

The growing number of approved fluorinated small-molecule
pharmaceuticals is a testimony of the tremendous research
efforts in synthetic organofluorine chemistry' and their appli-
cation in fluorine-based drug design.” The most prevalent che-
motypes  found in  fluoro-pharmaceuticals  feature
monofluorinated moieties (Ar-F, Het-F, and alkyl-CH,F) and
trifluoromethyl groups (Ar-CF;, Het-CF;, and alkyl-CF;).2?
However, the appearance of fluorinated tertiary stereocenters is
very rare (Fig. 1A), despite this fluorinated motif being an ideal
bioisostere of tertiary stereocenters — a prevalent motif in drug
molecules - and being found in fludrocortisone - the first
approved fluorine-containing drug. The main reason for the
lack of fluorinated tertiary stereocenters in drug molecules can
be attributed to a less developed area of research and difficulties
of adopting the known synthetic methods for drug molecule
design.'? In this sense, it is of high contemporary interest to
develop new synthetic concepts to such fluorinated motifs
based on unconventional disconnection approaches that can
expand and complement known synthetic protocols.

Catalytic methodologies based on (i) fluorination of alkenes,
enol(ates), phenols and C-H bonds with electrophilic fluori-
nating reagents® or in (ii) transformations of fluorine-contain-
ing starting materials,* can be considered the most developed
approaches for the regio- and enantioselective construction of
fluorinated tertiary stereocenters. However, they respectively
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employ electrophilic fluorinating reagents — which are derived
from fluorine gas - and use pre-functionalized fluorinated
starting materials that could need multistep synthetic
sequences. On the other hand, catalytic fluorination of alkenes,
allylic electrophiles, and C-H bonds with nucleophilic fluoride
sources represents in general an efficient option considering
the availability of fluoride sources.>*

Despite the variety of catalytic strategies developed, it is
remarkable to observe that methodologies that employ C-C
bonds as functional groups are scarce.” Such processes rely on
the skeletal modification of an organic molecule, offering new
disconnection approaches.® Examples of this class of fluorina-
tions that reach fluorinated tertiary stereocenters are limited to
the catalytic cleavage of C(sp®)-C(sp*) bonds of redox-active
esters,” carboxylic acids,' and C(sp®)-C(sp®) bonds in cyclo-
propanes.'* However, to the best of our knowledge, synthesis of
tertiary fluorinated stereocenters through catalytic alkene
C(sp*)-C(sp®) bond cleavage is previously unknown (Fig. 1A).

As part of a research programme focused on the develop-
ment of a carbyne transfer platform in organic synthesis, we
reported a catalytic strategy that generates Rh-carbynoids as
1"_substituted Rh-carbenes by selective diazo activation of
bespoke hypervalent iodine reagents with a rhodium paddle-
wheel catalyst (Fig. 1B)."* We found that Rh-carbynoids
provoked the skeletal modification of alkenes by formally
inserting a cationic monovalent carbon unit (:'C-R) between
both sp>hybridized carbons. This constructive C(sp?)-C(sp®)
bond cleavage process generated synthetically useful cation
intermediates that converted to valuable chiral racemic allylic
building blocks with a broad range of heteroatomic and carbon
nucleophiles.

Recently, we wondered whether we could exploit our alkene
skeletal modification platform for the catalytic conversion of
1,1-disubstituted alkenes into fluorinated tertiary stereocenters
(Fig. 1C). We hypothesized that the fluoride nucleophilic attack
would proceed with high branched selectivity considering that
both the charge and the highest LUMO coefficient of the allyl

Chem. Sci., 2022, 13, 4327-4333 | 4327


http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc00968d&domain=pdf&date_stamp=2022-04-13
http://orcid.org/0000-0002-6150-1787
http://orcid.org/0000-0002-0957-2481
http://orcid.org/0000-0002-0501-6605
http://orcid.org/0000-0002-0821-9838
http://orcid.org/0000-0001-9796-7768
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc00968d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013015

Open Access Article. Published on 15 March 2022. Downloaded on 6/12/2026 11:04:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

A Catalytic approaches that employs C—-C bonds as functional groups

C(sp*)-C(sp") C(sp?)-C(sp?)

Q R cleavage . F cleavage M
=23 .

explored n previously

fluorinated unknown

tertiary stereocenters

B Catalytic Cleavage of C(sp?)-

N2 C(sp?)-C(sp?)
cleavage

C(sp?) Bonds with Rh-Carbynoids

og\{

allyl cation

+ Nu(-)

.—\?_.

allylic building block

Rhy(Il) catalysis

o

alkene

@
Rh,

C New disconection approach exploiting an alkene skeletal modification

L Kem Bhen K

linear

hypervalent I0") reagent

diazo activation generates
an I("M-substituted Rh-carbene
as Rh-carbynoid

alkene tertiary allyl cations branched

can we develop a branched selective fluorination reaction ?

pregnenolone derivative

only branched isomer

m >30 examples  m synthetic applications ® radiofluorinations with ['8F]Et,NF

Fig. 1 Fluorinated tertiary stereocenters.

cation may be centered at the a position, due to the double
substitution with two stabilizing groups (alkyl and aromatic
groups).'**> However, we recognized that constructing a steri-
cally demanding tertiary allylic fluoride could bring some
problems associated with (i) parasitic proton eliminations
promoted by fluoride and (ii) generation of undesirable
branched/linear mixtures due to lack of regiocontrol in the
nucleophilic fluoride attack.*

The successful development of such nucleophilic branched-
selective fluorination of tertiary allyl cations would unlock
a novel access to fluorinated tertiary stereocenters using readily
or commercially available 1,1-disubstituted alkenes and nucle-
ophilic fluoride sources. In addition, our strategy would repre-
sent also a novel approach to a class of allylic fluorides difficult
to obtain with traditional bimolecular nucleophilic substitu-
tions or transition metal-catalyzed platforms.***”

Herein, we would like to present the successful execution of
this goal for a previously unknown disconnection approach to
valuable fluorinated tertiary stereocenters based on the skeletal
modification of 1,1-disubstituted alkenes. The synthetic
protocol is amenable to a broad range of 1,1-disubstituted
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alkenes and permits the installation of a fluorinated tertiary
stereocenter in natural products and drug molecule derivatives.
Notably, the fluorination of the allyl cation intermediates
occurred with excellent branched selectivity. Follow-up alkene
transformations of the products and adaptability to radio-
fluorination were demonstrated.

Results and discussion

The initial experiments were performed using o-methylstyrene
(1a, 2 equiv.), hypervalent iodine reagent 2a (1 equiv.), tetrabu-
tylammonium fluoride trihydrate Bu,NF-3H,O (3 equiv.) and
the Du Bois catalyst Rh,(esp), (1 mol%)™ in dichloromethane
(Table 1). We were pleased to find that branched allylic fluoride
(£)-3a was formed in a promising 36% isolated yield with excel-
lent branched/linear selectivity (b: ! = >20: 1). In addition to
(£)-3a, alcohol (£)-4 and diene 5 were also formed as subprod-
ucts of the reaction in low yields. The formation of (+)-3a was
proposed to proceed via (i) catalytic generation of a Rh-carbynoid

Table 1 Discovery and optimization studies®?

M Initial results

s mcoza

(£)-3a 36% (b:f = >20:1)

1a 1 mol% Rhy(esp), Me, o
PF 3 CO,Et
[0 COt  CHiCl-50°C, 1h
Q=i then
R. N, TBAF+3H,0 (2 equiv) (£)-4 17% (bl >20:1)
o 50°Ctort., 3h
CO,Et
reagent 2a
R = CH,CO,Et
5 14%
R,
PFs o
Ho—
i,/
RE—RHZ @ CO,Et
Ve
L7l COLEN
c=\‘ PFs
int-1 Me int-3
B Fluoride source evaluationl®]
Et;N*3HF (71/<3/<2) th/ AT
v o Td
NaF (0/1/5) BuN™ Ph—=Siir  (2000120)
KF (0/1/6) Ph
CsF (0/1/26) BUN*
Me on  Ho Me.
@ Me % TBAF(pin),
~
N7 (0/0/15) - Me (<5/0/12)
(HF), Me OH HO™ \e

¢ Performed with 1a (0.2 mmol, 2 equiv.), 2a (0.1 mmol, 1 equiv)
Rh,(esp), (0.002 mmol 1 mol%), and a fluoride source (3 equiv.) in
CH,Cl, (0.1 M). ? Y1elds are reported on the basis of "H-NMR analysis
using anisole as the internal standard; branched/linear ratio was
determined by '°F NMR analysis. ¢ Yields in parentheses are of (+)-3a/
(£)-4/5. esp = a,0,0/ o/ -tetramethyl-1,3-benzenedipropanoate.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Scope of tertiary allylic fluoride 3%
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Et0,c” 0

—
L J\©Nz

alkene 1 hypervalent iodine reagent 2a

1 mol% Rhy(esp),

CH,Cly, -50°C, 1 h /SrcozEt
then

Et;Ne3HF (3 eq.)

-50°Ctort,3h tertiary allylic fluoride 3

B o-substituted styrenes

CozEt COLE (t) -3b X = F, 85% (>20:1)
+)-3c X =Cl, 87% (>20:1)
1)-3d X = Br, 70% (>20:1)

(t)-3a 81%° (t) -3e X =, 68% (>20:1)

(>20:1) +)-3b-e

Me,

(#)-3i 78% (>20:1)

Me, F
eomcoza

(£)-3n 70% (14:1)

(£)-3] 82% (>20:1)

Me, F , F
cl

(£)-30 87% (>20:1)

F
R F R = propyl, (£)-3t 75% (15:1) /

, . F
Ph/’ﬂrCOzEf R = CH,CH,Ph, (+)-3u 69% (10:1) ph/QH/COzEt

R = cyclohexyl, (£)-3v 42% (11:1)
R = sec-butyl, (+)-3w 75% (7:1) (£)-3x 60% (14:1)

H 1,1-dialkylalkenes

F
v\rrcoza

3ab 66% (>20:1)

Me F
MGN\H/COZB

(+)-3ad 73% (>20:1)

F
M\WCOZB

3ac 76% (>20:1)

M natural products and drug molecule derivatives

Me_ F
Tso:()“}ﬁrcoza
Me'

3ah 55% (>20:1) [1.1:1]
from dihydrocarveol

Me, F
MCOZH
Me

3al 58% (>20:1) [1.2:1]
from limonene

Me F

wCOZEt

e
3ai 53% (>20:1) [1.6:1]
from valencene

Me F
CO,Et
Me
I
Me

3am 55% (>20:1) [1.1:1]
from p-elemene

. F Me, F Me, F
mCOzEt o /@/"{n/coza 4 __CO,Et
AcO \)\o y
t-Bu

(#)-3k 63% (>20:1)

(£)-3p 74% (>20:1)

Me, F Me, F
mcoza mcoza mcoza
MeO,C F3CO

+)-3f 74% (>20:1) (£)-3g 66% (>20:1)

Me, F
mcoza
Me

(#)-31 30% (>20:1)

(£)-3h 68% (>20:1)

Me, F
mcoza
eO

(£)-3m 0%

Me, F Me,

Y E Me
CO,Et £ _CO.Et 2{__CO,Et CO,Et
R R °F

R = Me, 3r 74% (b:/ = 1.4:1) | = >20:1 (Z:E)
R =Cl, 3s 79% (b:/ = 1.3:1) | = >20:1 (Z:E)

t-Bu

E Ph
- CO,Et | |
' 2
P /ﬂTCOZEt PhTX
F Ph™

(£)-3q 87% (>20:1)

COEL 330 74%
(I:b =>20:1)
3y 84% (>20:1) 3z 79% (I:b =>20:1) F /=51 (ZE)

o Me, F
Me, F Me, F N/\/(Wcoza
Ph/\/ﬂrcoza TSOWCOZB
o

(+)-3af 51% (13:1) (+)-3ag 41% (14:1)

3aj 38% (>20:1) [>20:1]
[x-ray]
from pregnenolone

3ak 45% (>20:1) [1:1]
[x-ray]
from androstanolone

Me

Me
Me F
o mcoza
O
Me

3a0 62% (>20:1) [1:1]
from Ibuprofen

3an 41% (>20:1) [1:1]
from coprostanone

¢ Performed with 1 (0.4 mmol, 2 equiv.), 2a (0.2 mmol, 1 equiv.), Rh,(esp), (0.002 mmol, 1 mol%), and Et;N-3HF (3 equiv.) in CH,Cl, (0.1 M). Yields

are reported on the basis of the isolated pure product. ?

4.2 grams of 2a.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Branched/linear ratio, indicated in parentheses and the dlastereoselectwlty ratio, indicated
in brackets, were determined by '°F NMR or "H NMR analysis of the crude reaction mixture.

¢ Yield of the isolated product using 1.7 grams of 1a and
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by diazo activation of 2a; (ii) stereoselective cyclopropanation
(int-1) to deliver a transient cyclopropyl-I"") intermediate int-2;
(iif) disrotatory ring-opening (the Ph ring rotates inwardly, and
Me rotates outwardly) to give allyl cation int-3; and (iv) regiose-
lective fluoride attack. Finally, alcohol (+)-4 could be formed by
hydrolysis of (+)-3a ' or by a branched-selective water attack to
int-3 **° and diene 5 by proton elimination.

With these promising results, we were encouraged to opti-
mize this novel fluorination reaction by evaluating a diverse
variety of commercially available fluoride sources, hoping to
improve the efficiency of the C-F bond-forming process while
minimizing the parasitic proton elimination or water attack. We
were pleased to find that Et;N-3HF led to (+)-3a in 71% isolated
yield, and the formation of (+)-4 and 5 was certainly suppressed
(<5% yield).”* However, while metallic fluorides MF (M = Na, K,
Cs) and Olah's reagent [Py(HF),] promoted the conversion to
diene 5, tetrabutylammonium difluorotriphenylsilicate (TBAT)
or the tetrabutylammonium fluoride bispinacol complex
(TBAF(pin),) provided (+)-3a in poor yields.?>?

With the optimized reaction conditions in hand, we next
investigated the scope of this fluorination reaction by exam-
ining a broad range of a-substituted styrenes (Table 2). We were
delighted to observe that substrates substituted in the para
position of the aromatic ring with halogens [(£)-3b-e], tri-
fluoromethyl [(+)-3f], ester [(+)-3g], trifluoromethoxy [(+)-3h],
acyloxy [(£)-3i§] and alkyne [(£)-3k] were well tolerated.
However, methyl or methoxy substituents provided low levels of
efficiency [(+)-31] or no product [(£)-3m], as notable polymeri-
zations were noticed with full starting material consumption.
This observation might suggest that the corresponding allyl
carbocation species are generated, before Et;N-3HF is added to
the reaction, due to a significant acceleration in the ring-
opening of cyclopropyl-1""" intermediates (int-2) caused by the
electron-rich aromatic rings. We later hypothesized that these
electron-donating groups may not provoke such significant
acceleration in the ring-opening step when placed in a meta
position. As predicted, the reactions carried out with meta-MeO-
and meta-Me-substituted o-methylstyrenes provided (+)-3n-o
with satisfactory yields and excellent branched/linear ratios.
Moreover, para- and meta-disubstituted aromatic rings or
naphthalene provided the desired products with high level of
efficiencies [(+)-3p,q]-

In contrast to the exquisite branched selectivity obtained for
para- and meta-substituted o-methylstyrenes, a different situa-
tion was observed for ortho-substituted derivatives. Equi-
molecular mixtures of branched/linear fluorides were obtained
(3r,s) when using substrates substituted with a methyl or
a chlorine group. Although this is a clear limitation of our
method, it underlines a potential subtle effect of the ortho
substituent in preventing the aromatic ring from stabilizing the
charge at the a position of the tertiary allyl cation.

After this, we decided to extend the scope by varying the
substituent in the o position of the styrene (Table 2). We
observed that styrenes substituted with alkyl groups such as
propyl, phenethyl, cyclohexyl, or iso-butyl [(+)-3t-w] worked
well; however, a general decrease in the branched/linear ratio
was observed. Fluoromethyl and fluoro substituents were well
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View Article Online

Edge Article

tolerated and provided access to difluoromethyl and 1,2-
difluoroethyl compounds (+)-3x,y with high efficiency. The
latter results highlight an added-value of our methodology in
accessing an interesting and useful subset of organofluorine
compounds increasingly observed in newly approved drug
molecules.** Phenyl or alkyne groups did not provide the ex-
pected branched fluorides, and instead, the corresponding
linear derivatives were obtained (3z,aa). These results indicate
that these substituents may provoke a delocalization of the
charge in the allylic 7 system; however, we do not have a clear
explanation for the excellent linear selectivity observed. The
latter examples led us to question the behavior of allyl

Table 3 Synthetic applications

M Diversification of (t)-3al?l

Me F Me F

Ph)><cozEt Ph%/COZEt
H— H

6 58% (1.2:1) 7 55% (1.4:1)

(+)-3a Me F

Ph
Ph)%coza Q
o] N=

CO,Et

Ph
8 51% (3:1)i 9 70% (2.5:1)
Me F
Ph)ﬁfo
OH
10 66%"

B Synthesis of (+)-F-flurbiprofen 12[°]

Me Me F Me F
i COzEt ;i CO,H
Ph

Ph Ph 3

F F
readily available (£)-11 87%, b:I=18:1 (£)-12 31%

i inati ith 18 c]
B Radiofluorination with ['®*FITEAF Me, 18F

Me L__CO,Et

1 mol% Rhy(esp),
o
R

CH,Cly, -50 °C, 1 h -
R=H R = OAc

20 umol ['®F](¥)-3a ['®F1(£)-3j

10+2% RCC(p-=3 9+2%RCC( =3

then
['8F]TEAF (~0.2 GBq)

20 pmol -30°C, 20 min

¢ Reaction conditions: (i) TSNHNH,, NaOEt, EtOH, 1 hour, and 80 °C;
(ii) 0sO, (1 mol%), Oxone, DMF/H,0, 1 hour, and rt; (iii) m-CPBA,
CH,Cl,, 14 hours, and reflux; (iv) chlorobenzaldoxime, Et;N, 5 hours,
and 0 °C; (v) 0sO4 (1 mol%), Oxone, DMF, 14 hours, and rt; then
H,0,, 2M NaOH, and THF. ?(i) 2-fluoro-4-(prop-1-en-2-yl)-1,1"-
biphenyl, Rhy(esp), (1 mol%), and Et;N-3HF; (ii) OsO, (1 mol%),
Oxone, DMF, 14 hours, and rt; then H,0,, 2M NaOH, and THF. ¢ 1a
or 1j (20 umol), 2a (20 pmol), Rh,(esp), (1 mol%), CH,Cl,, 1 hour, and
—50 °C; then ['*F]TEAF (~0.2 GBq) in CH,Cl, (100 pL), 20 min, and
—50 °C — —30 °C. RCC was calculated with radio-HPLC with the
number of replicates noted.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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carbocations doubly-substituted in the o position with alkyl
groups, which are generated from 1,1-dialkyl substituted
alkenes. We were delighted to find that exocyclic and acyclic
aliphatic olefins were well tolerated and provide tertiary allylic
fluorides (3ab-ag) with good to excellent branched/linear ratios.

Further demonstration of the potential of our methodology
was validated in the fluorination of a selection of natural
products and drug molecule derivatives (3ah-an) (Table 2). It is
worth highlighting the excellent degree of chemoselectivity
observed in substrates containing more than one alkene. The
results indicate that highly substituted alkenes are less reactive;
however, the excellent selectivity observed for B-elemene (3al)
highlights that the initial alkene cyclopropanation to form
a cyclopropyl-1"™ intermediate is sensitive to steric effects.

We next aimed to transform the alkenyl-carboxylate moiety of
(£)-3a into useful functionalities without compromising the
integrity of the fluorinated tertiary stereocenter (Table 3). Hydro-
genation (6), dihydroxylation (7), epoxidation (8) 1,3-cycloaddition
reactions (9) and oxidation (10) provided a series of fluorinated
derivatives that would be otherwise difficult to obtain by other
means. To demonstrate the synthetic utility of our methodology in
providing access to fluorinated analogues of medically relevant
agents containing a tertiary stereocenter, we sought to synthesize
(£)-F-Aflurbiprofen 12. Although this fluorinated analogue is
known, it was synthesized using electrophilic reagents.” Initially,
we performed our fluorination reaction using a readily available
styrene and obtained branched tertiary fluoride (+)-11 with high
efficiency. Finally, oxidation with OsO, transformed (+)-11 into
the desired (+)-F-flurbiprofen 12 (Table 3).

"Fluorine [*°F] is emerging as one of the most prominent
radionuclides in the application of positron emission tomog-
raphy (PET), a fundamental technology in precision medicine for
(pre)clinical imaging.”® The preparation of radioactive molecules
containing a ['®F] fluorinated tertiary stereocenter remains
a critical challenge. These motifs cannot be synthesized by
nucleophilic substitution of alkylsulfonates with [**F]KF-Ks,s,
and current synthetic methodologies are limited in scope.>”” We
wondered whether our fluorination reaction could be a suitable
methodology for the synthesis of ['°F] tertiary allylic fluorides.
The initial experiments were performed with a-methylstyrene,
reagent 2a, Rh,(esp),, and [“*F]KF-K,,, (~0.2 GBq). The latter
[*®F]-fluoride source was added at —50 °C, and the reaction
mixture was warmed until —30 °C during 20 min. Unfortunately,
the radiolabelled product ['®F](4)-3a was not detected, probably
due to the low solubility of [®F]KF-K,,,. However, when using
[*®*F]tetraethylammonium fluoride [‘*F]TEAF (~0.2 GBq),*®
labelled product [*°F](+)-3a was formed in 10% =+ 2% (n = 3) of
radiochemical conversion (RCC). In addition, we observed that
the radiolabelling could also work with other substrates ([**F](+)-
3j, 9% =+ 2% (n = 3) RCC). However, attempts to improve the RCC
were unsuccessful (Table 3).°

Conclusions

In summary, we have developed a new synthetic methodology
for the construction of fluorinated tertiary stereocenters from
1,1-disubstituted alkenes. The process relies on the generation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of tertiary allyl cations, mediated by a catalytically-generated
Rh-carbynoid, that undergoes nucleophilic fluorination with an
excellent branched/selectivity ratio. Notable features of this
process are the broad scope of 1,1-disubstituted alkenes,
including natural products and drug molecule derivatives,
applications in the synthesis of a fluorinated drug molecule -
(£)-F-flurbiprofen - and its translation to radiofluorination with
['®F]TEAF. The generality of our methodology and synthetic
applications, based on a Rh-catalyzed carbyne transfer with
alkenes, stands as a testament of its potential utility to expand
the chemical space in fluorine-based drug design.
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