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ABSTRACT: The difluoroalkylation of alkynes and alkenes
by direct photoexcitation of ethyl difluoroiodoacetate is
described. Under catalyst- and oxidant-free conditions,
iododifluoroalkylation and hydrodifluoroalkylation products
were generated from alkynes, and difluoroalkylation products
were prepared from alkenes. This methodology provides a
streamlined access to difluoroalkylated organic compounds
starting from simple alkynes or alkenes.

he introduction of fluorine atoms into organic molecules

may lead to dramatic changes in their properties such as
lipophilicity, metabolic stability, and bioavailability." Fluorine-
containing structural motifs play important roles in pharma-
ceuticals and agrochemicals; more than 20% of the
pharmaceuticals and agrochemicals on the market are organo-
fluorines. Thus, the selective introduction of fluorine or
fluorinated groups into the drug candidates has been regarded
as a powerful strategy in drug design and screening.” Direct
fluoroalkylation has received much attention, as it serves as a
straightforward method for the synthesis of organofluorines.
Over the past decade, remarkable progress has been made in
the transition-metal catalyzed fluoroalkylation of arenes.’
Although the traditional fluoroalkylation reactions by using
transition metal catalysts are powerful,” the addition reaction
of halo-fluoroalkanes to alkenes or alkynes via the atom
transfer radical addition (ATRA) strategy has emerged as an
attractive methodology, which was facilitated by transition
metal,’ light,6 or radical initiators.” The advantages of this
method include the easy availability of the reagents and the
great synthetic versatility of the halofluoroalkene products (for
cross-coupling”™“’* or functional group transformations®).
However, the use of transition metal, photocatalysts, or radical
initiators may undermine its industrial applications due to
some drawbacks, as it is expensive and oxygen sensitive and
may leave toxic trace metal contaminants. Because of the broad
applications of halofluoroalkenes, the development of eco-
friendly, synthetically efficient methodologies from -easily
accessible raw materials under simple and mild reaction
conditions is still highly desirable.

In this decade, a surge of interest has led the photocatalyzed
reactions to the forefront of synthetic methodology, and the
processes serve as environmentally friendly methods for
promoting selective radical reactions.” Our group has
previously investigated the photocatalyzed oxidative dehydro-
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genation of hydrazobenzenes'® and transfer hydrogenation of
cyclic N-sulfonylimines.'" We then questioned whether the
direct photoexcitation of specific functional groups by taking
advantage of the visible light absorptivity to provide an eflicient
method for the synthesis of useful synthons. Herein, we
describe three photocatalyst- and oxidant free-difluoroalkyla-
tion reactions with ethyl difluoroiodoacetate: (i) iododifluor-
oalkylation of alkynes; (ii) hydrodifluoroalkylation of alkynes;
(iii) the difluoroalkylation of alkenes.

We initially began our studies by evaluating the effect of a
suitable base, which was reported to promote the generation of
free radicals.'” Reaction optimization was conducted with 1-
phenyl-1-propyne 1a and ethyl difluoroiodoacetate (2 equiv)
under irradiation with a blue light-emitted diode (LED) at
room temperature in the presence of a base (Table 1). To our
delight, the generation of the desired iododifluoroalkylation
product 2a was observed by using some organic bases such as
TEA, TMEDA, DIPEA, and DBU (Table 1, entries 1—4). The
inorganic bases were also effective, and the use of Cs,CO; has
given a good yield of 88% (Table 1, entries S—8). Next, some
other solvents besides acetonitrile were screened. DMF and
DMSO proved to be effective (Table 1, entries 9—10).
Interestingly, no iododifluoroalkylation product 2a was
detected by using THF as a reaction solvent, but gave the
hydrodifluoroalkylation product 3a in 68% yield (Table 1,
entry 11). It could be explained by the transfer hydrogenation
of the vinyl radical intermediate with THF as a hydrogen
donor."”” However, no 3a was detected by using 1,4-dioxane
instead of THF (Table 1, entry 12). By reacting at a high
concentration, 2a and 3a were obtained with 89% and 81%
yield, respectively (Table 1, entries 13—14). The following
control experiments established the requirement of light. No
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Table 1. Reaction Conditions Optimization”

I H
blue LED, base
/ + ICF,CO0Et ———————» ph)y P

Ph solvent, rt CF,COOEt CF,COOEt
1a 2a 3a

Yield (%)"
Entry Base Solvent Time (h) 2a 3a
1 TEA CH,CN 24 63 trace
2 TMEDA CH,;CN 24 72 trace
3 DIPEA CH;CN 24 40 nd
4 DBU CH,CN 24 32 nd
s Na,CO, CH,CN 24 25 nd
6 K,CO, CH,CN 24 50 nd
7 Cs,CO4 CH,CN 12 88 nd
8 KO'Bu CH,CN 24 7 nd
9 Cs,CO;, DMF 16 73 nd
10 Cs,CO;, DMSO 16 82 nd
11 Cs,CO;, THF 60 trace 68
12 Cs,CO, 1,4-dioxane 60 69 nd
13 Cs,CO,4 CH,CN 10 89 nd
14° Cs,CO; THF 60 trace 81
1594 C,,CO; CH,CN 12 nd nd
16°¢ Cs,CO; CH,;CN 24 11 nd
17 Cs,CO; CH,CN 24 nd nd

“Reaction conditions: 1a (0.2 mmol), ICF,COOEt (0.4 mmol), and
base (0.4 mmol) in solvent (2 mL) were irradiated by 30 W blue LED
at room temperature. bThe total isolated yield of E- and Z-products
(unreacted 1a was respons1ble for the cases with low yield). “1 mL of
solvent was used. “Reacted in dark. “Reacted in natural light. FThe
BrCF,COOEt (0.4 mmol) was used instead of ICF,COOEt. Nd - not
determined.

reaction proceeded in the dark (Table 1, entry 15), and the
reaction exposed to natural light reacted slowly to give 2a in
11% vyield over 24 h (Table 1, entry 16). By using the
difluorobromoacetate instead of difluoroiodoacetate, no
reaction took place (Table 1, entry 17).

With the optimized conditions in hand, we then investigated
the scope of the iododifluoroalkylation reaction with various
alkynes (Scheme 1). In general, a wide range of alkynes could
be transformed into the corresponding iododifluoroalkylation
products, and the (E) stereoisomers were obtained as the
major isomers. With electron-withdrawing or electron-
donating groups on the para-positions, the internal alkynes
reacted smoothly to give the fluorine tagged benzyl iodides
(2b—e). 1-Phenyl-1-butyne and the internal alkyne with alkyl
substituents also reacted well (2f—g). Slightly reduced yields
were obtained by using alkynes with electron-withdrawing
substituents (2h—i). Next, a range of terminal alkynes was
investigated. In general, terminal alkynes bearing aryl groups of
different electronic properties with substituents at various
positions were all suitable for the present transformation, and
preferable E/Z stereoselectivities were obtained by the increase
of steric hindrance (2j—t). Terminal alkynes with pyridyl or
alkyl substitutions also participated readily in the present
protocol (2u—v).

Subsequently, by using THF as reaction solvent, some
representative alkyl-substituted alkynes were subjected to the
optimized reaction conditions (Scheme 2). All of the tested
alkynes were successfully transformed to the hydrodifluor-
oalkylation products as diastereoisomers in about 1:1 E/Z
ratios in good yields. However, by using ethynylbenzene 1j,

Scheme 1. Substrate Scope of Iododifluoroalkylation”
|

blue LED, Cs,CO
R R, + ICF,COOEt T“» R R
CHLCN, 1t CF,COOEt
1a-u 2a-u

-CsH
W ”05HM \ st
CF,CO,Et CF,CO,Et

29, 12 h, 78% yield
E/Z = 86:14

|
jon
R CF,CO,Et

R =H, 2a, 10 h, 89% yield, E/Z = 87:13

R = Me, 2b, 20 h, 92% yield, E/Z = 80:20
R = OMe, 2c, 15 h, 82% yield, E/Z = 80:20
R =F, 2d, 13 h, 90% vyield, E/Z = 85:15

R =Cl, 2e, 16 h, 93% yield, E/Z = 78:22

@
R CF,CO,Et

R =H, 2j, 10 h, 90% yield, E/Z = 85:15
R = Me, 2k, 15 h, 75% yield, E/Z = 85:15

I |

R = OMe, 2n, 12 h, 87% yield, £/Z = 78:22 \ \

R=F, 2p, 12 h, 77% yield, £/Z = 96:4

R = Cl, 2q, 12 h, 72% yield, £/Z = 89:11 CF,CO,Et CF,CO,Et
= 2 0 i = B

R=Br, 2r, 14 h, 76% yield, £Z = 87:13 21,15h, 76% yield  2m, 12 h, 81% yiled

R = CFs, 25, 12 h, 74% yield, E/Z = 78:22 . 76% 819
R=CN, 2t, 14 h, 54% yield, E/Z = 77:23 E/Z=89:11 E/Z=97:3

| | |
eO N
N ‘ NN ”'CaHﬂ)\
CF,CO,Et _J CF,COEt CF,CO,Et

20, 14 h, 71% yield 2u, 12 h, 65% vyield 2v, 12 h, 76% yield
E/Z = 96:4 E/Z =78:22 E/Z =83:17

2f, 16 h, 86% yield
E/Z = 85:15

|
COOMe X O
CF,CO,Et O CF,CO,Et

2h, 20 h, 55% 2i, 20 h, 63% yield
E/Z = 85:15 E/Z = 85:15

“Reaction conditions: 1 (0.2 mmol), ICF,COOEt (0.4 mmol), and
Cs,CO; (0.4 mmol) in CH;CN (1 mL) was irradiated by 30 W blue
LED at room temperature. Notes: Yields were calculated by the total
isolated yields of E- and Z-products; the E/Z ratios were determined
by ’F NMR and 'H NMR spectroscopy.

Scheme 2. Substrate Scope of Hydrodifluoroalkylation”

H
blue LED, Cs,CO
R4 R, + ICF,COOEt W Ry NRe
T CF,COOEt
1a-f 3a-f

WFZCOOEt mzcooa Q&cmooa

3a, 81% yield 3b, 80% yield 3c, 78% vyield

E/Z = 54:46 E/Z = 56:44 E/Z = 58:42
mFQCOOEt /©)\('F2C00Et FZCOOEt
3d, 83% yield 3e, 85% yield 3f, 77% yield
E/Z = 55'45 E/Z = 52:48 E/Z = 54:46

“Reaction conditions: 1 (0.2 mmol), ICF,COOEt (0.4 mmol), and
Cs,CO; (0.4 mmol) in THF (1 mL) was irradiated by 30 W blue
LED at room temperature. Notes: Yields were calculated by the total
isolated yields of E- and Z-products; the E/Z ratios were determined
by F NMR and '"H NMR spectroscopy.

only the iododifluoroalkylation product 2j (76% yield) was
obtained.

Furthermore, the current reaction condition was successfully
applied to the alkenes. Interestingly, the reactions have
afforded the difluoroalkylation products rather than the
iododifluoroalkylation products (Scheme 3). A broad range
of alkenes with various functional groups, such as alkyls, alkoxy,
and halogens, in different positions reacted well with excellent
E/Z stereoselectivity, with no obvious steric effect observed
(5a—j). A 1,1-disubstituted alkene also gave the desired
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Scheme 3. Substrate Scope of Difluoroalkylation”

R, R,
blue LED, Cs,CO
R/\ + ICF,COOEt —— —— 2778, R1/\(CFZCOOEt
R CH3CN, rt R
3 3
4a-o 5a-0

. CF,COOEt

\©/\/CF2COOEt

5f, 15 h, 67% yield 5g, 15 h, 78% yield
E/Z>98:2 E/Z > 99:1

/@NCFZCOOEQ
R

R = H, 5a, 12 h, 66% yield, £/Z > 99:1
R = Me, 5b, 15 h, 80% yield, £/Z > 99:1
_ o v !
R = OMe, 5c, 15, 61% yield, E/Z > 99:1 «__CF,COO0Et
R = Bu, 5d, 15 h, 69% yield, £/Z > 99:1 PAg—
R=F, 5, 13 h, 76% yield, E/Z > 99:1 -2
R=Cl5h, 15 h, 79%yield, EZ>99:1 g 45 7000 ieig
R = Br, 5i, 15 h, 71% yield, £/Z > 98:2 £/7 > 994

° 0._0
mCFZCOOEt @;;[
CF,COOEt

51,15 h, 68% vyield 5m,15 h, 63% yield

5k,14 h, 89% yield
0}

L
CF,COOEt

5n,15 h, 44% yield

n_CaH”/\;Ccmooa 10 h, 50 (16% yield) + 50" (74% yield)
0

CF,COOEt
n-CgHs7 2
50'

28 h, 50 (73% yield) + 50" (18% yield)

“Reaction conditions: 4 (0.2 mmol), ICF,COOEt (0.4 mmol), and
Cs,CO; (0.4 mmol) in CH;CN (1 mL) was irradiated by 30 W blue
LED at room temperature. Notes: Yields were calculated by the total
isolated yields of E- and Z-products; the E/Z ratios were determined
by 'F NMR and '"H NMR spectroscopy.

product in good yield (Sk). Benzofuran and coumarin were
selectively difluoroalkylated at specific positions, respectively
(51-m). When the 3,4-dihydro-2H-pyran, which is an aliphatic
internal alkene bearing a nonconjugated double bond, was
employed, the target difluoroalkylation product was obtained
in reduced yield (Sn). By using a long-chain aliphatic alkene,
the iododifluoroalkylation product So’ was obtained as the
major product (74% yield). It is interesting to note that the
iododifluoroalkylation product So’ could transfer to the
difluoroalkylation product So in the reaction mixture, finally
giving 50 in 73% yield over 28 h.

Importantly, three gram-scale experiments have been
demonstrated, and all of the reactions proceeded smoothly
with satisfactory results (Scheme 4). Thus, the present
synthetic methodology may offer a cost-effective practical
access to highly functionalized difluoroalkylated molecules.

Scheme 4. Gram-Scale Experiments
blue LED I
Cs,CO3 (18 mmol)

/ ICF,COOEt (13.5 mmol)  Ph
Ph CH5CN (25 mL), rt, 48 h

1a, 9 mmol, 1.04 g

2

CF,COOEt

2a, 7.29 mmol, 2.66 g
81% isolated yield, E/Z = 90:10

blue LED
Cs,CO3 (18 mmol) o Me
/ ICF,COOEt (13.5 mmol) "D
Ph CF,COOEt

THF (30 mL), rt, 120 h

1a, 9 mmol, 1.04 g 3a, 5.58 mmol, 1.34 g

62% yield,? E/Z = 55:45

Ph
Ph)\/CcmOOEt

5k, 4.5 mmol, 1.35g
75% isolated yield

blue LED
Ph Cs,CO3 (12 mmol)

/& ICF,COOEt ( 9 mmol)
Ph CH3CN (15 mL), rt, 72 h
4k, 6 mmol, 1.08 g

“Yield was calculated from NMR spectrum.

Finally, to rationalize the reaction pathway, several control
experiments were performed (Scheme 5). The reaction was

Scheme 5. Control Experiments

blue LED |
Cs,C03, ICF,COOE Mo CF,COOEt
@) Ph/ TEMPO (2.0 equiv) Ph)\r + N-O
CH4CN, rt, 12 h CF,COOEt

1a 2a, trace

6, 72% yield
I
. blue LED, Cs,CO; ph X Me
THF, rt, 24 h CF,COOEt
3a, 77% yield, E/Z = 46:54

(b) Ph
CF,COOEt
2a (E/Z=87:13)

M
() Ph Y M Ph Xy ¢
Srcoopt  THR M 24h CF,COOE
2a (E/Z = 87:13) 3a, trace
blue LED D
= Cs,CO03, ICF,COOEY M
(d) Ph/ % Ph)ﬁﬁ e
THF-dg, t, 120 h CF,COOEt
1a 3a-D, 51% yield, 80% D, £/Z = 53:47

completely quenched in the presence of 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO), and the trapped product 6 was
obtained as expected (Scheme Sa). This result indicated that a
difluoroalkyl radical might be involved in this process. By
irradiation of 2a with THF as solvent, the corresponding
hydrodifluoroalkylation product 3a was obtained in 77% yield
(Scheme Sb), but the reaction did not take place in the dark
(Scheme Sc). These results indicated the iododifluoroalkyla-
tion product 2a could serve as the intermediate in the
hydrodifluoroalkylation reaction, which was promoted by the
LED irradiation. The deuterium-difluoroalkylation reaction by
using THF-dg as solvent has successfully afforded product 3a-
D with 80% deuterium incorporation (Scheme 5d). Therefore,
the THF played a role as the hydrogen donor in the
hydrodifluoroalkylation reactions. Ultraviolet—visible spectros-
copy of ICF,COOEt showed a strong absorption signal at 360
nm, while none was observed for la. This showed that it is
ICF,COOEt that absorbs light in the present reaction (please
see Supporting Information for details).

On the basis of the results of control experiments and
related references,”””"® the proposed mechanism of the
difluoroalkylation reactions is outlined in Scheme 6. The
reactions are initiated with the difluoroalkyl radical A, which is
generated directly by photoexcitation of ethyl difluoroiodoa-
cetate. In the case of an alkyne, radical A adds to the prop-1-
yn-1-ylbenzene forming a vinyl radical B. The latter could
abstract an iodine atom to result in formation of the

Scheme 6. Proposed Reaction Mechanism

LED H o o
hotoexcitation M N
ﬁ'- M [ L
Ry
|
Ph |
: IRf Cs,CO R
,,,,,,,,,,,,,,,, ph/\/Rf T’ Ph)\/Rf % Ph/\/ f
| R=CF,COOEt! ¢ ® b 5a

DOI: 10.1021/acs.orglett.9b03855
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03855/suppl_file/ol9b03855_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.9b03855

Organic Letters

iododifluoroalkylation product 2a. Alternatively, the photo-
excitation of 2a could also generate vinylic radical B, to
undergo hydrogen abstraction from THF to provide the
hydrodifluoroalkylation product 3a. In the case of an alkene,
the benzylic radical C is formed by the addition of the
difluoroalkyl radical A to styrene. Subsequently, benzyl radical
C abstract an iodine atom from ethyl difluoroiodoacetate to
give the iododifluoroalkylation intermediate D, which finally
transforms into the difluoroalkylation product Sa by HI
elimination.

In summary, a method of the generation of difluoroalkyl
radical was established by direct photoexcitation of ethyl
difluoroiodoacetate. The catalyst- and oxidant-free conditions
were successfully applied to alkynes and alkenes to afford the
iododifluoroalkylation products and the difluoroalkylation
products, respectively. By fine turning the reaction solvent,
the hydrodifluoroalkylation of alkynes was also developed. The
control experiments have revealed that the iododifluoroalky-
lation product could serve as the intermediate in the
hydrodifluoroalkylation reaction with THF as the hydrogen
donor.
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