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Abstract

Easily available difluoromethylating reagent J8&FH enables multigram synthesis of
difluoromethyl alcohols in good yields under milohdlitions from a number of aldehydes and ketones
in the presence of HMPA. This additive makes pdesthe previously challenging nucleophilic
difluoromethylation of enolizable ketones. DMPU danused as a non-toxic alternative to the HMPA
in the difluoromethylation reaction, albeit the Ig® were slightly lower in this case. The method

works well with cyclic, acyclic, aryl ketones araddrates various functional groups.

CHF EXAMPLES:
0 Me;Si—-CHF, 2

R ——— R—|—OH CN -0
R{” 'Ry  CsF, additive R

THF 18 examples HO CHF;

upto70g HO™"CHF,
Bn

Ry, Ry: alkyl, aryl N EtO,C
Including functional groups (CN, NR,, COEt) Q
Additive: HMPA (DMPU) HO "CHF, HO CHF,

Key words: addition, catalysis, fluorine, ketones, nucleaphdifluoromethylation.
Introduction

Incorporation of fluorine in organic molecules mtatas their pharmacological properties and
has become almost a standard practice in medicirahistry. The unique properties of fluorine such
as high electronegativity, excellent NMR parameté® abundance in biosphere, ability to mimic
hydrogen and block metabolic processes, increapeghilicity and bioavailability of fluoroorganic
molecules has made fluorine the “second-favoueteroatom” after the nitrogen in drug destdhis
estimated that 30-40% of agrochemicals and 20% tafrmpaceuticals contain fluorifeThe
difluoromethyl group (CEH) has a great potential in the design of pharméxads, agrochemicals,
and materials. In the area of medicinal chemidtrg,CRH groups prove to be a useful bioisostere of

a hydroxy group, mainly because it is a lypophiigdrogen bond donor, offering a potential for
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improved membrane permeabilityRecently, the CfH group has been used as a non-reactive —SH
bioisostere in the design of cysteine-containinggipeptide analogues, leading to potent inhibitdrs o
NS3/4A proteasélt is therefore not surprising that the numbestoidies on synthetic methods of the

CF;H-containing compounds has been dramatically irseréan the last decade.

In the course of the work on the synthesis of nkwrinated building blockswe became
interested ir-difluoromethyl alcohols. Several methods have laescribed in the literature for their
synthesis, most of them applicable to either aldebyor ketones as the starting compouriise most
frequently used methods involved the use of thdemphilic reagents possessing the, @agment
connected to auxiliary groups which stabilize taebaniong.g. (phenylsulfonyl)difluoromethyl anion
(PhSQCF,),? diethyl difluoromethylphosphonate anion ((EfOPCF),’ difluoro(phenylthio)methyl
anion (PhSCF),*° N-tert-butyldimethylsilyl-S-difluoromethyl-S-phetsplfoximine anion
(PhSO(NTBS)CF),™ etc. Application of these reagents to the diflmethylation of carbonyl
compounds requires strong alkali reagents (e.g. L@&ONa, t-BuOK, Na/Hg) and an additional step

to remove the auxiliary group.

In the search for a cheaper and milder difluoroylating method, we decided to use the
trimethylsilyldifluoromethane (M&SICRH) as a CEH group source. M&ICRH is commercially
available, and can also be prepared in a labor&tpthe NaBH reduction of MgSiCF;."* Recently it
was reported as a convenient source of theHQffoup by several authof$Notably, use of this
reagent could allow direct, one-pot conversion efokes toa-difluoromethyl alcohols, like in the
case of the more common Ruppert-Prakash reagenS{®®&).** Me;SiCRH adds to the aldehydes
and non-enolizable ketones in high yields, but eoghilic addition to enolizable ketones is often
accompanied by side reactions, leading to low gigdldd contaminated products. Fuchikaanal.
reported that although M8 CRH and PhMg&SICFH converted aldehydes to difluoromethyl alcohols
in good yields (in the presence of KF in DMF at 2@), their reaction with ketones proceeded with
low yields (20-25%$°> More recently, similar results were obtained Hyeotauthors who used various
bases in DMF or THF at ambient or low temperattites.Clearly, there was a need for a practical,
general approach for MBICRH addition to ketone'sHere, we disclose a convenient protocol for

direct difluoromethylation of enolizable ketones.
Results and discussion

Our initial attempts to induce nucleophilic difl@onethylation with enolizable ketones were
focused on MgSICRH as a source of the difluoromethyl anion and Cskhe fluoride ion source.
Under conditions similar to those reported previptsr the nucleophilic addition to aldehydes (CsF,

THF),*® no reaction occurred either with cyclohexanone 4gphenylcyclohexanone as model

" Ilgoumnovet al. (Fluorine Notes 2011, 5, 78) reported that aldehydes and ketones besiaviéar in direct
difluoromethylation reaction. However, we were abte to reproduce these results.
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substrates. Obviously, CsF generated only a loweatnation of fluoride ions due to its low solutyili

in THF; the reaction rate was very slow under thesaditions. Increasing the fluoride ion
concentration by performing reaction in DMFDMSO or using a soluble fluoride ion source, e.g.
tetramethylammonium fluoride (TMAF) in THF allowed to increase the reaction rate, but the yields
of the desired alcohols were still low (~ 20% '8y NMR). It should be noted that the main problem,
in this case, was the formation of a number of enidfied and non-separable by-products (shown by
'"H NMR and GSMS of crude reaction mixture, see thpp®rting Information), presumably due to
substantial enolization and subsequent condensatiaction of the ketone. We hypothesized that
maintaining a low concentration of the fluoride sas the key to achieve clean transformation. This
led us to an idea of performing the synthesis irFTiHthe presence of a polar additiegy. HMPA or
DMPU in order to accelerate the reaction and atsdmae time generate a low concentration of the
"naked" fluoride ions. The first experiment we penied with in the presence of HMPA in THF
showed that the nucleophilic addition took placevsthly, but the conversion was ~50%. The only
detectable products in the reaction mixture (indase of cyclohexanone) were difluoromethyl alcohol
(d, 8 —134.8 ppm), its silyl ether (@ —132.8 ppm) and Cif, (t, 5 —143.8 ppm). Formation of
CH,F, can be explained taking into account the enobipatif ketones through the difluoromethyl
anion species. Indeed, use of 2,2,6,6-tetradeyteladexanone as a carbonyl component led to the
formation of a small amount of CHREshown by**F NMR). As expected, when TMAF was used as
the fluoride ion source, no detectable effect ef ifMPA addition on the reaction yield was observed.
Further optimization experiments were performech@si-phenylcyclohexanone, which proved to be

more convenient model substrate because its loatilyl (Table 1).

Table 1 Optimization of reaction conditions
Q 1. CsF, HMPA, HOLCHF;
@ + TMSCHF, _ 18 h, RT @
Bh 2. TBAF Ph
Entry Equiv. Equiv. | Equiv. | Conversion
TMSCEH | HMPA | CsF (%)
1 2 5 0.1 46
2 2 5 0.2 93
3 2 5 0.3 96
4 2 5 0.4 96
5 2 5 1 96
6 2 1 0.2 52
7 2 3 0.2 66
8 2 4 0.2 81
9 2 5 0.2 93
10 1 5 0.1 30
11 1.5 5 0.1 37
12 2 5 0.1 45
13 3 5 0.1 49




Varying the reaction conditions showed that inceess the amount of CsF had beneficial
effect on the yield of the reaction. Although CsFaimost insoluble in THF/HMPA, the increased
guantity of CsF led to higher conversion of theoket The optimal amount of CsF was determined to
be about 30 mol% (Table 1, entry 1-4). The santeuss for HMPA: 5 equivalents of the additive
provided the best conversion of the starting maké¢fiable 1, entry 5-10). It is worth mentioningth
performing the reaction in neat HMPA or at highencentration of HMPA led to low yields and
unidentified byproducts. Addition of DMPU insteatl dMPA to the reaction medium gave similar
results but the conversion was somewhat less (DMPEF%, HMPA — 76% yield by’F NMR).
Nevertheless, it was demonstrated that at leasase of cyclohexanone, DMPU can be used instead
of HMPA. This possibility might be useful for largeale preparation af-difluoromethyl alcohols.
Finally, the use of excess MBCRH was important to achieve good conversion; it alagous from
the experiments with 10 mol% of CsF (Table 1, estrl0-13). The optimal amount of }8eCHH
was determined to be 2 equivalents; it gave thbeasgconversion of the ketone and was at the same
time economical. It should be noted, however, ilabme cases the use of more than 2 equivalents of
MesSiCRH could lead to better yields of the difluoromethgicohols. In case of 4-
phenylcyclohexanone elevated temperatures dideaat o increase in the conversion of the starting
material. In summary, the optimal general condgiare propose for the difluoromethylation reaction
are the following: 2 equivalents of M&CFRH, 5 equivalents of HMPA and 30 mol% of CsF in THF
at room temperature. The reaction was not partigufast and took about a day to achieve 95%

conversion.

From a mechanistic point of view, the overall psxeeems to be similar to the addition of the
well-known MeaSiCF; reagent? A plausible reaction mechanism explaining the expental facts is
illustrated in Scheme 1. In the first step, theeb@se fluoride or alcoxy anion, X) coordinateshntihe
silicon atom of MgSiCFRH to form1. The rate of its addition to ketone seems to kively slow as
compared to the rate of side reactions, e.g., sat@in and condensation of the ketone. Coordination
of 1 with HMPA might lead to another hypervalent silicepecies, compoung, which is more
reactive towards ketonés™® The addition product could react with M&CFRH to complete the
catalytic cycle. The role of additional amount n§aluble CsF is unclear, but could be rationalized
assuming that it allows generation of low concarmraof fluoride ion on the surface of the CsF
during the course of the reaction. We speculateitimthe low concentration of the fluoride iotmat
allows for M@SiCRH activation without significant enolization of tlketone, and therefore, avoiding

the side reactions.

Scheme 1 Possible mechanism for HMPA promoted difluoroméghgn.
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In order to test if the reaction is autocatalyiie performed model studies using sodium
difluoroethylate (CEHCH,ONa) as an initiator. GHCH,ONa has similar nucleophilicity to the
intermediate anion3, produced in the difluoromethylation reaction. ded, in this case the
difluoromethylation reaction of cyclohexanone inH Hroceeded with moderate yield (as determined
by 'F NMR) of the corresponding difluoromethyl alcolathout (36%) or in the presence (54%) of
HMPA. Hence, CEHCH,ONa was found to be rather good initiator, despdme unidentified by-
products were formed. In contrast to previous ssidithese experiments clearly demonstrated the

autocatalytic nature of the ketone difluoromethglateaction.

Applying the general procedure to a representasige of ketones led to a number of
difluoromethyl alcohols (Figure 1). In general, thelds of the corresponding difluoromethyl alcahol
were good, their purification were simple and sginéfiorward. We found that acyclic ketones, seven-,
six-, and five-membered cyclic ketones reacted ,we&hereas cyclobutanone formed unidentified
mixture of compounds, presumably due to fast eabbn and subsequent aldol reaction (compounds
4-10). Other highly enolizable ketones (ethyl pyruvatel 3-pyranone) also failed to give the desired
productsl2 and15, an exothermic reaction leading to a mixture aflantified compounds occurred
upon addition of CsF instead. In the case of ketamataining a basic nitrogen atom, the yields were
usually better (compoundk-21). Thus, even the four-membered azetidinone dévivdbrmed the
productl19, albeit in low yield. Aryl ketones gave good yieldf the difluoromethyl alcohol21-25.

Notably, aryl ketones demonstrated better converaielevated temperatures.

Finally, as can be seen from tRay. 1, the ester, nitro, cyano and protected amino gronp
the substrates tolerated the difluoromethylaticsction conditions. In general, the method worked
well in preparations of difluoromethyl alcohols enrelatively large scale (up to 70 g, see the

experimental procedures for the compoub@andl7).



In conclusion, we have developed a new protocaitferdirect difluoromethylation reaction of
enolizable ketones with M8ICRH. Using a base with low solubility in THF (CsF)daaddition of
HMPA as a promoter is crucial for the reaction @éincy. Various alicyclic and acyclic
difluoromethyl alcohols can be prepared in one stapoderate to good yields. Moreover, DMPU can
be used instead of HMPA as a non-toxic substifRéaction conditions are mild and tolerate various
functionalities. We believe that the overall sinofili of the procedure, scalability and accessipitit

starting materials will make this method a preféri@ternative to indirect difluoromethylation
reaction.

Figure 1 Difluoromethyl alcohols and their isolated yields.
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Supporting Information for this article is available online. It includés copies ofH, *°*C,"*F NMR
spectra and additional details of the experiments.



Experimental section

Solvents were purified according to the standamtgulures. Starting materials were supplied
from Enamine LTD. Melting points were measured nraatomated melting point system. Analytical
TLC was performed using Polychrom Sl F254 platedu@n chromatography was performed using
silica gel (230-400 mesh) as the stationary ph4$e'®C, °F NMR, and 2D NMR spectra were
recorded on either Bruker Avance 500 spectrometd®9.9 tH), 124.9 °C) and 470 ¢F) MHz, or
on Varian Unity Plus 400 spectrometer at 488) (101 ¢3C) and 377 'F) MHz. Chemical shifts are
reported in ppm downfield from TMSH, **C) or CFC} (*°F) as an internal standard. HRMS analyses
were performed on a Surveyor HPLC system interfacedn LTQ Orbitrap (Bremen, Germany),
equipped with electrospray (ESI) ion source. Iddaspectra were measured on a Perkin Elmer
Spectrum 100 FTIR and are reported in reciprocaticeters (cri). All compound names were

generated using ChemBioDraw.
General procedure A for difluoromethylation of ketones:

CsF (1.39 g, 9.17 mmol) was added to a solutiokevbne (31 mmol) and HMPA (26.7 mL, 155
mmol) in 65 mL of THF under an Ar atmosphere.;BI€RH (7.6 g, 61 mmol) was then added, and
the mixture was stirred at room temperature foh2A solution of TBAF (31 mL, 1 M in THF) was
added at the end of this period, and the mixture stared for another 1 h. Then the mixture was
poured into water (200 mL). The product was exa@atith a mixture of hexanes-ethyl acetate (1:1,
3x70 mL), and the combined organic phase was waslitadwater (2x70 mL), dried over BNaC;,

and evaporated. The products contaminated withasted ketone were purified as described below.

A solution of crude difluoromethyl alcohol in metid (30 mL) was added to a solution of
semicarbazide hydrochloride (2 g, 18 mmol) and wodacetate (2.2 g, 27 mmol) in water (10 mL) at
room temperature and stirred for 10 h. Methanol exegporated, water (50 mL) was added, and the
obtained solution was extracted with hexanes (3w dried over Ng5O, and evaporated to afford
sufficiently pure difluoromethyl alcohol. It coulzk further purified either by distillation or bylamn

chromatography.

General procedure B for difluoromethylation of ketones (for water-soluble difluoromethyl
alcohals):

CsF (1.39 g, 9.17 mmol) was added to a solutioketbne (31 mmol) and HMPA (26.7 mL, 155
mmol) in 65 mL of THF under an Ar atmosphere.;BI€FRH (7.6 g, 61 mmol) was then added, and
the mixture was stirred at room temperature foh2%he reaction mixture was poured into water (200
mL). The product was extracted with a mixture okdres-ethyl acetate (1:1, 3x70 mL), and the
combined organic phase was washed with water (2d70and dried over N&Q,. The drying agent

was filtered off and the filtrate was evaporatedityness. The residue was dissolved in methanol (50
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mL), conc. HCI| was added to pH 2. The mixture waentstirred for 1 h at r.t. and methanol was
removed by rotatory evaporation. The crude proghas purified either by distillation or by column

chromatography.
General procedure C for difluoromethylation of ketones at elevated temperature:

CsF (1.39 g, 9.17 mmol) was added to a solutioketbne (31 mmol) and HMPA (26.7 mL, 155

mmol) in 65 mL of THF under an Ar atmosphere.;BI€RH (7.6 g, 61 mmol) was then added, and
the mixture was stirred at reflux for 24 h. A sauatof TBAF (31 mL, 1 M in THF) was then added,

and the mixture was stirred for another 1 h, and than poured into water (200 mL). The product
was extracted with a mixture of hexanes-ethyl daeet&:1, 3x70 mL), and the combined organic
phase was washed with water (2x70 mL), dried o\ ®. The drying agent was filtered off and the

filtrate was evaporated to dryness. The crude misduere purified either by distillation or by coin

chromatography.

1-(Difluoromethyl)cycloheptanol 4 was prepared according to general procedure A.prbduct
was purified by distillation (25 mbar, 89-92 °Cl@less crystals; 2.28 g (yield 45%)m.p. 35—
36 °C; Vina(KBr) 3500-3200 (br), 2933, 2863, 1464, 1448, 118006, 1062, 1047, 1032 ¢m'H
NMR (500 MHz, CDC})), é: 5.47 (t,J = 56.7 Hz, 1H), 1.88-1.73 (m, 3H), 1.73-1.57 (rh}),61.58-
1.45 (m, 4H);"*C NMR (126 MHz, CDG)), &: 118.5 (t,J = 248.2 Hz), 75.4 () = 20.0 Hz), 34.4 (s),
29.8 (s), 21.8 (s)'F NMR (376 MHz, CDGJ), 5: -132.8 (dJ = 56.8 Hz); Anal. calcd. for §&l,4F,0:
C, 58.52; H, 8.59. Found: C, 58.35; H, 8.83.

1-(Difluoromethyl)cyclohexanol 5 was prepared according to general procedure A.prbduct
was purified by distillation (25 mbar, 82—-85 °Cpl@less crystals; 2.80 g (yield 60%h.p. 38—39
°C; Vinax(KBr) 3500-3250 (br), 2939, 2866, 1450, 1286, 110143, 1093, 1083, 1052 &n'H NMR
(500 MHz, CDCY}), &: 5.46 (t,J = 56.6 Hz, 1H), 1.77-1.56 (m, 8H), 1.55-1.41 (H),21.30-1.15 (m,
1H); **C NMR (126 MHz, CDGJ), 5: 118.0 (t,J = 247,3 Hz), 71.8 () = 19,8 Hz), 30.1, 25.6, 20.5.
% NMR (376 MHz, CDGJ), &: -134.8 (d,J = 56.6 Hz); Anal. calcd. for {&l,,F,0: C, 55.99; H, 8.05.
Found: C, 56.18; H, 7.96.

1-(Difluoromethyl)cyclopentanol 6 was prepared according to general procedure A.prbduct
was purified by distillation (25 mbar, 75-78 °Chl@less liquid; 2.36 g (yield 56%);,.{ KBr) 3595,
3560-3200 (br), 2960, 2877, 1633, 1442, 1386, 11930, 1056, 1018 cf *H NMR (500 MHz,
CDCly), &: 5.66 (t,J = 56.4 Hz, 1H), 2.11 (s, 1H), 1.91-1.77 (m, 4H}4k1.55 (m, 4H)!*C NMR
(126 MHz, CDC}), &: 117.1 (tJ = 244.9 Hz), 82.0 () = 21.7 Hz), 34.6 (s), 24.3 (sfF NMR (376
MHz, CDCL), 6: -130.3 (d,J = 56.6 Hz); Anal. calcd. for ¢El,oF0O: C, 52.93; H, 7.40. Found: C,
53.17; H, 7.68.

4-(Difluoromethyl)heptan-4-ol 8 was prepared according to general procedure A pfdeuct was
purified by distillation (25 mbar, 72—74 °C). Cdbss liquid; 3.19 g (yield 62%Mma{KBr) 3604,
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3550-3300 (br), 2964, 2877, 1467, 1108, 1062, 108% *H NMR (400 MHz, CDCJ), &: 5.60 (t,J =
56.3 Hz, 1H), 1.70 (s, 1H), 1.62 — 1.46 (m, 4H}{61- 1.28 (m, 4H), 0.94 (f = 7.2 Hz, 6H);*C
NMR (126 MHz, CDC}), &: 117.8 (t,J = 247.3 Hz), 74.4 (1) = 20.3 Hz), 36.0(s), 16.1 (s), 14.7 (S);
%F NMR (376 MHz, CDGJ), &: -133.3 (d,J = 56.3 Hz). Anal. calcd. for ¢&l,¢7,0: C, 57.81; H, 9.70.
Found: C, 57.97; H, 9.51.

E-1-Difluoromethyl-4-phenyl-cyclohexanol E-9 was prepared according to general procedure A.
The product was purified by column chromatographiexanes : EtOAc = 3:1, {R0.45). White
crystals; 2.03 g (yield 29%); m.p. 50-51; Vma{KBr) 3500-3200 (br), 2950, 2865, 1492, 1452, 1357,
1114, 1101, 1057 cm'H NMR (500 MHz, CDC}), &: 7.36 (t,J = 7.5 Hz, 2H), 7.31-7.22 (m, 3H),
5.89 (t,J = 55.9 Hz, 1H), 2.78 (tt = 10.6, 3.8 Hz, 1H), 2.25 (s, 1H), 2.14 Jd; 13.2 Hz, 2H), 2.03 —
1.94 (m, 2H), 1.84-1.63 (m, 4HYC NMR (126 MHz, CDG)), 8: 145.4 (s), 128.6 (s), 126.9 (s), 126.3
(s), 116.9 (tJ = 246.2 Hz), 71.1 (tJ = 19.7 Hz), 41.9 (s), 32.4 (s), 29.2 ¥¥.NMR (376 MHz,
CDCly), 8: -134.0 (d,J = 55.9 Hz). Anal. calcd. for €H;6F0: C, 69.01; H, 7.13. Found: C, 68.88; H,
7.28.

Z-1-Difluoromethyl-4-phenyl-cyclohexanol Z-9 was prepared according to general procedure A.
The product was purified by column chromatographiexanes : EtOAc = 3:1, {R0.55). White
crystals; 2.59 g (yield 37%); m.p. 64—65 ¥m.{(KBr) 3542, 3500-3350 (br), 2944, 2862, 1494, 1442,
1386, 1168, 1118, 1060, 1051 &mH NMR (500 MHz, CDCJ), &: 7.36 (t,J = 7.5 Hz, 2H), 7.29 (d]
= 7.3 Hz, 2H), 7.26 (t) = 7.2 Hz, 1H)6 5.56 (t,J = 56.6 Hz, 1H), 2.56 (tt] = 12.05, 3.0 Hz, 1H),
2.02 — 1.78 (m, 7H), 1.70 (td,= 13.7, 3.9 Hz, 2H)**C NMR (126 MHz, CDG)), 5: 146.6 (s), 128.5
(s), 126.9 (s), 126.3 (s), 118.0, Jt= 246.9 Hz), 71.2 (J = 20.9 Hz), 43.7 (s), 30.2 (s), 27.8 (SF
NMR (376 MHz, CDC})), 3: -134.1 (d,J = 56.6 Hz). Anal. calcd. for gH;¢F,0: C, 69.01; H, 7.13.
Found: C, 68.91; H, 7.25.

Ethyl 6,6-difluoro-5-hydroxy-5-methylhexanoate 11 was prepared according to general procedure
A. The product was purified by column chromatogsaffiexanes : EtOAc = 5:1,:R0.23). Colorless
liquid; 2.73 g (yield 42%)yvma{KBr) 3600-3200 (br), 2983, 2944, 1731, 1718, 1486577, 1192,
1093, 1062 cify *H NMR (500 MHz, CDCJ), &: 5.52 (t,J = 56.6 Hz, 1H), 4.13 (g] = 7.1 Hz, 2H),
2.34 (t,J = 7.2 Hz, 2H), 2.19 (s, 1H), 1.84 — 1.68 (m, 2HBE3 — 1.51 (M, 2H), 1.30 — 1.19 (M, 6H);
¥3C NMR (126 MHz, CDG)), 8: 173.6 (s), 117.7 (f] = 247.6 Hz), 72.6 (] = 21.5 Hz), 60.6 (s), 34.6
(s), 34.4 (s), 19.8 (s), 18.1 (s), 14.3 (& NMR (376 MHz, CDGJ), &: -132.0 (dd,J = 279.4, 56.6
Hz, 1F), -133.6 (dd] = 279.4, 56.6 Hz, 1F). HRMS (Blcalcd. for [M] CgH1¢F>,05" 210.1062, found
210.1061.

(1,1-Difluor o-3-methoxy-2-methylpr opan-2-yl)cyclopropane 13 was prepared according to
general procedure B. The product was purified Isfiliition (7 mbar, 89-91 °C). Colorless liquid,;
2.73 g (yield 53%)yma(KBr) 3600-3200 (br), 3093, 3012, 2935, 2900, 281373, 1456, 1419, 1382,
1189, 1114, 1059 cm*H NMR (500 MHz, CDCJ), &: 5.73 (t,J = 56.2 Hz, 1H), 3.63 (d] = 9.6 Hz,
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1H), 3.40 (s, 3H), 3.35 (d, = 9.6 Hz, 1H), 2.51 (s, 1H), 0.966-0.847 (m, 161556-0.547 (m, 1H),
0.503-0.320 (m, 3H)**C NMR (126 MHz, CDGJ), &: 116.8 (t,J = 247.9 Hz), 74.7 (s), 71.6 @,=

21.0 Hz), 59.6 (s), 11.0 (s), -0.4 (s), -1.4 {&; NMR (376 MHz, CDGCJ), 5: -132.0 (ddJ = 282.4,
56.1 Hz, 1F), -136.3 (dd] = 282.5, 56.3 Hz, 1F). Anal. calcd. forHG,F,0,: C, 50.60; H, 7.28.
Found: C, 50.89; H, 7.50.

4-(Difluoromethytetrahydro-2H-pyran-4-ol 14 was prepared according to general procedure B.
The product was purified by column chromatograpHgxanes : EtOAc = 2:1,{0.3). m.p. 80—
81 C; White solid; 2.45 (yield 52%); vma{KBr) 3550-3200 (br), 2972, 2875, 1388, 1288, 1247,
1203, 1132, 1051 ¢ *H NMR (500 MHz, CDCJ), &: 5.47 (t,J = 56.3 Hz, 1H), 3.84 (dd} = 11.4,

5.0 Hz, 2H), 3.75 (dd] = 11.9 HzJ = 11.8 Hz 2H), 2.26 (s, 1H), 1.83 (tt= 13.1, 5.1 Hz, 2H), 1.48
(d, J = 13.8 Hz, 2H);*C NMR (126 MHz, CDG)), 5: 117.2 (t,J = 246.7 Hz), 69.6 () = 21.5 Hz),
62.5 (s), 30.5 () = 3.0 Hz);"F NMR (376 MHz, CDG)), 3: -135.4 (d,J = 56.3 Hz). Anal. calcd. for
CeH10F02: C, 47.37; H, 6.63. Found: C, 47.52; H, 6.39.

1-Benzyl-3-(difluoromethyl)pyrrolidin-3-ol 16 was prepared according to general procedure A.
The product was purified by column chromatograpHgxanes : EtOAc = 1:1+3% triethylamine,
R=0.5). Colorless liquid; 4.08 g (yield 58%). Foetbcale-up synthesis, 50 g of 1-benzylpyrrolidin-3-
one was used as the starting material and 35 g)(6#%benzyl-4-(difluoromethyl)piperidin-4-ol was
obtained according to general procedure A, butguproportional amounts of reactants. In this case
the product was purified by distillation (2.7 mbat1-113 °C)va(KBr) 3600-3200 (br), 2950, 2811,
1650, 1604, 1454, 1382, 1211, 1135, 1058 ciH NMR (500 MHz, CDC)), 8: 7.43 — 7.18 (m, 5H),
5.74 (t,J = 56.1 Hz, 1H), 4.14 (s, 1H), 3.63 (dus 42.0, 12.7 Hz, 2H), 3.00 — 2.86 (m, 1H), 2.6d, (d
J=25.3, 10.6 Hz, 2H), 2.46 (dd= 16.4, 8.0 Hz, 1H), 2.28 — 2.15 (m, 1H), 1.92.781(m, 1H);"*C
NMR (126 MHz, CDC}), 6: 137.8 (s), 129.1 (s), 128.4 (s), 127.4 (s), 116.2= 245.0 Hz), 79.8 ({J
=21.7 Hz), 61.2 (s), 60.1 (s), 53.1 (s), 34.5%):NMR (376 MHz, CDGJ), 5: -130.7 (dd,J = 280.2,
56.1 Hz, 1F), -131.8 (dd) = 280.1, 56.2 Hz, 1F). HRMS (EH 3NBA) calcd. for [M+H]
CyH16F,NO" 228.1194, found 228.1196.

1-Benzyl-4-(difluoromethyl)piperidin-4-ol 17 was prepared according to general procedure A. The
product was purified by column chromatography (Heea: EtOAc = 1:1+3% triethylamineR.5).
Colorless liquid; 6.57 g (yield 88%). For the seafesynthesis, 60 g of N-benzyl-4-piperidone was
used as starting material and 68 g (89%) of 1-beffdifluoromethyl)piperidin-4-ol was obtained
according to general procedure A, but using praaat amounts of reactants,,(KBr) 3550-3150
(br), 2954, 2819, 1652, 1602, 1454, 1365, 1305711922, 1058 city "H NMR (500 MHz, CDC}),
d: 7.41 — 7.23 (m, 5H), 5.51 @,= 56.4 Hz, 1H), 3.57 (s, 2H), 2.77 @= 11.3 Hz, 2H), 2.37 (tdl =
11.7, 2.0 Hz, 2H), 1.89 (s, 1H), 1.83 (fid= 13.3, 4.4 Hz, 2H), 1.60 (d,= 12.4 Hz, 2H)*C NMR
(126 MHz, CDC}), 3: 138.4 (s), 129.2 (s), 128.4 (s), 127.2 (s), 8X¥.J = 246.5 Hz), 70.1 (t) =
21.1 Hz), 63.1 (s), 47.9 (s), 30.2 (SF NMR (376 MHz, CDGJ), 5: -134.46 (dJ = 56.4 Hz). HRMS

(EI" + 3NBA) calcd. for [M+H] Cy3H1sF,NO" 242.1351, found 242.1349.
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1-Benzyl-3-(difluoromethyl)piperidin-3-ol 18 was prepared according to general procedure A. The
product was purified by column chromatography (Heeea: EtOAc = 1:1+3% triethylamineR.5).
Colorless liquid; 4.03 g (yield 54%). Alternativelhe product can be purified by distillation (2.7
mbar, 119-120 °CYn.(KBr) 3600-3200 (br), 2948, 2806, 1662, 1585, 148371, 1297, 1147, 1105,
1058 cnt; 'H NMR (500 MHz, CDC}), &: 7.35-7.19 (m, 5H), 5.61 (t, J = 55.9 Hz, 1H),33(5, 2H),
3.31 (s, 1H), 2.76 (d, J = 10.7 Hz, 1H), 2.67 (d,11..2 Hz, 1H), 2.22 (d, J = 11.0 Hz, 1H), 2.G¥, &
=11.3, 3.2 Hz, 1H), 1.89-1.74 (m, 1H), 1.73 — 1(&6 2H), 1.50 (dt, J = 13.1, 6.6 Hz, 1H)C NMR
(101 MHz, CDC}), 6: 137.52 (s), 129.0 (s), 128.4 (s), 127.4 (s), 116.J = 245.6 Hz), 70.5 (t, J =
21.6 Hz), 62.7 (s), 57.4 (t, J = 3.9 Hz), 53.2 8.2 (s), 20.5 (s)**F NMR (376 MHz, CDG)), 5: -
134.90 (d, J = 56.0 Hz). Anal. calcd. fors8,/#/,NO: C, 64.71; H, 7.10; N, 5.81. Found: C, 64.96; H,
7.29; N, 6.01.

1-Benzhydryl-3-(difluoromethyl)azetidin-3-ol 19 was prepared according to general procedure
The product was purified by column chromatograpHgxanes : EtOAc = 2:1,;R0.55). Yellow oil;
1.61 g (yield 18%)yma{KBr) 3600-3200 (br), 3062, 3027, 2958, 2848, 18899, 1492, 1452, 1226,
1095, 1068, 1027 ch 'H NMR (500 MHz, CDCJ), &: 7.50 — 7.15 (m, 10H), 6.01 (t, J = 55.6 Hz,
1H), 4.45 (s, 1H), 3.47 (d = 9.4 Hz, 2H), 3.17 (s), 3.11 (d,= 9.3 Hz, 2H)>*C NMR (126 MHz,
CDCly), 6: 141.6 (s), 128.7 (s), 127.49 (s), 115.99 @& 243.6 Hz), 77.5 (s), 69.5 = 23.1 Hz), 60.3
(t, J = 3.8 Hz)°F NMR (376 MHz, CDGJ), &: -134.17 (d,J = 55.7 Hz). HRMS (El+ 3NBA) calcd.
for [M+H]" Ci7;H1gF,NO"™ 290.1351, found 290.1350.

1-Benzylpyrrolidin-3-yl-1,1-difluoropropan-2-ol 20 was prepared according to general procedure
A. The product was purified by column chromatogsagHexanes : EtOAc = 1:1+3% triethylamine,
Ri=0.5). Colorless liquid; 3.71 g (yield 47%);ma{(KBr) 3600-3200 (br), 2973, 2807, 1658, 1454,
1380, 1352, 1211, 1128, 1089, 1061 'chid NMR (500 MHz, CDC}), 6: 7.43 — 7.20 (m, 1H), 5.65 (t,
J =57 Hz, 0.6H), 5.59 (] = 56,35 Hz, 0.4H), 3.91 (s, 1H), 3.63 (s, 2H)52(@8,J = 7.9 Hz, 0,44H),
2.90 — 2.73 (m, 1.7H), 2.50 @,= 8.1 Hz, 0.7H), 2.44 — 2.23 (m, 2.6H), 2.06 -61(8, 2.24H), 1.24
(s, 1.77H), 1.20 (s, 1.35HJC NMR (126 MHz, CDGJ), &: 138.5 (s), 138.3 (s), 128.7 (s), 128.7 (s),
128.6 (s), 128.5 (s), 128.4 (s), 127.4 (s), 123)3117.9 (tJ = 249.28 Hz), 117.2 (] = 247.38 Hz),
74.0 (t,J = 20.39 Hz), 73.7 (s), 73.7 (s), 73.7Jt7 20.11 Hz), 60.0 (s), 59,8 (s), 55.4 (s), 55.0 (s)
53.3 (s), 52.7 (s), 41.9 (s), 41.1 (S), 24.6 (4)12s), 19.1 (s), 18.4 (S)F NMR (376 MHz, CDG)),
d: -127.9 (ddJ = 280.2 Hz, 56.3 Hz, 1F), -134.1 (d#i= 280.1,J = 56.6 Hz, 1F), -129.0 (dd, =
283.8 Hz, 56.1 Hz, 1F), -136.6 (ddl,= 283.8,J = 57.2 Hz, 1F). HRMS (El+ 3NBA) calcd. for
[M+H] " C4H2FNO* 256.1507, found 256.1507.

1,1-Difluoro-2-(pyridin-4-yl)propan-2-ol 21 was prepared according to general procedure C. The
product was purified by column chromatography (Hesa: EtOAc = 1:2, R0.3). White solid; 3.91 g
(yield 73%); m.p. 84—85C2 v (KBr) 3300-3000 (br), 2985, 2809, 2636, 1608, 141384, 1228,
1159, 1106, 1061, 1007 €mH NMR (500 MHz, CDCY)), 5: 8.53 (d,J = 5.9 Hz, 2H), 7.49 (d] = 5.6
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Hz, 2H), 5.70 (tJ = 56.2 Hz, 1H), 4.98 (s, 1H), 1.64 (s, 383. NMR (126 MHz, CDGJ), &: 150.1
(s), 149.6 (s), 121.3 (s), 116.6 Jtz 250.0 Hz), 73.7 (1] = 22.2 Hz), 22.4 (s)*F NMR (376 MHz,
CDCly), &: -129.6 (dd,) = 278.9, 56.1 Hz, 1F), -130.5 (dii= 279, 56.4 Hz, 1F). HRMS (Blcalcd.
for [M]* CsHgF.NO* 173.0647, found 173.0645.

1,1-Difluoro-2-phenylpropan-2-ol 22 was prepared according to general procedure Cpiidauct
was purified by distillation (7 mbar, 72—74 °C).|l@tess liquid; 3.04 g (yield 57%Yma(KBr) 3600-
3200 (br), 2939, 2877, 1604, 1448, 1386, 1348, 12089, 1072, 1057, 1029 &m'H NMR (500
MHz, CDCL), 8: 7.54 (d,J = 7.4 Hz, 2H), 7.48-7.39 (m, 2H), 7.39 — 7.33 ({H), (m, 2H), 5.74 (tJ
= 56.4 Hz, 1H), 2.55 (s, 1H), 1.67 (s, 3fC NMR (126 MHz, CDGJ), 5: 140.5 (s), 128.5 (s), 128.2
(s), 125.9 (s), 117.0 (§,= 249.2 Hz), 74.3 (] = 22.0 Hz), 22.4 (s}’F NMR (376 MHz, CDG)), &: -
129.46 (dd,J = 276.1, 56.1 Hz, 1F), -130.9 (db>= 276.1, 56.8 Hz, 1F). Anal. calcd. fostGoF,0: C,
62.78; H, 5.85. Found: C, 62.53; H, 5.64.

2-(4-(Dimethylamino)phenyl)-1,1-difluoropropan-2-ol 23 was prepared according to general
procedure C. The product was purified by columrostatography (Hexanes : EtOAc = 2:1=R5).
Yellow crystals; 2.33 g (yield 35%); m.p. 42—43; Y,.{KBr) 3550-3100 (br), 2993, 2892, 2856,
1616, 1519, 1484, 1465, 1317, 1199, 1149, 10952,10851 crit; 'H NMR (500 MHz, CDC)), &:
7.40 (d,J =8.8 Hz, 2H), 6.77 (d] = 8.9 Hz, 2H), 5.71 (1) = 56.7 Hz, 1H), 2.98 (s, 6H), 2.58 (s, 1H),
1.65 (s, 3H)°C NMR (126 MHz, CDG)), &: 150.3 (s), 128.1 (s), 126.7 (s), 117.2)(t 249.1 Hz),
112.3 (s), 73.9 (tJ = 22.0 Hz), 40.5 (s), 22.0 (F NMR (376 MHz, CDCJ), &: -129.6 (dd,J =
274.2, 56.3 Hz, 1F), -130.6 (dd,= 274.1, 57.1 Hz, 1F). HRMS (Blcalcd. for [M] Cy;H;sF,NO"
215.1116, found 215.1118.

2-(4-Bromophenyl)-1,1-difluoropropan-2-ol 24 was prepared according to general procedure C.
The product was purified by distillation (1 mbaB—&9 °C). Yellow liquid; 5.37 g (yield 69%);
VmadKBr) 3581, 3550-3200 (br), 2987, 2942, 2879, 15048, 1402, 1346, 1141, 1074, 1051, 1010
cm®; *H NMR (500 MHz, CDC)), &: 7.52 (d,J = 8.2 Hz, 2H), 7.39 (d] = 8.1 Hz, 2H), 5.67 (1] =
56.4 Hz, 1H), 2.39 (s, 1H), 1.63 (s, 3K NMR (126 MHz, CDGJ)), 8: 139.4 (s), 131.6 (s), 127.8 (s),
122.6 (s), 116.7 (1] = 249.5 Hz), 74.2 (] = 22.2 Hz), 22.5 (syF NMR (376 MHz, CDG)), 8: -129.8
(dd,J = 277.2, 56.1 Hz, 1F), -130.8 (dd,= 277.2, 56.7 Hz, 1F). Anal. calcd. fogHGEBrF,0O: C,
43.06; H, 3.61; Br, 31.83. Found: C, 43.32; H, 3B4 31.55.

4-(1,1-difluor o-2-hydr oxypropan-2-yl)benzonitrile 25 was prepared according to general
procedure C. The product was purified by columrooiatography (Hexanes : EtOAc = 4:17R27)
m.p. 68-69 €; Yellow crystals; 5.37 g (yield 63%Y.(KBr) 3500-3300 (br), 2993, 2973, 2240,
1610, 1506, 1411, 1353, 1209, 1159, 1097, 10727 105" ‘H NMR (500 MHz, CDC)), §: 7.75 —
7.56 (M, 4H), 5.69 (&) = 56.2 Hz, 1H), 2.62 (s, 1H), 1.67 (s, 3fC NMR (126 MHz, CDG), &:
145.6 (s), 132.3 (s), 127.0 (s), 118.6 (s), 116.4 £ 250.0 Hz), 112.2 (s), 74.3 (= 22.4 Hz), 22.6
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(s).*F NMR (376 MHz, CDGJ), &: -129.64 (dd,) = 278.9, 56.0 Hz, 1F), -130.64 (dbz 279.0, 56.5
Hz, 1F). HRMS (E) calcd. for [M] CiHsF.NO" 197.0647, found 197.0648.

Acknowledgment

This work was supported by Enamine Ltd., Kyiv, Ukea We acknowledge Sergii Afonin and

Denis V. Bylina for carrying out HRMS analysis.

10.
11.
12.
13.

References

(a) Wang, J.; Sanchez-Roselld, M.; Acefia, J. U.Pdeo, K.; Sorochinsky, A. E.; Fustero, S.;
Soloshonok, V. A.; Liu, HChem. Rev. 2014, 114, 2432. (b) Ojima, |. EdFluorine in
Medicinal Chemistry and Chemical Biology; Wiley-Blackwell: Chichester, 2009.

Kirsch, P., Ed.Maodern fluoroorganic chemistry: synthesis, reactivity, applications, Wiley-
VCH Verlag GmbH & Co. KGaA: Weinheim, 2004.

Meanwell, N. A.J. Med. Chem. 2011, 54, 2529.

Narjes, F.; Koehler, K. F.; Koch, U.; Gerlach, Bglarusso, S.; Steinkihler, C.; Brunetti, M.;
Altamura, S.; De Francesco, R.; Matassa, \BiGorg. Med. Chem. Lett. 2002, 12, 701.

(a) Shen X.; Miao W.; Ni C.; Hu &Angew. Chem. Int. Ed. 2014, 53, 775. (b) Wang X; Liu G.,
Xu X.-H.; Shibata N; Tokunaga E.; ShibataAhgew. Chem. Int. Ed. 2014, 53, 1827. (c) Shen
X.; Liu Q.; Luo T.; Hu J.Chem. - Eur. J. 2014, 20, 6795. (d) Levin V. V.; Trifonov A. L.;
Zemtsov A. A.; Struchkova M. I.; Arkhipov D. E.; IBian A. D.Org. Lett. 2014, 16, 6256 (e)
Thomoson C. S.; Tang X.-J.; Dolbier W. R.2J1Org. Chem. 2015, 80, 1264.

(a) Mykhailiuk, P. K.; Radchenko, D. S.; Komarow! J. Fluorine Chem. 2010, 131, 221. (b)
Mykhailiuk, P.; Tkachenko, A.; Radchenko, D.; Skish O.; Tolmachev, A.; Komarov, |.
Synthesis 2012, 44, 903. (c) Radchenko, D. S.; Michurin, O. Mhethykh, A. V.; Lukin, O.;
Mykhailiuk, P. K. Tetrahedron Lett. 2013, 54, 1897.

(a) Hu, J.; Zhang, W.; Wang, €Ehem. Commun. 2009, 7465. (b) Liang, T.; Neumann, C. N.;
Ritter, T.Angew. Chem. Int. Ed. 2013, 52, 8214—-8264.

Surya Prakash, G. K.; Hu, J.; Wang, Y.; Olah, GE#. J. Org. Chem. 2005, 11, 2218.
Beier, P.; Alexandrova, A. V.; Zibinsky, M.; Praka$s. K. Tetrahedron 2008, 64, 10977.
Prakash, G. K. S.; Hu, J.; Wang, Y.; Olah, GJA=luorine Chem. 2005, 126, 527.
Shen, X.; Zhang, W.; Ni, C.; Gu, Y.; Hu,JJ Am. Chem. Soc. 2012, 134, 16999.
Tyutyunov A. A.; Boyko V. E.; Igoumnov S. NFluorine Notes 2011, 74, 1.

(a) Gu Y.; Leng X.; Shen QNat. Commun. 2014, 5, 5405. (b) Matheis C.; Jouvin K.; Goossen
L. J. Org. Lett. 2014, 16, 5984.

13



14. (a) Ruppert I.; Schlich K.; Volbach Wetrahedron Lett. 1984, 25, 2195. (b) Prakash G. K. S.;
Yudin A. K. Chem. Rev. 1997, 97, 757.

15. Hagiwara, T.; Fuchikami, Synlett 1995, 1995, 7, 717.
16. Zhao, Y.; Huang, W.; Zheng, J.; Hu,Gkg. Lett. 2011, 13, 5342.
17.Du, G.-F.; Wang Y.; Gu C.-Z.; Dai B.; He, RSC Advances 2015, 5, 35421.

18. Mizuta, S.; Shibata, N.; Sato, T.; Fujimoto, H.;Kdmura, S.; Toru, TSynlett 2006, 267.

14





