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ABSTRACT: Novel and general copper-catalyzed cyclopropanol ring
opening cross-coupling reactions with difluoroalkyl bromides, perfluoroalkyl FF
iodides, monofluoroalkyl bromides, and 2-bromo-2-alkylesters to synthesize
various f-(fluoro)alkylated ketones are reported. The reactions feature mild &
conditions and excellent functional group compatibility and can be scaled up Ry
to gram scale. Preliminary mechanistic studies suggest the involvement of
radical intermediates. The difluoroalkyl—alkyl cross-coupling products can

also be readily converted to more valuable and diverse gem-difluoro-
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containing compounds by taking advantage of the carbonyl group resulting

from cyclopropanol ring opening.

ecently, significant progress has been made in the
development of transition metal-catalyzed cross-coupling
reactions of alkyl electrophiles and alkyl nucleophiles, including
enantioselective variants. Most of the commonly used alkyl
nucleophiles in these alkyl—alkyl cross-coupling processes are
alkyl Griﬁnard reagents, alkyl zinc reagents, and alkyl boron
reagents. Some of these reagents suffer from poor functional
group compatibility, have to be generated in situ or right before
use, and are not stable for long-term storage. Due to the
importance of alkyl—alkyl cross-couplings in medicinal
chemistry, natural product synthesis, and other related areas,
there is a great need to expand the scope of alkyl nucleophiles.
Furthermore, due to the importance of fluorinated molecules in
medicinal chemistry and many other fields,” the demand for
efficient and reliable methods for their synthesis has increased
dramatically. Despite recent advances,” direct difluoroalkylation
or monofluoroalkylation of alkyl nucleophiles has been limited”
in comparison to the introduction of such groups on aromatic
systems” and unsaturated systems such as olefins and alkynes.’
Efficient methods for direct fluoroalkyl—alkyl cross-coupling
reactions are highly desirable. Recently, Liang and Fu reported
an elegant nickel-catalyzed alkyl—alkyl cross-coupling of
fluorinated secondary electrophiles (see 1 — 2, Figure 1A).*
Cyclopropanols are important and useful functional groups
and can be readily accessed via the Kulinkovich reaction or the
Simmons—Smith protocols.” They are bench stable and can be
stored for a relatively long time. Due to the intrinsic ring strain,
cyclopropanols are prone to ring opening reactions and are
often viewed as homoenolate equivalents. Therefore, cyclo-
propanols could be important alkyl nucleophiles in alkyl—alkyl
cross-coupling reactions. Moreover, the resulting coupling
products would be equipped with a ketone functional group,
which can be transformed to a variety of products due to the
rich carbonyl chemistry. Currently, most of the transition-
metal-catalyzed cyclopropanol ring opening cross-couplings
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A. Ni-catalyzed alkyl-alkyl cross-couplings of fluorinated secondary
electrophiles (Fu, et al.)

X alkyl
A + BrZn—alkyl M—. A ¢ R = perflucroalkyl
Re " “aliyl Rr” “alkyl X=Brorl
1 2

B. Sy2' alkylation of cyclopropanols via homoenolates (Cha, et al.)

Rz, = Ra
OH . 0= w/\/ (o]
/v Et,2Zn (1.0 equiv) JH) LG sc: Ry
CuCN (1.5 equiv) 52" alkylation
3R, a Ry M y Ry 4 Rz

C. This work Cu-catalyzed ring opening (fluoro)alkyl-alkyl cross-couplings
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Figure 1. Selected examples and this work.

focus on palladium-catalyzed C—C bond formation,® which is
significantly limited by the proclivity of p-H elimination.
Copper, in comparison to palladium, is more abundant,
cheaper, and less prone to A-H elimination chemistry.”
However, copper-promoted or copper-catalyzed cyclopropanol
ring opening cross-coupling reactions have been very rare.

Recently, Cha and co-workers have developed elegant Sy2’
alkylations of the Zn(II)/Cu(I)-homoenolate derived from
treating cyclopropanols with more than stoichiometric amount
of CuCN and 1 equiv of ZnEt, (see 3 — 4, Figure 1B)'*° and
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applied this chemistry in total synthesis of natural products.'***

We have developed copper-catalyzed cyclopropanol ring
opening electrophilic cross-coupling reactions to synthesize
various f-CF;, B-SCF;, and p-amino-substituted carbonyl
products.ua’b Herein, we report novel and unprecedented
copper-catalyzed cyclopropanol ring opening alkyl—alkyl cross-
coupling reactions with difluoroalkyl bromides, perfluoroalkyl
iodides, monofluoroalkyl bromides, and 2-bromo-2-alkylesters
as electrophiles (Figure 1C). In addition to the catalytic nature,
the selectivity of breaking the strained Walsh bond of
unsymmetrical cyclopropanols is opposite from the previous
,1091P bresumably due to a radical ring opening process.

Due to the importance and prevalence of difluoroalkyl
groups in bioactive molecules,'” we started our exploration with
2-bromo-2,2-difluoroacetate (11, Figure 2) as the electrophilic
coupling partner with cyclopropanols. After extensive reaction
condition optimizations (see the Supporting Information), we
discovered that (i) Cul is superior to CuCN, CuTc, and
Cu(MeCN),PF,, (ii) 2,2'-bipyridine or 1,10-phenanthroline
ligand is critical, (iii) the reaction is very sensitive to solvent
and MeCN is much better than other solvents such as THF,
PhMe, DMF, DCE, 1,4-dioxane, and DMSO, and (iv) a base is
necessary to neutralize the acid generated in the reaction
system. Under the conditions of a catalytic amount of Cul/
1,10-phenanthroline in MeCN at 80 °C with K,COj as base,
optimal yields of 2,2-difluoro-1,5-dicarbonyl products'® (12)
could be obtained from various cyclopropanols and 11.

We then investigated the substrate scope in terms of both
cyclopropanols and the electrophilic bromodifluoroalkyl
coupling partners (Figures 2—4). To our satisfaction, the
reaction has broad substrate scope and tolerates a variety of
functional groups. Both aryl and alkyl substituted cyclo-
propanols underwent the desired ring opening reactions with
11 to provide various f-difluoroalkylated ketone products in
good to excellent yield (Figure 2). Alkyl/aryl ether (12a, 12,
12f), benzoate (12g), TBS-ether (12h), a,f-unsaturated ester
(12j) and aldehyde (12k), amide (12I), and epoxide (12m) are
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12k: 45% (X = CHO) 121 83% 12m: 69%

Figure 2. Cyclopropanol substrate scope. General reaction conditions:
solution of 3a (0.1 mmol), 11 (0.4 mmol), Cul (0.01 mmol),
phenanthroline (0.02 mmol), and K,CO; (0.2 mmol) were stirred in
MeCN (1 mL) at 80 °C for 10—12 h. The reaction process was
monitored by thin-layer chromatography. Isolated yield from flash
chromatography was given. The b indicates gram scale.
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well tolerated. The reaction could also be conducted at gram
scale (12a, Figure 2).

We next explored unsymmetrical cyclopropanol substrates
(3, Figure 3). In this scenario, one question was apparent to us:
which Walsh bond, the less substituted bond “a” or the more
substituted bond “b”, would be selectively broken for the cross-
coupling? It has been shown that radical promoted cyclo-
propanol ring opening tends to break bond “b” to provide the
more stable and more substituted p-alkyl radical'® and
formation of metallo-homoenolate favors breaking bond “a”
to generate less substituted metallo-homoenolate.' 1P In our
case, the more substituted Walsh bond “b” was selectively
cleaved, and the difluoroalkylation occurred at the more
substituted carbon, which indicates a radical cyclopropanol
ring opening process. The selectivity is excellent for the cases of
aryl substituted cyclopropanols and products 13a—c were
produced as the dominant products. While 13d was produced
in high selectivity (17/1), the selectivity dropped significantly
in the case of 13e (2.4/1). Additionally, aldehyde product 13f
could be obtained in good selectivity as well.

' R o)
OH Cul (0.1 equiv) o By
" )? - phenanthroline (0.2 equiv) g Mcozﬂ LR MCOQEt
b +
. MeCN, 80 °C, K,CO4 FF Ry F F
Ry 13 (major) 14 (minor)
O E O O EB O o Et O
OEt OEt QEt
FF FF FF
F Br
13a: 68% (38/1) 13b: 54% (35/1) 13c: 45% (36/1)
Ph
O Et O o} Et © o] 8]
Pho \woa OEt H OEt
FF FF FF
13d: 68% (17/1) 13e: 53% (2.4M1) 13F 38% (5M1)

Figure 3. Unsymmetrical cyclopropanol substrate scope. Isolated yield
with 13/14 ratio in parentheses.

Other halodifluoroalkyl electrophiles such as 2-bromo-2,2-
difluoroamides, (bromodifluoromethyl)phosphonates, and per-
fluoroalkyl iodides work smoothly under the reaction
conditions (Figure 4). Morpholine- (16a), Boc-protected
piperazine- (16¢), benzoazepane- (16d), indoline- (16e), and
azitidine-derived (16j) difluoroamides can be produced in good
to excellent yield. With (bromodifluoromethyl)phosphonate as
electrophile, a strong base, LiOtBu, has to be used and the
reaction yield was relatively low (16k, 32%). In the case of
perfluoroalkylation (161 and 16m), the corresponding alkyl
iodides were used and good yields were obtained.

We then moved beyond difluoroalkyl electrophiles and
explored the use of other alkyl electrophiles (Figure 5). To our
delight, simply switching the base from K,COj; to iPr,NH and
using Cul or CuCl as catalyst, electrophiles such as 2-bromo-2-
alkyl acetates and 2-bromo-2-fluoroacetates became effective
coupling partners. We also observed some changes in
comparison to the difluoroalkylation cases. Free alcohol (18;)
and terminal olefin (18h), which are not compatible in the
previous cases, are well tolerated in the slightly modified
conditions. In general, good reaction yields could be obtained,
and a variety of functional groups including benzoate (18e),
primary TBS-ether (18f), epoxide (18g), and aryl bromide
(18n) are compatible under the reaction conditions.

One advantage of using cyclopropanols as nucelophilic alkyl
cross-coupling partners is that the coupling products are
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Figure 4. Difluoroalkyl halides substrate scope. Yield of isolated
product is provided: “iPr,NH as base; ‘LiOtBu as base; %with
perfluorobutyl iodide; ‘with perfluorohexyl iodide.
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Figure S. Other alkyl halides substrate scope. Isolated yield is given; b
indicates that Cul was used.

equipped with a ketone functional group. Due to rich chemistry
of the carbonyl group, the coupling products can be converted
to a diverse collection of products using standard carbonyl
transformations. For example (Figure 6), Fisher indole
synthesis was used to convert 12a to indole-containing biaryl
product 19 in 94% yield."> Reductive amination followed by
lactam formation provided a,a-difluorolactam 20 in excellent

H
N a F
0 / Q Ohta NH,OAc HN E
pr £ PPICHMNHNH; — NaBH,CN
19 HOAC MeOH, 70 °C
o7 TCOEt 94% 0%  MeO G
12a F
i o] F
Woa PdIC, Hy NaBH,
FF
MeOH, rt MeQH, rt
MeO 22 ! !
80% 87%  MeO 2

Figure 6. Synthetic transformations of 12a.
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yield.'® When NaBH, was used, 3,3-difluoro-6-aryltetrahydro-
pyran product 21 was obtained in 87% yield."” These scaffolds
are of great medicinal importance but are otherwise challenging
to access."”~'” The ketone carbonyl group could be reduced to
a methylene group as well (12a — 22), which further expands
the potential use of cyclopropanols as alkyl cross-coupling
partners.

Mechanistically, both the conversion of 15n with a double
bond to 23 and the formation of 24 when TEMPO was added
to the reaction of 3aa and 11 (Figure 7) suggest the formation

o nBu
Br nBu Cul (0.1 equiv) 0 N
3 N/ phenanthroline (0.2 equiv) o
aa  +
N MeCN, 80 °C. KoCOs JF
150 | 46% MeO 23
Me
o Cul (0.1 equiv) Me g
BF%OEt phenanthroline (0.2 equiv) 12a N-O
3aa + A (not observed) OEt
F F MeCN, 80 °C, K,CO3 vef F
1 TEMPO (5.0 equiv) Me 4

(observed by '°F NMR)

Figure 7. Preliminary mechanistic studies.

of a radical at the a-carbon bearing the two fluorine atoms
presumable via a single electron transfer (SET) process
between Cul and the bromides (15n or 11). The resulting
Cu(II) salt would then oxidize cyclopropanols via another SET
process to promote a radical cyclopropane ring cleavage as
evidenced by the use of unsymmetrical cyclopropanols to
generate a more stable f-alkyl radical for following cross-
couplings.'#**

In summary, we have developed a novel umpolung strategy
for the synthesis of f-(fluoro)alkylated ketones via copper-
catalyzed cyclopropanol ring opening C,—Cy,* cross-couplings
with various alkyl halides including difluoroalkyl bromides,
perfluoroalkyl iodides, monofluoroalkyl bromides, and 2-
bromo-2-alkylesters. Many functional groups are tolerated
under the mild reaction conditions. The reaction can also be
scaled up. In addition to its catalytic nature, a different
cyclopropane ring opening mode has been observed in
comparison to the previous cases. Preliminary mechanistic
studies indicate the involvement of radical intermediates. The
coupling products could be converted to a diverse collection of
important compounds. This chemistry demonstrates the
significant potential of cyclopropanol and related systems as
useful nucleophiles in alkyl—alkyl cross-coupling reactions. We
are currently investigating the detailed reaction mechanisms as
well as developing enantioselective versions of this type of
transformation.
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