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and ZnClL/N.N,N',N'-tetramethylethylenediamine. The generation of difluoroenolate
proceeded smoothly under mild heating to provide o,a-difluoro-p-hydroxy ketones in good to excellent

yield (up to 99%). The a,a-difluoro-B-ketocarboxylate salt was bench stable and easy to handle under air,
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which realizes a convenient

rsc.li/rsc-advances difluoromethylene compounds.

Introduction

Organic molecules containing a difluoromethylene group are
particularly useful in medicinal chemistry." Among these, ao,o-
difluoroketones show a variety of bioactivities such as
cholesterol-lowering, analgesic, and GABAg agonist activities
(Fig. 1).> Thus, simple and mild strategies for accessing o,o-
difluoroketone substructures should be useful for developing
new therapeutic candidates.

a,a-Difluoroenolate plays a key role in the construction of
CF,-carbon bonds and many synthetic routes have been re-
ported based on this nucleophilic synthon, including a metal-
mediated Reformatsky reaction of halodifluoromethyl ketone
(Scheme 1, eqn (a)),> a Lewis acid-catalyzed aldol reaction of
difluoroenol O-Boc esters (Scheme 1, eqn (b)), a copper-
catalyzed reaction of a,a,a-trifluoromethylketones via B-fluoro
elimination (Scheme 1, eqn (c)),” a one-pot reaction of acylsi-
lanes and trifluoromethyltri-methylsilane (TMSCF;) with alde-
hydes (Scheme 1, eqn (d)),° an aldol reaction of
halodifluoromethyl ketone via reduction of halogen process by
lithium triethylborohydride (Scheme 1, eqn (e)),” and a detri-
fluoroacetylative aldol reaction of trifluoromethyl a,a-difluoro-
B-keto gem-diols (Scheme 1, eqn (f)).? In the course of these
studies, decarboxylation of B-keto acids is a mild and conve-
nient method for providing the corresponding enolate and is an
environmentally friendly system.® Wennemers has reported the
first decarboxylative process for the preparation of fluorinated
enolate using fluoromalonic acid halfthioesters (F-MAHT)."
Recently, two groups have reported the synthesis of a,o-
difluoro-B-hydroxy ketones using 2,2-difluoro-3-oxo-3-phenyl-
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and environmentally friendly methodology for synthesis of

propanoic acid (1). The first route was based on an aldol reac-
tion of 1 with aldehydes under metal-free conditions, from the
Mao group.'* The other route involved copper-catalyzed
difluoroalkylation of aromatic aldehydes using 1 from the Mai
group.”” However, the former reaction needed relative long
reaction times and a high reaction temperature (100 °C). In the
latter reaction, the scope of aldehydes was limited and only
aromatic aldehydes were suitable for the transformation. In this
paper, the simple potassium 2,2-difluoro-3-oxo-3-phenylpro-
panoate (2a) was used as a precursor of difluoroenolate for
the decarboxylative aldol reaction with carbonyl compounds
under mild reaction conditions.

Results and discussion

We used a potassium salt of a,o-difluoro-p-keto acid 1 (2a) as
a model precursor of difluoroenolate to examine the decarbox-
ylative aldol reaction with benzaldehyde (3a). The model
substrate 2a was synthesized as following 3 steps (Scheme 2);**
Honda-Reformatsky reaction of ethyl bromodifluoroacetate
with 3a gave B-hydoroxy-o,o-difluoroacetate 4a, then 4a was
oxidized to B-keto-a,o-difluoroester 5a by TEMPO oxidation.
The saponification of B-ketoester 5a gave rise to the potassium
carboxylate 2a. The substrate 2a was isolated easily by filtration
from the reaction mixture as a non-hygroscopic compound
which enabled easy handling even under air atmosphere.
Another substrate 1 was obtained by the acidified of 2a and was
used to the desired reaction without purification. The results for
the decarboxylative aldol reaction of 2a and 1 are summarized
in Table 1. To examine decarboxylation under mild heating (50
°C) efficiently, ZnCl, was used as an acceptor of the enolate
(Table 1, entry 1). The reaction of 2a provided the desired
product in low yield (20% yield). In the case of using carboxylic
acid 1, only trace amounts of the desired product 6aa were ob-
tained (entry 2). To improve the yield of 6aa, the reaction

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Bioactive a,a-difluoroketones.

temperature was elevated to 80 °C and a moderate yield of
product was obtained (60%, entry 3). The current screening of
the reaction conditions was performed in dry THF (entries 1-3).
Using wet THF in this system, we observed a considerable
improvement of the yield of 6aa. Thus, when an equimolar
amount of H,O for 2a was added to dry THF, the desired
product was obtained in 84% yield reproducibly (entry 4). It was
important to use ZnCl, in the current system and a lower yield
of 6aa was observed in the absence of ZnCl, (entry 5). To eval-
uate the effects of the metal, other Lewis acids, including boron
and ytterbium, were examined (entries 6-8). Zinc metal was
shown to be the most effective and the bench stable reagent
ZnCl, N,N,N',N'-tetramethylethylenediamine complex (ZnCl,/
TMEDA) was the best metal source in this decarboxylative aldol
process (Entry 8). ZnCl,/TMEDA was commercially available
and was easy to handle compared with hygroscopic ZnCl,."*
Further optimization of the reaction conditions showed that the

Metal

jJ\
H R'
Metal = Zn-CuCl, In

(o]
)(L cat. La(OTf)3
N + —— ' (b)
R/K( W R R x R
F
I

cat. CuCl/Phen

o B,pin, ¢} OH
FoL NaO#Bu
R ’ . R r ©
F F F F
(0] o cat. TBAT oH
crtms + Jl o+ J —————— ¢ g @
R T™S H R A
)OS( i LiEt;BH o OH
I+ EEE——— (e)
Ph Ph Ph
H” “Ph
F F F F
O OH o Base o) OH
(Ref. 8a-b)
RM OH 4 )J\ RMR' ®
CF; H R' cat. Cu(OTf),
F F (Ref. 8c) F F

Scheme 1 Various methods for a generation of a,a-difluoroenolate.
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1.2 equivalent of 2a and ZnCl,/TMEDA provided a 98% yield of
6aa (entry 9)." Among the solvents tested, THF was the best
solvent for this reaction.'® Furthermore, we examined the effects
of the addition of water using dry THF solvent. Under the
anhydrous conditions, a lower yield of product was observed
(entry 10). When a catalytic amount of H,O (10 mol%) was
added, there was no effect on the yield of product and benzal-
dehyde was recovered from the reaction mixture after 5 h (entry
11). Other proton sources such as ethanol and 2,2,2-tri-
fluoroethanol were added to the reaction media. However, these
additives did not markedly affect the yield of 6aa. In these cases
(entries 10-13), the decarboxylation of 2a did not occur effec-
tively and a,o-difluoro-B-keto acid (1) was detected in °F NMR
of the crude reaction mixture.

After optimization of the reaction conditions for this decar-
boxylative aldol reaction, various substrates were tested
(Table 2). Various aldehydes 3 reacted with 2,2-difluoro-3-oxo-3-
phenylpropanoate (2a) to provide the desired products in good
to excellent yields. Aromatic aldehydes were especially suitable
for the reaction (6ab-6al). The electroproperties and positions
of the substituents on the phenyl ring of the aldehydes did not
affect the yield of the reaction. Among these, the reaction of
functionalized aldehydes, such as methoxycarbonyl and cyano
groups, also provided the corresponding products (6ag and 6ah)
in good yields. However, in the case of 2-pyridinecarbox-
aldehyde, only 39% of product (6am) was obtained. Further-
more, enolizable aliphatic aldehydes were also tolerated,
providing the corresponding aldol products 6an and 6ao in
good yields. The scope of the 2,2-difluoro-3-oxo-propanoates

1 mol% RhCI(PPhs), OH 10 mol% TEMPO
PhCHO (3a), Et,Zn PyreHBr;
BrCF,COOEt ———— > CooBt —  »
CH,CN A CH,Cl,/NaHCO; aq.
4a
o] KOH o acidify o
COOEt COOK —> )S(COOH
Ph MeOH Ph Ph
F F F F F F
5a 2a 1

Scheme 2 The synthesis of a potassium a,a-difluoro-p-keto
carboxylate (2a) and its carboxylic acid (1).
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Entry Metal reagent (Equiv.) Substrates (Equiv.) Additive (Equiv.) Temp. (°C) Time (h) Yield of 6aa (%)*
1 ZnCl, (1.0 2a (1.0 None 50 24 20
2 ZnCl, (1.0 1 (1.0) None 50 24 Trace
3 ZnCl, (1.0) 2a (1.0) None 80 8 60
4 ZnCl, (1.0) 2a (1.0) H,0 (1.0) 80 8 84
5 None 2a (1.0) H,O (1.0) 80 5 46
6 BF;-Et,0 (1.0) 2a (1.0) H,0 (1.0) 80 16 59
7 Yb(OTf), (0.1) 2a (1.0) H,0 (1.0) 80 26 32
8 ZnClL,-TMEDA  (1.0) 2a (1.0) H,0 (1.0) 80 5 88
9 ZnCl,-TMEDA (1.2) 2a (1.2) H,O (1.0) 80 5 98
10 ZnCL,-TMEDA  (1.2) 2a (1.2) None 80 5 42?
11 ZnCl,-TMEDA (1.2) 2a (1.2) H,0 (0.1) 80 5 50°
12 ZnCL,-TMEDA  (1.2) 2a (1.2) EtOH (1.0) 80 7 59°
13 ZnCl,-TMEDA  (1.2) 2a (1.2) CF,CH,OH (1.0 80 7 58°

“ Isolated yield. * °F NMR yields.

(2b-d) was also tested.” Both electron-donating (CH30) and
electron-withdrawing groups (Cl) on the phenyl ring of the
substrate 2 were well tolerated in the decarboxylative aldol
process. Furthermore, the aliphatic substrate 2d produced the
corresponding product 6da in good yield. For the reaction with
ketones, when an excess amount of the ketones was used, the
desired products 6ap and 6aq were obtained in moderate yields
of 60% and 53%, respectively.

To examine the reaction mechanism, a control experiment
was conducted with 2,2-difluoro-3-oxo-3-phenylpropanoic acid
(1) and a non-fluorinated 3-oxo-3-phenylpropanoic acid (7)
under the optimized reaction conditions (Scheme 2, eqn (a) and
(b)). The reaction of compound 1 with 3a showed a decrease in
the yield of product and a prolonged reaction time, which
provided the aldol product 6aa in 77% yield for 19 h under the
optimal conditions. However, trace amounts of the aldol
product 8 were obtained from a non-fluorinated substrate 7
along with a high yield of acetophenone (90% based on 7) via
a decarboxylative process. In reports on palladium-catalyzed
benzylation reactions of a,a-difluoroketone enolate, Altman
suggested that rehybridization of the a,a-difluorinated enolate
carbanions from C (sp3) to C (sp2) actually occurs more slowly
than for non-fluorinated enolates.”” This report and our results
suggest that the a,a-difluorinated enolate from 2a prefers C-
enolate form. As a result, the reaction of C-enolate together
with the high nucleophilicity led to the aldol product more
effectively than a non-fluorinated enolate generated from 7.
Moreover, when a scrambling experiment of the aldol product
6aa with another aromatic aldehyde 3f was performed under the
current reaction conditions (Scheme 3, eqn (c)), no retro-aldol
reaction was observed and the scrambling product 6af was
not formed.

20570 | RSC Adv., 2018, 8, 20568-20575

On the basis of previous works on the synthesis of o,a-
difluoro-p-hydroxyketones and our experiments," > a tentative
reaction mechanism for this decarboxylative aldol reaction of
potassium a,a-difluoro-B-ketocarboxylate (2a) with benzalde-
hyde (3a) is proposed. First, zinc(u) is accepted by the nucleo-
philic enolate generated from decarboxylation of 2a. Then, the
nucleophilic addition of zinc difluoroenolate to 3a occurred to
lead to the formation of aldol alkoxide. Stoichiometric amount
of water promotes the protonation of zinc alkoxide for the
formation of the product 6aa in the equilibrium of the aldol
process.

Conclusions

In conclusion, we have successfully developed a mild decar-
boxylative aldol reaction for potassium a,a-difluoro-p-keto
carboxylate with aldehydes. The reaction is mild, with a reaction
temperature below 100 °C, and a variety of a,a-difluoro-f-
hydroxy ketones with biological activity could be obtained in
good to excellent yields. Compared with previous methods, the
substrates 2a-d used in this reaction are bench stable salts and
a broad substrate scope was realized. Now we are investigating
an asymmetric version of this decarboxylative aldol reaction.

Experimental
General

NMR spectra were obtained from a solution in CDCl; using 400
MHz for 'H, 100 MHz for '*C, 376 MHz for '°F. Chemical shifts
of 'H and ">C NMR are reported in ppm from tetramethylsilane
(TMS) as an internal standard. Chemical shifts of '°F NMR are
reported in ppm from CFCl; as an internal standard. All data are

n

This journal is © The Royal Society of Chemistry 2018
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Table 2 Decarboxylative aldol reaction of potassium 2,2-difluoro-3-oxopropanoates 2 with carbonyl compounds
o (o] ZnCl,/TMEDA (1.2 equiv) Q QH
COOK 4+ )k )
R’ H™ DR R’ R
T THF/H,0,2 80 °C FF
2 (1.2 equiv) 3 6
(0] OH (0] OH (0] OH
(AT Cr U 0
Me OMe CF,
6ab, 96% 6ac, 98% 6ad, 97%
(o} OH (0] OH O OH
I RT
O FF O O F F O - COOMe
Br — 2 6ag, 85%
6ae, 99% Sl Go%s
0 OH (0] OH Me (0] OH OMe
SHAe SEA®
CN O F F O FF
6ah, 79% . j, 96%
ah. 9% 6ai, 92% 6aj. 96%
(0] OH o OH Me (0] OH
Me
T 7% 0 »
F F F F F F
Me Me N~
k, 97% o
Bak, 97% 6al. 86% 6am, 39%
(0] OH (0] OH (0] OH
£k O F F O O s O
MeO
6an, 82% 6ao, 75% 6ba, 69%
(0] OH (0] OH (0] OH O
Cl
6ca, 85% 6da, 79% 6ap, 60%P
(0] OH
Me
FF Me
6aq, 53%°

“ 1.0 Equivalents of H,0 was added. ? 3 Equivalents of acetophenone was used. © Excess amount of acetone (1 mL) was used.

reported as follows: chemical shifts, multiplicity (s = singlet, bs
= broad singlet, d = doublet, t = triplet, q = quartet, dd =
double doublet, ddd = double double doublet, m = multiplet),
coupling constants (Hz), and relative integration value. HRMS
experiments were measured on a double-focusing mass spec-
trometer with an ionization mode of EI. Melting points were
measured uncorrected.

All experiments were carried out under argon atmosphere in
flame-dried glassware using standard inert techniques for
introducing reagents and solvents unless otherwise noted.

This journal is © The Royal Society of Chemistry 2018

Tetrahydrofuran (THF) was purchased from Kanto Chemical
Co. Inc. as “Dehydrated”. All commercially available materials
were used as received without further purification.

General procedure for the decarboxylative aldol reaction

To a dry and argon-flushed reaction vessel, equipped with
a magnetic stirrer, were added zinc chloride N,N,N’',N'-tetra-
methylethylenediamine complex (151 mg, 0.6 mmol) and
potassium 2,2-difluoro-3-oxopropanoate (2, 0.6 mmol). The
solids were suspended in THF (4 mL), then the corresponding

RSC Adv., 2018, 8, 20568-20575 | 20571
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Scheme 3 Control experiments and examination of retro-aldol reaction.

aldehyde (0.5 mmol) and THF solution of H,O (0.5 mL, 1 M)
were added. The reaction mixture was heated at 80 °C with
stirring for 5 h. The reaction was quenched with 10% aqueous
HCI, and the resultant mixture was extract with AcOEt. The
combined organic phases were washed with brine and dried
over MgSO,. Then the extract was concentrated in vacuo, and the
residue was purified by column chromatography on silica gel to
give the corresponding aldol adducts 6.
2,2-Difluoro-3-hydroxy-1,3-diphenylpropan-1-one (6aa).** The
titled product (6aa) was obtained as a colorless liquid in 98%
yield (128.1 mg), after column chromatography on silica gel
(AcOEt/hexane = 1 : 4). '"H NMR (400 MHz, CDCI;) 6 8.06-8.04
(m, 2H), 7.65-7.61 (m, 1H), 7.50-7.45 (m, 4H), 7.41-7.38 (m,
3H), 5.38 (ddd,j = 18.7, 5.6, 4.6 Hz, 1H), 3.00 (d,J = 4.6 Hz, 1H);
C NMR (CDCl;, 100 MHz) 6 190.9 (dd, J = 31.3, 29.2 Hz), 134.7,
134.6,132.4 (m), 130.2 (m), 129.0, 128.6, 128.3, 128.1, 115.7 (dd,
J = 261.5, 256.8 Hz), 73.3 (dd, J = 29.2, 23.1 Hz); "°F NMR (376
MHz, CDCl;) 6 —104.7 (dd, Jyr = 293, Jur = 5.6 Hz, 1F), —116.3
(dd, Jer = 293, Jur = 18.7 Hz, 1F); HRMS (EI) m/z calcd for
C15H,,F,0, [M]" 262.0805, found 262.0799.
2,2-Difluoro-3-hydroxy-1-phenyl-3-(p-tolyl)propan-1-one (6ab).*
The titled product (6ab) was obtained as a colorless liquid in
96% yield (132.9 mg), after column chromatography on silica
gel (AcOEt/hexane = 1:9). "H NMR (400 MHz, CDCl;) 6 8.06-
8.04 (m, 2H), 7.65-7.61 (m, 1H), 7.49-7.45 (m, 2H), 7.38 (d, J =
8.0 Hz, 2H), 7.20 (d, J = 8.0 Hz, 2H), 5.34 (ddd, J = 18.6, 5.6,
3.6 Hz, 1H), 2.95 (m, 1H), 2.36 (s, 3H); *C NMR (CDCl;, 100
MHz) 6 190.9 (dd, J = 31.3, 29.5 Hz), 138.9, 134.5, 132.5, 131.7,
130.2 (m), 129.0, 128.6, 128.0, 115.8 (dd, J = 261.2, 256.1 Hz),
73.2 (dd, J = 28.2, 23.3 Hz), 21.2; '°F NMR (376 MHz, CDCI;)
6 —104.8 (dd, Jp = 291, Jyr = 5.6 Hz, 1F), —116.4 (dd, Jyp = 291,
Jur = 18.6 Hz, 1F); HRMS (EI) m/z caled for C;sH,,F,0, [M]"
276.0962, found 276.0966.
2,2-Difluoro-3-hydroxy-3-(4-methoxyphenyl)-1-phenylpropan-
1-one (6ac).’ The titled product (6ac) was obtained as a colorless
liquid in 98% yield (143.4 mg), after column chromatography
on silica gel (AcOEt/hexane = 1 : 9). 'H NMR (400 MHz, CDCI;)
6 8.06-8.04 (m, 2H), 7.65-7.61 (m, 1H), 7.49-7.45 (m, 2H), 7.42

20572 | RSC Adv., 2018, 8, 20568-20575

(d,J = 8.4 Hz, 2H), 6.92 (d, J = 8.4 Hz, 2H), 5.32 (ddd, J = 18.5,
5.9, 3.8 Hz, 1H), 3.82 (s, 3H), 2.98 (m, 1H); "*C NMR (CDCl;, 100
MHz) 6 191.0 (dd, J = 30.6, 28.5 Hz), 160.1, 134.5, 132.5, 130.2
(m), 129.4, 128.6, 126.8, 115.8 (dd, J = 263.9, 256.3 Hz), 113.8,
72.9 (dd, J = 27.8, 23.1 Hz), 55.3; '°F NMR (376 MHz, CDCl;)
6 —105.1 (dd, Jgp = 290, Jr = 5.9 Hz, 1F), —116.4 (dd, Jsr = 290,
Jur = 18.5 Hz, 1F); HRMS (EI) m/z caled for Cy6H14F,0;5 [M]"
292.0911, found 292.0912.
2,2-Difluoro-3-hydroxy-1-phenyl-3-(4-(trifluoromethyl)phenyl)-
propan-1-one (6ad).’® The titled product (6ad) was obtained as
a colorless solid in 97% yield (160.2 mg), after column chro-
matography on silica gel (AcOEt/hexane = 1:9). mp 104.0-
104.5 °C (from Et,0-Cg, lit. 87-89 °C); '"H NMR (400 MHz,
CDCl;) 6 8.08-8.06 (m, 2H), 7.68-7.63 (m, 5H), 7.52-7.48 (m
2H), 5.46 (ddd, J = 19.1, 5.2, 4.5 Hz, 1H), 3.23 (d, ] = 4.5 Hz, 1H);
C NMR (CDCl;, 100 MHz) 6 191.5 (dd, J = 31.6, 30.0 Hz), 138.5,
134.9, 130.0 (m), 131.1 (q,J = 32.5 Hz), 130.3 (m), 128.8, 128.6,
125.1 (m), 123.9 (q,J = 271.9 Hz), 115.3 (dd, ] = 273.9, 257.4 Hz),
72.6 (dd, J = 28.4, 23.0 Hz); '°F NMR (376 MHz, CDCl;) 6 —62.6
(s, 3F), —103.8 (dd, Jyr = 299, Jyr = 5.2 Hz, 1F), —116.5 (dd, Jyr =
299, Jur = 19.1 Hz, 1F); HRMS (EI) m/z calcd for C;6H;1F50, [M]"
330.0679, found 330.0688.
3-(4-Bromophenyl)-2,2-difluoro-3-hydroxy-1-phenylpropan-1-
one (6ae).*>* The titled product (6ae) was obtained as a colorless
solid in 99% yield (169.6 mg), after column chromatography on
silica gel (AcOEt/hexane = 1 : 4). mp 103.0-103.5 °C (from Et,O-
Ce, 96-97 °C); 'H NMR (400 MHz, CDCI;) 6 8.07-8.05 (m, 2H),
7.67-7.63 (m, 1H), 7.54-7.47 (m, 4H), 7.39-7.37 (m, 2H), 5.35
(ddd,j = 18.8, 5.3, 4.5 Hz, 1H), 3.08 (d, J = 4.5 Hz, 1H); >*C NMR
(CDCl;, 100 MHz) 6 190.6 (dd, J = 30.6, 29.0 Hz), 134.8, 133.6,
132.0 (m), 131.4, 130.3 (m), 129.8, 128.8, 123.2, 115.3 (dd, J =
269.1, 257.2 Hz), 72.6 (dd, J = 28.0, 22.5 Hz); “°F NMR (376 MHz,
CDCl;) 6 —104.2 (dd, Jep = 298, Jur = 5.3 Hz, 1F), —116.6 (dd, Jgp
=298, Jur = 18.8 Hz, 1F); HRMS (EI) m/z caled for CysH,;BrF,0,
[M]" 339.9910, found 339.9912 (16.9), 341.9895(16.8).
2,2-Difluoro-3-hydroxy-3-(4-nitrophenyl)-1-phenylpropan-1-
one (6af)."”® The titled product (6af) was obtained as a colorless
solid in 96% yield (147.5 mg), after column chromatography on

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02440e

Open Access Article. Published on 05 June 2018. Downloaded on 3/7/2026 4:06:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

silica gel (AcOEt/hexane = 3 : 7). mp 114.0-115.0 °C (from Et,O-
Ce); "H NMR (400 MHz, CDCl;) 6 8.26 (d, J = 8.6 Hz, 2H), 8.09-
8.08 (m, 2H), 7.72-7.65 (m, 3H), 7.53-7.49 (m, 2H), 5.53 (ddd, J
= 19.3, 4.5, 4.1 Hz, 1H), 3.35 (d, J = 4.5 Hz, 1H); >*C NMR
(CDCl;, 100 MHz) 6 190.2 (dd, J = 31.6, 29.6 Hz), 148.3, 141.6,
135.1, 131.7 (m), 130.3 (m), 129.2, 128.8, 123.3, 115.0 (dd, J =
268.2,257.2 Hz), 72.2 (dd, ] = 28.8, 22.5 Hz); *°F NMR (376 MHz,
CDCl) 6 —103.3 (dd, Jyr = 301, Jyr = 4.1 Hz, 1F), —116.5 (dd, Jr
= 301, Jur = 19.3 Hz, 1F); HRMS (EI) m/z calcd for C;5H;,F,NO,
[M]" 307.0656, found 307.0655.

Methyl 4-(2,2-difluoro-1-hydroxy-3-oxo-3-phenylpropyl)benzo-
ate (6ag).* The titled product (6ag) was obtained as a colorless
solid in 85% yield (136.3 mg), after column chromatography on
silica gel (AcOEt/hexane =1 : 4). mp 100.5-101.5 °C (from Et,O-
Ce); "H NMR (400 MHz, CDCl;) 6 8.07 (m, 4H), 7.67-7.64 (m,
1H), 7.59 (d, J = 8.4, 2H), 7.51-7.47 (m, 2H), 5.46 (ddd, J = 19.0,
4.6, 4.6 Hz, 1H), 3.93 (s, 3H), 3.17 (d, J = 4.6 Hz, 1H); >*C NMR
(CDCl;, 100 MHz) 6 190.6 (dd, J = 32.0, 29.6 Hz), 166.8, 139.5,
134.8,132.0 (m), 130.7, 130.3 (m), 129.5, 128.8, 128.2, 115.3 (dd,
J =261.8,257.4 Hz), 72.8 (dd, J = 28.3, 23.0 Hz), 52.2; "°F NMR
(376 MHz, CDCl;) 6 —103.9 (dd, Jer = 297, Jur = 4.6 Hz, 1F),
—116.4 (dd, Jgr = 297, Jur = 19.0 Hz, 1F); HRMS (EI) m/z caled
for C,,H,,F,0, [M]" 320.0860, found 320.0864.

4-(2,2-Difluoro-1-hydroxy-3-oxo-3-phenylpropyl)benzonitrile
(6ah).”® The titled product (6ah) was obtained as a colorless
solid in 79% yield (113.0 mg), after column chromatography on
silica gel (AcOEt/hexane = 1 : 9). mp 94.0-95.5 °C (from CHCl;-
Cs, lit. 79-81 °C); 'H NMR (400 MHz, CDCl;) 6 8.08-8.07 (m,
2H), 7.71-7.63 (m, 5H), 7.52-7.48 (m, 2H), 5.46 (ddd, J = 19.1,
4.3, 4.1 Hz, 1H), 3.31 (d, J = 4.3 Hz, 1H); ">C NMR (CDCl;, 100
MHz) 6 190.3 (dd, J = 31.4, 29.7 Hz), 139.8, 135.0, 131.9, 131.8
(m), 130.3 (m), 128.9, 128.8, 118.5, 115.1 (dd, J = 269.7, 258.1
Hz), 112.8, 72.4 (dd, J = 28.6, 23.0 Hz); '°’F NMR (376 MHz,
CDCl) 6 —103.5 (dd, Jpp = 301, Jyp = 4.1 Hz, 1F), —116.5 (dd, Jp
= 301, Jur = 19.1 Hz, 1F); HRMS (EI) m/z calcd for C;6H;,F,NO,
[M]" 287.0758, found 287.0760.

2,2-Difluoro-3-hydroxy-1-phenyl-3-(o-tolyl)propan-1-one (6ai).*
The titled product (6ai) was obtained as a colorless liquid in
92% yield (126.9 mg), after column chromatography on silica
gel (AcOEt/hexane = 1 :9). 'H NMR (400 MHz, CDCl;) 6 8.09-
8.07 (m, 2H), 7.67-7.62 (m, 2H), 7.50-7.46 (m, 2H), 7.29-7.19
(m, 3H), 5.70 (ddd, J = 20.3, 4.4, 3.8 Hz, 1H), 2.91 (d, ] = 4.4 Hz,
1H), 2.39 (s, 3H); "*C NMR (CDCl;, 100 MHz)  191.0 (dd, J =
31.9, 29.4 Hz), 136.8, 134.6, 133.3, 132.4 (m), 130.4, 130.3 (m),
128.8, 128.7, 128.1, 126.1, 116.4 (dd, J = 257.9, 255.5 Hz), 69.0
(dd,J = 29.2, 22.6 Hz), 19.6; “°F NMR (376 MHz, CDCl;) 6 —104.1
(dd, Jep = 294, Jur = 3.8 Hz, 1F), —116.9 (dd, Jer = 294, Jyr =
20.3 Hz, 1F); HRMS (EI) m/z caled for Cy6H;4F,0, [M]" 276.0962,
found 276.0967.

2,2-Difluoro-3-hydroxy-3-(2-methoxyphenyl)-1-phenylpropan-
1-one (6aj).* The titled product (6aj) was obtained as a colorless
liquid in 96% yield (139.0 mg), after column chromatography
on silica gel (AcOEt/hexane = 1 : 4). "H NMR (400 MHz, CDCl,)
0 8.05-8.03 (m, 2H), 7.63-7.59 (m, 1H), 7.49-7.44 (m, 3H), 7.36-
7.32 (m, 1H), 7.05-7.01 (m, 1H), 6.87-6.85 (m, 1H), 5.66 (ddd, J
=17.3,7.3,7.1 Hz, 1H), 3.69 (s, 3H), 3.58 (d, ] = 7.3 Hz, 1H); °C
NMR (CDCl;, 100 MHz) 6 190.1 (dd, J = 30.0, 29.1 Hz), 157.4,
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134.2, 132.9, 130.2, 130.1 (m), 129.6, 128.5, 122.8, 120.9, 116.8
(dd, ] = 264.0, 258.2 Hz), 110.9, 70.2 (dd, ] = 28.0, 24.4 Hz), 55.3;
'F NMR (376 MHz, CDCl;) 6 —106.8 (dd, Jgp = 275, Jur = 7.1 Hz,
1F), —114.7 (dd, Jer = 275, Jur = 17.3 Hz, 1F); HRMS (EI) m/z
caled for Cy¢H14F,0; [M]" 292.0911, found 292.0912.
2,2-Difluoro-3-hydroxy-1-phenyl-3-(in-tolyl)propan-1-one (6ak)."*
The titled product (6ak) was obtained as a colorless liquid in
97% yield (133.7 mg), after column chromatography on silica
gel (AcOEt/hexane = 1:9). '"H NMR (400 MHz, CDCl;) 6 8.06—
8.04 (m, 2H), 7.65-7.61 (m, 1H), 7.49-7.45 (m, 2H), 7.31-7.17
(m, 4H), 5.33 (ddd, J = 18.7, 5.4, 4.3 Hz, 1H), 2.96 (d,J = 4.3 Hz,
1H), 2.37 (s, 3H); >*C NMR (CDCl;, 100 MHz) 6 191.0 (dd, J =
31.0, 29.3 Hz), 138.0, 134.6, 134.5, 132.5 (m), 130.2 (m), 129.8,
128.7, 128.6, 128.2, 125.2, 115.8 (dd, J = 265.9, 256.8 Hz), 73.3
(dd,J = 28.7,23.1 Hz), 21.4; “°F NMR (376 MHz, CDCl;) 6 —104.6
(dd, Jer = 291, Jur = 5.4 Hz, 1F), —116.4 (dd, Jer = 291, Jur =
18.7 Hz, 1F); HRMS (EI) m/z caled for Cy6H1,F,0, [M] 276.0962,
found 276.0965.
2,2-Difluoro-3-hydroxy-3-(2,4,6-trimethylphenyl)-1-phenylpro-
pan-1-one (6al).” The titled product (6al) was obtained as
a colorless liquid in 86% yield (130.9 mg), after column chro-
matography on silica gel (AcOEt/hexane = 1 : 9). "H NMR (400
MHz, CDCl;) 6 8.11-8.09 (m, 2H), 7.66-7.62 (m, 1H), 7.51-7.47
(m, 2H), 6.89 (s, 2H), 5.91 (ddd, J = 26.4, 4.8, 2.7 Hz, 1H), 2.81 (d,
J = 4.8 Hz, 1H), 2.45 (bs, 6H), 2.23 (s, 3H); **C NMR (CDCl,, 100
MHz) 6 191.5 (dd, J = 30.9, 28.9 Hz), 138.2, 134.5, 132.5, 130.2
(m), 128.6, 127.6, 117.6 (dd, J = 265.6, 252.4 Hz), 70.5 (dd, J =
30.5, 22.2 Hz), 21.2, 20.8; °F NMR (376 MHz, CDCl;) 6 —102.0
(dd, Jep = 292, Jur = 2.7 Hz, 1F), —114.6 (dd, Jep = 292, Jup =
26.4 Hz, 1F); HRMS (EI) m/z caled for C1gH,5F,0, [M]" 304.1275,
found 304.1279.
2,2-Difluoro-3-hydroxy-1-phenyl-3-(pyridin-2-yl)propan-1-one
(6am). The titled product (6am) was obtained as a colorless
solid in 39% yield (51.8 mg), after column chromatography on
silica gel (AcOEt/hexane = 3 : 7). mp 82.5-83.5 °C (from Et,O-
Ce); "H NMR (400 MHz, CDCl;) 6 8.61 (m, 1H), 8.10-8.08 (m,
2H), 7.81-7.76 (m, 1H), 7.64-7.60 (m, 1H), 7.53-7.46 (m, 3H),
7.37-7.34 (m, 1H), 5.37 (dd, J = 17.9, 4.9, 1H), 1.60 (bs, 1H); *C
NMR (CDCl;, 100 MHz) 6 190.4 (dd, J = 29.6, 26.6 Hz), 152.3,
148.1, 136.9, 134.1, 133.3, 130.2 (m), 128.5, 124.0, 123.1 (m),
116.7 (dd, J = 263.6, 257.7 Hz), 71.8 (dd, J = 29.2, 25.3 Hz); *°F
NMR (376 MHz, CDCl;) 6 —104.7 (dd, Jep = 272, Jur = 4.9 Hz,
1F), —116.7 (dd, Jgr = 272, Jyr = 17.9 Hz, 1F); HRMS (EI) m/z
caled for C4Hy,F,NO, [M]" 263.0758, found 263.0759.
3-Cyclohexyl-2,2-difluoro-3-hydroxy-1-phenylpropan-1-one
(6an).* The titled product (6an) was obtained as a colorless
liquid in 82% yield (109.7 mg), after column chromatography
on silica gel (AcOEt/hexane = 1 : 9). "H NMR (400 MHz, CDCl5)
6 8.10-8.08 (m, 2H), 7.66-7.62 (m, 1H), 7.52-7.48 (m, 2H), 4.06
(m, 1H), 2.33 (d, J = 6.9 Hz, 1H), 1.99-1.66 (m, 6H), 1.39-1.16
(m, 5H); *C NMR (CDCl;, 100 MHz) 6 190.7 (m), 134.4, 132.5,
130.1 (m), 128.7, 117.7 (dd, J = 262.8, 257.8 Hz), 74.7 (dd, J =
26.2, 22.7 Hz), 38.1, 30.1, 27.3, 26.2, 26.1, 25.9; '°F NMR (376
MHz, CDCl;) 6 —104.9 (dd, Jzr = 290, Jyr = 6.3 Hz, 1F), —114.4
(dd, Jer = 290, Jur = 19.8 Hz, 1F); HRMS (EI) m/z calcd for
C15H,5F,0, [M]" 268.1275, found 268.1280.
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2,2-Difluoro-3-hydroxy-1,5-diphenylpentan-1-one (6a0)."* The
titled product (6ao) was obtained as a colorless liquid in 75%
yield (108.4 mg), after column chromatography on silica gel
(AcOEt/hexane = 1 : 9). "H NMR (400 MHz, CDCl;) § 8.10-8.08
(m, 2H), 7.66-7.62 (m, 1H), 7.51-7.47 (m, 2H), 7.32-7.18 (m,
5H), 4.23-4.19 (m, 1H), 2.99 (ddd, J = 13.8, 8.8, 5.2 Hz, 1H), 2.77
(ddd,j =13.8, 8.8, 8.5 Hz, 1H), 2.56 (d, ] = 5.6 Hz, 1H), 2.13-1.96
(m, 2H); *C NMR (CDCl;, 100 MHz) 6 190.5 (dd, J = 31.7, 30.7
Hz), 141.0, 134.7, 132.1 (m), 130.2 (m) 128.7, 128.5, 126.1, 116.4
(dd,J = 266.2, 257.2 Hz), 70.4 (dd, J = 27.3, 24.3 Hz), 31.3, 30.3;
F NMR (376 MHz, CDCl;) 6 —107.3 (dd, Jgr = 298, Jur = 5.3 Hz,
1F), —116.9 (dd, Jrr = 298, Jur = 17.6 Hz, 1F); HRMS (EI) m/z
caled for Cy,H;6F,0, [M]" 290.1118, found 290.1121.
2,2-Difluoro-3-hydroxy-1-(4-methoxyphenyl)-3-phenylpropan-
1-one (6ba).** The titled product (6ba) was obtained as a color-
less solid in 69% yield (100.9 mg), after column chromatog-
raphy on silica gel (AcOEt/hexane = 1:4). mp 84.5-85.0 °C
(from Et,0-Csg, lit. 68-69 °C); 'H NMR (400 MHz, CDCI;) 6 8.06
(d,J = 8.9 Hz, 2H), 7.51-7.49 (m, 2H), 7.41-7.37 (m, 3H), 6.94 (d,
J= 8.9 Hz, 2H), 5.36 (ddd, J = 19.1, 5.2, 4.3 Hz, 1H), 3.89 (s, 3H),
3.16 (d,J = 4.3 Hz, 1H); **C NMR (CDCl,, 100 MHz) 6 189.1 (dd, J
= 31.3, 30.1 Hz), 164.8, 134.7, 132.9 (m), 128.9, 128.2, 128.1,
125.0, 115.7 (dd, J = 262.8, 256.8 Hz), 114.0, 73.3 (dd, J = 29.3,
23.1 Hz), 55.6; '°F NMR (376 MHz, CDCl;) 6 —103.8 (dd, Jer =
295, Jyr = 5.2 Hz, 1F), —115.8 (dd, Jgr = 295, Jur = 19.1 Hz, 1F);
HRMS (EI) m/z caled for C;6H14F,0; [M]" 292.0911, found
292.0912.
1-(4-Chlorophenyl)-2,2-difluoro-3-hydroxy-3-phenylpropan-
1-one (6¢ca).** The titled product (6ca) was obtained as a color-
less solid in 85% yield (125.8 mg), after column chromatog-
raphy on silica gel (AcOEt/hexane = 1:9). mp 115.5-116.0 °C
(from CHCI;~Cg, lit. 112-113 °C); "H NMR (400 MHz, CDCl,)
67.98 (d,J = 8.7 Hz, 2H), 7.49-7.38 (m, 7H), 5.36 (ddd, J = 18.5,
5.9, 4.5 Hz, 1H), 2.92 (d, J = 4.5 Hz, 1H); *C NMR (CDCl;, 100
MHz) 6 189.8 (dd, J = 31.0, 29.4 Hz), 141.3, 134.5, 131.6 (m),
130.7 (m), 129.2, 129.1, 128.4, 128.1, 115.7 (dd, J = 260.1, 256.0
Hz), 73.3 (dd, J = 27.6, 23.1 Hz); '°F NMR (376 MHz, CDCl;)
6 —104.8 (dd, Jpr = 291, Jyr = 5.9 Hz, 1F), —116.3 (dd, Jgr = 291,
Jur = 18.5 Hz, 1F); HRMS (EI) m/z caled for C,5H;;CIF,0, [M]"
296.0416, found 296.0411 (55.1), 298.0392 (18.4).
1-Cyclohexyl-2,2-difluoro-3-hydroxy-3-phenylpropan-1-one
(6da).” The titled product (6da) was obtained as a colorless solid
in 79% yield (106.6 mg), after column chromatography on silica
gel (AcOEt/hexane = 1:9). mp 58.0-59.0 °C (from petroleum
ether, lit. 58-60 °C); NMR (400 MHz, CDCl,) 6 7.42-7.37 (m, 5H),
5.17 (ddd, J = 16.5, 7.7, 4.8 Hz, 1H), 2.77-2.72 (m, 1H), 2.69 (d, J
= 4.8 Hz, 1H), 1.84-1.64 (m, 5H), 1.37-1.16 (m, 5H); "*C NMR
(CDCl;, 100 MHz) 6 205.5 (dd, J = 30.3, 26.7 Hz), 134.8, 129.0,
128.4, 127.8, 115.0 (dd, J = 262.7, 256.9 Hz), 73.1 (dd, ] = 27.2,
23.9 Hz), 27.8, 27.7, 25.5, 25.3, 25.2; '°F NMR (376 MHz, CDCl,)
6 —112.4 (dd, Jp = 273, Jur = 7.7 Hz, 1F), —122.2 (dd, Jyp = 273,
Jur = 16.5 Hz, 1F); HRMS (EI) m/z caled for Cy5H,gF,0, [M]"
268.1275, found 268.1274.
2,2-Difluoro-3-hydroxy-1,3-diphenylbutan-1-one (6ap).* The
titled product (6ap) was obtained as a colorless liquid in 60%
yield (82.5 mg), after column chromatography on silica gel
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(AcOEt/hexane = 1 : 9). "H NMR (400 MHz, CDCl;) 6 7.92-7.90
(m, 2H), 7.58-7.54 (m, 3H), 7.41-7.28 (m, 5H), 3.54 (s, 1H), 1.82
(t,/ = 1.4 Hz, 3H); ">C NMR (CDCl;, 100 MHz) 6 191.6 (t,/ = 31.0
Hz), 140.2, 134.3, 133.1, 130.2 (m), 128.4, 128.1, 128.0, 126.3,
116.5 (t, ] = 263.0 Hz), 76.4 (t, ] = 24.4 Hz), 24.0 (t, ] = 2.9 Hz);
'F NMR (376 MHz, CDCl;) 6 —107.4 (m, 2F); HRMS (EI) m/z
caled for C;¢H4F,0, [M]" 276.0962, found 276.0968.

2,2-Difluoro-3-hydroxy-3-methyl-1-phenylbutan-1-one (6aq).*
The titled product (6aq) was obtained as a colorless liquid in
53% yield (57.0 mg), after column chromatography on ODS-
silica gel (H,0/MeOH = 2:3). "H NMR (400 MHz, CDCl;)
6 8.13-8.11 (m, 2H), 7.66-7.62 (m, 1H), 7.52-7.48 (m, 2H), 2.79
(bs, 1H), 1.45 (t, J = 1.5 Hz, 6H); >*C NMR (CDCl;, 100 MHz)
6191.2 (t,J = 31.0 Hz), 134.5, 130.0 (m), 130.4 (m), 128.6, 116.9
(t,J = 261.6 Hz), 73.3 (t, J = 24.7 Hz), 23.6 (t, ] = 2.6 Hz); '°F
NMR (376 MHz, CDCl;) 6 —110.5 (m, 2F); HRMS (EI) m/z caled
for C1,H1,F,0, [M]" 214.0805, found 214.0799.
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