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Synthesis of Aryldifluoroamides by Copper-Catalyzed Cross-Coupling

Sophie I. Arlow and John F. Hartwig*

Abstract: A copper-catalyzed coupling of aryl, heteroaryl, and
vinyl iodides with a-silyldifluoroamides is reported. The
reaction forms a,a-difluoro-a-aryl amides from electron-rich,
electron-poor, and sterically hindered aryl iodides in high yield
and tolerates a variety of functional groups. The aryldifluoro-
amide products can be transformed further to provide access to
a diverse array of difluoroalkylarenes, including compounds of
potential biological interest.

F luorinated compounds are common in pharmaceuticals,
agrochemicals, and materials because of their favorable
biological and physical properties.!! In medicinal chemistry,
fluorinated substituents can alter the lipophilicity, metabolic
stability, and overall activity of biologically active compounds
relative to their nonfluorinated counterparts.”) The difluoro-
methylene (CF,) group has particular value because it is
considered a bioisostere of carbonyl groups and ethers® and
can modulate the pK, value of neighboring functional groups
such as amines."¥

Aryldifluoroamides are present in several biologically
active compounds, including the inhibitor of FKBP12F! and
the modulator of AMPARF! shown in Figure 1. Moreover,
amides can be transformed into amines, alcohols, acids, esters,
and ketones, thus making aryldifluoroamides versatile pre-
cursors to a variety of difluoroalkylarenes. Despite the
biological and synthetic potential of this class of compound,
current methods for the synthesis of difluoroamides are
limited. Aryldifluoroamides can by prepared by deoxyfluori-
nation of dicarbonyl compounds with diethylaminosulfur
trifluoride (DAST) or related aminosulfur trifluorides.!
However, these fluorinating reagents release toxic HF upon
contact with water and can undergo explosive decomposition
upon heating.

OMe

FKBP12 inhibitor AMPAR allosteric modulator

Figure 1. Bioactive compounds containing aryldifluoroamide groups.
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The cross-coupling of aryl halides with difluorinated
enolates would be a valuable approach to the synthesis of
aryldifluorocarboxylic acid derivatives. Cross-coupling reac-
tions of aryl nucleophiles, such as arylboronic acids, with
difluorocarboxylic acid derivatives as electrophiles have been
reported,”’! but reactions of the more widely accessible aryl
halides with a carbonyl derivative as the nucleophile would
constitute a more direct method from chemical feedstocks. A
synthesis of aryldifluoroamides by the reductive coupling of
aryl iodides and iododifluoroamides has been reported,® but
the reaction requires excess copper (6 equiv) and displays
limited scope and functional-group tolerance. For example,
the reaction occurs in low yields with electron-rich or
sterically hindered aryl iodides, and coupling reactions of
heteroaryl iodides have not been reported. Our group
recently reported a palladium-catalyzed coupling of aryl
bromides with silyldifluoroamides.””! This reaction has broad
substrate scope, but it did not occur with many medicinally
relevant heterocycles, such as 2-halopyridines. In addition,
this reaction required palladium as the central metal of the
catalyst, and we sought to develop a catalytic coupling
reaction based on a cost-effective and earth-abundant first-
row metal. Amii and co-workers reported a coupling of a-
silyldifluoroesters with aryl iodides in the presence of
stoichiometric Cul. The reaction also proceeded with cata-
lytic Cul, but yields were variable (40-71 %), and the reaction
was limited to electron-deficient substrates.'” A related
coupling of halopyridines was also reported, but required
two equivalents of Cul."!

Herein, we report the cross-coupling of aryl halides with
a-silyldifluoroamides in the presence of a catalytic quantity of
CuOAc. The reactions encompass aryl and heteroaryl iodides
containing a range of functional groups, as well as steric and
electronic properties, and they occur with a commercially
available copper catalyst without the need for any added
ligand. Furthermore, we demonstrate that the aryldifluoro-
amide products are synthetically useful precursors to difluori-
nated analogues of biologically active compounds.

The arylation of a-silyldifluoroamide 2 with 1-butyl-4-
iodobenzene (1a; see Table 1) was chosen as a model system
to identify a copper catalyst and reaction conditions for the
cross-coupling reaction. Compound 2 was synthesized from
the corresponding chlorodifluoroamide, in analogy to a pro-
cedure for the synthesis of a-silyldifluoroesters reported by
Amii and co-workers.!'”’ Compound 2 is an air-stable solid
that can be prepared on multigram scale. By employing
a preformed silyl amide enolate, we sought to avoid the strong
base required to generate a difluoroamide enolate in situ by
deprotonation of a difluoroamide. We envisioned that the
silyldifluoroamide could be activated by a fluoride source
under mild reaction conditions.
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Table 1: Effect of the reaction conditions on the coupling of 1a with the
a-silyldifluoroamide 2.9

petrs

l\/o solvent FF 0o
temperature 3a
Entry Solvent T[°C] CuX Yield [96]"
1 DMSO 80 CuCl <5
2 DMSO 80 CuBr-SMe, 14
3 DMSO 80 Cul 18
4 DMSO 80 CuCN 12
5 DMSO 80 CuOAc 89
6l toluene 100 CuOAc 87

[a] General reaction conditions: 0.100 mmol 1a, 0.120 mmol 2, and
0.0200 mmol CuX in 0.25 mL of solvent. [b] Yields were determined by
'F NMR spectroscopy. [c] 1.2 equiv 18-cr-6 and 2.0 equiv 2. DMSO =
dimethylsulfoxide, TMS =trimethylsilyl.

Various copper(I) sources were found to catalyze the
coupling of 2 and 1la (Table 1). Reactions catalyzed by
CuOAc proceeded in higher yields than those catalyzed by
Cul, CuBr-SMe,, CuCl, or CuCN. None of the copper(1I)
sources tested catalyzed the coupling process (see Table S1 in
the Supporting Information). Reactions conducted with
CuOAc without added ligand proceeded in higher yields
than those conducted with added ligand (see Table S2). The
reaction catalyzed by CuOAc (20 mol %) in toluene in the
presence of KF and 18-crown-6 formed the coupled product
in 87 % yield, as measured by '’F NMR spectroscopy, and in
82% yield upon isolation. The reaction of la and 2,
conducted in DMSO in the absence of 18-crown-6 (Table 1,
entry 5), proceeded in yields which are comparable to those
from the reaction conditions described in entry 6. However,
the conditions described in entry 6 were applicable to a wider
range of substrates, and afforded the coupling products of
electron-rich aryl iodides in higher yield than did the
conditions described in entry 5.

Having identified reaction conditions for the coupling
of 2 with 1a, we investigated the conversion of a variety
of aryl iodides into the corresponding aryldifluoroamides
(Scheme 1). Electron-rich, electron-neutral, and electron-
poor aryl iodides (1) coupled with 2 in high yield. In contrast
to many copper-catalyzed coupling reactions, which occur in
significantly lower yields with sterically hindered aryl
iodides,"” the reactions of 2 with aryl iodides containing
mono- or disubstitution adjacent to the iodine atom (1c—e, 11,
1n) occurred in high yield. The reaction conditions were
found to tolerate ester (1g), nitrile (1f), tertiary amine (10),
ether (1h-11), and aromatic bromide (1e) groups. Although
free hydroxy groups, primary or secondary amines, and
enolizable ketones were found to be incompatible with the
reaction conditions, aryl iodides containing a protected
alcohol (1j) and a ketone (1k) coupled in high yields.

Heteroarenes are ubiquitous in pharmaceuticals, agro-
chemicals, and materials,"® but the metal-catalyzed coupling
of basic heteroarenes can be challenging to effect because
they can coordinate to and potentially deactivate transition-
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18-cr-6 (1.2 equiv) =z N /\

toluene

1o
RE )+ TMS%&
A T::l

1 2 100 °C 3
Me
O
NR2
FF Me F F
3a, 82% 3b, 72% 3¢, 92%
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O
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FF
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Scheme 1. Yield is that of the isolated product. General reaction
conditions: aryl iodide (0.400 mmol), 2 (0.800 mmol), CuOAc

(0.0800 mmol), KF (0.480 mmol), and 18-cr-6 (0.480 mmol) in toluene
(1 mL) at 100°C for 24 h. THP =tetrahydropyran.

metal catalysts. However, electron-poor heteroaryl iodides,
such 2-iodopyridine, 2-iodoquinoline, and 2-iodopyrazine,
coupled with 2 in the presence of catalytic CuOAc to afford
the corresponding heteroaryldifluoroamides 3p-r in high
yield.

Recent studies in our group demonstrated that heteroaryl
bromides react with (phen)CuRy complexes to form
perfluoroalkylarenes in high yield,™ and studies by other
groups have shown that ligandless perfluoroalkyl copper
compounds generated insitu also react with heteroaryl
halides.'”) Therefore, we investigated the copper-catalyzed
reactions of a-silyldifluoroamides with heteroaryl bromides
to form a,o-difluoro-a-aryl amides.

Coupling of halopyridines and haloquinolines at the
electron-poor 2- and 4-positions is challenging with palladium
catalysts, often requiring high catalyst loadings and occurring
in low yields and with limited scope. For example, 2-
bromopyridine and 2-bromoquinoline did not undergo cou-
pling with o-silyldifluoroamides under the palladium-cata-
lyzed conditions previously reported by our group.”) To
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investigate the reactivity of these substrates in the presence of
a copper catalyst, the coupling of 2-bromopyridine with 2 was
chosen as a model reaction. The reaction conditions identified
for the coupling of 2 with iodoarenes resulted in only 21 %
yield of 3p from coupling of 2 with 2-bromopyridine.
However, the reaction conducted with KF as an additive in
NMP as solvent resulted in 79 % yield of the isolated product
(3p) (Scheme 2). Other nitrogen-containing heteroaryl bro-
mides, such as 2- and 4-bromoquinoline, coupled with 2 in
moderate yield.

) CuOAGc (20 mol%) 0
TMS%]\ KF (1.2 equiv) (Het)Ar%J\
(Het)ArBr + N NMP N
FJF _o Fr Lo

100 °C

(A, CELL,

3p, 89% (79%)

3q, 54% (39%)

4a, 63% (46%)M

Scheme 2. Reactions were performed on a 0.100 mmol scale to deter-
mine yields by '°F NMR spectroscopy. Yields of isolated products are
shown within parentheses for reactions performed on a 0.400 mmol
scale. General reaction conditions: aryl bromide (1 equiv), 2

(1.5 equiv), CuOAc (20 mol %), KF (1.2 equiv), 100°C, 24 h. [a] Reac-
tions performed using toluene as solvent and 18-cr-6 (1.2 equiv) as an
additive. NMP = N-methylpyrrolidone.

Vinyl iodides also coupled with 2 in high yield (Scheme 3).
The coupling reactions of both trans- and cis-vinyl iodides
afforded the corresponding vinyldifluoroamides (6a and 6b,
respectively) as single stereoisomers with retention of the
alkene geometry.

CuOAc (20 mol %)

o KF (1.2 equiv) Q
R I+TMS>8LN/\| 18-cr-6 (1.2 equiv) R”MNﬂ
F F toluene F F
K/O 100 °C K/O
5 2 6
o o)
CGH13\/%NR2 /%LNRZ
F F CgHisF F
6a, 87% 6b, 84%

Scheme 3. Yield is that of the isolated product. General reaction
conditions: vinyl iodide (0.400 mmol), 2 (0.800 mmol), CuOAc
(0.0800 mmol), KF (0.480 mmol), and 18-cr-6 (0.480 mmol), in toluene
(1 mL) at 100°C for 24 h.

A variety of a-silyldifluoroamides (7) coupled with aryl
iodides under the reaction conditions (Scheme 4). Tertiary
amides containing both cyclic and acyclic groups on nitrogen
atom coupled with 1a in high yield. Varying degrees of steric
bulk at the amide nitrogen atom were tolerated: dialkyl
amides ranging from dimethyl- to diisopropylamides under-
went coupling with 1a in 73 to 92 % yield.
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Scheme 4. Yield is that of the isolated product. General reaction
conditions: 1 (0.400 mmol), a-silyldifluoroamide (0.800 mmol), KF
(0.480 mmol), CuOAc (0.0800 mmol), and 18-cr-6 (0.480 mmol) in
toluene (1 mL) at 100°C for 24 h.

Aryldifluoroacetamides can serve as precursors to a vari-
ety of difluoroalkylarenes.”) Because of the unique access to
2-pyridyldifluoroamides by this coupling chemistry, we inves-
tigated the transformation of compound 3p into a range of 2-
difluoroalkylpyridines. This 2-pyridyldifluoroamide under-
went transformations under reaction conditions related to
those we reported to occur with electron-neutral aryldifluor-
oamides (Scheme 5).! Tt was reduced to the amine 9a with
BH; THF in 71 % yield and to alcohol 9b with excess sodium
borohydride in 76 % yield. Compound 3p also underwent
addition of a single equivalent of an alkyl Grignard reagent in

g “9
SN Ny 2 d) SN OH
FF

/T 7\
9a, 71% NR2=-N\_/O NR2=-N\_/O 9d, 95%
= | o) = | [e)
SN OH L”%LNRZ 9 XN pentyl
F F _ v WFF _ F F
b, 76%  NR2=N_ O NR2="N_ O gq 729
Bu
= o)
| ) f) NR, = -NEt, Q
N OFt . R
FF NR;=-N_ O  g) NRp=-N >
9c, 79% Bu 9f 82%

R' Ph; 99, 83%

Scheme 5. Yield is that for product isolated from the reaction of
0.500 mmol 3 p, unless otherwise stated. a) BH; THF, THF, reflux.

b) NaBH,, EtOH, reflux. c) TMSCI, EtOH, reflux. d) NaOH, EtOH, RT.
Yield was determined by °F NMR spectroscopy. e) Pentylmagnesium
bromide, THF, —78°C. f) Reaction of 0.300 mmol 8 f. n-Butyllithium,
THF, —78°C. g) Reaction of 0.300 mmol 8a. Phenyllithium, THF,
—78°C.
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72 % yield to afford a product (9 e) equivalent to the unknown
coupling of an aryl halide at the difluoromethyl group of the
enolate of an alkyl difluoromethyl ketone. Monoaddition of
alkyl- and arylmetal reagents is not limited to morpholinoa-
mides: diethyl and piperidinyl amides were also converted
into ketones (9 f and 9¢) in high yield.

As noted in the introduction, the fluorine atoms in the a-
position to the amide carbonyl group render the carbon
center more electrophilic than that in a typical amide.
Consistent with this hypothesis, hydrolysis or alcoholysis of
3p to the corresponding carboxylic acid and ester occurred
under mild reaction conditions in 95 and 79% yield,
respectively (Scheme 5). The reaction conditions for this
hydrolysis were milder than those for hydrolysis of non-
fluorinated amides, thus suggesting that selective hydrolysis
of an aryldifluoroamide group in the presence of nonfluori-
nated amides is feasible.

Copper-catalyzed enolate arylation reactions of aryl
halides have been proposed in some cases to proceed via
the intermediacy of aryl radicals,"® and in other cases to
proceed through a copper(I)/(III) cycle without the interme-
diacy of aryl radicals."”! To investigate the potential that the
coupling reactions of difluoroamide enolates occur through
aryl radicals, we conducted the coupling reaction with 1-
(allyloxy)-2-iodobenzene (Scheme 6). The corresponding aryl

CuOAc (20 mol %)

KF (1.2 equiv) EE o
| 18-cr-6 (1.2 equiv) N\)
@i 2 (2.0 equiv)
o NF toluene 0 0
100 °C \\/

43% yield

CH,
Ty

not observed

Scheme 6. Probe for the intermediacy of aryl radicals.

radical has been reported to undergo cyclization with a rate
constant of 9.6x10°s .81 The absence of 3-methyl-2,3-
dihydrobenzofuran, which would be formed after hydrogen-
atom abstraction from the solvent by the product of cycliza-
tion of the aryl radical, would provide evidence against the
intermediacy of aryl radicals. The reaction of 1-(allyloxy)-2-
iodobenzene under the standard CuOAc-catalyzed coupling
conditions did not form cyclized products, thus implying that
this reaction occurs, like other copper-catalyzed coupling
reactions, without the intermediacy of an aryl radical. In
addition, the coupling of (Z)-iodooctene proceeds with
complete retention of the olefin geometry. If the reaction
occurred through a vinyl radical, a mixture of E and
Z stereoisomers of the coupled products would be expected
to form.

Because of the versatility of both the copper-catalyzed
coupling reaction and the transformations of the coupled
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products, we sought to apply our methodology to the synthesis
of difluoro derivatives of biologically active compounds.
Substituting fluorine atoms for hydrogen atoms at positions
prone to oxidation has become a common strategy for
increasing the metabolic stability of medicinal compounds.®?
Because benzylic positions are common sites of metabolic
oxidation, we targeted analogues of biologically active com-
pounds containing two fluorine atoms at a benzylic position.

By the coupling chemistry in this work, we synthesized
a difluorinated analogue of pioglitazone (10e; Scheme 7),

Me | N a Me | A b
7 —
N N Br
10a, 32%
X
Me | (6] g Me X
P c, | e
o _
N N N oTf
0 FF
10b, 68% 10c, 74% (two steps)

s
S T o
N7 o) g7 NH HO NH
FF
10e, 88%

(e}

Scheme 7. Synthesis of a difluoro pioglitazone analogue (10e).

a) nBulLi, Me,N(CH,),OH, CBr,, hexanes, 0°C—RT. b) CuOAc (20 mol
%), KF (1.2 equiv), 2 (2 equiv), NMP, 100°C. c) NaBH,, EtOH, reflux.
d) Tf,O, pyr, CH,Cl,, RT. €) NaH, 10d, DMF, 50°C. DMF =
N,N-dimethylformamide, Tf=trifluoromethanesulfonyl.

a drug for the treatment of type 2 diabetes. The reaction of the
2-bromopyridine 10a with 2 formed 10b, which was reduced
to the corresponding alcohol. The alcohol was converted into
the corresponding tosylate, but the aryldifluoroalkyl tosylate
was less reactive toward substitution than the unfluorinated
analogue, and substitution with the phenol derivative 10d did
not occur. However, the alkyl triflate 10¢ underwent Wil-
liamson etherification with 10d to afford the difluoro
pioglitazone analogue 10e in 88 % yield.

The copper-catalyzed reaction of an electron-rich aryl
iodide with an a-silyldifluoroamide was exploited for the
synthesis of a difluoro analogue of the cardiac drug verapamil
(Scheme 8). 3,4-Dimethoxyiodobenzene coupled with 2 in the
presence of CuOAc in 93% yield. The compound 11a was
then converted into the corresponding acid in 87 % yield and
coupled with amine 11¢. The resulting amide was reduced to
the amine to afford the difluoro verapamil analogue 11d in
75 % yield over the last two steps and in 61 % yield over the
four-step sequence.

Finally, we synthesized a difluorinated analogue of
ropinirole, a drug for the treatment of Parkinson’s disease
(Scheme 9). The protected indole 12b participated in the
copper-catalyzed coupling, which enabled the synthesis of the
indole 12 ¢, which was then reduced to the amine 12d in 89 %
yield. Finally, oxidation of the indole into the corresponding
oxindole 12e and subsequent deprotection afforded the
difluoro ropinirole analogue 12 f.

Angew. Chem. 2016, 128, 4643 4648
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11a, 93%
DYm et
F F Me
Me
11b, 87% 11d, 75% two steps)
OMe
NC
11c= NH OMe
Me Me™ Me
Scheme 8. Synthesis of a difluoro verapamil analogue (11d). a) CuOAc

(20 mol %), KF (1.2 equiv), 18-cr-6 (1.2 equiv), 2 (2 equiv), toluene,
100°C. b) NaOH, EtOH, 65°C. c) CDI, DMAP, 11¢, CH,Cl,, RT. d) Zn-
(OAc),, HSiMe(OEt),, THF, 65°C. DMAP = 4-(N,N-dimethylamino) pyr-

idine, CDI = carbonyldiimidazole.
Br
N
H
NPr,  12a, 81% NPr, 12b,81%

E
F
Cc e
— —_— N\ _—
N
PMB

PMB
NPr, 12c, 68% NPr,  12d,89%
F F
f
o) o}
N N
PMB H
12e, 79% 12f, 58%

Scheme 9. Synthesis of a difluoro ropinirole analogue (12f). a) Cul,
DMEDA, Nal, 1,4-dioxane, 110°C. b) NaH, PMBCI, DMF, 0°C—RT

c) CuOAc (20 mol %), KF (1.2 equiv), 18-cr-6 (1.2 equiv),
TMSCF,CONPr, (2 equiv), toluene, 100°C. d) Zn(OAc),, HSiMe(OEt),,
THF, 65°C. e) NCS, toluene/HCI, 100°C. f) PhOMe, H,SO,, TFA,
100°C. DMEDA = N,N'-dimethylethylenediamine, PMB = p-methoxy-
benzyl, TFA=trifluoroacetic acid.

In summary, we have developed a procedure for the
synthesis of aryldifluoroamides from aryl halides and o-
silyldifluoroamides. The reaction is catalyzed by commer-
cially available CuOAc, does not require the addition of an
exogenous ligand, and is applicable to the coupling of
electron-rich, electron-poor, and sterically hindered aryl and
heteroaryl iodides with a variety of a-silyldifluoroamides. We
demonstrated that the aryldifluoroamide products can be
converted into a range of difluoroalkylarenes that would
otherwise be difficult to access, and that aryldifluoroamides
serve as versatile intermediates for the synthesis of com-
pounds of biological interest. Work is ongoing to develop
general reaction conditions for the copper-catalyzed coupling
of difluoroenolates with aryl bromides and to develop more
general methods for the coupling of fluorinated nucleophiles.
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