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Abstract
The Rose Bengal-photocatalyzed perfluorohexylation of olefins, alkynes, and electron-rich aromatic compounds in water was 
achieved employing perfluorohexyl iodide as fluoroalkyl source and TMEDA as sacrificial donor under green LED irradia-
tion. Alkenes and alkynes rendered products derived from the atom transfer radical addition (ATRA) pathway, and in the 
case of alkynes, exclusively as E-stereoisomers. These are the first examples of photocatalyzed ATRA reactions carried out 
excursively in water alone. The reactions of aromatic compounds under the current protocol in water present the advantage 
of employing a perfluoroalkyl iodide  (C6F13-I) as source of perfluorohexyl radicals. Examples of photocatalytic late-stage 
incorporations of fluoroalkyl moieties into two commercial drugs of widespread use are reported.
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1 Introduction

Organic transformations performed in water are undoubtedly 
advantageous when compared to traditional organic solvent-
mediated reactions from several viewpoints ranging from 
the overall lower environmental impact, medium disposal in 
large-scale preparative transformations, and easy-to-handle 
and cost-saving operations. However, concerns in the use 
of water or aqueous media relate to the solubilization of 
organic substrates, additives, and catalysts and the possi-
bility of forming water-derived reactive oxygen species in 
radical transformations [1].
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On the other hand, visible light photocatalysis [2–6] has 
progressed as a powerful tool to enable organic synthetic 
transformations using organo(metallic) photocatalysts that 
affect electron transfer sequences promoting the formation 
of reactive radical or radical ion species which facilitate 
organic reactions and bypass the need for direct substrate 
irradiation.

The combination of water as reaction medium and visible 
light photocatalysis represents a promising alliance and a 
natural methodological advancement to achieve organic syn-
thetic transformations. However, a vast majority of photo-
catalyzed reactions carried out in water promote the removal 
of contaminants, either organic or organometallic [7]. This 
is probably related to the above-mentioned production of 
reactive oxygen species from water, facilitated through the 
intervention of metals and semiconductors.

Notwithstanding, in the last ten years visible light-pho-
tocatalyzed organic transformations have been conducted in 
water or aqueous media, as recent review articles attest to 
the relevance of this association [1, 8].

In the realm of visible light photocatalysis, fluoroalkyla-
tion reactions play a considerable part, as generation of 
fluoroalkyl radicals  RF· by this method is well documented 
[7–9]. Our group has contributed to this subject with several 
examples [10–14] on visible light-photocatalyzed fluoro-
alkylation strategies in organic solvents.

One of the drawbacks associated with performing photo-
catalyzed reactions in pure water or buffer media is certainly 
a solubility issue, and the inadequacy of generating the  RF· 
species in these media [15]. For water-soluble organic sub-
strates, authors have resorted to water-soluble photocatalysts 
[16] that enable the generation of fluoroalkyl radicals  RF. As 
a matter of fact, some of the aqueous- or water-photocata-
lyzed fluoroalkylation reactions informed are carried out in 
the reactants` organic interphase [17] or the fluorous phase.

However, a vast majority of photocatalyzed perfluoro-
alkylation transformations of organic substrates are carried 
out in MeCN or DMSO, or mixtures of these latter solvents 
with MeOH or acetone [9, 18]. In particular, a few visible 
light photocatalyzed fluoroalkylation reactions of organic 
substrates in aqueous media have recently been reported [17, 
19–26], and some are illustrated in Scheme 1. Although the 
use of aqueous organic mixtures significantly diminishes the 
environmental impact of the overall strategy, the ideal all-
water medium where organic photocatalysts, substrates, and 
perfluoroalkyl group sources could perform the fluoroalkyla-
tion reactions of organic substrates remains fleeting.

Among the photocatalyzed fluoroalkylation strategies 
reported in aqueous media, the reactions of olefins [27] 
and alkynes employing polypyridyl complexes of Ir as 
photocatalysts [19, 21, 23, 24, 28], and the Umemoto rea-
gent [21] (Scheme 1B) or perfluoroalkyl iodides [24, 28, 
29] (Scheme 1A, C, D) as sources of fluoroalkyl radicals 

have been informed. On the other hand, for the photocata-
lyzed perfluoroalkylation of aromatic substrates, examples 
employing tetrabutylammonium decatungstate (TBADT) 
as photocatalyst in conjunction with the Langlois reagent 
(Scheme 1E) as  CF3 radical source [25], or more recently 
the dyad vitamin B12 and Rose Bengal as photocatalysts in 
alliance with perfluoroalkyl bromides as fluoroalkyl radical 
sources [17], have been reported in aqueous media or water, 
respectively (Scheme 1F). However, photocatalyzed fluoro-
alkylation reactions in water alone have not been reported 
in atom transfer radical addition reactions [30] nor the 
employment of the readily available perfluoroalkyl iodides 
as perfluoroalkyl radical precursors in homolytic aromatic 
substitutions [17].

In this work, we present the visible light-photocatalyzed 
perfluorohexylation reactions of olefins, alkynes, and aro-
matic compounds employing perfluorohexyl iodide as source 
of perfluorohexyl radicals and Rose Bengal as organophoto-
catalyst in water alone as solvent.

2  Results and discussion

We firstly embarked on the investigation of the Rose Bengal-
photocatalyzed perfluorohexylation reactions employing alk-
enes and alkynes as substrates in water.

The use of additives in photocatalyzed reactions either as 
base, sacrificial donors, or electron pools is crucial. In the 
latter roles, redox-active sacrificial donors are deemed nec-
essary to regenerate (photo)catalysts or bring intermediates 
into redox neutrality. In a previous and seminal publication 
[14], we had successfully undertaken the Rose Bengal-pho-
tocatalyzed perfluoroalkylation reaction of activated arenes 
in MeCN as solvent, employing  Cs2CO3 as base/additive. 
From then on, it became clear that  Cs2CO3 functions as an 
excellent additive in numerous photocatalyzed reactions 
carried out in organic solvents [10, 11, 13]. We decided 
to employ  Cs2CO3 as base/additive in our Rose Bengal-
photocatalyzed perfluorohexylation reactions of alkenes 
and alkynes in water. We used allyloxy benzene as model 
substrate (0.2 mmol),  C6F13-I (3 equiv) as source of  C6F13 
radicals, and Rose Bengal (RB, 5 mol%) as photocatalyst, 
in Ar-deoxygenated heterogeneous water mixture (3 mL), 
irradiating (20 h) with a high-power Green LED (3 Watts). 
However, no perfluoroalkylation product was found under 
these reaction conditions. When we replaced  Cs2CO3 with 
N,N,N′, N′-tetramethylethylenediamine (TMEDA), 3 equiv, 
under the same reaction conditions, a 91% yield of product 1 
was obtained (Table 1). Changing the quantities of  C6F13-I, 
TMEDA, and photocatalyst RB did not improve product 1 
yield. We therefore applied our optimized reaction condi-
tions consisting of substrate (alkene or alkyne, 0.2 mmol), 
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 C6F13-I (3 equiv), TMEDA (3 equiv), and RB as photocata-
lyst (5 mol%), in Ar-deoxygenated water (3 mL).

Allyloxybenzene afforded 91% yield of product 1.
When we treated ( ±)-1-octen-3-ol under the standard 

reaction conditions, we obtained a mixture of the atom 
transfer radical addition products 2 and 3, in quantitative 
combined yield, in a 2.5:1 ratio (Table 1). Diastereomeric 
compounds 2 and 3 were successfully separated by silica gel 
column chromatography and characterized by one- and bi-
dimensional NMR spectroscopy (1H, 13C, 19F). The prepon-
derance of diastereoisomer 2 over 3 can be explained on the 
basis of the iodine atom being abstracted from the opposite 
face of the hydroxyl group of the  C6F13-substituted radical 
intermediate, see ESI, Scheme S1).

When phenylacetylene was used as substrate, product 
4 was obtained in 78% isolated yield, exclusively in a E 
configuration. Product 4 had previously been obtained 
[24] in 81% yield through the Ir-photocatalyzed reaction in 
DCM:H2O, as a mixture of the E:Z stereoisomers in a 86:14 
isomeric ratio.

1-Heptyne reacted with  C6F13-I under the optimized pho-
tocatalytic conditions, affording 80% yield of product 5 [31], 
also as exclusive E-isomer. Product 5 had previously been 
synthesized by Zn/TiCl4 one-electron reduction of  C6F13-I 
in DME as solvent, at 75 °C in 70% yield as a mixture of 
stereoisomers [31].

To extend the utility of our methodology, we employed 
commercial alkyne drug (D)-(−)-Norgestrel acetate, the 
acetylated form of (D)-(−)-Norgestrel, a drug used as a hor-
monal medication and contraceptive [32]. We were gratified 
to observe a 50% isolated yield of (D)-(−)-norgestrel-C6F13 
derivative 7 (Table 1).

We then focused our attention to the Rose Bengal-pho-
tocatalyzed perfluorohexylation  (C6F13-I, 3 equiv) reaction 
of activated arenes (0.2 mmol) in Ar-deoxygenated water 
(3 mL), employing TMEDA (3 equiv), under irradiation with 
high-power (3 W) green LEDs (Table 2).

When xylidine (2,6-dimethylaniline) was used as sub-
strate, a 95% yield of product 8 [17] was obtained under 
the standard reaction conditions (Table 2). 4-Methylaniline 

Scheme 1  Selected examples of the reported photocatalyzed fluoroalkylation reactions of organic substrates in water or aqueous media
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afforded 80% yield of 2-perfluorohexyl-4-methylani-
line 9 (Table  2). 4-Methoxyaniline gave a mixture of 
2-pefluorohexyl-4-methoxyaniline 10 and 3-perfluorohexyl-
4-methoxyaniline 11 in 50% combined yield, in a ratio 
10:11 = 20:1. When the same substrate was treated under 
Rose Bengal photocatalysis in MeCN as solvent [14], only a 
perfluoroalkylated product substituted at the 2-position was 
obtained. When 4-nitroaniline was employed as substrate, a 
30% yield of 2-perfluorohexyl-4-nitroaniline 12 was formed. 
This result is very encouraging, since in the Rose Bengal-
photocatalyzed methodology carried out in MeCN as solvent 
[14], this product 12 could not be formed at all, which is a 
telltale indication of the effect of water on the photocatalytic 
reaction.

Interested by the result of the methoxy-substituted arene 
(i.e., 4-methoxyaniline), where both products 10 and 11 
are obtained, as opposed to the reaction carried out in 
MeCN as solvent [14], we undertook the perfluorohexyla-
tion of methoxy-substituted arenes under the Rose Bengal-
photocatalyzed conditions in water.

When 4-tert-butylanisol is treated under the reaction 
conditions (Table 2), 50% yield of product 13 is obtained. 
1,2-Dimethoxybenzene yielded 55% of product 14. 
1,3,5-Trimethoxybenzene, instead, afforded 90% yield 
of 4-perfluorohexyl-1,3,5-trimethoxybenzene 15 in 90% 
yield.

It is interesting to confront the yields of products 8–15 
obtained when an analogous methodology was carried out 
under the dyad photocatalytic system Rose Bengal/vitamin 
B12 employing perfluorohexyl bromide  C6F13-Br as source 
of  C6F13 radicals in water, as reported by some of us recently 
[17]. In this latter work [17], the use of  C6F13-Br as  C6F13 
source was made possible by the co-catalyst vitamin B12. 
Although the yields obtained for products 8–15 are supe-
rior starting from  C6F13-Br than our current methodology 
employing  C6F13-I, the more readily availability of the latter 
can warrant a widespread use of the current methodology.

We treated a commercial drug Ulipristal acetate [33, 
34], a medication used for birth control and uterine fibroids, 
which bears a phenyl-dimethylamino group under our stand-
ard photocatalytic conditions (Table 2). To our surprise, we 
obtained substitution of the enone moiety with the  C6F13 
group in 65% yield, according to Scheme 2, and no product 
derived from homolytic aromatic substitution was found.

Despite that both (D)-(−)-Norgestrel (Table 1) and Uli-
pristal (Scheme 2) possess enone moieties, the presence of 
the more reactive alkyne functionality in the former drives 
the reactivity toward the atom transfer radical addition 
reaction (ATRA) affording product 7 in 50% yield. Com-
paratively, the highly conjugated enone system in Ulipristal 
(Scheme 2) is more reactive than the electron-rich aromatic 
moiety.

In order to uncover the reaction mechanism, a series of 
experiments were carried out, such as the reaction in the 
absence of photocatalyst, or light, where no perfluorohexy-
lated product was encountered. The reaction in the presence 
of radical scavenger TEMPO ((2,2,6,6-Tetramethylpiperi-
din-1-yl)oxyl, 0.5 equiv) did not afford any perfluorohexy-
lated product, but the TEMPO-C6F13 adduct was observed 
instead, supporting the presence of ∙C6F13 radicals in the 
system. A crucial step in these photocatalytic reactions is 
indeed the formation of ∙C6F13 radicals and two possible 
pathways, oxidative and reductive quenching cycles, can 
be proposed (Scheme 3) [35]. Upon excitation of the pho-
tocatalyst, RB* could be oxidatively quenched by  C6F13-I 
affording ∙C6F13 radicals,  I− and  RB∙+. Reduction of  RB∙+ 
by electron donor TMEDA can regain RB into its active 
photoredox state, closing the photocatalytic cycle (oxida-
tive quenching pathway, Scheme 3A). The other alternative 
would involve the initial reduction of RB* by TMEDA as an 
electron donor affording  RB∙−, followed by a single electron 
transfer from  RB∙− to  C6F13-I giving ∙C6F13 radicals and I- 
and regenerating the photocatalyst RB (reductive quenching 
pathway, Scheme 3B). Indeed, for both quenching cycles 
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Scheme 2  Photocatalyzed perfluorohexylation reaction of Ulipristal in water
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the overall result is essentially the same, being the photo-
catalyst RB the species that facilitates the electron transfer 
process from the electron donor TMEDA to the ultimate 
electron acceptor  C6F13-I and generating ∙C6F13 radicals. In 
order to unequivocally distinguish from the two operating 
photocatalytic cycles, Stern–Volmer kinetic analyses were 
initially undertaken. Investigations started attempting the 
fluorescence quenching of RB upon addition of TMEDA 
in  H2O:CH3CN (1:1) as solvent but no suppression of fluo-
rescence was observed, precluding the intervention of an 
electron transfer process from TMEDA to the RB* singlet 
excited state. This result is in agreement with the experi-
ments reported by Hisaeda and coworkers [36], where the 

authors fail to quench the fluorescence of RB upon addition 
of triethanolamine. With these experimental data gathered, 
even though the reductive quenching pathway involving 
RB singlet excited state is excluded, the evaluation of the 
analogous quenching pathway involving RB triplet excited 
state would require additional laser flash photolysis meas-
urements. Unfortunately, the poor solubility of  C6F13-I in 
the reaction media (or even in pure  CH3CN) does not allow 
the measurement of any reliable optical spectroscopy value 
from the Stern–Volmer kinetic analysis nor triplet quench-
ing experiments could be performed. However, in a previ-
ous publication [14] we demonstrated the efficiency of the 
electron transfer process from the excited state of RB* to 

(A) (B)

Scheme 3  Oxidative (A) and reductive (B) quenching cycles toward the formation of ∙C6F13 radicals

Table 1  Scope of the 
photocatalyzed (RB) 
perfluorohexylation reactions of 
olefins and alkynes (0.2 mmol) 
in the presence of TMEDA 
(3 equiv) in Ar-purged water 
(3 mL) or otherwise noted, 
under green LEDs irradiation

Reaction time: 20 h under constant stirring at room temperature
Yields represent isolated yields
a A mixture of MeCN:H2O, 1:2, was used
b Reaction perform with 1 equiv. of I-C6F13
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 C4F9-I for a homogeneous system in  CH3CN. The difficulty 
of performing any optical measurements involving RB and 
 C6F13-I in heterogeneous water or aqueous media herein 
studied precludes us from obtaining any quenching con-
stants that could be compared with those acquired involving 
a reductive quenching cycle of RB and TMEDA. For this 
reason and with the limited data available, the intervention 
of either a reductive or oxidative quenching pathways cannot 
be distinguished within the heterogeneous system studied. 
Further experiments to elucidate the actual quenching path-
way of the photocatalyst are under way.

3  Conclusions

We herein present an environmentally friendly methodology 
to carry out perfluoroalkylation (perfluorohexylation) reac-
tions of alkenes, alkynes, and aromatic compounds in water 
or aqueous media, employing Rose Bengal as photocatalyst 
and TMEDA as sacrificial donor. Throughout the photo-
catalytic process, a high stability of the photocatalyst Rose 
Bengal is observed in water or aqueous medium with MeCN.

For the photocatalyzed reactions of alkenes and alkynes, 
products derived from the atom transfer radical addition 

(ATRA) pathway are obtained, and in the case of alkynes, 
exclusively as E-stereoisomers. It is of note that the cur-
rent protocol is the first report on a photocatalyzed ATRA 
reaction in water alone, since other informed photocatalyzed 
methodologies utilized mixtures of water with organic sol-
vents [24, 28, 29], thus rendering the current syntheses supe-
rior to other reported methodologies [24, 31].

Regarding the photocatalyzed perfluorohexylation reac-
tion of electron-rich aromatic compounds, our methodology 
in water is an environmentally friendly alternative to other 
protocols reported [17] in water or aqueous media. As was 
also the case in analogous photocatalytic methodologies 
[17], we found that the reactions of aromatic nuclei with 
strong electron-withdrawing groups, such as  NO2 groups, 
are made feasible when organic solvents [14] are replaced 
with water (current work). This brings to light the notorious 
effects of water in photocatalytic reactions, that go beyond 
polar or hydrogen-bonding interactions.

We also proved the feasibility of the late-stage intro-
duction of a perfluoroalkyl moiety on two commercial 
drugs of considerable pharmacological relevance, such 
as the alkyne (D)-(−)-Norgestrel acetate and Ulipristal, 
where the  C6F13 group is attached to the alkyne function 
in the former, and the enone system in the latter. These 

Table 2  Scope of the 
photocatalyzed (RB) 
perfluorohexylation reactions 
of arenes (0.2 mmol) in the 
presence of TMEDA (3 equiv) 
in Ar-purged water (3 mL) or 
otherwise noted, under green 
LEDs irradiation

Reaction time: 20 h under constant stirring at room temperature. Yields represent isolated 
yields
a MeCN:  H2O = 1: 1 used
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results are quite encouraging from the synthetic point 
of view, since we proved the application of a late-stage 
perfluoroalkyl group incorporation in the last step of a 
synthetic protocol toward commercial pharmacophore.

The employment of the readily available perfluoroalkyl 
iodides renders our current investigation more accessi-
ble from the viewpoint of reagents, as compared to the 
employment of other fluoroalkylating reagents, such as 
Umemoto’s, Langlois, Togni’s, or perfluoroalkyl bro-
mides reagents.

4  Experimental

4.1  Materials and methods

All reactions were carried out under argon atmosphere 
unless otherwise indicated. Water was purified with a 
Millipore system. Chromatography and extraction sol-
vents, such as ethyl acetate, acetonitrile (MeCN), dichlo-
romethane (DCM), and n-hexane, were of chromato-
graphic quality and used without further purification. 
1-Iodotridecafluorohexane (perfluorohexyl iodide) was 
a commercial reagent and used without further purifica-
tion. N,N,N′,N′-Tetramethylethylenediamine (TMEDA) 
was 99% pure and used as received from the supplier.

Dye Rose Bengal (4,5,6,7-tetrachloro-3′,6′-dihydroxy- 
2′,4′,5′,7′-tetraiodo-3H-spiroisobenzofuran-1,9′-xanthen]-
3-one) was 99.9% pure and used as received from the 
supplier. Organic substrates 2,6-dimethylaniline, 4-meth-
ylaniline, 4-nitroaniline, 4-methoxyaniline, 1,2-dimeth-
oxybenzene, 1,3,5-trimethoxybenzene, and 4-tert-but-
ylanisole were commercial and used as received. The 
biologically relevant substrates employed, Norgestrel and 
Ulipristal (both in the acetate form), were commercial 
and used without further purification. 2,2,6,6-Tetrame-
thyl-1-piperidinyloxy (TEMPO) was an ultra-pure-grade 
reagent.

Analytical thin-layer chromatography (TLC) was per-
formed on silica gel 60 F254 pre-coated plates (0.25 mm, 
Merck). TLC plates were visualized with ultraviolet light 
or by treatment with ceric ammonium molybdate (CAM) 
solution followed by heating. Purification of the reac-
tion products was carried out by column chromatography 
using ultra-pure silica gel (230–400 mesh), standard silica 
gel for column chromatography (60 mesh), or silica gel 
for thin-layer preparative chromatography with fluores-
cent indicator (rhodamine).

The l ight  sources were commercial ly avail-
able high-power LEDs (3  W): green light, LED of 
λmax = 525 nm ± 2 nm, ET = 10 mW.

4.2  Photocatalyzed syntheses

In a 4-mL glass reaction vial provided with screw cap sep-
tum and micro stir bar, substrate (0.2 mmol), N,N,N′,N′-
tetramethylethylenediamine (TMEDA, 3 equiv), photocata-
lyst (5 mol%), and 3 mL of solvent were introduced. The 
mixture was purged with a stream of Ar for 10 min. After 
deoxygenation, n-C6F13I (3 equiv) was introduced with a 
microliter syringe followed by a slight stream of Ar being 
passed through for 1 additional minute; then the vial was 
sealed. The closed reaction vessel containing a dark red 
solution is placed on a stir plate above the heat dissipator, 
according to Figure S1, and stirred vigorously for 20 h. (at 
22 °C) under constant irradiation with high-power LEDs 
(3 Watts).

4.3  Compound characterization

(3-perfluorohexyl-2-iodopropoxy)benzene (1) obtained as a 
colorless solid (91%). TLC: hexane:CH2Cl2 (4:1).

1H NMR (500 MHz, CDCl3): δ (ppm): 2.81 (1H, m), 
3.19 (1H, m), 4.19 (1H, dd J = 10.4 Hz, J = 6.8 Hz), 4.30 
(1H, dd J = 10.4 Hz, J = 6.8 Hz), 4.52 (1H, m), 6.92 (2H, dd 
J = 8.7 Hz, J = 1.0 Hz), 7.02 (1H, dt J = 7.4 Hz, J = 1.0 Hz), 
7.31 (2H, dd, J = 8.7 Hz, J = 7.4 Hz); 13C NMR (125 MHz, 
CDCl3): δ (ppm): 12.8, 37.8 (t, J = 21.1 Hz), 72.7, 114.9, 
121.9, 129.7, 157.7; 19F NMR (470.585 MHz, CDCl3): δ 
(ppm): − 126.01 (2F, m), − 123.56 (2F, m), − 122.83 (2F, 
m), − 121.75 (2F, m), − 113.51 (2F, m), − 80.78 (3F, t);

HRMS (ESI [M + Na]+): Mass calc. for  C15H10F13INaO: 
602.9466, found for  C15H10F13INaO: 602.9459.

(2R,3S)-1-perfluorohexyl-2-iodo-3-octanol + enantiomer 
(2) obtained as a yellow oil (60%). TLC: isooctane:CH2Cl2 
(4:1).

1H NMR (500  MHz, CDCl3): δ (ppm): 0.90 (3H, t 
J = 6.7 Hz), 1.35 (6H, m), 1.48 (1H, m), 1.58 (1H, m), 2.72 
(1H, m, J = 5.2 Hz, J = 1.7 Hz), 2.88 (1H, m), 3.11 (1H, m), 
4.43 (1H, m, J = 5.6 Hz, J = 1.9 Hz); 13C NMR (125 MHz, 
CDCl3): δ (ppm): 14.0, 22.5, 25.0, 31.1, 31.5, 38.9 (t, 
J = 20.6 Hz), 39.3, 73.3; 19F NMR (470.585 MHz, CDCl3): 
δ (ppm): − 126.11 (2F, m), − 123.51 (2F, m), − 122.84 (2F, 
m), − 121.75 (2F, m), − 113.11 (2F, m), -80.77 (3F, t);

HRMS (ESI [M + Na]+): Mass calc. for  C14H16F13INaO: 
596.9936, found for  C14H16F13INaO: 596.9938.

(2R,3R)-1-perfluorohexyl-2-iodo-3-octanol + enan-
tiomer (3) obtained as a yellow oil (40%). TLC: 
isooctane:CH2Cl2 (4:1).

1H NMR (500  MHz, CDCl3): δ (ppm): 0.90 (3H, t 
J = 6.7 Hz), 1.35 (6H, m), 1.48 (1H, m), 1.74–1.27 (9H, 
m), 2.77 (1H, m), 2.89 (1H, m), 3.50 (1H, m), 4.42 (1H, 
m, J = 3.9 Hz); 13C NMR (125 MHz, CDCl3): δ (ppm): 
14.0, 25.3, 27.6, 29.7, 31.6, 34.3, 36.5 (t, J = 20.7 Hz), 
75.7; 19F NMR (470.585 MHz, CDCl3): δ (ppm): − 126.10 
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(2F, m), − 123.58 (2F, m), − 122.82 (2F, m), − 121.75 (2F, 
m), − 113.71 (2F, m), − 80.76 (3F, t);

HRMS (ESI [M + Na]+): Mass calc. for  C14H16F13INaO: 
596.9936, found for  C14H16F13INaO: 596.9935.

(E)-(3-perfluorohexyl-1-iodoprop-1-en-1-yl)benzene 
(4) obtained as a yellow oil (78%). TLC: isooctane:CH2Cl2 
(4:1).

1H NMR (500 MHz, CDCl3): δ (ppm): 6.62 (1H, t, 
J = 13.5 Hz), 7.30–7.39 (5H, m); 13C NMR (125 MHz, 
CDCl3): δ (ppm): 126.8, 126.9, 127.2, 128.0, 129.3, 130.2, 
141.0; 19F NMR (470.585 MHz, CDCl3): δ (ppm): − 126.17 
(2F, m), − 122.86 (4F, m), − 121.73 (2F, m), − 105.21 (2F, 
t), − 80.84 (3F, m); (E)-1-perfluoro-3-iodooct-2-ene (5) 
obtained as a colorless oil (80%). TLC: hexane:CH2Cl2 
(4:1).

1H NMR (500 MHz, CDCl3): δ (ppm): 0.93 (3H, t, 
J = 7.2 Hz), 1.34 (4H, m), 1.61 (2H, m), 2.65 (E-isomer, 
2H, t, J = 7.5 Hz), 2.69 (Z-isomer, 2H, t, J = 6.9 Hz), 6.26 
(Z-isomer, 1H, t, J = 13.2 Hz), 6.34 (E-isomer, 1H, 2H, 
t, J = 14.5 Hz); 13C NMR (125 MHz, CDCl3): δ (ppm): 
13.9, 14.1, 22.3, 22.7, 29.4, 29.7, 30.2, 30.6, 31.4, 31.9, 
41.1, 48.4, 123.1 (t, J = 6.8 Hz), 126.4 (t, J = 23.8); 19F 
NMR (470.585  MHz, CDCl3): δ (ppm): − 126.11 (2F, 
m), − 123.26 (2F, m), − 122.82 (2F, m), − 121.66 (2F, 
m), − 108.44 (Z-isomer, 2F, t), − 105.37 (E-isomer, 2F, 
t), − 80.77 (3F, t);

(D)-(−)Norgestrel-C6F13 (7): obtained as a colorless oil, 
(50%). 1H NMR (500 MHz, CDCl3): δ (ppm): 0.75 (m, 
1H), 0.97 (m, 1H), 1.08 (m, 1H), 1.10 (t, 3 H, J = 7.3 Hz), 
1.18 (m, 1H), 1.45 (m, 1H), 1.54 (m, 3H), 1.65 (m, 2H), 
1.73 (m, 1H), 1.87 (m, 2H), 1.98 (m, 1H), 2.08–2.17 (m, 
2H), 2.29 (m, 3H), 2.43 (m, 1H), 2.52 (m, 1H), 2.57 (m, 
1H), 5.52 (m, 1H), 5.85 (s, 1H), 6.41 (d, 1H, J = 10 Hz, 
H-F); 13C NMR (125 MHz, CDCl3): δ (ppm): 9.6, 21.2, 
21.6, 23.4, 26.1, 26.8, 28.3, 30.8, 34.1, 35.5, 36.6, 40.7, 
42.4, 48.4, 49.0, 116.3 (t, J = 23.55 Hz), 125.01, 144.72 (t, 
J = 8.7 Hz), 165.9, 169.6, 199.8; 19F NMR (470.585 MHz, 
CDCl3): δ (ppm): − 80.76 (t, 3F, J = 9 Hz), − 111.13 (cplx 
m, 2F), − 121.51 (br s, 2F), − 122.84 (br s, 2F), − 123.11 (br 
s, 2F), 126.08 (br s, 2F);

HRMS (ESI [M + Na]+): Mass calc. for  C29H31F13NaO3: 
697.1970, found for  C29H31F13NaO3: 697.1958.

2,6-dimethyl-4-(perfluorohexyl)aniline17 (8) obtained as 
a white solid (95%). TLC: isooctane:CH2Cl2 (1:1).

1H NMR (600 MHz, CDCl3): δ (ppm): 2.21 (6H, s), 
3.88 (2H, br s), 7.14 (2H, s); 13C NMR (150.903 MHz, 
CDCl3): δ (ppm): 17.7, 117.4 (m), 121.2, 126.9, 146.2; 19F 
NMR (564.603 MHz, CDCl3): δ (ppm): − 126.17 (2F, br 
s), − 122.86 (2F, br s), − 121.77 (2F, br s), − 121.53 (2F, br 
s), − 109.18 (2F, t), − 80.84 (3F, t).

4-methyl-2-(perfluorohexyl)aniline17 (9) obtained as a 
yellow oil (80%). TLC: isooctane:CH2Cl2 (1:1).

1H NMR (600 MHz, CDCl3): δ (ppm): 2.26 (3H, s), 4.08 
(2H, br s), 6.63 (1H, d, J = 9.2 Hz), 7.10 (2H, overlapped d 
& s); 13C NMR (150.903 MHz, CDCl3): δ (ppm): 20.4, 
111.3 (t), 118.2, 127.3, 128.9 (t), 134.0, 143.6; 19F NMR 
(564.603 MHz, CDCl3): δ (ppm): − 126.11 (2F, m), − 122.7 
(2F, m), − 121.8 (4F, m), − 108.40 (2F, t), − 80.75 (3F, t).

4-methoxy-2-(perfluorohexyl)aniline17 (10) obtained as 
a yellow solid (47%). TLC:  CH2Cl2:Hexane (7:3).

1H NMR (500 MHz, CDCl3): 3.76 (5H, overlapped 
br s and singlet), 6.70 (1H, d, J = 8.7 Hz), 6.84 (1H, d, 
J = 2.8  Hz), 6.94 (1H, dd, J = 8.8  Hz, J = 2.8  Hz); 13C 
NMR (125 MHz, CDCl3): 56.0, 112.1 (t, J = 22.5 Hz), 
113.1 (t, J = 8.9 Hz), 119.8, 120.5, 139.7, 152.1; 19F NMR 
(470.585 MHz, CDCl3): − 126.15 (2F, m), − 122.76 (2F, 
m), − 121.75 (4F, m), − 108.64 (2F, m), − 80.83 (3F, m).

4-methoxy-3-(perfluorohexyl)aniline17 (11) obtained as 
a yellow solid (3%). TLC:  CH2Cl2:Hexane (7:3).

1H NMR (500 MHz, CDCl3): 3.79 (5H, overlapped 
br s and singlet), 6.85 (3H, overlapped d & s); 13C NMR 
(125 MHz, CDCl3): 57.0, 114.8, 115.8 (t, J = 8.8 Hz), 117.9 
(t, J = 22.6 Hz), 120.2, 139.9, 151.7 (t, J = 2.7 Hz); 19F 
NMR (470.585 MHz, CDCl3): − 126.14 (2F, m), − 122.72 
(2F, m), − 121.91 (2F, m), − 121.19 (2F, m), − 107.75 (2F, 
m), − 80.80 (3F, t).

4-nitro-2-(perfluorohexyl)aniline17 (12) obtained as a 
yellow solid (30%). TLC:  CH2Cl2:Hexane (7:3).

1H NMR (500  MHz, CDCl3): 4.98 (2H, br s), 6.75 
(1H, d, J = 9.1 Hz), 8.17 (1H, dd, J = 9.1 Hz, J = 2.5 Hz), 
8.30 (1H, d, J = 2.5 Hz); 13C NMR (125 MHz, CDCl3): 
110.1 (t, J = 23.8 Hz), 117.3, 126.8 (t, J = 9.1 Hz), 128.8, 
138.7, 151.0; 19F NMR (470.585 MHz, CDCl3): − 126.11 
(2F, m), − 122.70 (2F, m), − 121.74 (2F, m), − 121.62 (2F, 
m), − 109.31 (2F, m), − 80.78 (3F, t).

4-(tert-butyl)-1-methoxy-2-(perfluorohexyl)benzene17 
(13) obtained as a colorless liquid (50%). TLC: Hexane: 
AcOEt (9:1).

1H NMR (500 MHz, CDCl3): 1.31 (9H, s), 3.84 (3H, s), 
6.95 (1H, d, J = 8.7 Hz), 7.48 (1H, d, J = 2.5 Hz), 7.52 (1H, 
dd, J = 8.7 Hz, J = 2.5 Hz); 13C NMR (125 MHz, CDCl3): 
31.5, 34.4, 56.2, 112.4, 116.4, 126.2 (t, J = 8.4 Hz), 130.4, 
143.3, 156.4; 19F NMR (470.585 MHz, CDCl3): − 126.15 
(2F, m), − 122.73 (2F, m), − 121.90 (2F, m), − 121.29 (2F, 
m), − 107.59 (2F, m), -80.82 (3F, t).

1,2-dimethoxy-4-(perf luorohexyl)benzene17 (14) 
obtained as a yellow oil (55%). TLC:  CH2Cl2: isooctane 
(7:3).

1H NMR (600  MHz, CDCl3): δ (ppm): 3.92 (3H, 
s), 3.94 (3H, s), 6.95 (1H, d, J = 8.5  Hz), 7.02 (1H, d, 
J = 1.6 Hz), 7.18 (1H, dd, J = 8.5 Hz, J = 1.6 Hz); 13C NMR 
(150.903 MHz, CDCl3): δ (ppm): 56.1, 56.2, 109.6, 110.8, 
120.4, 121.1, 149.1, 150.0; 19F NMR (564.603  MHz, 
CDCl3): δ (ppm): − 126.14 (2F, br s), − 122.83 (2F, br 
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s), − 121.86 (2F, m), − 121.41 (2F, m), − 109.64 (2F, 
t), − 80.78 (3F, t).

1,3,5-trimethoxy-2-(perfluorohexyl)benzene17 (15) 
obtained as a white solid (90%). TLC: Hexane:  CH2Cl2 
(3:1).

1H NMR (400 MHz, CDCl3): 3.8 (6H, s), 3.84 (3H, 
s), 6.15 (2H, s); 13C NMR (100  MHz, CDCl3): 55.5, 
56.5, 91.9, 98.64, 161.92 (t, J = 2.2 Hz), 164.0; 19F NMR 
(470.585  MHz, CDCl3): − 126.18 (2F, m), − 122.70 
(2F, m), − 122.26 (2F, m), − 122.1 (2F, m), − 102.7 (2F, 
m), − 80.87 (3F, t).

Ulipristal-C6F13 (17): obtained as a yellow oil (65%). 
1H NMR (500 MHz, CDCl3): δ (ppm): 0.40 (3H, s); 1.39 
(1H, m); 1.53 (1H, m); 1.77 (1H, m); 1.83 (1H, m); 2.03 
(1H, m); 2.09 (1H, m); 2.12 (3H, s); 2.15 (3H, s); 2.29 (1H, 
d, J = 12 Hz); 2,36 (1H, m); 2.51 (2H, m, superimposed 
signals); 2.62 (3H, m, superimposed signals); 2.79 (1H, 
m); 2.91 (1H, m); 2.94 (6H, s); 3.08 (1H, m); 4.42 (1H, d, 
J = 8 Hz); 6.67 (2H, d, J = 7.7 Hz); 6.99 (2H, d, J = 7.8 Hz); 
13C NMR (125 MHz, CDCl3): δ (ppm): 15.9; 21.4; 24.1; 
25.6; 27.0; 27.3; 29.8; 30.6; 37.0; 37.8; 38.1; 40.1; 40.6; 
47.1; 50.9; 96.0; 112.9; 127.3; 130.6; 130.8; 149.0; 151.4; 
162.5; 170.7; 193.3; 203.8; 19F NMR (470.585  MHz, 
CDCl3): δ (ppm): − 80.73 (3F, t), − 101.28 (2F, m), − 119.60 
(2F, m), − 121.87 (2F, br s), − 122.59 (2F, br s), 126.05 (2F, 
br s);

HRMS (ESI [M + H]+): Mass calc. for  C36H37F13NO4: 
794.2515, found for  C36H37F13NO4: 794.2522.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s43630- 021- 00154-3.
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