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Although many difluorocarben@volved reactions can be performed in the preseficeater
the reaction of difluorocarbene usingater as the only reaction medium is rare. By
TMSCFEBr as a unique difluorocarbene reagent and KHiS a mild activator, th
difluoromethylation of liquid alcohols in water gnlis described This research not or
developed an environmentally benigrocess for the synthesis of difluoromethyl ethbra,alst
provides new insights into the generation and reaatf difluorocarbene in an oil-water two-

1. Introduction

Difluorocarbene is an important intermediate thas baen
widely used in the synthesis of difluoromethyl (Yeithersgem-
difluorocyclopropa(e)nes, andem-difluoroalkenes (including
tetrafluoroethene) [1,2]. More recently, it has oalfound
applications in difluoromethylation of carbon acif®], “*F-
labeled trifluoromethylation [4], metal-mediateddroalkylation
[5] and fluorocarbon homologation [6], and
difluoromethylenative coupling reactions [7], amooiders [8].
Due to the combined inductive effect of fluorine g@ilization
effect) and m-donation from the fluorine to the carbon
(stabilization effect), difluorocarbene in its sieigground state is
a moderately electrophilic species and reacts mmote easily
with the electron-rich substrates than the elecpoor ones [1c].
In this context, structurally diverse difluorocanieeprecursors
that allow its efficient generation and further i@t under
varying conditions have been developed [1a,2} ibieresting to
note that in heteroatom-difluoromethylation with icas
difluorocarbene precursors, an alkaline base isllysneeded to
activate both the pronucleophiles and the difluarbene
precursor. Correspondingly, either a miscible ophbsic
agueous-organic solvent system is preferred toollissthe
reactants [la,le,2a-g]. However, although many dificarbene-
involved reactions, including some [2+1] cycloaddis with
alkenes, have been achieved in the presence of {1a%9,10],
there have been no report on the reaction of dificarbene with
organic compounds in water as the sole solvent [11].

In 2017, by using TMSCBr, a general and versatile
difluorocarbene source first introduced by us [2h,1we
achieved the difluoromethylation of alcohols unter activation
of mild activators such as KHRn a mixed solvent system of

1

dichloromethane/water at room temperature (Scheme[1H,
which not only addressed the synthetic problem
difluoromethylation of alcohols with difluorocarbenender
strongly basic conditions, but also showed that rdection of
alcohols with difluorocarbene can proceed readilyaimanner
different from phenols. Since our last publicatafrthis method,
it has found application in the preparation of alifluoromethyl
ethers of potential biological interest [13]. Irewi of the high
reactivity of neutral alcohols towards difluorocambeand the
mildness of the conditions for the generation dfudrocarbene
from TMSCEBr, we were curious about the reaction of alcohols
with TMSCFEBr in water only, in other words, in the absence of
organic solvent. In organic synthesis, water is oy a green
reaction medium, but also can impressively acctderaany
reactions [14]. Herein, we present our results
difluoromethylation of alcohols with difluorocarbemgnerated
from TMSCEBr under more environmentally benign conditions
(Scheme 1b). This research also provides new irssigit the
generation and reaction of difluorocarbene in a-pliase system.
We showed that in a two-phase system, the transfeanof
activated difluorocarbene precursor from the irsteidl region to
the organic phase region, which has been a chatignmiocess
even under phase-transfer catalysis [1d,9,15], mama feasible
process when TMSGBr is used as a unique reagent in the
absence of any catalyst, since TMSBi=can form a lipophilic
pentacoordinate intermediate in the interfacialoeg
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a) FPrevious work: difiluorocarpbene reaction in aqueous-organic solvent system OULICCIT Ul 1EeaLlull LUTIUTUUILIS UL LTE Ulliuuiuliiwiyins vl ailbuiiviia W|th
TMSCRBr (2).
R'._OH F F KHF, R o,
+ CF,H
RRR/"‘ TMSXBr CHCly, H,0, 1t Rzl/a ’ OH | F><F KHF; (2.0 mmol) OYF
™S “Br CH,Cly/H,0 F
b) This work: difluorocarbene reaction in water only 1a 2 1, time 3a
(0.5 mmol) (1.0 mmol)
R!__OH FF KHF2, H0 R!_O.
_2T + M ST CFH
R3 ™S “Br organ@)lvent R® Entry CH,Cl, (mL) H,O (mL) Time (min) 3a, Yield (%) 2, Conv. (%}
Scheme 1. Difluoromethylation of alcohols with TMSGBr. 1 05 0.3 60 28 32
2 0.3 0.3 60 44 40
2. Resultsand discussion 3 01 03 60 60 51
o _ o 4 0 0.3 10 45 32
2.1. Optimization of reaction conditions 5 0 03 20 97 g5
At the onset of our investigation, we chose alcdtolas a :
model substrate to survey the influence of organigent on the 6 0 0.6 60 82 98
reaction (Table 1; and Table S-2 in Electronic suppg 7 0 1.2 60 67 >99
information, ESI). In our previous report, the réa@c between ) 08
alcohols and TMSCBr (2) was performed in a mixed solvent 8 0 24 60 4
system of CHCly/water (1:1, v/v) under the activation of KKHF 9 0 2.4 60+60 67 95
By us_ing the reported optim_al reactant ratio, wst finvestigated 10 0 0.15 60 82 61
the difluoromethylation ofa in water (0.6 L per mol of alcohol) " 0 ¥ 70 92

in the presence of varying volume of @H,. To reflect the
kinetic profile, the reaction was usually quencheéble the full 1z 0.3 0.3 60 - 36
consumption of the starting materials and detebieF NMR a Thle _yieI? r(l)f3a and total conver_sionpr%v@vgre c_letermilned téy”’FdNMR
analysis. As shown in Table 1, the reaction was seediv the  analysis of the reaction mixture using an internal standard.
volume of CHCIl, Decreasing the volume of GEl, a&:g%%g?ggﬁq'?nh of TMSGBr (1.0 mmol) and KHF (2.0 mmol) were
significantly accelerated the reaction, which prdpasose from  ¢The reaction was conducted in the absence of aldaho

the increase of the concentration of both reactdmstsand

TMSCFBr (Table 1, entries 1-3). Considering that bottoabl  2.2. Scope and limitation

la and TMSCEBr are liquid and of low solubility in water at We examined the substrate scope of the reactiowelet
ambient temperature, we performed the reaction iremanly.  alcohols and TMSCBr in water only. As shown in Table 2,
Surprisingly, the reaction proceeded much fastantin the primary, secondary, and tertiary cohols that ageidi at ambient
mixed solvent system (Table 1, entries 4 and 5)e Thtemperature readily underwent the reaction to give
difluoromethyl ethea was produced in 979%F NMR yield in  difluoromethyl ethers in moderate to excellent ggel For
half an hour (Table 1, entry 5). Encouraged by firniding, we  primary alcohols Ya-1k), the reaction was conducted by using
further investigated the influence of the amounivater. When 2.0 equiv of TMSCEBr and 4.0 equiv of KHfin water (0.6 mL
more water was used, a nearly complete consumption gfer mmol of alcohol). The reaction typically contpld in 2 h.
TMSCEBr gave much lower yields &a (Table 1, entries 6-8), For secondary alcoholdl¢1s), 3.0 equiv of TMSCHBr and 6.0
and the addition of a second portion of reagenthén improved equiv of KHF, were needed due to the steric hindrance of
the yield (Table 1, entry 9). When less water (0.pdr mol of  alcohols towards difluorocarbene, and prolongedtima¢ime (6
alcohol) was used, a 61% consumption of TM@ZHed to the  h) was required to achieve high yields. When aasyrtalcohol
formation of3a in 82% yield, showing an enhanced conversion(it) was subject to the reaction, the use of more amofin
of TMSCREBr to 3a (Table 1, entry 10); however, the reaction TMSCREBr (4.0 equiv) and KHE (8.0 equiv) was necessary to
was retarded to some extent due to the insuffidesolution of  ensure the efficient conversion of alcolivlinto difluoromethyl
KHF, in water (39.2 g/100 mL, 26C). This phenomenon is ether3t, and the reaction completed in 12 h. Compareduto o
different from the extensively studied “on-wateracgion, where  previous report [2a], the reaction in water couldowf the
the reaction occurs in the oil-water interface anddt influenced  difluoromethyl ethers in comparable or higher yse{d@able 23g,
by the amount of water [14]. In our current reactiéhthe  3h, 3p, and3r-t).

difluoromethylation ofta mainly occurs in the interfacial region, In the cases of solid alcohols, the difluoromettigta at
although much more water could dilute the activadbi~,, and  ambient temperature was found to be of very low igfficy. For
thus result in a lower concentration of pentacoa@tdinsilicate example, reaction of hexadecan-1-ol1x)( gave the
intermediate generated at the oil-water interfalse,donversion difluoromethyl ether3x in only 24% yield, despite complete
of TMSCEBr to 3a should not decrease, because theconsumption of TMSCBr. It was found that heating, which
concentrations ofla and TMSCEBr do not change. The allows melting the alcohols to liquid, is a viableyta improve
observed decrease of the utilization of TM$BFas the increase the reaction. For alcohols with moderate meltinghfo{lu-1aa)

of the amount of water indicates that the difluortmkation  (for details, see Sl), performing the reaction atemperature
mainly occurs in the organic phase, as the transfer of the slightly higher than the melting points of theseodilols afforded
pentacoordinate silicate intermediate can be infled by its the corresponding difluoromethyl ethers in gooddge3u-3aa).
concentration in the interfacial region. Moreoverontrol As a complementary and an alternative approachetieion
experiments showed that TMS@EF was consumed at the of solid alcohols can also proceed in water at antbie
similar rate no matter in the presence or absehda ¢Table 1, temperature with the addition of a minimum volumeCef,Cl, to
entries 10 and 12), suggesting that a controllddase of dissolve the alcohols (Table 3). Thus, adding,Clk(0.2 L per
difluorocarbene from TMSCBr and an efficient capture of mol of alcohol) into the reaction mixture of alcddaith varying
difluorocarbene by enhancing the concentrationadrel would  melting points, TMSCBr and KHF; in water (0.6 mL per mmol
be helpful for improving the difluoromethylation. of alcohol) resulted in the production of difluorethyl ether3 in
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Table?2

Scope of alcohol8.
KHF; (4.0-8.0 equiv)
H,0 (0.3 mL)

R-OH + e R-0—~
TMS™ 'Br rtor75°C, 2-12 h F
1 2 3
(0.5 mmol) (2.0-4.0 equiv)

Liquid alcohols (at room temperature)

3a,n=0,R=H, 77% (96%)
3b,n=1,R=H, 89% (99%)
F 3c,n=1,R=CF3 90%°
3d,n=1,R=Cl, 93%
3e,n=2,R=H, 92% (99%)°

éNoTF

3, 91% (98%)°

F
fosae
R

1 F
O F 0" F )\
Y O e

3h, 89%° (94%° [87%]) 3i, 94%°

F

A

(6] F

/@/\)\RZ
R!

3l, R'=H,R?=Me, 96%
3m, R' = H, R? = Et, 92%°
3n, R' = OMe, R? = Me, 95%°

oL G

30, 90%° 3p, 98% [96%)]

39, 92%C [95%)

o
)K/\@\ F
o/\Mn/\o)\F

3j, n=1,73%°
3k, n =3, 89%°

E
O)\F

\/\/\)\

3q, 77%° (97%)°

F F

o5 ol

3r, 90%%9 (99%%9 [91%]) 3s, 97% (99% [88%)])

Solid alcohols (at 75 °C)
F
o

F
3w, 65%° (76%)° 3x, 94%°

3u, R =Me, 77%° (92%° [77%])
3v, R=cyano, 57%° (63%° [81%)])

3y, 79%C (88%° [90%)) 3z, 61%C [93%] 3aa, 73%° [90%]

F
O)\F

w

3t, 81%° (97%° [79%])

& For primary alcohols, 2.0 equiv &fand 4.0 equiv of KHfFwere used, and
the reaction was typically complete within 2 h; &®condary alcohols, 3.0
equiv of2 and 6.0 equiv of KHfwere used, and the reaction was typically
complete within 6 h.

® Yields determined byigF NMR analysis using PhOGFas an internal
standard were given in the parentheses. Reporé&idisyf2a] for the reaction
conducted in CbCl/water (0.3 mL/0.3 mL) were given in the square
brackets.
°KOAc was used instead of KHF
4 The final yields were determined at 12 IConditions:2 (4.0 equiv), KHE
(8.0 equiv), 12 h.

on HO O._..OMe
HO\)\/OH HO" "'OH
OH
Glycerol (1ac) a-D-Methylglucoside (1ad)

Figure 1. Unsuccessful examples.

R aT T EE S ameeence of
minimum amount of dichloromethahe

R F KHF3 (2.0 mmol) F

R-OH + X R*0—<

TMS” “Br  H,0 (0.3 mL)/CH,Cl, (0.1 mL) F

i, 2h
1 2 3
(0.5 mmol) (1.0 mmol)

Yt oy ey

3w, 80% (93%) 3y, 92% (99% [90%)]) 3z, 97% [93%)] 3ab, 86%" [86%]

2 Yields determined by°F NMR analysis using PhOGFas an internal
standard were given in the parentheses. Reporé&ddisyf2a] for the reaction
conducted in CkCly/water (0.3 mL/0.3 mL) were given in the square
brackets.

P Conditions:2 (4.0 equiv), KHE (8.0 equiv), 12 h.

The reaction of triollac or sugar derivativelad with
TMSCEBr/KHF, in water afforded trace amount
difluoromethylation product (Figure 1), indicatitige limitation
of the current protocol when applying it to some ewatoluble
alcohols. However, ethanol, which is also misciblenwitater,
smoothly underwent the difluoromethylation, withgHgOCFH
being detected in about 30% yield, despite its tiiia
TMSCEBr-water extraction tests of alcohals, lac, lad and
ethanol in the absence of KkIBhowed that almost no alcohol
lac or lad was extracted by TMSGBr, while 95% of alcohol
1la and about 1% of ethanol entered the organic pfiesdetails,
see section 3 in ESI). Obviously, the extractionhef alcohol by
TMSCFBr is necessary for the difluoromethylation, prongl
an evidence to support that difluoromethylation a€ohols
mainly occurs in the organic phase.

To demonstrate the practicability of current protpowe
conducted the difluoromethylation of alcohtd on 10-mmol
scale in water only. After the completion of the teag a direct
'H NMR analysis of the organic phase showed that
difluoromethyl etheBa was formed with a purity of almost 90%.
After workup, the isolated yield of cruda was 85% (Scheme
2).

of

R F KHF, (40.0 mmol) F

Ph~ +
P
OH TMSXBr H,0 (6.0 mL), rt, 14 h h\/\O)\F
1a 2 3a, 85%
(10.0mmol)  (20.0 mmol) (90% purity)

Scheme 2. Large scale synthesis without purification.

2.3. Proposed mechanism

Based on our results and discussion, and takimgy&aotount
the previous mechanistic studies on reaction obera@s with
hydroxyl groups [1d,2c,16], a plausible mechanisar the
difluoromethylation of alcohols with difluorocarbeire water is
proposed (Scheme 3). In the two-phase system cionsief
TMSCREBr with an alcohol and an aqueous solution of KHF
TMSCFEBr was activated by KHFto form a pentacoordinate
silicate intermediate at the oil-water interface, abhthen enters
the organic phase under the driving force of iogihilicity
(Scheme 3, Eqg. 1). In the organic phase, BKOB released from
the pentacoordinate silicate intermediate (Schepieg3 2), and
then splits into KBr and the singlet difluorocarbefscheme 3,
Eqg. 3). The latter species interacts with two al¢oholecules to
form a five-membered complex with oxonium charadtisc],
which eventually undergoes double proton transfeteiover the
difluoromethyl ether and regenerate one alcohol emde
(Scheme 3, Eqg. 4). The complex is probably forntedugh the
interaction of the central carbon’s vacant p-otbitdth the
oxygen’s lone pair of the first alcohol moleculelahe hydrogen
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bc
molecule [1ba]. AT tne oll-waler Interrace, BrisHeleased rom
the pentacoordinate silicate intermediate readilydangoes
protonation (Scheme 3, Egs. 5 and 6), which conesstuhe
major side reaction of TMSGBr when KHRE is used as the
activator.

The feasibility of generating difluorocarbene from
TMSCREBr in the organic phase of a biphasic system ighéur
supported by thgem-difluorocyclopropanation of an electron-
rich alkene, 1,1-diphenylethene (for detail, setige 4 in ESI).

Activation of TUSCF,Br

Me3SiCF2Br (org.) [Me3Si(CF2Br)FIK* (org.)
Me3SiCFoBr (int.) + KHF (int.) === [Me3Si(CF2Br)FK" (int.) + HF (int.)

L lipophilic pentacoordinate ﬂ
silicate intermediate

()

KHF2 (aq.) HF (aq.)
Difluoromethylation of alcohols
[Me3Si(CF,Br)F] K" (org.) — BrCF, K" (org.) + MesSiF (org.) (2)

BrCFy K" (org.) ——> :CF,(org.) + KBr (org.)

KBr (aq.)

a--H
F,C \
2ROH (org.) + :CFy(org.) == +6 ,0—R — ROCF2H (org.) + ROH (org.) (4)
R™H (org)

Competitive side reactions
Me3SiF (org.)

[MesSi(CF2Br)FT K™ (int) —— BrCF, K" (int) + MesSiF (int) (5)

BrCF,H (org.)

T

BrCFyK* (int) + 2HF(int) —— BrCF,H (int) + KHF (int.) (6)

Scheme 3. Proposed mechanism for difluoromethylation of hte with
difluorocarbene in water.

2.4. A comparison with the difluoromethylation of phenols

We compared the difluoromethylation of phenblusing
water as the only solvent to that in &Hb/water (Scheme 4). As
previously reported [2g], the basic activator KOH ecessary,
which promotes the generation of
subsequent reaction with phenol (via phenolate anldsing the
reported optimal reactant ratio, the reaction inewdivithout
organic solvent) afforded produbtin moderate yield, although

Tetrahedron
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3. Conclusion

In summary, we have shown that the difluoromethytatid
primary, secondary, and tertiary alcohols by uSiMSCF.Br as
the difluorocarbene reagent and KH& a mild activator can
proceed in water only. Although no organic solvenuised, the
liquid alcohol and TMSCJBr constitute the organic phase. On
the one hand, for primary and secondary alcoholspared with
the reaction in a combined solvent system of,Clktwater, the
reaction in water only proceeded faster due to thieaeced
concentration of the reactants in the organic ph@sethe other
hand, less water can improve the conversion of TMBCFEo
difluoromethyl ethers, although the reaction can rb&arded
when the dissolution of KHFis not sufficient. In the case of
solid alcohols, dissolving the alcohols with a mioim amount
of organic solvent such as @El, is necessary. Importantly, by
probing the influence of the amount of water on the
difluoromethylation of alcohols with TMSGBr, we have
identified a new mechanism for the generation arattien of
difluorocarbene in a biphasic oil-water system, whigh
revealing for the design of new difluorocarbene egdig and the
development of new difluorocarbene reactions.

4, Experimental section

The typical procedures for the difluoromethylatmfrprimary
alcohols (liquid) are as follows: Into a 10-mL plastube
containing 2-phenylethanoll) (61 mg, 0.5 mmol) and KHF
(156 mg, 2.0 mmol) was added water (0.3 mL). Aftariaty for
a while to dissolve KHE TMSCEBr (2) (156 uL, 1.0 mmol)
was added. The reaction mixture was vigorously stieroom
temperature for 2 h, and then diluted with CH (2.0 mL) for
the determination of thEF NMR yield. For characterization of
the product, the above reaction mixture was furtheated with
water (2.0 mL) and extracted with @&, (3 x 2.0 mL). The
organic layers were combined and the solvent was vedho
under reduced pressure. The residue was purifiedflash
column chromatography on silica gel (heptanefClH 5:1, v/v)
to afford the desired produda in 77% yield (66 mg).

The procedures for the difluoromethylation of oth&rohols,
the characterization data of isolated compoundd,tae’H, *F,
and™C NMR spectra are presented in ESI.

difluorocarbene and
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Highlights
1. TMSCF,Br is aunique difluorocarbene reagent.
2. Difluoromethylation of acohols can proceed in water only.

3. Providing new insights into the generation and reaction of difluorocarbene.



