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1. Introduction

The synthesis of fluorinated compounds is of importance across
a number of areas, notably in pharmaceutical, agrochemical, and
materials chemistry [1]. An important subset of fluorinated
compounds contains a difluoromethylene (CF,) group [2]. This
group can be obtained by direct fluorination of ketones [3], or by a
building block approach using appropriately fluorinated synthons
[4]. For the syntheses of a,a-difluoroesters 3 (Scheme 1), (m)ethyl
bromo and iodo difluoroacetate 1a,b are useful building blocks,
with the desired products accessible via a Reformatsky or aldol-
type reaction or via a radical-mediated addition to alkenes.

A Reformatsky process is typically performed using 1 [2,5], and
leads to adducts 2c, of which the alcohol group subsequently needs
removing to obtain 3. This is typically achieved by a 2-step Barton-
McCombie reduction process [6] via a thiocarbamate [7] or a
thiocarbonate [8] derivative. Alternatively, a radical-mediated
addition reaction using 1a,b leads to adducts 2a or 2b, with
subsequent reduction of the halide required to obtain 3. A range of
initiators have been reported, such as copper [9], sodium dithionite
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[10], and triethylborane [11]. In the majority of cases, 1b is used as
reagent. Subsequent reduction of 2b to 3 is reported using
NiCl,-6H,0 [9c]. In addition, Burton has also reported an addition
process of 1b to alkenes leading directly to products 3 using
NiCl,-6H,0/Zn [12], and Taguchi has reported the direct formation
of the reduced product 3 when the electron deficient acrylamide
was used, with Sn as reagent [9b].

In our hands, addition of 1b to alkenes using NiCl,-6H,0/Zn
appeared to be a rather capricious process, presumably due to the
quality of the Zn metal used and/or inadequate Zn-activation. We
wish to report a convenient, high-yielding alternative in that
radical-mediated addition of 1b to alkenes was found to proceed
by simply using AIBN as initiator. Subsequent iodide reduction to
afford difluoroalkane 3 was achieved in high yields using
NiCl,-6H,0/Zn or Et;B/BusSnH.

2. Results and discussion

2.1. AIBN-initiated addition of ethyl 4-iodo-2,2-difluoroacetate to
alkenes

AIBN is a commonly employed radical initiator in organic
synthesis. Several examples of AIBN-initiated addition of per-
fluoroalkyliodides to alkenes have been reported in the literature,
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(0] _ ] We were thus pleased to find that when difluoroacetate 1b was
J-S(l + xR AIBN, dlchloroethane> R reacted with a range of alkene substrates 4-10 with AIBN, the
EtO A 70°C, 16 h EtO g addition products 11-17 were generally formed in good to
|

Scheme 2.

the earliest of which was reported in the 1960s [13]. To the best of
our knowledge, this reagent has not yet been applied in radical
additions involving iododifluoroacetates such as 1b, though an
AIBN-initiated allylation involving allyltin has been described
starting from a 2-bromo-2,2-difluoroacetamide derivative [14].

Table 1
AIBN-initiated addition of difluoroacetate 1b to alkene substrates

0
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excellent yields (Scheme 2 and Table 1). Unfortunately, when
ethyl bromodifluoroacetate was submitted under these reaction
conditions no reaction was observed.

In most cases, a slight excess of difluoroacetate 1b was required
in order to achieve optimum results (Entries 2-8). When 1.5
equivalents of tetradecene 4 and 1.0 equivalent of iododifluor-
oaceate 1b were treated with AIBN (10%), a modest 54% yield of
product 11 was obtained (Entry 1). On the other hand, using a small

Entry Alkene Equiv AIBN (mol%) 1b (equiv) Product Yield?® (%)
1 Tetradecene 4 1.5 10% 1.0 0 54
C o H,
S o
FEI 1
2 4 1.0 10% 1.5 11 77
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Table 1 (Continued)

Entry Alkene Equiv AIBN (mol%) 1b (equiv) Product Yield?* (%)
3 4 1.0 20% 1.5 11 83
4 4 1.0 20% 13 11 88
(0]
5 9-Decen-1-ol 5 1.0 20% 1.3 EtO ~OH 69
F F 1 12
(0] O
6 Hex-5-en-2-one 6 1.0 20% 13 EIOW 46
R 13
7° 6 1.0 30% 13 13 62
O 0
8 N-Allyl phthalimide 7 1.0 20% 1.3 EtO )WN 37
o
o 0 14
9 Trimethyl(vinyl)silane 8 1.0 10% 1.5 EtO )S(\rTMS 66
ERNER 15
10 8 3.0 10% 1.0 15 86
(0]
11 Cyclohexene 9 1.0 10% 1.5 Etow 33, 1: 2.5 (cis:trans)
F F 1 16
12 9 3.0 10% 1.0 16 70, 1: 2.0 (cis:trans)
fe) I
13 Diallyl ether 10 3.0 10% 1.0 Etow 86, 1: 3.1
N o 17

@ Isolated yield.
b 60 °C instead of 70 °C (significant decomposition of product at 70 °C).

0 0
Eto)g(\((:u His o EtOJ%(\/CQHﬁ i) Bus SnH, AIBN, toluene, reflux (failed)

FF F F
11 18

ii) BusSnH, Et3B, toluene, r.t. (68%)
iii) Zn, NiClp.6H,0, THF, r.t. (82%)

Scheme 3.

excess of difluoroacetate 1b (1.5 equiv) over tetradecene 4 (1.0
equiv) led to an improved yield of 77% (Entry 2). Increasing the
amount of AIBN was found to improve the yield further (Entry 3),
and an excellent yield of product 11 could still be obtained when
the amount of difluoroacetate 1b was reduced to 1.3 equiv (Entry
4). Alkanol 12 was obtained in 69% yield from 9-decen-1-ol under
similar conditions (Entry 5).

When stirring difluoroacetate 1b and hex-5-en-2-one 6 at 70 °C
for 16 h, a deep brown solution was obtained which, after
purification by column chromatography, afforded adduct 13 in
46% yield (Entry 6). The colour of the reaction mixture was
significantly less intense when the reaction was performed at 60 °C
and an improved yield of 62% was obtained using 30% of AIBN
(Entry 7). However, when N-allyl phthalimide 7 was employed, the
desired product 14 was only obtained in 37% yield (Entry 8).

For volatile substrates such as trimethyl(vinyl)silane 8,
cyclohexene 9 and diallyl ether 10, an excess (3 equivalents) of
the alkene was necessary to deliver good yields of the correspond-
ing adducts 15-17 (Entries 10, 12-13). Hence, when iododifluor-
oacetate 1b was used in small excess (1.5 equiv), the yield of
product 15 was significantly lower than when an excess (3.0 equiv)
of the corresponding alkenes 8 was employed (Entries 10 vs. 9).
Similarly, when excess cyclohexene 9 was employed (Entry 12),
adduct 16 was obtained in 70% yield (mixture of cis/trans, 1:2.5), in

contrast to the 33% yield of 16 obtained when using a small excess
of iododifluoroacetate 1b (Entry 11). THF-derivative 17 was also
synthesised from diallyl ether 10 (3.0 equiv) in a similar manner
(Entry 12).

2.2. Subsequent iodide reduction

Iodide reduction of the addition product 11 was initially
attempted using AIBN and BusSnH in refluxing toluene (Scheme 3),
but the desired product was not formed. A second product was
isolated which likely resulted from the lactonisation of 11 [15].
Fortunately, ambient-temperature initiation of the same reduction
using Et3B instead of AIBN gave difluoroester 18 in 68% yield [16].
Alternatively, iodide reduction could also be achieved using Zn/
NiCl,-6H,0 [9c] in wet THF to afford difluoroester 18 in 82% yield
(Scheme 3).

3. Conclusion

We have successfully established the AIBN-initiated addition of
ethyl 4-iodo-2,2-difluoroacetate to a variety of alkene substrates.
Subsequent iodide reduction of the addition products could be
achieved using Zn/NiCl,-6H,0 or Et3B/BusSnH, as demonstrated in
the conversion of iodide 11 to difluoroester 18. The process will



L. Leung, B. Linclau/Journal of Fluorine Chemistry 129 (2008) 986-990 989

serve as an alternative to existing methods that enables the facile
introduction of an a,x-difluoroalkyl fragment.

4. Experimental
4.1. General experimental procedures

TH and '>C NMR spectra were recorded at room temperature on
a Briikker DPX400 or AV300 spectrometer as indicated. Chemical
shifts are quoted in ppm relative to residual solvent peaks as
appropriate. Low resolution ES mass spectra and EIMS were
recorded on a Waters ZMD and Thermoquest TraceMS Quadrapole
spectrometer respectively. Infrared spectra were recorded as neat
films on a Nicolet Impact 380 ATR spectrometer. Melting points
were recorded on a Gallencamp Melting Point Apparatus and are
uncorrected.

Column chromatography was performed on 230-400 mesh
Matrex silica gel. Preparative HPLC was carried out using a Biorad
Biosil D 90-10, 250 mm x 22 mm column eluting at 20 mL min ',
connected to a Kontron 475 refractive index detector. Reactions
were monitored by TLC (Merck) with detection by KMnO,4 or
anisaldehyde stains.

Reaction solvents were dried before use as follows: THF and
Et,0 were distilled from sodium/benzophenone; CH,Cl, and EtsN
were distilled from CaH,; toluene was distilled from sodium. Ethyl
iododifluoroacetate (light pink) was purchased from Fluorochem
Ltd and in most cases was used without further purification. If the
purchased ethyl iododifluoroacetate was deep purple in colour, the
reagent was dissolved in Et,0, washed with sat. Na,S,03 solution
and concentrated in vacuo to give a light yellow oil. Zinc metal was
activated by stirring with 1 M HCl and washed with H,0 followed
by anhydrous THF. All reaction vessels were flame dried under
vacuum prior to use and all experiments were carried out under a
nitrogen atmosphere. All other reagents were purchased from
commercial sources and used without further purification.

4.2. Typical procedures for the preparation of 2,2-difluoro-4-iodo esters

AIBN was added to a solution of alkene and iododifluoroacetate
1b in dichloroethane. The mixture was stirred at 70 °C for 16 h,
followed by concentration in vacuo. The crude mixture was
purified by column chromatography to afford the desired 2,2-
difluoro-4-iodo esters.

4.2.1. Ethyl 2,2-difluoro-4-iodohexadecanoate (11)

Ester 11 was prepared from tetradecene 4 (92% purity; 275 L,
1.0 mmol), difluoroacetate 1b (374 mg, 1.5 mmol) and AIBN
(16.4 mg, 0.1 mmol) in dichloroethane (3.3 mL) at 70 °C for 16 h.
The crude was purified by column chromatography (EtOAc/
petroleum ether 0 — 5%) to afford a colourless oil (395 mg, 88%).
IR (Cm_l) 2923 vs, 2853s, 1770 vs, 1466 m, 1432w, 1374 m,
1338w, 1299 m, 1183 5,1071 vs; °F NMR (282 MHz, CDCl5) —102.3
(d,J = 263.0 Hz), —107.0(d, ] = 264.5 Hz); "H NMR (400 MHz, CDCls)
435 (2H, q, ] = 7.0 Hz), 4.23 (1H, dtd, J = 8.5, 7.0, 4.5 Hz), 2.92 (1H,
dtd,J = 18.5,16.0,6.5 Hz),2.74 (1H,dddd,J = 18.0,16.0,13.0, 7.5 Hz),
1.87-1.69 (2H, m), 1.59-1.21 (20H, m), 1.38 (3H, t, J = 7.0 Hz), 0.89
(3H, t, ] = 7.0 Hz); '3C NMR (100 MHz, CDCl5) 163.6 (t, ] = 32.0 Hz),
115.4 (t, ] = 251.5 Hz), 63.4, 45.6 (t, ] = 22.5 Hz), 32.1, 29.79, 29.76,
29.70, 29.66, 29.55, 29.51, 28.7, 23.5 (t, ] = 4.0 Hz), 22.9, 14.3, 14.1;
ES* m/z (%) 469 ((M+Na)*, 100); HRMS (ES*) for C;sHs33F»10,
(M+Na)*: Calcd 469.1386; Measured 469.1378.

4.2.2. Ethyl 2,2-difluoro-5-hydroxy-4-iodododecanoate (12) [9c]
Ester 12 was prepared from 9-decen-1-ol (184 L, 1.0 mmol),
difluoroacetate 1b (324 mg, 1.3 mmol) and AIBN (32.8 mg,

0.2 mmol) in dichloroethane (3.3 mL) at 70 °C for 16 h. The crude
was purified by column chromatography (EtOAc/petroleum ether
15 — 30%) to afford a colourless oil (282 mg, 69%). '9F NMR
(282 MHz, CDCl3) —102.3 (d,] = 262.0 Hz), —107.0(d, ] = 262.0 Hz);
'H NMR (400 MHz, CDCls) 4.36 (2H, q, J = 7.0 Hz), 4.23 (1H, dtd,
J=9.0, 7.0, 4.5 Hz), 3.65 (2H, t, J= 6.5 Hz), 2.92 (1H, dtd, J=18.5,
15.5,6.5 Hz), 2.74 (1H, dddd, J = 18.0, 15.5, 12.5, 7.0 Hz), 1.87-1.69
and 1.61-1.29 (15H, m), 1.38 (3H, t,J = 7.0 Hz); >*C NMR (100 MHz,
CDCl5) 163.6 (t, J=32.5Hz), 115.3 (t, J=251.5Hz), 63.4, 63.1,
45.5 (t,J=23.0 Hz), 32.9, 29.6, 29.4, 28.6, 25.8, 23.4 (t, ] = 3.5 Hz),
14.3.

4.2.3. Ethyl 2,2-difluoro-4-iodo-7-oxooctanoate (13) [9c]

Ester 13 was prepared from hex-5-en-2-one (118 uL,
1.0 mmol), difluoroacetate 1b (324 mg, 1.3 mmol) and AIBN
(49.2 mg, 0.3 mmol) in dichloroethane (3.3 mL) at 60 °C for 16 h.
The crude was purified by column chromatography (EtOAc/
petroleum ether 15:85) to afford a pink oil (216 mg, 60%) which
needed to be stored in the freezer to minimise decomposition. '°F
NMR (282 MHz, CDCl3) —-102.4 (d, J=264.5Hz), —106.6 (d,
J=264.5Hz); 'TH NMR (400 MHz, CDCl5) 4.30 (2H, q, J=7.5 Hz),
4.21 (1H, dtd, J=10.5, 7.0, 4.0 Hz), 2.89 (1H, dtd, J=18.0, 15.5,
6.5 Hz),2.77-2.54 (3H, m), 2.13 (3H, s), 2.05 (1H, dddd, ] = 15.0, 8.5,
6.5, 4.0Hz), 1.94 (1H, m), 1.33 (3H, t, J=7.0Hz); '3C NMR
(100 MHz, CDCl3) 206.5, 163.3 (t, J=32.5Hz), 115.0 (¢t
J=251.5Hz), 63.3,45.4 (t, ] = 23.0 Hz), 43.5, 34.1, 30.1, 22.2, 13.9.

4.2.4. Ethyl 2,2-difluoro-4-iodo-5-(1,3-dioxoisoindolin-2-
yl)pentanoate (14)

Ester 14 was prepared from N-allyl phthalimide (187 mg,
1.0 mmol), difluoroacetate 1b (324 mg, 1.3 mmol) and AIBN
(32.8 mg, 0.2 mmol) in dichloroethane (3.3 mL) at 70°C for
16 h. The crude was purified by column chromatography
(EtOAc/petroleum ether 15:85) to afford a colourless oil
(161 mg, 37%). IR (cm™') 2985w, 1767 m, 1709 vs, 1614w,
1468 w, 1430 m, 1392 s; '°F NMR (282 MHz, CDCl5) —102.1 (d,
J=265.0 Hz), —106.2 (d, ] = 264.0 Hz); "H NMR (400 MHz, CDCl5)
7.90-7.86 (2H, m), 7.78-7.73 (2H, m), 4.59 (1H, m), 4.34 (2H, q,
J=7.0Hz), 4.14 (1H, dd, J = 14.5, 8.5 Hz), 3.97 (1H, dd, J = 14.5,
7.5 Hz), 2.94 (1H, dtd, J=17.5, 16.0, 7.5 Hz), 2.79 (1H, dddd,
J=17.5, 16.0, 13.0, 6.0Hz), 1.36 (3H, t, J=7.0Hz); '>C NMR
(100 MHz, CDCl5) 168.1, 163.5 (t,J = 33.0 Hz), 134.8, 132.1, 124.1,
115.3 (t, J = 252.5 Hz), 63.8, 46.4, 43.2 (t, J = 23.5 Hz), 15.9 (m),
14.3; ES" m/z (%) 460 ((M+Na)*, 90), 492 ((M+Na+MeOH)*, 100);
HRMS (ES*) for C15H14F2INO, (M+H)*: Calcd 438.0008; Measured
438.0002.

4.2.5. Ethyl 2,2-difluoro-4-iodo-4-(trimethylsilyl )butanoate (15) [9c]

Ester 15 was prepared from vinyltrimethylsilane (440 L,
3.0 mmol), difluoroacetate 1b (249 mg, 1.0 mmol) and AIBN
(16.4 mg, 0.1 mmol) in dichloroethane (3.3 mL) at 70 °C for 16 h.
The crude was purified by column chromatography (EtOAc/
petroleum ether 0 — 5%) to afford a colourless oil (302 mg, 86%).
19F NMR (282 MHz, CDCl3) —102.5 (d, J =260.0 Hz), —108.0 (d,
J=260.0Hz); '"H NMR (400 MHz, CDCl;) 4.36 (2H, q, /= 7.0 Hz),
3.11(1H, m), 2.68-2.58 (2H, m), 1.38 (3H, t,J = 7.0 Hz), 0.19 (9H, s);
13C NMR (100 MHz, CDCl;) 163.9 (t, J=32.5Hz), 115.8 (¢,
J=249.0 Hz), 63.3, 39.2 (t, = 24.0 Hz), 14.0, 4.5, —2.3.

4.2.6. Ethyl 2,2-difluoro-2-(2-iodocyclohexyl)acetate (16) [9c,10a]
Ester 16 was prepared from cyclohexene (304 L, 3.0 mmol),
difluoroacetate 1b (249 mg, 1.0 mmol) and AIBN (16.4 mg,
0.1 mmol) in dichloroethane (3.3 mL) at 70 °C for 16 h. The crude
was purified by column chromatography (EtOAc/petroleum ether
5 — 20%) to afford a colourless oil (234 mg, 70%, cis/trans 1.0:2.1).
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19F NMR (282 MHz, CDCl5) —106.1 (trans; d, | = 264.5 Hz), —110.0
(cis; d, J = 262.0 Hz), —111.8 (cis + trans; d, J = 262.0 Hz); 'H NMR
(400 MHz, CDCl3) 4.66 — 4.29 (3Hgis+trans, M), 2.73 — 2.61 (1Hjss-
trans» M), 2.34 — 1.37 (8Hjs+transs M), 1.343 (BHgrans, t, J=7.0 Hz),
1.340 (1Hgs t, J=7.0 Hz); '3C NMR (100 MHz, CDCl;) 163.8 (t,
J=32.5Hz), 163.7 (t, J = 32.5Hz), 116.4 (t, J= 251.5 Hz), 115.3 (t,
J=253.5Hz), 63.1, 48.1 (t, J = 21.0 Hz), 47.0 (t, J= 22.0 Hz), 39.1,
37.3, 28.8 (t, J=4.0 Hz), 26.4, 25.3 (t, J=3.0 Hz), 25.1, 24.4 (m),
23.4, 223 (t,J=2.5Hz), 22.2, 13.92, 13.90.

4.2.7. Ethyl 2,2-difluoro-3-(tetrahydro-4-(iodomethyl)furan-3-
yl)propanoate (17) [9c]

Ester 17 was prepared from allyl ether (367 pL, 3.0 mmol),
difluoroacetate 1b (249 mg, 1.0 mmol) and AIBN (32.8 mg,
0.2 mmol) in dichloroethane (3.3 mL) at 70 °C for 16 h. The crude
was purified by column chromatography (EtOAc/petroleum ether
15:85) to afford a colourless oil (mixture of isomers, 1:3.1; 300 mg,
86%). '9F NMR (282 MHz, CDCl;) —104.3 (minor; d, J=262.0 Hz),
—104.4 (major; d, J=262.0Hz), —106.3 (minor; d, J=262.0 Hz),
—106.6 (d,J = 258.0 Hz); 'H NMR (300 MHz, CDCl3) 4.34 (2Hmin+majs
q,J=7.0Hz,), 413 (1Hmin, m), 4.00-3.92 (1Hmin + 2Hmaj, m), 3.72
(2Hmaj, dd, J=9.0, 45Hz), 3.62 — 3.47 (1Hpmaj + 2Hmin, m) 3.30
(1Hmin, dd,J = 10.0,5.0 Hz), 3.22 (1Hpaj, ddd,J = 9.5,5.0,1.0 Hz), 3.14
(1Hmin, dd, J=10.0, 8.5 Hz), 3.04 (1Hm,;, dd, J=11.0, 9.5Hz), 2.74
(1Hmaj, m), 2.55 (1Hmaj, m), 2.42 — 1.96 (4Hmin + 2Hmaj, m), 1.35
(3Hmaj+min, t, J=7.0Hz); 3C NMR (100 MHz, CDCl;) 163.6 (t,
J=32.5Hz), 115.6 (t, ] = 249.5 Hz), 115.4 (t, ] = 32.5 Hz), 73.9, 73.7,
73.4,71.5, 63.1, 47.6, 45.1, 40.0, 37.1 (t, J= 22.5 Hz), 36.6, 31.8 (t,
J=23.0Hz), 25.0,13.9,7.3, 3.7.

4.3. Ethyl 2,2-difluorohexadecanoate (18) [12]

(a) NiCl,-6H,0 procedure: A drop of water was added to a mixture
of iodide 11 (180 mg, 0.404 mmol), Zn (52.8 mg, 0.808 mmol)
and NiCl,-6H,0 (9.6 mg, 0.0808 mmol) in THF (1.1 mL) and it
was stirred at r.t. for 16 h. The solvent was evaporated in vacuo
and the crude was purified by column chromatography
(petroleum ether) to afford a colourless oil (106 mg, 82%).
19F NMR (282 MHz, CDCl5) —106.2; 'H NMR (400 MHz, CDCls)
433 (2H, q, J= 7.0 Hz), 2.11-1.99 (2H, m), 1.50-1.40 (2H, m),
1.38-1.22 (22H, m), 1.36 (3H, t, J=7.0Hz), 0.89 (3H, t,
J=6.5Hz); '3C NMR (100 MHz, CDCl;) 164.6 (t, J=33.0 Hz),
116.6 (t, J=248.0 Hz), 62.8, 34.7 (t, J=23.0 Hz), 32.1, 29.82,
29.79, 29.73, 29.55, 29.52, 29.4, 29.2, 22.9, 21.6 (t, = 4.5 Hz),
14.3, 14.1.

(b) EtsB procedure: EtsB (1M solution in hexane; 46.5 uL,
46.5 pmol) was added to a solution of iodide 11 (199 mg,
0.465 mmol) and BusSnH (193 pL, 0.696 mmol) in toluene
(2.3 mL) and the mixture was stirred at r.t. for 16 h. The
reaction mixture was then filtered through K,COs, concen-
trated in vacuo and purified by column chromatography
(petroleum ether) to afford a colourless oil (96.6 mg, 68%).
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