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Chlorodifluoromethyl ketones CF2CICOR, where R is an alkyl, aryl, and 1-alkynyl group, underwent the
Reformatsky-type aldol reaction with a wide variety of aldehydes or ketones in the presence of acid-washed zinc
dust and copper(I) chloride or silver acetate to give the corresponding a,a-difluoro-B-hydroxy ketones in good

to excellent yields.

Specific activation of zinc metal with the metal salt is essential to achieve high efficiency of

the reaction, depending upon the structures of the chlorodifluoromethyl ketones and the carbonyl compounds

employed.

In-situ formed intermediates in these reactions were successfully detected by 1°F NMR spectroscopy,

which suggests that their structure is not an a-metallo ketone but an oxygen-metallated species possessing the

zinc(II) metal as counter cation.

B-Hydroxy carbonyl compounds are very versatile
intermediates in organic synthesis, particularly in the
synthesis of a variety of naturally occurring sub-
stances. General access to these B-hydroxy carbonyl
compounds has been accomplished by employing the
well-established aldol reactions? of metal enolates or
related reactive species with aldehydes and ketones.
On the other hand, a-fluorinated B-hydroxy carbonyl
compounds have been attracting much attention in
recent years, because they are successfully applied to
the fluorine-containing analogues® of biochemically
important compounds such as sugars, nucleosides,
amino acids, or fatty acids, which often exhibit dra-
matic changes in biological activities.¥ Among
methods for the synthesis of a-fluorinated B-hydroxy
carbonyl compounds, the most advantageous and
direct method is to utilize the aldol reactions of enol-
ates bearing fluorine(s) on the carbon terminus in
their ambident anionic structure. These reactions
are a fundamental and valuable transformation in
organic synthesis as well as in organofluorine chemis-
try and, therefore, a number of studies relating to this
subject have been undertaken5-12 since the McBee’s
report® on the Reformatsky reaction of ethyl
bromofluoroacetate.

Recently Welch et al. succeeded in generating enol-
ates of fluoroacetates™-% and fluoroacetamides™ by
use of deprotonation with an amide base, and devel-
oped the high-yield method for their directed aldol
reactions with various aldehydes or ketones. They
also observed™ that the lithium enolate of 1-fluoro-
3,3-dimethyl-2-butanone underwent aldol reaction
with aldehydes with relatively high threo selectivity.
The chemistry of enolates generated via reductive de-
halogenation of bromodifluoro- or iododifluoroacetate
has been exploited by Hallinan and Fried® and
Kobayashi et al.,1? respectively, who thereby applied
them to the synthesis of several gem-difluorinated
counterparts of natural compounds. Lang and
Schaub!) reported that the aldol reactions of ethyl
chlorodifluoroacetate as well as of chlorodifluoro-

methyl ketones proceed well in N,N-dimethylform-
amide to give the corresponding ¢,a-difluoro-B-hydroxy
carbonyl compounds in moderate to good yields.

At the outset of our present work, however, little
had been investigated about the generation and appli-
cations of enolates of a,a-difluorinated carbonyl com-
pounds except our study® concerning the synthesis of
2,2-difluoroethenyl silyl ethers. Our preliminary
experiments!® revealed that on treatment of 1,1-
difluoro-2-alkanone with a base, the abstraction of
proton-3 occurs exclusively rather than that of proton-
1 to result in formation of the undesired enolate of
type RCH=C(O-)CF2H. Accordingly, we decided to

o~
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C=CHR — CFgH-C-CH3R
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base /0-
—#—>  CFy=C

CHoR

investigate the Reformatsky-type aldol reactions!s of
chlorodifluoromethyl ketones (1—3), prepared from
commercially available chlorodifluoroacetic acid or
its ester,!6) with various aldehydes and ketones in order
to get a,a-difluoro-B-hydroxy ketones (4—8). In this
paper, we wish to describe our results of these reac-
tions, together with the spectral data of intermediate
zinc enolates of difluoromethyl ketones.

Results and Discussion

The starting chlorodifluoromethyl alkyl (1) or aryl
ketones (2) were obtained in good yields by the reac-
tion of chlorodifluoroacetic acid with the correspond-
ing Grignard reagent according to a slightly modified
procedure of the reported method.'” Chlorodifluo-
romethyl 1-alkynyl ketones (3) were readily synthe-
sized by the reaction between methyl chlorodifluo-
roacetate and lithium acetylide.1®

When thus-prepared chlorodifluoromethyl alkyl
ketone 1 was treated with an aldehyde in the presence
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of acid-washed zinc dust'? in refluxing tetrahydro-
furan (THF), the expected «,a-difluoro-B-hydroxy
ketone 4 was produced only in either low or variable
yield, and in some cases unexpectedly long reaction
time was required for completion of the reaction.
For example, 1-chloro-1,1-difluoro-2-octanone (la)
was allowed to react with benzaldehyde under the
influence of acid-washed zinc dust (3 equiv) in reflux-
ing THF for 24 h to afford 2,2-difluoro-1-hydroxy-1-
phenyl-3-nonanone (4g) in a 49% yield. These unsat-
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isfactory results prompted us to explore the reaction
conditions capable of efficiently promoting the
desired Reformatsky-type reaction of chlorodifluo-
romethyl ketones.

Some recent reports demonstrate20) that zinc metal
can be activated in situ by simple treatment with a
small quantity of transition metal salt and that the
resulting zinc metal is very active towards the alkyla-
tion of aldehydes and ketones. We examined
whether or not the use of the metal salt is effective for

© g
8 H;C\ C\
CFyCl-C-R + RICHO rY N/ g
/' \
Condns F F
1 (R = alkyl) A 4 (R = alkyl)
2 (R = aryl) B or C 5 (R = aryl)
3 (R = 1-alkynyl) (o} 6 (R = 1-alkynyl)
Condns A: Zn-cat. CuCl, THF, reflux 4 h
B: Zn-cat. CuCl, THF-Et 50 (1:4), reflux 1 h
C: Zn-cat. CuCl-BF3-Eto0, THF-Et0 (1:4), -20 °C, 1 h
Scheme 1.
Table 1. Reformatsky Reaction of Chlorodifluoromethyl Ketones 1—3 with Aldehydes
Chlorodifluoromethyl a) Yield
Entry Kketone Condns Aldehyde Jog?)
I
1 CF2ClC(CHz)sCH3s (1a) A CHsCH2:CHO 4a, 100
2 la A CH3(CHz2)2CHO 4b, 100
3 la A (CH3):CHCHO 4c, 81
4 la A (CHs)sCCHO 4d, 60
5 la A (E)-CH3CH=CHCHO 4e, 85
6 la A (E)-CH3CH=C(CH3)CHO 4f, 100
7 la A CsHsCHO 4g, 90
I
8 CF2CICCsH11-¢ (1b) A CH3(CHz3):CHO 4h, 81
9 1b A (CH3):CHCHO 4, 86
10 1b A (E)-CHaCH=CHCHO 4j, 77
11 1b A (E)-CH3CH=C(CH3)CHO 4k, 93
12 1b A CsHsCHO 4], 93
I
13 CF2CICCH:CsH5 (1c) A CH3(CHz):CHO 4m, 70
14 1c A (E)-CHsCH=CHCHO 4n, 93
15 1c A CsHsCHO 4o, 90
I
16 CF2ClCCsHs (2) B CH3(CHz):CHO ba, 70
17 2 C CH3(CHz):CHO ba, 80
18 2 B (E)-CH:CH=CHCHO 5b, 100
19 2 B CsHsCHO 5c, 88
20 2 C CsHsCHO 5c¢, 86
I
21 CF2Cl1CC=C(CH2)sCHs (3a) C CsHsCHO 6a, 74
(0}
|
22 CF2Cl1CC=CCsHs (3b) C CH3(CHz):CHO 6b, 84
23 3b C CH3(CH2)sCHO 6c, 86
24 3b C CsHsCHO 6d, 82

a) See Scheme 1 and the Experimental section.

b) Yields refer to pure isolated products.



430

the present reaction and found, as a result, that the
addition of a small amount of copper(I) chloride2? as
activator not only accelerated the Reformatsky-type
reaction of 1 with aldehydes but also improved the
reproducibility of the reaction.

Thus, the reaction of la with benzaldehyde in the
presence of both acid-washed zinc dust (3 equiv) and a
small amount of copper(I) chloride (0.3 equiv) under
refluxing of THF occurred smoothly and was com-
pleted within 4 h, affording the aldol product 4g in
90% vyield (Table 1, Entry 7). Various kinds of
aldehydes such as aliphatic, aromatic, and «,f-
unsaturated aldehydes could nicely tolerate the pres-
ent reaction. Even hindered aldehyde like 2,2-
dimethylpropanal participated well in the reaction to
give 60% yield of the product 4d (Entry 4). Similarly,
other chlorodifluoromethyl alkyl ketones 1b and lc
also reacted readily with aldehydes under these condi-
tions (Scheme 1, Conditions A) to provide the corre-
sponding aldol products 4h—o in good to excellent
yields. The reactions with «,B-unsaturated alde-
hydes led to the 1,2-addition products exclusively;
none of the 1,4-addition products were detected in the
reaction mixture (Entries 5, 6, 10, 11, and 14). Of
significance is that no self-condensation reaction
occurred in any cases. The results of these reactions
are summarized in Table 1.

Chlorodifluoromethyl aryl ketone like 2-chloro-2,2-
difluoro-1-phenyl-1-ethanone (2) did not react with an
aldehyde under the Conditions A; unidentified prod-
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ever, replacement of THF with a mixed solvent of
THEF : ether (1:4) was found to permit clean reactions
giving rise to 5 in high yields (Scheme 1, Conditions
B). Thus, treatment of 2 with benzaldehyde in the
presence of zinc dust (3 equiv) and a small amount of
copper(I) chloride (0.3 equiv) at the reflux tempera-
ture of THF : ether (1:4) for 1 h afforded 2,2-difluoro-
3-hydroxy-1,3-diphenyl-1-propanone (5c) in 88% yield
(Table 1, Entry 19). It should be noted that the
use of THF as cosolvent is crucial to the present
Reformatsky-type reaction, because the reaction per-
formed in refluxing ether without THF did not take
place at all, the starting ketone 2 being recovered
unchanged. Apparently, success in the reaction can
be ascribed in part to the high coordinating ability of
THF, which allows an intermediary zinc-mediated
species to be generated and react readily.

The reaction between chlorodifluoromethyl 1-
alkynyl ketones 3 and aldehydes necessitated the pres-
ence of an equimolar amount of boron trifluoride
diethyl etherate complex, which facilitated the reac-
tion at —20°C (Scheme 1, Conditions C).22 Under
these conditions, ketones 3 underwent the desired reac-
tion very efficiently with a variety of aldehydes to give
the corresponding aldol products 6 in good yields
(Table 1, Entries 21—24). As Table 1 shows, the
present Conditions C also effected the reaction of 2
with aldehydes (Entries 17 and 20) as comparably as
the Conditions B (Entries 16 and 19).

The Reformatsky-type aldol reaction of 1 with

ucts were formed under various conditions. How-  ketones was extremely reluctant under the Conditions
HO 0O
o I
i VAN
cFycl-C-R  + RIRZCO Rl SR
Condns F F
1 (R = alkyl) D 7 (R = alkyl)
2 (R = aryl) E 8 (R = aryl)
Condns D: Zn-cat. AgOAc-EtpAlCl, THF, reflux

E: Zn-cat. AgOAc, THF-Et0 (1:4), reflux
Scheme 2.

Table 2. Reformatsky Reaction of Chlorodifluoromethyl Ketones 1 and 2 with Ketones

a) Time Yield
Entry lor2 Condns Ketone /h o)
I
1 CF2CIC(CH2)sCHs (1a) D (CH3CHz)2CO 9 7a, 64
2 la D Cyclohexanone 8 7b, 76
3 la D CH2=CH(CH2):COCHj3 15 Tc, 77
4 la D CsHsCOCH3 6 7d, 84
I
5 CF:CICCH2CsHs  (Ic) D (CHsCHz2)2CO 14 Te, 73
I
6 CF2C1CCeHs (2) E CH2=CH(CHz)2COCH3s 4 8, 66

a) See Scheme 2 and the Experimental section.

b) Yields are of pure isolated products.
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A—C described above. It was found, however, that
silver acetate?V) is much more effective than copper(I)
chloride as activator for promoting the reaction.
The combined use of chlorodiethylaluminium?23 (1.1
equiv) with a catalytic quantity of silver acetate (0.1
equiv) rendered the reaction more efficient (Scheme 2,
Conditions D); when la or 1c was treated with ketones
under the Conditions D, the corresponding aldol
products 7a—e were obtained in good yields, as shown
in Table 2.

Chlorodifluoromethyl aryl ketone 2 reacted with
ketone even in the absence of chlorodiethylaluminium
by the action of acid-washed zinc dust and a catalytic
amount of silver acetate in a mixed solvent of
THEF : ether (1:4) (Scheme 2, Conditions E).

To confirm the possible intermediates like 9 and 10
in the present Reformatsky-type reaction, detection of
them was carried out by using 9F NMR spectroscopy.

fl’ Zn-CuCl /OZ"CI
CF3C1-C-R CFy=C,
BF3.0Etg N
THF-Et0, -20 °C
2 (R = CgHg) 9 (R = Cghg)
3a (R = C=C(CHp)sCHg) 10 (R = C=C(CHp)sCH3)

On treatment of 2-chloro-2,2-difluoro-1-phenyl-1-
ethanone (2) with acid-washed zinc dust and copper(I)
chloride in a mixture of THF and ether (1:4) at
—20°C , WF NMR of the reaction mixture was clearly
indicative of the ketone 2 remaining intact. How-
ever, when an equimolar amount of boron trifluoride
diethyl etherate was added to this mixture, a singlet
peak due to 2 changed into one set of AB-quartet
signals attributable to a single intermediate 929 (Table
3 and Fig. 1). This fact suggests that boron trifluo-
ride plays an important role in generating the spe-
cies 9, though its origin is unclear yet. Analogous

BF3

| L/ 1 (B)

CFCl3
A

(n)

0 -100

Fig. 1. 1FNMR spectra of 2-chloro-2,2-difluoro-1-
phenyl-1-ethanone (2) (A), zinc enolate of 2 (B), and
the aldol product 5¢ (C) in the reaction mixture.
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change in resonance patterns of ¥FNMR was
observed in the case of 1-chloro-1,1-difluoro-3-decyn-
2-one (3a). Itis worthy of note that the intermediates
9 and 10 were extremely stable at room temperature, so
long as generated once at —20°C.25 Upon the addi-
tion of benzaldehyde to the reaction mixture, the AB-
quartet signals due to 9 or 10 gradually disappeared
and new signals corresponding to the aldol product 5¢
or 6a appeared as an AB quartet (Fig. 1).

As is evident from Table 3, the resonance patterns of
these species 9 and 10 have a marked resemblance
to those of trimethylsilyl 1-phenyl-2,2-difluoroethenyl
ether (11)® and of diethyl 1-phenyl-2,2-difluoro-
ethenyl phosphate (12),28) whereas (ethoxycarbonyl)di-
fluoromethylzinc compounds (13) are reported?” to
exhibit singlet signals in ¥F NMR. Consequently,
the intermediate in the present Reformatsky-type reac-
tion is safely considered to be such an oxygen-
metallated species as 9 or 10, not to be an a-metallo
ketone. In the ¥YFNMR spectra of 9 and 10, the
signal intensity of boron trifluoride was appreciably
attenuated compared with that of the enolate.?8) This
observation is strongly suggestive of its counter cation
being zinc rather than boron species.

In conclusion, we have demonstrated that the
Reformatsky-type aldol reaction of chlorodifluoro-
methyl ketones with aldehydes and ketones is attained
by employing zinc metal activated in situ with cop-
per(I) chloride or silver acetate, and the present
method can serve as an efficient and general entry for

the synthesis of various a,a-difluoro-B-hydroxy
ketones.
Table 3. 19F NMR Data of Difluoromethyl Ketone Zinc
Enolates and Related Compounds
Compound é
_OZnCl —118.3 (d, J=81.8 Hz)
CF3=C__ (9 —107.8 (d, J=81.8 Hz)
CeHs
OZnCl —114.0 (d, J=61.0 Hz)
CF2=C\ (10  —99.0 (d, J=61.0 Hz)

C=C(CH2)sCH3z

OSiMe; —112.0 (d, J=69.1 Hz)
CFs=C (1> —100.2 (d, J=69.1 Hz)

CsHs

OP(O)(OEt). —106.6 (dd, J=51.2, 8.9 Hz)
CF=C (129 —94.3 (dd, J=51.2, 6.9 Hz)

CsHs

: —115.3 (s) (n=1)

Br.Zn(CF:COEt)z-,  (13)7 —115.2 (s) (n=0)

a) Expressed in ppm downfield from external CFCls.
b) Expressed in ppm downfield from internal CFCls.
c) Ref. 8a. d) Ref. 25. e) Ref. 26.
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Experimental

All boiling points are uncorrected. Infrared spectra (IR)
were taken either on a Shimadzu IR-400 or on a JASCO IR-
810 infrared spectrophotometer. 'HNMR spectra were
recorded on a Varian EM-390 (90 MHz), XL-200 (200 MHz),
or a JEOL JNM-PMXG60SI (60 MHz) spectrometer for solu-
tions in deuteriochloroform (CDCls). A JEOL FX90Q
computer-controlled spectrometer was used to measure
19F NMR spectra in CDCls solutions. Proton and fluorine
chemical shifts are given in ppm downfield from tetra-
methylsilane and trichlorofluoromethane (CFCls), respec-
tively, as an internal standard. Mass spectra (MS) were
obtained by use of a Shimadzu GCMS-QP1000 instrument
operating at an ionization potential of 20 eV. Column
chromatography was carried out with Wako silica gel C-200
(100—200 mesh) at an atmospheric pressure.

Materials. Ether and THF were freshly distilled from
lithium aluminium hydride prior to use. Chlorodifluoro-
acetic acid and methyl chlorodifluoroacetate were purchased
from Aldrich Chemical Company. Aldehydes and ketones
were distilled (or vacuum-distilled) from calcium hydride
and stored under argon. Alkyl halides for Grignard re-
agents and 1-alkynes for lithium acetylides were purified in
the conventional manner. Zinc dust was washed succes-
sively with 5% HCI, water, methanol, and with ether, and
then dried under vacuum. Butyllithium (1.57 mol dm-3
hexane solution) and chlorodiethylaluminium (1 mol dm-3
hexane solution) were commercially available from Aldrich
Chemical Company and from Kanto Chemical Company,
respectively. All other chemicals are of reagent grade and
used without further purification.

Preparation of Chlorodifluoromethyl Ketones 1 and
2. Hexylmagnesium bromide was prepared from 1-
bromohexane (20.6 g, 125 mmol) and magnesium (3.65 g,
150 mmol) in ether (50 cm3). A solution of chlorodifluo-
roacetic acid (6.52 g, 50 mmol) in ether (15 cm3) was gradu-
ally added under argon to the Grignard reagent at such a
rate that the temperature did not rise above —10°C. After
stirring for 12 h at —20°C,2 the reaction mixture was
hydrolyzed with aqueous HCI (6 moldm=-3, 50 cm3) below
0°C and stirred for 1 h at room temperature. The resulting
mixture was extracted with ether (50 cm3X3) and the ethereal
extracts were washed with a saturated NaHCOs aqueous
solution (50 cm3X2) and brine (50 cm?3X2), dried over anhy-
drous NagSOy4, and concentrated in vacuo. The oily residue
was distilled under reduced pressure to give 1-chloro-1,1-
difluoro-2-octanone (la) (8.63 g) in 87% yield: bp 86—87°C
(25 mmHg);3% IR (neat) 2956 (s), 2864 (s), 1760 (vs), 1462 (m),
1408 (m), 1380 (w), 1210 (m), 1148 (vs), 1116 (s), 1042 (s), 912
(s), 720 (w), and 660 (m) cm~1; tHNMR (CDCls) 6=2.72 (t,
J=17.5 Hz, 2H), 1.67 (t, J=17.5 Hz, 2H), 1.5—1.1 (m, 6H), and
0.88 (t, J=5.4 Hz, 3H); ¥F NMR (CDCls) 6=—68.80 (s, 2F).
Found: C, 48.11; H, 6.29%. Calcd for CsHi3CIF20: C, 48.37;
H, 6.60%.

2-Chloro-1-cyclohexyl-2,2-difluoro-1-ethanone (1b): 84%
yield; bp 74—75°C (28 mmHg);30 IR (neat) 2946 (vs), 2856
(vs), 1756 (vs), 1452 (s), 1378 (w), 1248 (m), 1216 (s), 1182 (m),
1148 (vs), 1132 (vs), 1090 (m), 1058 (m), 995 (vs), 934 (vs), 918
(vs), 880 (m), 844 (m), 796 (m), 752 (m), 710 (m), and 660 (m)
cm~1; 'THNMR (CDClz) 6=3.1—2.7 (m, 1H) and 2.1—0.9 (m,
10H); *F NMR (CDCls) 6=—68.05 (s, 2F). Found: C, 48.69;
H, 5.36%. Calcd for CsH11CIF20: C, 48.87; H, 5.64%.

[Vol. 63, No. 2

1-Chloro-1,1-difluoro-3-phenyl-2-propanone (lc): 80%
yield; bp 92—93 °C (19 mmHg);3 IR (neat) 3064 (w), 3040
(m), 2900 (w), 1762 (vs), 1604 (w), 1498 (m), 1456 (w), 1406
(m), 1342 (w), 1224 (s), 1142 (vs), 1076 (s), 1032 (vs), 1000 (m),
942 (s), 912 (s), 865 (s), 822 (w), 772 (m), 718 (vs), 692 (s), and
660 (m) cm~!; tH NMR (CDCl3) 6=7.5—7.0 (m, 5H) and 3.97
(s, 2H); ®FNMR (CDCls) 6=—68.05 (s, 2F). Found: C,
52.81; H, 3.40%. Calcd for CoH-ClF20: C, 52.83; H, 3.45%.

2-Chloro-2,2-difluoro-1-phenyl-1-ethanone (2): 84% yield;
bp 92—94°C (33 mmHg);3 IR (neat) 3060 (w), 1970 (w),
1910 (w), 1818 (w), 1718 (vs), 1600 (m), 1580 (w), 1452 (m),
1324 (w), 1310 (w), 1282 (m), 1272 (m), 1158 (vs), 1100 (m),
1044 (m), 1032 (m), 1002 (s), 982 (vs), 932 (w), 886 (vs), 832
(m), 778 (w), 708 (s), 682 (s), and 668 (s) cm~}; 'HNMR
(CDCls) 6=8.2—8.0 (m, 2H) and 7.8—7.3 (m, 3H); ¥F NMR
(CDCls) 6=—61.30 (s, 2F). Found: C, 50.51; H, 2.59%.
Calcd for CsHsCI1F20: C, 50.42; H, 2.64%.

Preparation of Chlorodifluoromethyl 1-Alkynyl Ketones
3. A hexane solution (1.57 mol dm=-2) of butyllithium (7.0
cm3, 11.0 mmol) was added dropwise to a solution of 1-
octyne (1.21 g, 11.0 mmol) in THF (50 cm3) at —78 °C under
argon. To this mixture, after 1 h, was slowly added a THF
(5 cm3) solution of methyl chlorodifluoroacetate (1.45 g, 10.0
mmol) at —78°C. The reaction mixture was stirred for 2 h
at the same temperature, and then poured into a saturated
NH.CI aqueous solution (50 cm3). The resultant mixture
was extracted with ether (50 cm3X3) and the extracts were
dried over anhydrous NasSOy, filtered, and concentrated.
The residue was chromatographed on a column of silica gel
to afford 1-chloro-1,1-difluoro-3-decyn-2-one (3a) (1.91 g) in
86% yield: IR (neat) 2956 (vs), 2930 (vs), 2860 (s), 2210 (vs),
1715 (vs), 1468 (m), 1460 (m), 1381 (w), 1348 (w), 1328 (w),
1260 (m), 1163 (vs), 1132 (vs), 984 (s), 946 (m), 876 (m), 838
(m), and 720 (m) cm-1; HNMR (CDCls) 6=2.46 (t, J=6.3
Hz, 2H), 1.9—1.1 (m, 8H), and 0.88 (t, J=5.9 Hz, 3H);
1BF NMR (CDCls) 6=—67.23 (s, 2F). Found: C, 53.82; H,
5.68%. Calcd for C1oHi3ClF20: C, 53.94; H, 5.89%.

1-Chloro-1,1-difluoro-4-phenyl-3-butyn-2-one (3b): 83%
yield; IR (neat) 3060 (w), 2926 (w), 2852 (w), 2194(vs), 2090
(w), 1707 (vs), 1598 (m), 1491 (m), 1446 (m), 1305 (m), 1212
(m), 1153 (s), 1057 (vs), 1026 (m), 1000 (m), 938 (vs), 800 (m),
757 (vs), 716 (m), 686 (s), 637 (s), and 613 (vs) cm~!; TH NMR
(CDCls) 6=7.7—7.1 (m, 5H); 9F NMR (CDCls) 6=—66.8 (s,
2F). Found: C, 56.02; H, 2.30%. Calcd for C10HsC1F20: C,
55.97; H, 2.35%.

Typical Procedure for the Reformatsky-Type Reaction
of 1 with Aldehydes. Conditions A. In a 50—cm?3 three-
necked flask, which had been purged with argon, were
placed acid-washed zinc dust (0.196 g, 3.0 mmol), copper(I)
chloride (0.030 g, 0.3 mmol), and THF (5 cm?). After this
suspension was stirred for 0.5 h at room temperature, pro-
panal (0.064 g, 1.1 mmol) and la (0.199 g, 1.0 mmol) were
added thereto by use of a syringe. Then the mixture was
refluxed with stirring for 4 h.  After being cooled to room
temperature, the reaction mixture was filtered through a pad
of Celite 545 and the filtrate was concentrated in vacuo.
Column chromatography of the crude product on silica gel
eluting with hexane-ethyl acetate (3:1) provided 4,4-
difluoro-3-hydroxy-5-undecanone (4a) (0.220 g): IR (neat)
3422 (br, s), 2956 (vs), 2932 (vs), 2858 (s), 1740 (vs), 1648 (w),
1637 (w), 1459 (s), 1401 (s), 1379 (m), 1307 (m), 1221 (s), 1110
(vs), 1074 (s), 1046 (s), 986 (s), 893 (w), 810 (m), 757 (w), 713
(m), and 664 (m) cm~!; THNMR (CDCls) 6=4.3—3.5 (m,
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1H), 2.9—2.3 (m, 1H), 2.69 (t, J=6.0 Hz, 2H), 2.0—1.2 (m,
10H), 1.04 (t, J=6.8 Hz, 3H), and 0.89 (t, J=6.2 Hz, 3H);
1BFNMR (CDCls) 6=—114.32 (dd, J=274.7, 6.1 Hz, 1F) and
—125.73 (dd, J=274.7, 15.9 Hz, 1F); MS m/z (rel intensity)
222 (Mt; 0.1), 113 (100), 85 (55), and 42 (42). Found: C,
59.41; H, 8.93%. Calcd for Ci11H20F20s2: C, 59.44; H, 9.07%.
5,5-Difluoro-4-hydroxy-6-dodecanone (4b): IR (neat)
3408 (br, m), 2958 (vs), 2932 (vs), 2872 (s), 1740 (vs), 1467 (m),
1401 (m), 1380 (m), 1261 (m), 1194 (m), 1115 (s), 1065 (s), 988
(m), and 802 (w) cm~}; THNMR (CDCls) 6=4.4—3.5 (m,
1H), 2.9—2.0 (m, 3H), 2.0—1.1 (m, 8H), 0.96 (t, J=5.4 Hz,
3H), and 0.87 (t, J=5.4 Hz, 3H); FNMR (CDCls)
6=—114.43 (dd, J=273.4, 6.1 Hz, 1F) and —125.78 (d, J=273.4
Hz, 1F); MS m/z (rel intensity) 236 (M*; 0.1), 113 (100), 85
(38), and 73 (20). Found: C, 61.08; H, 9.37%. Calcd for
Ci2H20F202: C, 60.99; H, 9.38%.
4,4-Difluoro-3-hydroxy-2-methyl-5-undecanone (4c): IR
(neat) 3442 (br, m), 2958 (vs), 2930 (vs), 2860 (s), 1741 (s), 1468
(s), 1401 (m), 1376 (m), 1215 (m), 1119 (s), 1061 (s), 1030 (s),
985 (m), 961 (w), 919 (w), and 880 (w) cm~!; 'HNMR
(CDCls) 6=4.2—3.4 (br d, J=19.5 Hz, 1H), 2.67 (t, J=6.2 Hz,
2H), 2.5—1.2 (m, 10H), 1.01 (d, J=6.4 Hz, 6H), and 0.87 (t,
J=5.8 Hz, 3H); ¥F NMR (CDCls) 6=—110.81 (d, J=274.7 Hz,
1F) and —124.58 (dd, J=274.7, 19.5 Hz, 1F); MS m/z (rel
intensity) 236 (M*; 0.1), 113 (100), 85 (54), and 73 (6).
Found: C, 60.76; H, 8.99%. Calcd for Ci2HgF202: C, 60.99;
H, 9.38%.
4,4-Difluoro-3-hydroxy-2,2-dimethyl-5-undecanone (4d):
IR (neat) 3484 (br, s), 2956 (vs), 2930 (vs), 2872 (vs), 1740 (vs),
1483 (s), 1468 (s), 1401 (s), 1370 (s), 1279 (m), 1236 (s), 1195
(s), 1172 (s), 1119 (s), 1106 (s), 1071 (vs), 1021 (s), 983 (m), 934
(w), 895 (w), 795 (w), 770 (w), and 706 (m) cm~!; 'HNMR
(CDCls) 6=3.73 (ddd, J=22.0, 6.0, 6.0 Hz, 1H), 2.67 (t, J=17.0
Hz, 2H), 2.5—2.1 (br s, 1H), 1.9—1.1 (m, 8H), 1.03 (s, 9H),
and 0.90 (t, J=5.4 Hz, 3H); 9F NMR (CDCls) 6=—105.83 (d,
J=271.0 Hz, 1F) and —124.79 (dd, J=271.0, 22.0 Hz, 1F); MS
m/z (rel intensity) 250 (M*; 0.1), 113 (68), 85 (46), and 57
(100). Found: C, 62.43; H, 9.69%. Calcd for CiaH24F202:
C, 62.38; H, 9.66%.
(E)-5,5-Difluoro-4-hydroxy-2-dodecen-6-one (4e): IR
(neat) 3418 (br, s), 2954 (vs), 2926 (vs), 2858 (vs), 1740 (vs),
1675 (m), 1452 (s), 1402 (s), 1379 (s), 1207 (s), 1122 (s), 1092
(vs), 1070 (vs), 1031 (s), 967 (vs), 927 (m), 830 (m), 724 (m),
and 663 (m) cm~; tTHNMR (CDCls) 6=6.1—5.1 (m, 2H),
4.7—4.0 (m, 1H), 2.63 (t, J=17.2 Hz, 2H), 2.5—2.1 (br s, 1H),
2.0—1.0 (m, 8H), 1.71 (d, J=6.4 Hz, 3H), and 0.85 (t, J=5.0
Hz, 3H); ¥F NMR (CDCls) 6=—114.42 (dd, J=269.8, 6.1 Hz,
1F) and —123.90 (dd, J=269.8, 14.7 Hz, 1F); MS m/z (rel
intensity) 234 (M*; 0.3), 113 (80), 85 (52), and 71 (100).
Found: C, 61.51; H, 8.43; F, 16.17%. Calcd for Ci2Hg0F20s:
C, 61.52; H, 8.60; F, 16.22%.
(E)-5,5-Difluoro-4-hydroxy-3-methyl-2-dodecen-6-one
(4f): IR (neat) 3448 (br, s), 2928 (vs), 2858 (vs), 1740 (vs),
1669 (w), 1460 (s), 1401 (s), 1381 (s), 1204 (s), 1161 (m), 1102
(vs), 1075 (vs), 977 (m), 934 (m), 847 (w), 790 (m), 758 (m), 718
(m), and 664 (m) cm~!; THNMR (CDCls) 6=5.55 (q, J=6.2
Hz, 1H), 4.38 (dd, J=17.1, 8.5 Hz, 1H), 2.63 (t, J=7.2 Hzg,
2H), 2.7—2.0 (br s, 1H), 1.9—1.0 (m, 8H), 1.70 (s, 3H), 1.63
(d, J=6.2 Hz, 3H), and 0.87 (t, J=5.8 Hz, 3H); F NMR
(CDCls) 6=—113.23 (dd, J=264.9, 8.5 Hz, 1F) and —122.40
(dd, J=264.9, 17.1 Hz, 1F); MS m/z (rel intensity) 248 (M*;
0.3), 230 (0.5), 113 (12), and 85 (100). Found: C, 63.09; H,
8.98%. Calcd for CisHaeF202: C, 62.88; H, 8.93%.
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2,2-Difluoro-1-hydroxyl-1-phenyl-3-nonanone (4g): IR
(neat) 3448 (br, s), 3064 (m), 3032 (m), 2952 (vs), 2928 (vs),
2858 (s), 1960 (w), 1888 (w), 1814 (w), 1739 (vs), 1495 (m),
1455 (s), 1400 (s), 1379 (m), 1341 (m), 1202 (s), 1159 (s), 1107
(vs), 1064 (vs), 1028 (s), 981 (m), 912 (w), 844 (m), 819 (m), 728
(s), 712 (s), 698 (vs), 664 (m), and 612 (vs) cm~Y; THNMR
(CDCls) 6= 17.26 (s, 5H), 5.03 (dd, J=15.9, 7.3 Hz, 1H), 3.1—
2.5 (br s, 1H), 2.53 (t, J=7.2 Hz, 2H), 1.8—1.0 (m, 8H), and
0.83 (t, J=6.0 Hz, 3H); ¥FNMR (CDCls) 6=—113.60 (dd,
J=268.6, 7.3 Hz, 1F) and —123.47 (dd, J=268.6, 15.9 Hz,1F);
MS m/z (rel intensity) 270 (M™; 2.5), 113 (68), 107 (100), and
85 (48). Found: C, 66.66; H, 7.42; F, 14.10%. Calcd for
CisH20F202: C, 66.65; H, 7.46; F, 14.06%.
1-Cyclohexyl-2,2-difluoro-3-hydroxy-1-hexanone (4h): IR
(neat) 3446 (br, s), 2932 (vs), 2856 (vs), 1731 (vs), 1452 (s), 1400
(m), 1381 (m), 1317 (m), 1292 (m), 1275 (m), 1249 (m), 1220
(s), 1174 (m), 1137 (s), 1115 (vs), 1064 (vs), 1039 (s), 981 (s),
943 (m), 922 (w), 892 (w), 859 (w), 814 (w), 789 (w), 749 (m),
707 (m), and 663 (m) cm~1; TH NMR (CDCls) 6=4.4—3.6 (m,
1H), 3.2—2.5 (m, 1H), 2.4—2.1 (m, 1H), 2.1—1.1 (m, 8H),
and 1.1—0.7 (m, 3H); ¥FNMR (CDCls) 6=—113.81 (dd,
J=279.5, 6.1 Hz, 1F) and —125.39 (dd, J=279.5, 15.9 Hz, 1F);
MS m/z (rel intensity) 234 (M*; 0.1), 214 (0.5), 111 (100), and
84 (64). Found: G, 61.67; H, 8.61%. Calcd for Ci2HgoF203:
G, 61.52; H, 8.60%.
1-Cyclohexyl-2,2-difluoro-3-hydroxy-4-methyl-1-pen-
tanone (4i): IR (neat) 3446 (br, s), 2934 (vs), 2856 (vs), 1731
(vs), 1467 (m), 1451 (s), 1390 (m), 1375 (m), 1332 (m), 1318
(m), 1293 (m), 1249 (m), 1220 (s), 1175 (m), 1129 (s), 1114 (s),
1064 (vs), 978 (s), 932 (m), 920 (m), 892 (w), 858 (w), 837 (w),
807 (m), 744 (m), 703 (m), and 663 (m) cm-!; THNMR
(CDCls) 6=4.2—3.5 (m, 1H), 3.2—2.6 (m, 1H), 2.6—2.2 (m,
1H), 2.2—0.7 (m, 11H), and 1.01 (t, J=6.8 Hz, 6H); 2)F NMR
(CDCls) 6=—109.77 (d, J=275.9 Hz, 1F) and —124.60 (dd,
J=275.9, 19.5 Hz, 1F); MS m/z (rel intensity) 234 (M*; 0.1),
214 (0.5), 111 (100), and 84 (64). Found: C, 61.38; H, 8.42%.
Calcd for Ci2HgoF202: C, 61.52; H, 8.60%.
(E)-1-Cyclohexyl-2,2-difluoro-3-hydroxy-4-hexen-1-one
(4j): IR (neat) 3438 (br, s), 3036 (w), 2932 (vs), 2856 (vs),
1732 (vs), 1673 (m), 1656 (w), 1451 (vs), 1379 (s), 1316 (m),
1293 (m), 1249 (m), 1216 (s), 1172 (s), 1132 (s), 1071 (vs), 1040
(s), 993 (m), 967 (vs), 922 (m), 892 (m), 855 (m), 832 (m), 799
(m), 778 (w), 743 (m), and 704 (m) cm~; 'HNMR (CDCls)
6=6.2—5.2 (m, 2H), 4.8—4.1 (m, 1H), 3.2—2.6 (m, 1H),
2.6—2.2 (m, 1H), 2.2—0.9 (m, 10H), and 1.72 (d, J=5.4 Hz,
3H); 9F NMR (CDCls) 6=—113.80 (dd, J=272.2, 8.5 Hz, 1F)
and —123.44 (dd, J=272.2, 14.7 Hz, 1F); MS m/z (rel inten-
sity) 232 (M*; 0.8), 212 (0.8), 162 (27), 111 (92), 84 (100), and
72 (92). Found: C, 62.19; H, 7.88%. Calcd for Ci2H1sF20s:
C, 62.05; H, 7.81%.
(E)-1-Cyclohexyl-2,2-difluoro-3-hydroxy-4-methyl-4-
hexen-1-one (4k): IR (neat) 3444 (br, s), 2930 (vs), 2856 (vs),
1732 (vs), 1686 (w), 1666 (w), 1451 (vs), 1382 (s), 1352 (w),
1317 (m), 1292 (m), 1249 (m), 1212 (s), 1171 (s), 1134 (s), 1070
(vs), 974 (s), 945 (s), 921 (m), 893 (w), 857 (w), 845 (w), 800
(m), 785 (m), 749 (m), 709 (m), and 665 (m) cm~%; *HNMR
(CDCls) 6=5.56 (q, J=7.2 Hz, 1H), 4.43 (dd, J=17.7, 9.2 Hz,
1H), 3.1—2.6 (m, 1H), 2.6—2.2 (m, 1H), 2.1—0.9 (m, 10H),
1.64 (t, J=7.2 Hz, 3H), and 0.87 (t. J=5.8 Hz, 3H); ¥F NMR
(CDCl3) 6=—112.40 (dd, J=268.6, 9.2 Hz, 1F) and —122.09
(dd, J=268.6, 17.7 Hz, 1F); MS m/z (rel intensity) 246 (M*;
2), 226 (0.8), 162 (12.5), 111 (37.5), 86 (100), and 84 (92).
Found: C, 63.65; H, 8.33%. Calcd for C13H20F202: C, 63.40;
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H, 8.18%.

1-Cyclohexyl-2,2-difluoro-3-hydroxy-3-phenyl-1-
propanone (41): IR (neat) 3500 (br, m), 2932 (vs), 2856 (s),
1733 (s), 1497 (w), 1453 (m), 1379 (w), 1195 (w), 1174 (w),
1135 (m), 1083 (m), 1071 (s), 1030 (w), and 966 (w) cm~-};
IHNMR (CDCls) 6=7.26 (s, 5H), 5.06 (dd, J=15.9, 8.6 Hz,
1H), 3.2—2.7 (m, 1H), 2.7—2.3 (m, 1H), and 2.1—0.6 (m,
10H); ¥*F NMR (CDCls) 6=—112.58 (dd, J=272.2, 8.6 Hz, 1F)
and —123.07 (dd, J=272.2, 15.9 Hz, 1F); MS m/z (rel inten-
sity) 268 (M™; 3), 248 (4), 162 (17), 111 (40), 107 (100), and 84
(64). Found: G, 67.24; H, 6.69%. Calcd for Ci1sH1sF202: C,
67.15; H, 6.76%.

3,3-Difluoro-4-hydroxy-1-phenyl-2-heptanone (4m): IR
(neat) 3372 (br, s), 3086 (m), 3062 (m), 3030 (m), 2960 (vs),
9872 (vs), 1742 (vs), 1640 (w), 1498 (s), 1455 (s), 1400 (s), 1383
(s), 1343 (s), 1314 (s), 1271 (s), 1205 (vs), 1113 (vs), 1063 (vs),
1032 (vs), 1010 (s), 993 (s), 899 (w), 854 (w), 749 (s), 709 (vs),
and 697 (vs) cm~1; THNMR (CDCls) 6=7.6—6.9 (m, 5H),
4.4—3.7 (m, 1H), 3.97 (s, 1H), 1.9—1.2 (m, 4H), and 0.95 (t,
J=5.8 Hz, 3H); WFNMR (CDCl;) 6=—113.65 (dd, J=273.4,
6.1 Hz, 1F) and —124.88 (dd, J=273.4, 15.9 Hz, 1F); MS m/z
(rel intensity) 242 (M*; 35), 119 (17), and 91 (100). Found:
C, 64.36; H, 6.61%. Calcd for CisHicF202: C, 64.45; H,
6.66%.

(E)-3,3-Difluoro-4-hydroxy-1-phenyl-5-hepten-2-one (4n):
IR (neat) 3404 (s), 3062 (m), 3030 (m), 2916 (m), 1745 (vs),
1671 (w), 1604 (w), 1498 (s), 1455 (s), 1400 (s), 1380 (m), 1341
(m), 1207 (s), 1084 (vs), 1069 (vs), 1031 (vs), 968 (m), 830 (m),
709 (s), and 664 (s) cm™1; THNMR (CDCls) 6=7.4—7.0 (m,
5H), 6.2—5.2 (m, 2H), 4.44 (ddd, J=14.7, 8.5, 6.8 Hz, 1H),
3.97 (s, 2H), 2.22 (br s, 1H), and 1.73 (d, J=4.6 Hz, 3H);
19F NMR (CDCl3) 6=—113.73 (dd, J=269.8, 8.5 Hz, 1F) and
—123.02 (dd, J=269.8, 14.7 Hz, 1F); MS m/z (rel intensity)
240 (M*+; 4), 169 (25), 91 (38), and 72 (100). Found: C, 65.35;
H, 5.98%. Calcd for C1sH14F202: C, 64.99; H, 5.87%.

3,3-Difluoro-4-hydroxy-1,4-diphenyl-2-butanone (40):
IR (neat) 3554 (vs), 3446 (w), 3086 (m), 3062 (m), 3030 (m),
3004 (w), 2960 (m), 2914 (m), 1953 (w), 1892 (w), 1733 (vs),
1497 (m), 1455 (vs), 1401 (s), 1352 (s), 1254 (m), 1215 (s), 1205
(vs), 1154 (s), 1080 (vs), 1056 (vs), 1026 (m), 1006 (w), 983 (m),
920 (w), 904 (w), 818 (m), 767 (m), and 617 (s) cm~1; tTHNMR
(CDCls) 6=7.6—6.8 (m, 10H), 4.96 (dd, J=17.1, 6.1 Hz, 1H),
3.80 (s, 2H), and 3.6—3.1 (br s, 1H); FNMR (CDCls)
6=—112.76 (ddd, J=267.3, 6.1, 6.1 Hz, 1F) and —123.13 (dd,
J=2617.3, 17.1 Hz, 1F). Found: C, 69.66; H, 5.09%. Calcd
for C16H14F202: C, 69.56; H, 5.11%.

Typical Procedure for the Reformatsky-Type Reaction of
2 with Aldehydes. Conditions B. A suspension of acid-
washed zinc dust (0.196 g, 3.0 mmol) and copper(I) chloride
(0.030 g, 0.3 mmol) in ether (4 cm3) and THF (1 cm3) was
stirred for 0.5 h at room temperature under argon. To this
suspension were added butanal (0.080 g, 1.1 mmol) and 2
(0.191 g, 1.0 mmol) via a syringe. After stirring under
reflux for 1 h, followed by cooling to room temperature, the
reaction mixture was filtered through a pad of Celite 545.
The filtrate was concentrated under reduced pressure to
leave an oily residue, which was subjected to column chro-
matography on silica gel eluting with hexane-ethyl acetate
(3:1) to give 2,2-difluoro-3-hydroxy-1-phenyl-1-hexanone
(5a) (0.160 g): IR (neat) 3372 (br, s), 3086 (m), 3062 (m), 3030
(m), 2960 (vs), 2872 (vs), 1742 (vs), 1604 (w), 1498 (s), 1455 (s),
1400 (s), 1383 (s), 1343 (s), 1314 (s), 1271 (s), 1205 (vs), 1113
(vs), 1063 (vs), 1032 (vs), 1010 (s), 993 (s), 899 (w), 854 (m), 749
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(s), 709 (vs), and 697 (vs) cm~1; TH NMR (CDCls) 6=7.6—6.9
(m, 5H), 4.4—3.7 (br s, 1H), 3.97 (s, 2H), 1.9—1.2 (m, 4H),
and 0.85 (t, J=5.8 Hz, 3H); 1¥F NMR (CDCls) 6=—113.65 (dd,
J=273.4, 6.1 Hz, 1F) and —124.88 (dd, J=273.4, 15.9 Hz, 1F);
MS m/z (rel intensity) 288 (M™; 0.2), 123 (22), 105 (100), and
77 (42). Found: C, 63.01; H, 6.09; F, 16.42%. Calcd for
Ci12H14F202: G, 63.15; H, 6.18; F, 16.65%.
(E)-2,2-Difluoro-3-hydroxy-1-phenyl-4-hexen-1-one (5b):
IR (neat) 3400 (br, s), 3060 (m), 3034 (m), 2966 (m), 2942 (m),
2918 (m), 2856 (m), 1697 (vs), 1598 (vs), 1579 (m), 1449 (vs),
1397 (m), 1380 (m), 1282 (s), 1230 (m), 1181 (vs), 1122 (vs),
1089 (vs), 1069 (vs), 1028 (s), 1001 (m), 968 (vs), 919 (s), 825
(s), 790 (m), 715 (vs), 686 (vs), and 664 (vs) cm~1; THNMR
(CDCls) 6=8.2—17.8 (m, 2H), 7.5—7.1 (m, 3H), 6.2—5.3 (m,
2H), 4.63 (ddd, J=15.8, 8.5, 7.8 Hz, 1H), 3.0—2.5 (br s, 1H),
and 1.75 (d, J=5.6 Hz, 3H); WFNMR (CDCls) 6=—107.25
(dd, J=288.1, 8.5 Hz, 1F) and —116.07 (dd, J=288.1, 15.9 Hz,
1F); MS m/z (rel intensity) 226 (M*; 0.2), 155 (90), and 105
(100). Found: C, 63.88; H, 5.40%. Calcd for Ci2Hi2F20s:
G, 63.71; H, 5.35%.
2,2-Difluoro-3-hydroxy-1,3-diphenyl-1-propanone  (5¢):
IR (neat) 3448 (br, s), 3062 (m), 3032 (m), 2976 (m), 2926 (m),
1694 (vs), 1598 (vs), 1579 (m), 1495 (m), 1450 (vs), 1389 (m),
1340 (m), 1324 (m), 1285 (s), 1239 (s), 1182 (vs), 1123 (vs), 1066
(vs), 1028 (s), 1001 (m), 922 (s), 838 (m), 809 (m), 773 (m), 733
(vs), 713 (vs), 697 (vs), 686 (vs), 671 (vs), and 608 (vs) cm~1;
!HNMR (CDCls) 6=8.1—17.7 (m, 2H), 7.5—7.0 (m, 8H), 5.23
(dd, J=18.3, 6.1 Hz, 1H), and 3.5—2.9 (m, 1H); *FNMR
(CDCls) 6=—105.23 (dd, J=288.1, 6.1 Hz, 1F) and —116.91
(dd, J=288.1, 18.3 Hz, 1F); MS m/z (rel intensity) 262 (M*;
5), 155 (100), 107 (56), 105 (80), and 77 (10). Found: C,
68.81; H, 4.62; F, 14.38%. Calcd for CisHi12F20s: C, 68.70;
H, 4.61; F, 14.49%.
Typical Procedure for the Reformatsky-Type Reaction of
2 or 3 with Aldehydes. Conditions C. A suspension of
acid-washed zinc dust (0.196 g, 3.0 mmol) and copper(I)
chloride (0.030 g, 0.3 mmol) in ether (4 cm?) and THF (1
cm3) was stirred for 0.5 h at room temperature under argon.
To the mixture, which had been cooled to —20°C, were
added successively benzaldehyde (0.117 g, 1.1 mmol), 3a
(0.223 g, 1.0 mmol), and boron trifluoride diethyl etherate
(0.156 g, 1.1 mmol). After being stirred for 1 h at —20°C,
the reaction mixture was filtered through a pad of Celite 545
and the filtrate was concentrated under vacuum. The resid-
ual oil was chromatographed on a column of silica gel with
hexane-ethyl acetate (3:1) as eluent to furnish 2,2-difluoro-
1-hydroxy-1-phenyl-4-undecyn-3-one (6a) (0.298 g): IR
(neat) 3424 (br, m), 3064 (m), 3034 (m), 2954 (vs), 2930 (vs),
2858 (s), 2210 (vs), 1693 (vs), 1497 (w), 1456 (s), 1417 (m), 1381
(m), 1321 (m), 1259 (m), 1179 (s), 1111 (s), 1069 (s), 1028 (m),
963 (w), 908 (w), 834 (w), 800 (w), 718 (s), 698 (s), and 665 (m)
cm~!; THNMR (CDCls) 6=7.25 (br s, 5H), 5.08 (dd, J=15.9,
8.6 Hz, 1H), 3.7—3.2 (br s, 1H), 2.35 (t, J=6.4 Hz, 2H), 1.8—
1.1 (m, 8H), and 0.87 (t, J=5.4 Hz, 3H); ¥)F NMR (CDCls)
6=—112.34 (dd, J=263.7, 8.6 Hz, 1F) and —121.68 (dd,
J=263.7,15.9 Hz, 1F); MS m/z (rel intensity) 294 (M*; 2), 274
(3), 217 (3), 187 (70), and 107 (100). Found: C, 69.52; H,
6.89%. Calcd for Ci7H20F203: C, 69.37; H, 6.85%.
4,4-Difluoro-5-hydroxy-1-phenyl-1-octyn-3-one (6b): IR
(neat) 3438 (br, s), 3062 (w), 2962 (vs), 2934 (s), 2874 (s), 2194
(vs), 1961 (w), 1893 (w), 1803 (w), 1685 (vs), 1597 (m), 1491 (s),
1468 (m), 1459 (m), 1446 (s), 1384 (m), 1310 (s), 1272 (m), 1221
(s), 1164 (s), 1115 (vs), 1071 (vs), 1029 (vs), 1011 (vs), 996 (vs),
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955 (s), 925 (w), 901 (w), 857 (w), 817 (m), 758 (vs), 716 (m),
687 (vs), 669 (m), and 637 (s) cm~1; 'H NMR (CDCls) 6=7.7—
7.0 (m, 5H), 4.4—3.8 (m, 1H), 2.8—2.4 (br s, 1H), 2.0—1.3
(m, 4H), and 0.94 (t, J=6.4 Hz, 3H); ®FNMR (CDCls)
0=—114.10 (dd, J=264.9, 8.5 Hz, 1F) and —122.84 (dd,
J=264.9, 14.7 Hz, 1F); MS m/z (rel intensity) 252 (M*; 0.8),

179 (5), and 129 (100). Found: C, 66.71; H, 5.44%. Calcd
for C14H14F202: C, 66.66; H, 5.59%.
4,4-Difluoro-5-hydroxy-1-phenyl-1-undecyn-3-one  (6¢):

IR (neat) 3368 (br, m), 3058 (w), 2952 (s), 2924 (vs), 2856 (s),
2194 (vs), 1685 (vs), 1648 (w), 1597 (m), 1571 (w), 1560 (w),
1491 (m), 1466 (m), 1459 (m), 1445 (m), 1379 (w), 1307 (m),
1232 (m), 1210 (m), 1161 (m), 1120 (s), 1087 (s), 1033 (m), 992
(m), 757 (s), 715 (m), and 686 (s) cm~!; THNMR (CDCls)
6=7.7—7.0 (m, 5H), 4.4—3.8 (m, 1H), 3.1—2.5 (br s, 1H),
1.9—1.1 (m, 10H), and 0.89 (t, J=5.4 Hz, 3H); ¥FNMR
(CDCl3) 6=—114.10 (dd, J=264.9, 7.3 Hz, 1F) and —122.82
(dd, J=264.9, 15.9 Hz, 1F); MS m/z (rel intensity) 294 (M*;
0.1), 179 (5), and 129 (100). Found: C, 69.63; H, 7.06%.
Calcd for C17Hg0F20s: C, 69.37; H, 6.85%.

2,2-Difluoro-1-hydroxy-1,5-diphenyl-4-pentyn-3-one (6d):
IR (neat) 3426 (br, m), 3062 (m), 3032 (w), 2922 (w), 2192 (w),
11962 (w), 1894 (w), 1685 (vs), 1596 (m), 1571 (w), 1491 (m),
1455 (m), 1445 (m), 1389 (w), 1306 (m), 1200 (m), 1145 (s),
1090 (s), 1063 (s), 1028 (s), 1011 (s), 993 (s), 922 (w), 843 (w),
823 (w), 782 (m), 757 (s), 715 (s), 697 (s), and 686 (vs) cm~1;
IHNMR (CDCls) 6=7.7—17.0 (m, 10H), 5.19 (dd, J=15.9, 7.3
Hz, 1H), 3.0—2.3 (br s, 1H); ¥FNMR (CDCls) 6=—111.93
(dd, J=262.5, 7.3 Hz, 1F) and —121.37 (dd, J=262.5, 15.9 Hz,
1F); MS m/z (rel intensity) 286 (M*; 2.5), 268 (2.5), 266 (2.5),
249 (1.5), 180 (100), and 129 (60). Found: C, 71.44; H, 4.20;
F, 13.19%. Calcd for Ci7Hi12F202: C, 71.32; H, 4.23; F,
13.27%.

Typical Procedure for the Reformatsky-Type Reaction of
1 with Ketones. Conditions D. Acid-washed zinc dust
(0.196 g, 3.0 mmol) and silver acetate (0.017 g, 0.1 mmol)
were suspended in THF (5 cm3) and this suspension was
stirred for 0.5 h at room temperature under argon. To the
resultant mixture were gradually added 3-pentanone (0.258
g, 3.0 mmol), 1a (0.199 g, 1.0 mmol), and a hexane solution
(1 moldm=3) of chlorodiethylaluminium (1.1 cm3, 1.1 mol).
The mixture was stirred for 9 h at reflux temperature and,
after cooling to room temperature, was filtered through a
pad of Celite 545. The filtrate was concentrated under
reduced pressure to leave a crude product, which was puri-
fied by column chromatography on silica gel eluting with
hexane-ethyl acetate (3:1) to afford 3-ethyl-4,4-difluoro-3-
hydroxy-5-undecanone (7a) (0.160 g): IR (neat) 3442 (br, s),
2930 (vs), 2858 (vs), 1740 (vs), 1701 (s), 1656 (m), 1612 (m),
1462 (vs), 1403 (s), 1379 (s), 1269 (m), 1208 (m), 1121 (vs), 1063
(s), 980 (s), 933 (m), 852 (w), 817 (w), 793 (w), 771 (w), and 724
(m) cm~1; tHNMR (CDCls) 6=2.70 (t, J=7.2 Hz, 2H), 2.27 (s,
1H), 1.9—1.1 (m, 12H), and 0.93 (t, J=7.8 Hz, 9H); F NMR
(CDCls) 6=—116.12 (s, 2F); MS m/z (rel intensity) 250 (M™;
0.1), 221 (1.5), 113 (80), and 87 (100). Found: C, 62.67; H,
9.84%. Calcd for CisH24F202: C, 62.38; H, 9.66%.

1,1-Difluoro-1-(1-hydroxycyclohexyl)-2-octanone  (7b):
IR (neat) 3448 (br, m), 2956 (vs), 2934 (vs), 2860 (s), 1737 (s),
1703 (s), 1665 (w), 1453 (m), 1402 (m), 1376 (m), 1315 (m),
1264 (vs), 1202 (s), 1153 (vs), 1123 (vs), 1111 (vs), 1060 (vs), 992
(s), 909 (m), 864 (m), 798 (s), 684 (m), and 663 (m) cm~%;
IHNMR (CDCls) 6=2.68 (t, J=6.5 Hz, 2H), 2.11 (s, 1H),
2.1—1.4 (m, 10H), 1.4—1.1 (m, 8H), and 0.85 (t, J=5.0 Hz,
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3H); ®YFNMR (CDCls) 6=—121.23 (s, 2F); MS m/z (rel
intensity) 262 (M*; 0.1), 225 (5), 113 (48), 99 (100), and 85
(30). Found: C, 64.32; H, 9.29%. Calcd for C14H24F202: C,
64.10; H, 9.22%.
6,6-Difluoro-5-hydroxy-5-methyl-1-undecen-7-one  (7¢):
IR (neat) 3504 (br, s), 3074 (m), 2954 (vs), 2928 (vs), 2856 (vs),
1739 (vs), 1644 (m), 1459 (s), 1402 (s), 1380 (s), 1296 (m), 1260
(m), 1208 (m), 1123 (vs), 1069 (vs), 995 (s), 967 (s), 945 (m),
913 (s), 842 (w), 796 (w), 770 (w), 725 (m), and 665 (m) cm~1;
'HNMR (CDCls) 6=6.2—5.5 (m, 1H), 5.2—4.8 (m, 2H), 2.71
(t, J=7.0 Hz, 2H), 2.46 (br s, 1H), 2.4—1.9 (m, 2H), 1.9—1.5
(m, 4H), 1.5—1.1 (m, 8H), and 0.87 (t, J=5.6 Hz, 3H);
YFNMR (CDCls) 6=—117.07 (d, J=268.6 Hz, 1F) and
—120.47 (d, J=268.6 Hz, 1F); MS m/z (rel intensity) 262 (M™;
0.1), 207 (2.5), 113 (100), 99 (58), and 85 (33). Found: G,
64.41; H, 9.48%. Calcd for C14H24F20s: C, 64.10; H, 9.22%.
3,3-Difluoro-2-hydroxy-2-phenyl-4-dodecanone (7d): IR
(neat) 3448 (br, s), 3064 (m), 3032 (m), 2952 (vs), 2928 (vs),
2858 (s), 1960 (w), 1888 (w), 1814 (w), 1739 (vs), 1495 (m),
1455 (s), 1400 (s), 1379 (m), 1341 (m), 1202 (s), 1159 (s), 1107
(vs), 1064 (vs), 1028 (s), 981 (m), 912 (w), 844 (m), 819 (m), 728
(s), 712 (s), 698 (vs), 664 (m), and 612 (vs) cm~1; 1TH NMR
(CDCls) 6=7.26 (s, 5H), 5.03 (dd, J=15.9, 7.3 Hz, 1H), 3.1—
2.5 (m, 1H), 2.53 (t, J=7.2 Hz, 2H), 1.8—1.0 (m, 8H), and
0.83 (t, J=6.0 Hz, 3H); *FNMR (CDCls) 6=—113.60 (dd,
J=268.6, 7.3 Hz, 1F) and —123.47 (dd, J=268.6, 15.9 Hz, 1F);
MS m/z (rel intensity) 284 (M*; 0.1), 121 (100), 113 (4), and
107 (27). Found: C, 67.51; 7.56%. Calcd for Ci6Ha2F202: C,
67.59; H, 7.80%.
4-Ethyl-3,3-difluoro-4-hydroxy-1-phenyl-2-hexanone (7e):
IR (neat) 3468 (br, m), 3086 (w), 3060 (m), 3028 (m), 2970 (s),
2942 (s), 2884 (m), 1743 (vs), 1700 (s), 1655 (m), 1625 (m), 1618
(m), 1604 (m), 1498 (s), 1456 (vs), 1396 (s), 1341 (s), 1268 (m),
1207 (s), 1091 (vs), 1073 (vs), 1031 (s), 980 (s), 935 (m), 847
(m), 774 (m), 752 (m), 719 (s), and 697 (vs) cm~1; TH NMR
(CDCls) 6=7.5—6.9 (m, 5H), 4.03 (s, 2H), 2.10 (brs, 1H), 1.73
(q, J=7.4 Hz, 2HX2), and 0.93 (t, J=7.4 Hz, 3HX2); F NMR
(CDCls) 6=—115.64 (s, 2F); MS m/z (rel intensity) 256 (M™;
8), 169 (10), 119 (10), 91 (63), and 88 (100). Found: C, 65.77;
H, 6.98%. Calcd for Ci14HisF202: C, 65.61; H, 7.08%.
Reformatsky-Type Reaction of 2 with 5-Hexen-2-one.
Conditions E. A suspension of acid-washed zinc dust
(0.196 g, 3.0 mmol) and silver acetate (0.017 g, 0.1 mmol) in
ether (4 cm?) and THF (1 cm3) was stirred for 0.5 h at room
temperature under argon. 5-Hexen-2-one (0.294 g, 3.0
mmol) and 2 (0.191 g, 1.0 mmol) were added to this suspen-
sion by use of a syringe. The mixture was refluxed for 4 h
with stirring and, after cooling to room temperature, was
filtered through a pad of Celite 545. Evaporation of vola-
tile materials followed by column chromatography on silica
gel afforded 2,2-difluoro-3-hydroxy-3-methyl-1-phenyl-6-
hepten-1-one (8) (0.168 g): IR (neat) 3492 (br, s), 3072 (m),
2922 (vs), 2858 (s), 1693 (vs), 1643 (s), 1618 (w), 1598 (s), 1580
(m), 1560 (w), 1545 (w), 1491 (w), 1450 (vs), 1418 (m), 1379 (s),
1325 (m), 1279 (s), 1188 (s), 1155 (s), 1113 (vs), 1078 (vs), 1028
(m), 1001 (m), 965 (m), 912 (vs), 840 (m), 818 (m), 782 (w), 715
(vs), 685 (vs), and 663 (vs) cm~1; TH NMR (CDCl3) 6=8.2—7.9
(m, 2H), 7.6—7.1 (m, 3H), 6.2—5.5 (m, 1H), 5.2—4.8 (m,
2H), 2.83 (s, 1H), 2.6—2.0 (m, 2H), 2.0—1.6 (m, 2H), and
1.41 (dd, J=1.2, 1.2 Hz, 3H); °F NMR (CDCls) 6=—108.94
(d, J=290.5 Hz, 1F) and —112.6 (d, J=290.5 Hz, 1F); MS m/z
(rel intensity) 254 (M*; 4.2), 199 (6.2), and 105 (100).
Found: C, 66.44; H, 6.56%. Calcd for C14H16F202: C, 66.13;
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H, 6.34%.

Detection of Zinc(II) Enolates 9 and 10 under the Condi-
tions C. A 50-cm3 three-necked flask purged with argon
was charged with acid-washed zinc (0.196 g, 3.0 mmol),
copper(I) chloride (0.030 g, 0.3 mmol), THF (1 cm?), and
ether (4 cm8). To this suspension, after stirring for 0.5 h at
room temperature followed by cooling to —20°C, were
added dropwise boron trifluoride diethyl etherate (0.142 g,
1.0 mmol) and 2 (0.191 g, 1.0 mmol) or 3a (0.223 g, 1.0
mmol). The mixture was stirred for 1 h at the same temper-
ature. An aliquot of the supernatant (about 0.3 cm3) was
introduced via a syringe into an argon-purged NMR sample
tube, which was immediately subjected to *F NMR analysis.
Figure 1 depicts the spectra observed in sequential transfor-
mation of 2 to 5¢ through the enolate 9. Table 3 lists the
YFNMR data of 9 and 10, along with those of the related
compounds 11—13.

References

1) A portion of this work has been reported in a preliminary
form: M. Kuroboshi and T. Ishihara, Tetrahedron Lett., 28,
6481 (1987).

2) T. Mukaiyama, Org. React., 28, 203 (1982); D. A.
Evans, Aldrichimica Acta, 15, 23 (1982); S. Masamune and
W. Choy, ibid., 15, 47 (1982); T. Mukaiyama, Pure Appl.
Chem., 55, 1749 (1983); C. H. Heathcock, “Comprehensive
Carbanion Chemistry,” ed by E. Buncel and T. Durst,
Elsevier, Amsterdam (1984), Part B, Chap. 4.

3) S. Brandinge O. Dahlman, and L. Mérch, J. 4m.
Chem. Soc., 103, 4452 (1981); J. Fried, E. A. Hallinan, and
M. J. Szwedo, Jr., ibud., 106, 3871 (1984); S. Thaisrivongs, D.
T. Pals, W. M. Kati, S. R. Turner, and L.. M. Thomasco, J.
Med. Chem., 28, 1555 (1985); J. T. Welch, Tetrahderon, 43,
3123 (1987); T. Taguchi, O. Kitagawa, Y. Suda, S. Ohkawa,
A. Hashimoto, Y. litaka, and Y. Kobayashi, Tetrahedron
Lett., 29, 5291 (1988); L. W. Hertel, J. S. Kroin, J. W. Misner,
and J. M. Tustin, J. Org. Chem., 53, 2406 (1988); G. B.
Dreyer and B. W. Metcalf, Tetrahedron Lett., 29, 6885 (1988);
M. Shiozaki and M. Arai, J. Org. Chem., 54, 3754 (1989); L.
H. Takahashi, R. Radhakrishnan, R. E. Rosenfield, Jr., E.
F. Meyer, Jr., and D. A. Trinor, J. Am. Chem. Soc., 111, 3368
(1989); J. Fried, V. John, M. J. Szwedo, Jr., C.-K. Chen, and
C. O’Yang, ibid., 111, 4510 (1989), and references cited
therein.

4) Ciba Foundation, ‘“Carbon-Fluorine Chemistry,
Biochemistry, and Biological Activities,” Elsevier, Amsterdam
(1972); R. Filler, Chemtech, 1974, 752; “Biochemistry
Involving Carbon-Fluorine Bonds,” ed by R. Filler, American
Chemical Society, Washington D. C. (1976); C. N. C. Drey,
“Chemistry and Biochemistry of Amino Acids, Peptides and
Proteins,” ed by B. Winstein, Marcel Dekker, New York
(1977); W. G. Taylor, Synthesis, 1980, 554; D. Arlt, M.
Jantelat, and R. Lantzsch, Angew. Chem., Int. Ed. Engl., 20,
703 (1981); C. Walsh, Tetrahedron, 38, 871 (1982); R. Filler
and Y. Kobayashi, “Biomedicinal Aspects of Fluorine
Chemistry,” Kodansha and Elsevier Biomedical, Tokyo and
New York (1982).

5) E. T. McBee, O. R. Pierce, and D. L. Christman, J.
Am. Chem. Soc., 77, 1581 (1955).

6) H. Molines, M. H. Massoudi, D. Cantacuzene, and C.
Wakselman, Synthesis, 1983, 322.

7) a)J. T.Welch and K. W. Seper, Tetrahedron Lett., 25,

[Vol. 63, No. 2

5247 (1984); b) J. T. Welch, K. Seper, S. Eswarakrishnan,
and J. Samartino, J. Org. Chem., 49, 4720 (1984); ¢) J. T.
Welch and S. Eswarakrishnan, J. Chem. Soc., Chem.
Commun., 1985, 186; d) J. T. Welch and J. S. Plummer,
Synth. Commun., 19, 1081 (1989); e) J. T. Welch and S.
Eswarakrishnan, J. Org. Chem., 50, 5403 (1985), and references
cited therein.

8) a) M. Yamana, T. Ishihara, and T. Ando, Tetrahedron
Lett., 24, 507 (1983); b) T. Ishihara, T. Yamanaka, and T.
Ando, Chem. Lett., 1984, 1165.

9) E. A. Hallinan and J. Fried, Tetrahedron Lett., 25,
2301 (1984).

10) a) T. Taguchi, O. Kitagawa, T. Morikawa, T. Nishiwaki,
H. Uehara, H. Endo, and Y. Kobayashi, Tetrahedron Lett.,
27, 6103 (1986); b) O. Kitagawa, T. Taguchi, and Y.
Kobayashi, ibid., 29, 1803 (1988); c¢) O. Kitagawa, T. Taguchi,
and Y. Kobayashi, Chem. Lett., 1989, 389.

11) R. W. Lang and B. Schaub, Tetrahedron Lett., 29,
2943 (1988).

12) T. Yokozawa, T. Nakai, and N. Ishikawa, Tetrahedron
Lett., 25, 3987 (1984); T. Yokozawa, M. Yamaguchi, T.
Nakai, and N. Ishikawa, Nippon Kagaku Kaishi, 1985, 2202;
M. Kuroboshi, Y. Okada, T. Ishihara, and T. Ando,
Tetrahedron Lett., 28, 3501 (1987); T. Yokozawa, N. Ishikawa,
and T. Nakai, Chem. Lett., 1987, 1971; C.-P. Qian and T.
Nakai, Tetrahedron Lett., 29, 4119 (1988); T. Ishihara, K.
Yamaguchi, and M. Kuroboshi, Chem. Lett., 1989, 1191.

13) According to the procedure of House et al.,*¥) 1,1-
difluoro-2-decanone was allowed to react with triethylamine
and chlorotrimethylsilane (80 °C, 20 h) to give 1,1-difluoro-
2-(trimethylsiloxy)-2-decene in 93% yield. Treatment with
lithium diisopropylamide followed by addition of
chlorotrimethylsilane (—78 to 0°C) resulted in the forma-
tion of unidentified products containing no desired silyl
vinyl ether.

14) H. O. House, L. J. Czuda, M. Gall, and H. D.
Olmstead, J. Org. Chem., 34, 2324 (1969); H. O. House, M.
Gall, and H. D. Olmstead, :b2d., 36, 2361 (1971).

15) For a review on Reformatsky reactions, R. W. Rathke,
Org. React., 22, 423 (1975).

16) Bromodifluoro- and iododifluoroacetic acids are
much more expensive than chlorodifluoroacetic acid, as
well as hardly accessible.

17) R. A. Moore and R. Levine, J. Org. Chem., 29, 1439
(1964); R. A. Moore and R. Levine, tbid., 29, 1883 (1964).

18) The synthesis of trifluoromethyl l-alkynyl ketones
has been reported. See, P. Margaretha, C. Schroder, S.
Wolff, and W. C. Agosta, J. Org. Chem., 48, 1925 (1983); T.
Kitazume and T. Sato, J. Fluorine Chem., 30, 189 (1985).

19) J. W. Frankenfeld and J. J. Werner, J. Org. Chem., 34,
3689 (1969).

20) M. Fujita, T. Morita, and T. Hiyama, Tetrahedron
Lett., 27, 2135 (1986); M. Fujita, T. Hiyama, and K. Kondo,
tbid., 27, 2139 (1986); T. Ishihara and M. Kuroboshi, Chem.
Lett., 1987, 1145; M. Fujita and T. Hiyama, Bull. Chem.
Soc. Jpn., 60, 4377 (1987).

21) For zinc-copper and zinc-silver couple reagents, see,
H. E. Simmons, T. L. Cairns, S. A. Vladuchick, and C. M.
Hoiness, Org. React., 20, 75 (1973); 1. Nishiguchi, Yuki
Gosei Kagaku Kyokai Shi, 37, 996 (1979).

22) The reaction of 3 with aldehydes under the Condi-
tions A and B merely produced a complex mixture of
products, and no reaction occurred at all at 0 °C.



February, 1990]

23) K. Maruoka, S. Hashimoto, Y. Kitagawa, H. Yamamoto,
and H. Nozaki, J. Am. Chem. Soc., 99, 7705 (1977).

24) The addition of zinc chloride to the mixture of 9 did
not cause any change in its 1¥F NMR spectra.

25) After standing for 1 h at room temperature, the mix-
ture of 9 or 10 was subjected again to the 9F NMR analysis,
which showed no change in its spectra.

26) T.Ishihara, M. Yamana, T. Maekawa, M. Kuroboshi,
and T. Ando, J. Fluorine Chem., 38, 263 (1988).

27) D. ]. Burton and J. C. Easdon, J. Fluorine Chem., 38,

Reformatsky-Type Reaction of Chlorodifluoromethyl Ketones 437

125 (1988).

28) It was confirmed that addition of N,N-dimethyl-
formamide to the mixture enhanced the attenuated reso-
nances due to boron trifluoride in a reasonable intensity,
though the reason on this account has remained unsolved
yet.

29) When the reaction mixture was stirred above —20 °C,
the yields of the ketone were drastically reduced.

30) 1 mmHg=133.322 Pa.




