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We report a phase-transfer-catalysed asymmetric a-difluoroalkylation of p-ketoesters through visible
light-promoted radical generation. This methodology affords quaternary stereocentres with mild enan-
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that the reaction proceeds via difluoroalkyl radical generation arising from an in situ electron donor—
acceptor complex capable of absorbing visible light. Extensive optimisation of the reaction parameters

rsc.li/frontiers-organic was carried in an attempt to overcome a facile racemic background reaction.
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1. Introduction

Owing to their growing role in materials science, agrochem-
icals, and pharmaceuticals the introduction of difluoroalkyl
groups has become an area of particular interest."” This is
due to the well-established improvements in metabolic stabi-
lity, lipophilicity, and bioavailability gained by incorporating
fluorine-containing  functional  groups into organic
molecules.*® To install difluoroalkyl moieties enantioselec-
tively typically requires the use of transition metals either as
photocatalysts or to provide a chiral environment with an
enantiopure ligand.””™ In the context of difluoroalkyl radicals,
their enantioselective incorporation into a molecule has been
limited to two examples, but both require the use of transition
metals. First, Lu and Xiao harnessed a chiral nickel Lewis acid
catalyst with an iridium photocatalyst for the asymmetric
difluoroalkylation of p-ketoesters (Fig. 1A).'> Later, Xu syn-
thesised enantioenriched gem-difluoroalkyl containing y-keto
amides using a chiral-at-rhodium(ur) complex and an Ir photo-
catalyst (Fig. 1B).'® Therefore, due to the lack of enantio-
selective protocols for introducing difluoroalkyl groups and
the current constraint of using unsustainable, toxic, and
expensive transition metal catalysts we sought to explore an
alternative strategy. Primarily we were intrigued by light-
initiated methods that remove the need for exogenous photo-
catalysts. For example, a system developed by Melchiorre and
co-workers realised the a-trifluoromethylation and perfluor-
oalkylation of f-ketoesters in the absence of transition metals
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(Fig. 1C)."* This transformation was rendered asymmetric
through the use of an organocatalytic phase-transfer catalyst
(PTC).*>* Aside from providing a chiral environment the PTC
also facilitates the formation of an electron donor-acceptor
(EDA) complex by solubilising the enolate of the p-ketoester in
a non-polar solvent so that it can interact with the electron-
deficient perfluoroalkyl iodide. Formation of EDA species can
manifest pronounced characteristics and they can be identified
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Fig.1 (A and B) Previous asymmetric difluoroalkylation reactions; (C)
enantioselective perfluoroalkylation using a chiral phase-transfer cata-
lyst; (D) organocatalytic enantioselective difluoroalkylation of
B-ketoesters.
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through a number of different methods.>”® Importantly, an
EDA complex is capable of absorbing visible light, and under-
going a subsequent single electron transfer process, to afford a
desirable radical intermediate derived from the electron accep-
tor. We sought to build on this observation by exploring a range
of ketones and f-ketoesters to stereoselectively incorporate the
difluoroalkyl moiety under sustainable, metal-free conditions.
Herein, we report our endeavour to harness organocatalytic
phase-transfer conditions with the generation of tertiary radicals
resulting from an EDA complex, to afford enantioenriched
a-difluoroalkylation of f-ketoesters (Fig. 1D).

2. Results and discussion
Initial reactivity and optimisation

For the initial investigations, p-ketoester 1a was selected as the
model substrate for difluoroalkylation under asymmetric
phase-transfer-catalysed conditions, as it has been shown to
be applicable to both EDA complex formation and phase-trans-
fer catalysis.'*® Likewise, ester 2a is commercially available
and when subjected to a variety of photochemical conditions
is known to give the required difluoroalkyl radical.**=” An
initial result gave the desired product 3a in 10% yield under
previously optimised reaction conditions (Table 1, entry 1),'*

Table 1 Initial result, select optimisation, and control experiments with
catalyst C1
C1 (20 mol%)
[e] ICF,CO,Et 2a (2.0 equiv.) o

E:é_«o Cs,C03 (2.0 equiv.) ©:‘§\COZME
oMe CF,COLE

solvent

1a white LED (6200 K) (S)-3a
RT, 16 h, 500 rpm
3a’®
Entry Deviation® Solvent [%] er’
14 — PhCl:CgFg (2:1, 10 57:43
0.2 M)
2 — CH,Cl, (0.1 M) 16 64:36
3 — CHC; (0.1 M) 95 68:32
4 — tBuOAc (0.1 M) 88 65:35
5 — t-BuPh (0.1 M) 64 69:31
6 No C1 tBuOAc (0.1 M) 52 N/A
7 No C1 t-BuPh (0.1 M) 76 N/A
8 K,CO;3, instead of t-BuOAc (0.1 M) 81 52:48
Cs,CO;3
9 CsOAc, instead of t-BuOAc (0.1 M) 70 62:48
Cs,CO3
10 Ambient light, instead t-BuOAc (0.1 M) 0 N/A
of white LED
11 Dark (vial wrapped in t-BuOAc (0.1 M) 0 N/A

aluminium foil)

“Unless otherwise stated optimization reactions run on a 0.10 mmol
scale of 1a, 2a (2.0 equiv.), C1 (20 mol%) and Cs,CO3 (2.0 equiv.) in
stated solvent for 16 h at RT, irradiated with white LED (6200 K).
bt N 1 . A :
Yield determined by "H NMR analysis of the crude reaction with
1,3,5-trimethoxybenzene (0.33 equiv.). “er [(S):(R)] determined by
chiral HPLC. “Reaction performed for 64 h. See ESI for further
details.}
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albeit with very poor asymmetric induction. Using this cata-
Iytic system an extensive solvent screen was undertaken (see
ESI page S15%), and four solvents (CH,Cl,, CHCl;, -BuOAc,
and t-BuPh) showed a marginal improvement in enantio-
selectivity, as well as improved yields of product 3a (Table 1,
entries 2-5). Initially, we thought the removal of catalyst C1
would impede the transformation, but we were surprised to
find that a significant racemic background reaction occurs in
both ¢-BuOAc and ¢-BuPh (Table 1, entries 6 and 7). At this
stage, we hypothesised that the cesium cation was sufficiently
solubilising to promote enolate formation and due to the less
prominent background reactivity observed in ¢-BuOAc, optimi-
sation continued using it as the solvent. Subsequently, a base
screen was carried out in an attempt to minimise the uncata-
lysed pathway (see ESI page S161). In general, alternative bases
only resulted in lower yields of product 3a with reduced levels
of enantioenrichment (Table 1, entries 8 and 9). During this
phase of the optimisation process, a series of control reactions
were undertaken. When the reaction was conducted in
ambient light or in the dark no conversion of the starting
materials was observed (Table 1, entries 10 and 11), highlight-
ing that the process is initiated by LED light irradiation and
ruling out a potential Sy2 pathway between the in situ gener-
ated enolate and the difluoroalkyl halide 2a. Further experi-
ments supported the involvement of radical intermediates as
the presence of TEMPO (3.0 equiv.) completely inhibited the
formation of product 3a with the TEMPO adduct of 2a being
formed instead (see ESI for further informationt).

Phase-transfer catalyst evaluation

Subsequently, we investigated a range of alternative phase-
transfer catalysts to determine if any would be able to outcom-
pete the background reaction and improve the enantio-
selectivity of the difluoroalkylation process (Table 2). First, a
series of 2-aryl quinoline substituted cinchonine catalysts
(C1-4) were investigated. Replacing the 3,4,5-trifluorinated
benzyl group with a 3,5-dibrominated analogue led to a notice-
able drop in er (Table 2, entries 1 and 2).***° Related catalysts
(C3-4), which contain a simple benzyl group, showed that the
p-CF; group on the other aryl ring was important as only
racemic product (3a) was formed without it (Table 2, entries 3
and 4). Further investigations revealed that complete removal
of the 2-aryl substituent on the quinoline core (C5-C11) was
also detrimental as no enantioinduction was observed
(Table 2, entries 5-11). Notably, this included catalyst C6,
which has the same fluorinated benzyl group as C1. Even the
introduction of the sterically cumbersome anthracenyl group
in PTC C12 did not restore the stereoselectivity (Table 2, entry
12). At this stage, it was decided to investigate phase-transfer
catalysts with greater structural diversity. Having been
implemented for the asymmetric functionalisation of
B-ketoesters, as well as a vast range of other carbonyl-contain-
ing compounds, the Maruoka-type structures (C13-17) were
considered to be ideal candidates to realise the desired trans-
formation with high stereocontrol.'>'®*™** Unfortunately,
from this selection of BINOL-derived catalysts no improvement

This journal is © the Partner Organisations 2024
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Table 2 Screen of chiral phase-transfer catalysts for the enantioselective a-difluoroalkylation of p-ketoester 1a

PTC (20 mol%) o

O |
OEt
OMe F F
1a 2a

C11: R? = OMe, R®=Bn,R*=H

t-BuOAc, white LED (6200 K)

C10: R? = OMe, R®=allyl, R* = H

Cs,CO3 (2.0 equiv.) CO,Me
~CO2
'CF,CO,Et

RT, 16 h, 500 rpm

(5)-3a

C14: R’ = 3,5-(CF3), C16:Z = P,R% = 3,5-(CF), C18:R7=H C20:R®=H
C15:R%=34,5-F3 C17:Z=N,R¢=3,4,5-F4 C19:R7 = OMe C21: R® = OMe

Entry” Catalyst 3a’ [%] er’

1 Cc1 88 65:35
2 Cc2 82 54:46
3 C3 69 63:37
4 Cc4 66 50:50
5 C5 75 50:50
6 C6 83 51:49
7 Cc7 79 51:49
8 C8 71 50:50
9 Cc9 67 51:49
10 C10 37 50:50
11 C11 55 50:50
12 C12 22 50:50
13 C13 73 50:50
14 C14 43 50:50
15 C15 72 50:50
16 C16 55 50:50
17 Cc17 61 50:50
18 C18 >99 26:74
19 Cc19 92 27:73
20 C20 78 68:32
21 C21 81 72:28

“Unless otherwise stated optimization reactions a 0.10 mmol scale of 1a, 2a (2.0 equiv.), PTC (20 mol%) and Cs,CO; (2.0 equiv.) in t-BuOAc (0.1
M) for 16 h at RT, irradiated with white LED 6200 K. ” Yield determined by "H NMR analysis of the crude reaction with 1,3,5-trimethoxybenzene

(0.33 equiv.). “er [(S) : (R)] determined by chiral HPLC.

over the N-benzylated cinchona alkaloid derivatives was found
and only racemic 3a was generated (Table 2, entries 13-17). In
2017, Li and co-workers performed a DFT study that high-
lighted the extent to which a core network of H-bonding inter-
actions dictated the high levels of asymmetric induction in the
analogous perfluoroalkylation reaction.** Inspired by this, it was
decided to investigate more recently developed cinchona-based
PTCs bearing arylated amides in lieu of benzyl groups from
Jurczak.*> These organocatalysts have enjoyed broad appli-

This journal is © the Partner Organisations 2024

cations with a range of substrates, including with
B-ketoesters.**™*® The biphenyl amide was appended to the four
common cinchona alkaloids to give catalysts C18-21. These all
eclipsed PTC C1 giving the highest yields of enantioenriched
product 3a seen thus far (Table 2, entries 1 vs. 18-21). In
general, it was found that the amide motif, which provides
additional hydrogen bonding capabilities, was superior to its
direct benzylated analogues (e.g. C20 vs. C5-8). The cincho-

nidine scaffold of PTC C18 marginally outperformed the other
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alkaloid architectures (C19-21) to give difluoroalkylated
fB-ketoester 3a in quantitative yield and 76:24 er (Table 2, entry
18). Further optimisation of the reaction parameters with PTC
C18 was carried out, but any deviation from the standard con-
ditions had a negative impact on both yield and stereocontrol
(see ESI page S21%). As an exhaustive optimization process had
been carried out, it was deemed appropriate to initiate an inves-
tigation into the scope of this methodology.

Substrate scope

With the optimised conditions in hand, a variety of
B-ketoesters with differing electronic and steric demands, as
well as diverse aryl substitution patterns was explored
(Scheme 1A). Interestingly, a clear trend did not emerge that
would enable us to holistically rationalise how these changes
impacted the yield and enantioselectivity of the reaction.
Introducing a 5-fluoro substituent on the indanone ring had a
minimal effect as the expected product 3b was isolated in 92%
yield with 72:28 er. A chlorine atom was equally tolerated at
this position (3c¢), but the larger brominated analogue (3d) did
suffer from a drop in yield and er. An electron-rich methoxy
group in the same site (3e) led to a further decline in yield but
with moderate levels of asymmetric induction. Relocating the
OMe substituent to the 4-position provided product 3f in good
yield, although with 55:45 er. Replacing the 4-substituent

View Article Online
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with either a bromine atom (3g) or a methyl group (3h)
restored the standard level of enantioenrichment. The yield
and enantioselectivity were negatively influenced by the pres-
ence of an electron-deficient 4-trifluoromethyl group (3i). The
bromine atom was best tolerated at the 4-site (3g) as lower
yields and enantiomeric ratios were obtained at either the 5- or
6-position (3d & 3j). A similar slight detrimental effect was
observed with the 6-methyl product 3k. 5,6-Disubstituted
B-ketoesters were also evaluated with 5,6-diMeO (31) and 5-Cl-
6-MeO (3m) both giving similar enantioselectivities to those
observed for 6-monosubstituted analogues. For product 31
comparable results were obtained on a 0.5 mmol scale. The
introduction of a sulfur atom at the 3-position of the indanone
motif afforded product 3n in 63% yield with 65 :35 er, which
when compared to the sulfur-free analogue 3a shows a lower
asymmetric induction.

Previous studies have recognised that the steric bulk of the
ester of p-ketoester 1a can result in excellent levels of stereo-
control during product formation when intercepting fluori-
nated carbon-centred radicals.">'* To our surprise this strategy
failed to yield the same benefit in our system as substrate 10,
bearing a t-butyl ester, led to a near racemic product (30).
Given this was the standard substrate for Melchiorre and co-
workers in their related work, it again highlights the huge
impact the modification of the radical precursor has had on

@

O o €18 (20 mol%) % 0
o) i o
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R— | %1\0& RE "'IESZRO 4l
SX ort FF £-BUOAC, white LED (6200 K) N X CRCOE O
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Scheme 1

(A) Substrate scope for the light-initiated phase-transfer-catalysed asymmetric a-difluoroalkylation of -ketoesters; (B) carbonyl com-

pounds that were tested but unsuccessful; (C) alternative radical precursors that were unreactive. Unless otherwise stated reactions were run on a
0.10 mmol scale of 1a, 2a (2.0 equiv.), C18 (20 mol%) and Cs,COs (2.0 equiv.) in t-BuOAc (0.1 M) for 16 h at RT, irradiated with white LED (6200 K),
isolated yields are stated, er determined by chiral HPLC. Racemic reactions were ran by replacing C18 with BusNBr (20 mol%) PUnsuccessful cyclic
and acyclic carbonyl substrates under both racemic and asymmetric protocols (see ESI for full detailst). “Radical precursors that were unreactive
under both racemic and asymmetric protocols with a variety of carbonyl substrates (see ESI for full detailsT).
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the overall efficiency of the process.'* The larger 1-adamantyl
ester (3p) was also tested, resulting in the lowest yield among
the various esters. Although, the enantiocontrol was less
affected compared to the ¢-butyl ester 30. Two distinct sub-
strate binding modes have been proposed for cyclic
B-ketoesters with amide-containing cinchona alkaloids. One
involves a hydrogen bond between the catalyst and the carbo-
nyl of the ester, while the other does not invoke such a non-
covalent interaction.*”*® Increasing the steric bulk of the ester
may influence its ability to engage in hydrogen bonding with
PTC C18. Product 3p enabled the absolute configuration of the
major enantiomer to be determined by comparing its specific
rotation to a literature value,"” and the remaining products
have been assigned by analogy. Lastly, we explored modifying
the ring size from indanone (3a) to tetralone (3q), which
resulted in a lower yield, but with near identical stereo-
selectivity. Further ring expansion was not tolerated as 7-mem-
bered carbocyclic product 3r was afforded as a near racemate.
Having explored a range of cyclic p-ketoesters we were keen to
evaluate a wider array of carbonyl compounds to establish the
differences in their reactivity and selectivity (Scheme 1B). A
series of benzannulated o-alkyl and a-aryl substituted cyclic
ketones (1s-v) all displayed no reactivity with full recovery of
the starting materials. We believe that the formation of the
EDA complex was not occurring with these substrates due to
their higher pK, relative to p-ketoesters. To facilitate the for-
mation of the required enolate we switched to a stronger in-
organic base (CsOH-H,O) but to no avail. We also tested
acyclic B-ketoesters (1w-x), but the desired products were not
observed, alluding to the high substrate specificity for reactiv-
ity under these conditions. Ultimately, we redirected our focus
towards exploring different radical precursors to determine
whether they exhibited comparable restrictions (Scheme 1C).
We hoped that the brominated form (2b) of the ethyl halodi-
fluoroacetate reagent would quell undesired background
activity, which might improve the enantioenrichment of the
products. Unfortunately, no reactivity was witnessed at all even
with the addition of common photocatalysts (see ESI page
S277). We also found that replacing the geminal fluorine atoms
of 2a with methyl groups (2¢) impeded the formation of the
radical.

Mechanistic investigations into radical generation and
background reactivity

Intrigued by the high efficiency of the reaction in non-polar
solvents with an inorganic base in the absence of a phase-
transfer catalyst (Table 1, entries 6 and 7), we sought to gain
further insight into these reactions. First, we used UV-vis spec-
troscopy to determine if the photoexcitation of an individual
reaction component or an EDA complex was responsible for
the generation of the ethyl difluoroacetate radical (Fig. 2).
Catalyst C1 was not used for these studies due to its evident
absorption of visible light in solution. The spectra of both
starting materials (1a and 2a) alone, do not exhibit significant
absorbance at the shortest wavelengths (>400 nm) emitted by
the white LED used (Fig. 2, blue and orange line). However, it

This journal is © the Partner Organisations 2024
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Fig. 2 UV-vis absorption spectra of the typical reaction mixture and its
components in t-BuOAc. See ESI page S22 for full experimental details
and more in-depth discussion.}

should be noted that commercial samples of ester 2a tend to
have a pink hue due to trace amounts of iodine. This has been
identified as the reason for its apparent absorption of visible
light as freshly purified material, as used for our UV-vis
absorption studies, does not absorb appreciably in the visible
region.’® The combination of 1a and 2a with Cs,CO; in
t-BuOAc did not generate any solution phase species with a
different absorption profile from the starting materials (Fig. 2,
grey line). However, the solid phase of the mixture was orange
indicating the formation of an EDA complex on the surface of
the inorganic base. The subsequent addition of the achiral
phase-transfer catalyst, tetrabutylammonium bromide, led the
previously colourless organic liquid layer to develop a yellow/
orange hue - indicating the EDA complex had been success-
fully transported into the liquid phase. This was confirmed by
UV-vis spectroscopy as a noticeable bathochromic shift
towards the visible light region was observed (Fig. 2, red line).
Therefore, in the presence of a phase-transfer catalyst, we
believe that this EDA complex is contributing to the pro-
duction of the ethyl difluoroacetate radical. However, the
mode of radical initiation in the absence of a phase-transfer
catalyst remained nebulous.

Therefore, to probe the radical formation step, and further
our understanding of why the fluorinated radical precursors
2a and 2d give vastly different outcomes,'* a series of control
experiments were conducted (Fig. 3A). Using styrene as the
radical acceptor in the absence of base gave the expected
product with ester-containing 2a, but not with perfluorohexyl
iodide (2d).>>*° Under these conditions there is no spectro-
scopic evidence to suggest an EDA complex is forming, indicat-
ing that the direct homolysis of 2a occurs more readily than
for 2d.*® This occurs despite poor spectral overlap between the
emission spectrum of the white LED and the absorption spec-
trum of radical precursor 2a. However, this corroborates our
observation that purified and colourless 2a turns pink in
ambient light due to the liberation of iodine, but 2d remains

Org. Chem. Front, 2024, 1, 3639-3647 | 3643
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A) Control Reactions with ICF,CO,Et vs ICgF3
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B) Potential Modes of Radical Initiation
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colourless. In the context of comparing their background reac-
tivity both radical progenitors were tested with f-ketoester 1a
in the absence of a PTC. Both generated their respective pro-
ducts in 52% yield (2a) and 18% yield (2d), highlighting the
greater extent of background reactivity with 2a. Given that
direct homolysis of 2d was not previously witnessed implies
that the cesium enolate of 1a can promote radical formation
by excitation of its EDA complex with 2d. Using TIPS-protected
1a, which is an inferior electron donor, demonstrated lower
reactivity and only afforded traces of product with precursor
2d. We rationalise that this is because the only route now avail-
able for radical initiation is direct homolysis of the C-I bond,
which only occurs for 2a. Consequently, we can deduce that
three different processes can account for the formation of the
ethyl difluoroacetate radical from 2a under phase-transfer con-
ditions (Fig. 3B). In the absence of the quaternary ammonium
salt, two of these pathways remain available for reagent 2a, but
only one route, an EDA complex with the Cs enolate, is feasible
for precursor 2d.

Lastly, having considered the different pathways for the
radical initiation step we also pondered the various mecha-
nisms through which the new C-C bond could form (Fig. 4).
Under asymmetric phase-transfer conditions the desired
addition of the ethyl difluoroacetate radical to *R,N enolate-1a
must be occurring due to the non-racemic production of
product 3a. However, without the PTC the reaction still pro-
ceeds efficiently and must follow a distinct C-C bond forming
event. One viable option is that the radical adds to enol-1a,
which is observed by "H NMR spectroscopy to varying degrees
for the different p-ketoester substrates. Considering TIPS enol-
1a as a model for this tautomeric form we have shown that it
is a viable radical acceptor (Fig. 3A). Similarly, the fact that Cs
enolate-1a was implicated in the formation of an EDA complex
with perfluorohexyl iodide (2d) indicates that it is also present
in solution. Radical addition to this species would also lead to
racemic product 3a. A third possibility is radical-radical coup-
ling between the o-keto radical and ethyl difluoroacetate
radical formed after photoexcitation of the EDA complex.
However, this would be polarity mismatched as both radicals
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(A) A series of reactions that evaluate the differences between ICF,CO,Et and IC4F13 under identical reaction conditions (B) postulated path-
ways for the generation of the ethyl difluoroacetate radical in this system.

@
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desired
*R4N enolate-1a

Fig. 4 Outline of the different pathways for racemic and enantio-
selective product formation.

are generally considered to be electrophilic.”® The heterogen-
eity of the reaction mixture thwarted attempts to determine
the quantum yield under mechanistically relevant conditions,
which would have helped clarify if radical-radical coupling or
a chain process was dominant. Although, based on the phili-
city of the radicals involved and the fact that the fluorinated
electrophilic radical is certainly adding to the electron-rich
*R4N enolate-1a, and this could conceivably lead to a chain
process as outlined previously,"* we do not think radical-
radical coupling is operating appreciably under phase-transfer
or PTC-free conditions. Thus, the more facile production of
radicals from 2a compared to 2d is likely interacting with
either the more abundant enol-1a or its more electron-rich
deprotonated form (Cs enolate-1a). However, we cannot dis-
tinguish between these two pathways at present and our
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attempts to slow radical formation, for example, by changing
the irradiation wavelength, were not beneficial.

3. Conclusion

In conclusion, we have developed a light-initiated asymmetric
tertiary o-difluoroalkylation procedure that operates under
mild phase-transfer conditions. Impressively, despite pro-
nounced background reactivity moderate levels of asymmetric
induction were still achievable. When using a PTC, UV-vis
spectroscopic evidence suggests that a solution-phase visible
light-absorbing EDA complex is responsible for radical
initiation. However, contributions from other pathways,
evident in the absence of a PTC, may also operate alongside to
generate the ethyl difluoroacetate radical. We conducted
several control experiments to determine why the behaviour of
the two radical precursors (2a and 2d) was so different, but we
were unable to come to a definite conclusion. Further studies
will seek to address these challenges and broaden the scope of
asymmetric radical reactions carried out under phase-transfer
conditions.
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