ORGANIC
CHEMISTRY

FRONTIERS

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon as it is available.

ORGANIC You can find more information about Accepted Manuscripts in the
CHEMISTRY Information for Authors.
FRONTIERS Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal’s
standard Terms & Conditions and the Ethical guidelines still apply.
In no event shall the Royal Society of Chemistry be held responsible
for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

http:/jesc.liffrontiers-organic

ROYAL SOCIETY

OF CHEMISTRY http:/rsc.li/frontiers-organic

Chinese Chemical Society



http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 6 Organic Chemistry Frontiers

> ORGANIC CHEMISTRY FRONTIERS RSCPublishing

3

4

2 TUTORIAL ACCOUNT

7

8 ; . .

9 Difluoromethyl 2-Pyridyl Sulfone: A Versatile

ﬂ o Carbonyl gem-Difluoroolefination Reagent

12 Cite this: DOI: 10.1039/x0xx00000x

13 Bing Gao, Yanchuan Zhao, Jingyu Hu, Jinbo Hu"

14

ig Received 00th January 2012, T.his tutorial accm.mt describes a robust carbonyl g.em-difluoroolefination r.eag.ent,
Accepted 00th January 2012 difluoromethyl 2-pyridyl sulfone (2-Py SO,CF,H), developed in our group recently. Guidelines

17 for its laboratory preparation and applications are presented in detail for potential users.

18 DOI: 10.1039/x0xx00000x

;‘g www.rsc.org/

21

gg Introduction and rarely used in conventional Julia-Kocienski reactions. We

24 recently succeeded in the synthesis of monofluorinated alkenes

o5 Fluoroalkenes attract extensive research interest from synthetic from aldehydes and ketones with TBT SO,CH,F.}* However, its

26 community for decades owing to their unique properties and difluoromethyl analogue (TBTSO,CF,H) could not afford the

27 important applications."* Recently, exploring reagents and gem-difluoroolefination product under similar conditions,

28 methods for the synthesis of gem-difluoroolefins with high indicating an unusual reactivity as a result of the increased

29 reliability and broad scope is particularly active.®* Taking into  fluorine-substitution. Meanwhile, the BT- and PT-sulfones also

30 account the cost and availability of the starting materials, the provide unsatisfactory results.°® We tried to make minimal

31 deoxy genative gem-difluoroolefination of carbonyl compounds modulation on difluoromethyl phenyl sulfone (PhSO,CF,H)

32 is particularly attractive.* We have recently developed a new that is known as an efficient nucleophilic difluoromethylation

33 reagent, difluoromethyl 2-pyridyl sulfone (2-PySO,CF,H), reagent.’® The optimization of the aryl group finally leaded to

34 which is capable of converting various aldehydes, ketones, even the new compound 2-Py SO,CF,H, which was later found to be

35 some lactones to  corresponding  gem-difluoroolefins a powerful gem-difluoroolefination reagent.

36 efficiently.® Preliminary mechanistic studies disclosed that this

37 reaction is a typical Julia-Kocienski olefination.>® Further 7777777 ;:’; ”””””””””””””””””””””

38 modification and innovation of reaction conditions on the basis X \SZCFZH

39 of mechanistic insights have rendered this reagent even wider (o

40 applications.”*® In this tutorial account, we aim to provide a O e oroaagny

41 detailed introduction on the preparation and application of 2- | (Hectograms-scale; commercially avaitable) | | N

42 PySO,CF,H as a difluoroolefination reagent, which we hope o 2.PySO,CFH FF

43 could serve as useful guidelines for potential users. | R,kRz Broad subsirate scope (aldehydes, ketones, lactones) I 23

a4 Easy to perate and seal up; ighly efective and chemoselective % ¥

45 RESU|tS and diSCUSSiOﬂ Fig. 1 Difluoromethyl 2-Pyridyl Sulfone and its carbonyl gem-difluoroolefination

46 reaction.

47 The Julia-Kocienski olefination has been widely employed as a

48 powerful tool to synthesize alkenes from carbonyl COI’T'IpOUI’ld’S.6 Difluoromethyl 2-pyridyl sulfone was prepared according to

49 Generally, a carbonyl substrate firstly undergoes a nucleophilic  the following procedure: 1) the difluoromethylation of 2-

50 addition with a heteroaryl sulfone-stabilized carbanion, and the  mercaptopyridine  (2-PySH) with  difluorochloromethane

51 resulting adduct rearranges spontaneously to afford a sulfinate (HCF,CI) or diethyl bromodifluoromethanephosphonate

52 salt, which fragmentizes to give the alkene product. A series of [BrCF,P(O)(OEt),];>'° 2) the oxidation of 2-PySCF,H under

53 heteroary |l sulfones have been successively developed and ejther the NalO ,/RuCly xH,0 (cat.)/CH;CN/CCl,/H,0

54 investigated since the pioneering discovery by Julia, among conditions or the H,0,/Na,WO,2H,0O(cat.)/MeOH conditions

55 which  the  1-tert-Butyl-1H-tetrazol-5-yl ~ (TBT), 13- (the later one is preferred; however, caution should be exercised

56 benzothiazol-2-yl  (BT),  1-phenyl-1H-tetrazol-5-yl  (PT) to avoid H,0, residual in the work-up step).®® The raw

57 sulfones have been found to be most effective. Nevertheless, materials are inexpensive and the reaction can be scaled up to

58 the 2-pyridyl (2-Py) sulfone derivatives have been less studied hectogram scale in laboratory without the requirement of

59

60
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chromatography purification (distillation for the first step and
crystallization for the second step). Obtained as colourless
crystalline, this reagent is fairly stable when exposed to air,
moisture, and visible light for more than two years (Fig. 1). It is
now commercially available and is also called the “Hu
reagnt”.

0.0
‘ X7 CFH
Fo _F
o ~N I
RALRZ Conditions R17OR?

Conditions A (for most aldehydes and ketones ):
1) 2-PySO,CF,H (0.5 mmol), carbonyl compounds (1.2 equiv), KOtBu (1.8 equiv), DMF, -50 °C to -40 °C;
2) NH4Cl, 3M HClI, -40 °C to rt.

T ale

R = p-NMey, 91%; R = p-Br, 72%; R =p-Ph, 81% R=H, 62%
R =24-Cl, 72%; R=m-NO2, 72% R = p-Br, 77% R = Me, 80% 87%
R = p-tBu, 74%;
R = p-MeO, 86%, and 80% (on 5 grams scale)
E
=
R F
-0 F
Nt RO~
E e} F
R = H, 40%? 84% o I,
o

R = Me, 72%° 78% (on 5 grams scale)

2 LiHMDS was used as a base; ? LIHMDS (2.2 equiv), 2-PySO,CF,H (2.0 equiv), THF/HMPA (10:1), -78 °C to rt.

Conditions B (for
1) 2-PySO,CF,H (0.2 mmol), carbonyl substrates (2 0 equiv), N(TMS)3 (2.0-2.5 equiv), CsF (2.0-2.5
equiv), DMF, rt, 8 h;

2) 2M HCl, rtto 50 °C.

F
N R = H, 60%; /\MF n=7,80%

F R = Br, 85%; n n=11,66%;

R R = MeO, 71%; F n =13, 64%

Conditions C (for diaryl ketones):
1) 2-PySO,CF,H (0.5 mmol), diaryl ketones (2.0 equiv), LIHMDS (2.0 equiv), DMF/HMPA (10:1), -60 °C, 1 h;
2) 12M HClI, -60 °C to rt, then 120-130 °C, reflux, 4-12 h.

F F F F F F
P § 1
LY R— —R
‘ = / =
R=H, 75%% R=p-F, 67%; 63% R = p-MeO, R' = p-CF; 64%;
R = p-Cl, 83%; R = p-Br, 75%; R, R = p-F, 79%;
R = p-Ph, 70%; R = p-MeO, 69%; R, R'=p-Cl, 77%;
R = m-MeO, 80%; R = 0-MeO, 72%; R, R'= p-Br, 77%;

R = p-CF3, 67%;

2 NaOtBu was used as the base.

Fig. 2 The gem-difluoroolefination of differenttypes of carbonylcompounds with
difluoromethyl 2-pyridyl sulfone.

In a typical carbonyl gem-difluoroolefination procedure (Fig.
2, Conditions A), an excess amount of base (KOtBu solved in
1.0 mL DMF, 1.8 equiv) was slowly injected into a DMF
solution of substrate (1.2 equiv) and 2-Py SO,CF,H (0.5 mmol)
at -50 °C under N, atmosphere, the reaction mixture was
subsequently warmed to -40 °C over 15 min and then quenched
with 3M HCI (Tips: the temperature during the HCI-quenching
step should be maintained at a relatively low level, -40 °C in
most cases, so as to avoid side-reactions). Normally, most of
aldenydes and ketones were readily converted to gem-

2 | J. Name., 2012, 00, 1-3

difluoroolefins in high yields. The reaction is reliable, easy-to-
operate, and reproducible even on large scales. For instance,
both anisic aldehyde (Fig. 2, 80%) and the precursor of
thrombin inhibitor SSR182289A (Fig. 2, 78%) could be
effectively converted to corresponding olefins on a 5-gram
scale.1

The fluorinated sulfinate salt, a key intermediate after the
Smiles rearrangement step in Julia-Kocienski olefination,'” was
found relatively stable under basic conditions and could be
captured by CHjl (monitored by the °F NMR). These findings
clearly suggest a Julia-Kocienski mechanism (Fig. 3, Path A).
At the onset, the 2-PySO,CF, anion undergoes nucleophilic
addition to the carbonyl group, and then a spontaneous Smiles
rearrangement takes place giving the sulfinate intermediate.
The latter species undergoes rapid protonolysis to afford the
corresponding gem-difluoroolefin when treated with an acid.
The understanding of the reaction mechanism allows chemists
to find more variations of this important reaction. For instance,
a formal nucleophilic iodo- and bromodifluoromethylation of
carbonyl compounds has been achieved by changing the
reaction pathway from olefination to alkylation.®

/gTw *> H %ﬁ‘)
N R'R®* o _NH' R'R? O

satble when pH >7 o
N

Path A
0o 0§~ <

\
i :
i :
i :
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,,,,,,,,,,,,,,,,,,,, : N i
i o NH |
|
0 L U e N
<
©
& F FF
o Tr | osh 1P y
‘ ~¢” ToH *’Z = R |- ‘\ WA S
F. 2 1l
SN \CNHO R _NH" R'R? O

Fig. 3 Optional reaction pathways on the basis of mechanistic insights.

In conventional Julia-Kocienski reactions, the nonfluorinated
heteroary | sulfone was firstly deprotonated by strong base
before its reaction with carbonyl substrates. This pre-generation
(of the carbanion) strategy can be used to extend the reaction
scope to base-sensitive substrates. However, the Barbier-type
in-situ generation protocol is essential in our reaction due to the
poor stability of the 2-Py SO,CF, anion.’® As a consequence,
enolizable aldehydes are not well tolerated under the present
highly basic conditions (Fig. 2, Conditions A). Intriguingly, by
using cesium fluoride (CsF) as an initiator and excess
tris(trimethylsilyl)amine [N(TM S);] as the base precursor,* the
gem-difluoroolefination of enolizable aldehydes  was
successfully achieved at room temperature in high yields (Fig. 2,
Conditions B). This modified reaction conditions avoid the
exposure of aldehydes to the excess amount of strong base, and
therefore suppressed the side reactions.

On the other hand, the gem-difluoolefination of diaryl
ketones had been a long-standing challenge. It was found, on
the basis of controlled experiments, that the retro-nucleophilic

This journalis © The RoyalSociety of Chemistry 2012

Page 2 of 6



Page 3 of 6

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEDRAMDIMBAEDIAEMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRERPRPRERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRARWNRPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODMWN

addition reaction would outstrip the Smile rearrangement at
elevated temperature under basic conditions. This was
tentatively ascribed to the steric hindrance of the aryl groups.
To solve the problem, we speculated that an acid-promoted
rearrangement could minimize the decomposition of the key
nucleophilic addition intermediate (Fig. 3, Path B). This
hypothesis was finally realized via a one-pot procedure.
Namely, the nucleophilic addition adduct between diaryl ketone
and 2-PySO,CF,H was quenched by acid at -60 °C in DMF
after 1 h of reaction under basic conditions; the resulting
alcohol was further subjected to solvent reflux temperature
under acidic conditions for hours until its full conversion to
corresponding gem-difluoroolefin (Fig. 2, Condition C). This
method gave satisfactory results for various diarylketones and
represented the first example of acid-promoted Julia-Kocienski
olefination.

o
Condition B (Fig 2)

_o
72%
CHO
O Condition B (Fig 2)
s
cHO
1) 2-PySO,CF,H (2.5 equiv), LIHMDS
(3.0 equiv), THF/HMPA (10:1), -78 °C to rt
° O 2) NH,CI (aq), HCI (2 M)
38% F

0 1) 2-PySO,CF,H (1.0 equiv), KHMDS (2.0 equiv),
OEt
o

DMF, -60 °C to rt

2) HCI (12 M), -50 °C to rt
74%

Fo_F
| OEt
e}

Fig. 4 The chemoselective gem-difluoroolefination of carbonyl compounds.

Functionalities under different chemical circumstances
usually exhibit different reactivity. Therefore, one could realize
selective transformations via adjusting the reactivity of the
regents or the reaction conditions.? The 2-PySO,CF,H reagent
is capable of chemoselectively gem-difluoroolefinating
different carbonyl functionalities under specific conditions (Fig.
4). For instance, the aldehyde group could be efficiently
converted to gem-difluorovinyl  group under  the
N(TMS)3/CsF/IDMF conditions while the ketone was left
untouched. This is probably due to the fact that the terminal
carbonyl group (aldehyde) was more reactive toward 2-
PySO,CF, anion than the internal one (ketone). Alternatively,
both aldehyde and ketone could be converted to olefins when
treated with excess 2-PySO,CF,H under the LIHMDS/DMF
conditions at low temperature. A similar selectivity was also
observed for Kketoesters under the KHMDS/DMF conditions.
Recently, the nucleophilic addition product of 2-PySO,CF,H
and sugar lactone was also successfully converted to gem-
difluoroolefin under reflux in the TBM E solvent of NaHCO4*®
It should be noted that we also attempted the gem-
difluoroolefination of the carbonyl groups in carboxylic esters
and amides with 2-PySO,CF,H reagent, but with no success.

This joumnal is © The Royal Society of Chemistry 2012

Organic Chemistry Frontiers

Conclusions

In summary, a new Julia-Kocienski type gem-
difluoroolefination reagent, difluoromethyl 2-pyridyl sulfone
(2-Py SO,CF,H), was recently developed in our group. This
reagent can convert diverse carbonyl functionalities to gem-
difluorovinyl motifs with high efficacy and good functional
group tolerance. For more demanding substrates (such as
enolizable aldehydes and diarylketones), modified reaction
conditions have been developed to successfully tackle these
problems. The chemoselective transformations of aldehydes in
the presence of ketones (or ketones in the presence of esters)
can also be realized under specified reaction conditions. On the
other hand, this reagent is currently inapplicable to carboxylic
esters and amide, some base-sensitive or highly functionalized
compounds may also not be well tolerated. Nevertheless, with
ready availability, easy operation and excellent performance,
the 2-Py SO ,CF,H reagent promises to find more applications in
synthetic fluorine chemistry.

Experimental

Preparation of difluoromethyl 2-pyridyl sulfone.

Step one (from HCF,CI): To the DMF (400 mL) solution of
NaH [60%(wt.), 19.8 g, 0.495 mol, 1.1 equiv), was slowly
added pyridine-2-thiol (50 g, 0.45 mol, 1.0 equiv) at 0 °C under
N, atmosphere. The reaction mixture was allowed to warm up
toroom temperature and stirred for another 1 h until the release
of hydrogen stopped. The HCF,CI gas was then bubbled into
the stirring mixture from a cylinder for 1 h. A noticeable
exothermic process was observed in the first few minutes. After
the mixture was stirred overnight (10 h), the reaction was
quenched by adding excess amount of H,0 carefully, followed
by full extraction with Et,O (150 mL x 4). The organic phase
was washed with brine, and then dried over anhydrous M gSO,.
After filtration, the solvent was removed under vacuum and the
residue was subjected to distillation. The 2-PySCF,H was
obtained as pale yellow oil (56.8 g, 78%, 65 °C under 8 torr).

Step two (with H,0,): To a round-bottom flask with a
magnetic stir bar, were added 2-Py SCF,H (56.8 g, 0.353 mol,
1.0 equiv), MeOH (300 mL), Na,WO,2H,0 (13.2 g, 0.1 equiv),
and then H,0, (30%g,, 100 mL, 2.5 equiv). Being equipped
with reflux condensing tube, the resulting mixture was slowly
heated with a blow drier (1100W, 50 Hz) to induce the reaction.
Once the reaction was initiated, it became violently exothermic
and heating was ceased (Tips: The oxidation is exothermic and
can take place at room temperature, heating will shorten the
inducing period of the oxidation, otherwise long inducing time
was needed). After completion, excess aqueous Na,SO 3 solvent
was added to remove residual H,0,. Another 100 mL of H,O0
was added, and then most of products participated as white
solids and were collected via filtration. The resulting solvent
was evacuated to remove MeOH and further extracted with
ether (100 mL x 3). The combined organic phase was washed
successively with saturated NaHCO 3 and NaCl solutions, and
then dried over anhydrous M gSO,. After filtration the solvent

J. Name., 2012,00,1-3 | 3
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was evaporated under vacuum and the combined residue was
crystallized in the mixture of ethyl acetate and petroleum ether
to give 2-Py SO,CF,H as colorless solid (59 g, 86%, MP, 45-47
°C).

Reaction condition A for the gem-dilfuoolefination of aromatic
aldehydes.

Under the N, atmosphere, KOtBu (101 mg, 0.90 mmol)
dissolved in DMF (1mL) was added to a solution of carbonyl
substrate (0.6 mmol) and 2-Py SO,CF,H (96.6 mg, 0.5 mmol) in
2 mL DMF at -50 °C. The reaction mixture was allowed to
warm up to -40 °C within about 15 min (or to room temperature
within hours). Then, the reaction is quenched with aqueous
saturated NH,4CI (1mL) at -40 °C followed by 3N HCI (ImL).
The resulting mixture was then allowed to warm up to room
temperature (for electron-deficient aromatic aldehydes, the
mixture was heated to 60 °C for 30 min). After completion
(monitored by °F NMR), the reaction mixture was extracted
with Et,0 (20 mL x 3), the organic phase was then successively
washed with saturated aqueous NaHCO; and brine, and dried
over anhydrous MgSO,. After filtration the solvent was
evaporated under vacuum and the residue was subjected to
flash chromatography purification to give pure product.

Reaction condition B for the gem-dilfuoolefination of aliphatic
aldehyde.

Under the N, atmosphere, to an oven-dried Schlenk tube were
successively added 2-PySO,CF,H (38.6 mg, 0.2 mmol),
N(TMS);3 (93.4 mg, 0.4 mmol), CsF (75.6 mg, 0.4 mmol), DMF
(2.0 mL) and aldehyde (0.3 mmol). The reaction mixture was
stirred at room temperature until the full consumption of 2-
PySO,CF,H (monitored by °F NMR). After being cooled to 0
°C, saturated aqueous NH,CI (1.0 mL) and aqueous HCI (2 M,
1.5 mL, 3.0 mmol) was successively added, and the resulting
mixture was stirred for another 30 min at 50 °C until the full
consumption of the sulfinate salt as determined by °F NMR.
Thereafter, the mixture was poured into ice water (50 mL), and
extracted with ether (20 mL x 3). The combined organic layer
was washed with brine, dried with anhydrous MgSO,, and
concentrated under vacuum. The target product was obtained
after the flash chromatography purification with ethyl acetate
and petroleum ether.

Reaction condition C for the gem-dilfuoolefination of diaryl
ketones.

Under the N, atmosphere, DMF (4.0 mL) and HMPA (0.4 mL)
were added to an oven-dried 20-mL Schlenk tube containing 2-
PySO,CF,H (96.6 mg, 0.5 mmol) and diaryl ketone (1.0 mmol).
The reaction mixture was then cooled to —60 °C in the dry ice-
acetone bath. A THF solution of (TMS),NLi (LiHMDS, 1.0 M,
1.0 mmol) was slowly added within 5 minutes, and then the
reaction mixture was stirred at the same temperature for 1 h.
Thereafter an aqueous solution of HC1 (2.0 M, 1.0 mL) was
injected to quench the reaction at —60 °C. A fter being warmed
to room temperature, another portion of HCI (12 M, 1.5 mL)

4 | J. Name., 2012, 00, 1-3

was added, and the reaction mixture was heated to reflux for 4
to 10 hours with an oil bath between 120 and 130 °C. When the
reaction was completed as monitored by "’F NMR, the mixture
was poured into ice-water (50 mL) and extracted with ether (20
mL x 3). The combined organic layer was washed with brine,
dried over anhydrous Na,SOy,, and concentrated under vacuum.
The target product was obtained after the flash chromatography
purification with ethyl acetate and petroleum ether.

The preparation of gem-dilfuoolefins in 5-grams scale (e.g. anisic
aldehyde).

Under the N, atmosphere, anisic aldehyde (4.23g, 31.1 mmol)
and 2-Py SO,CF,H (59, 25.9 mmol) was added to an oven-dried
three-necked bottle equipped with magnetic stir bar. 30 mL
DMF was injected and the solvent was cooled to -50 °C (dry
ice-acetone bath), thereafter 20 mL DMF solvent of KOtBu
(5.23 g, 46.6 mmol) was slowly added to the reaction mixture
within 10 mins. The reaction system was stirred at -50 °C for 15
mins and then gradually warmed up to -40 °C. Once the starting
material was completely converted to sulfinate salt (monitored
by *F NMR), it was quenched with agueous saturated NH,CI
(20 mL) at -40 °C followed by 3N HCI (20 mL). The resulting
mixture was then allowed to warm up to room temperature.
After the sulfinate was completely consumed (monitored by *°F
NMR), the reaction mixture was diluted with 60 mL water and
extracted with Et,O (30 mL x 3), the organic phase was then
successively washed with saturated aqueous NaHCOj3 and brine,
and dried over anhydrous M gSO,. After filtration the solvent
was evaporated under vacuum and the residue was subjected to
flash chromatography purification to give colourless oil 3.51g
(80% vyield).
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