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ABSTRACT: Iodo- and bromodifluoromethylated com-
pounds are important synthetic intermediates and halogen-
bond acceptors. However, direct introduction of —CF,I
and —CF,Br groups through nucleophilic addition is
particularly challenging because of the high tendency of
decomposition of CF,Br™ and CF,I” to difluorocarbene.
In this work, we have developed a formal nucleophilic
iodo- and bromodifluoromethylation for carbonyl com-
pounds. The key strategy of the method is the
halogenation of in situ-generated sulfinate intermediates
from the Julia—Kocienski reaction to change the reaction
pathway from the traditional olefination to alkylation.
Interesting halogen—7 interactions between the halocar-
bon and aromatic donors were observed in the crystal
structures of the products. The method could also be
extended to the introduction of other fluorinated groups,
such as —CFCIBr, —CFClII, —CFBr,, and —CFMel, which
opens up new avenues for the synthesis of a wide range of
useful fluorinated products.

elective introduction of fluorinated moieties into organic

molecules can often impart beneficial properties, and
therefore, fluorinated compounds have found wide applications
as pharmaceuticals and materials." Among them, iodo- and
bromodifluoromethylated compounds are of vital importance
because they are valuable synthetic intermediates” for many
other biologically important compounds containing difluoro-
methylene (which is known to be isosteric and isopolar to an
ethereal oxygen)® as well as candidates for investigating halogen
bonding.* Despite these important applications, their prepara-
tion still largely relies on multistep modifications of CF,I- and
CF,Br-containing substances, such as XCF,COOEt (X = Br,
1), which seriously decreases the synthetic efficiency and
diversity. On the other hand, nucleophilic fluoroalkylation has
proved to be an efficient and reliable route to fluorinated
compounds, as exemplified by the remarkable success of
nucleophilic trifluoromethylation of diverse bioactive molecules
with the Ruppert—Prakash reagent (Me;SiCF;).° Thus, it is
very appealing to develop the analogous nucleophilic iodo- and
bromodifluoromethylation methods. However, the introduction
of —CF,I and —CF,Br groups through nucleophilic addition is
particularly challenging, mainly because of the much faster
decomposition of CF,Br~ and CF,I™ to difluorocarbene (CF,:)
than that of CF;™. As a result, direct nucleophilic iodo- and
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bromodifluoromethylations of carbonyl compounds, such as
simple aldehydes and ketones,” have not been achieved to date,
and indeed, an efficient preparation of gem-difluorinated
cyclopropenes using Me;SiCF,Br as a difluorocarbene
precursor was recently disclosed by us.®

One alternative strategy for constructing —CF,I and —CF,Br
groups is to halogenate a difluoromethylene-containing
sulfinate (—CF,SO,M, M = metal).” Typically, these fluoroalkyl
sulfinates are generated through sulfinatodehalogenation
reactions.” Therefore, the method is limited to the trans-
formation between different perfluoroalkyl halides via the
sulfinate intermediates.'® A more appealing access to sulfinates
is through Smiles rearrangement in the Julia—Kocienski
reaction between heteroaryl sulfones and carbonyl compounds;
however, the sulfinate intermediates in this case are generally
labile species that spontaneously decomPose to the correspond-
ing alkenes (eqs 1 and 2 in Scheme 1)."" Despite the availability

Scheme 1. Julia—Kocienski-Type Olefination and Alkylation
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of abundant studies of the reaction mechanism, the sulfinate
intermediates in Julia—Kocienski olefinations had not been
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monitored or isolated.* In 2010, during our investigation of
difluoroolefination with difluoromethyl 2-pyridyl sulfone (1),
we found that the difluorinated sulfinate intermediate could be
both characterized by '’F NMR spectroscopy and trapped with
CH; to afford the corresponding sulfone at low temperature.'
We therefore surmised that the classical Julia—Kocienski
olefination reaction could probably be transformed into formal
nucleophilic iodo- and bromodifluoromethylation reactions if
we could succeed in halogenating the in situ-generated sulfinate
intermediates (eq 3 in Scheme 1).

We first attempted the reaction of 1 with 2-naphthaldehyde
(2a) using t-BuOK as a base and then quenched the reaction
mixture with elemental iodine at —20 °C. After simple workup,
we isolated the desired product 3a in 54% isolated yield, with 2-
(2,2-difluorovinyl)naphthalene being a major byproduct.
Fluoroalkyl radical was reported to be involved in the
halogenation of fluoroalkylsulfinates, while the S-pyridinoxyl
difluoromethyl radical generated in this case (after the
evolution of SO,) is likely to decompose into an alkene, as
reported in a recent paper.14 Therefore, the difluoroalkene
could be produced through both anionic and radical pathways.
We surmised that the counterion (M* = Li*, Na*, K*) would
significantly influence the stability of the difluoromethylsulfi-
nate intermediate as a result of the different M—O bond
strengths, and the free radical pathway to the difluoroalkene
could be minimized by increasing the rate of halogenation of
the difluoromethyl radical. Fortunately, changing the base to t-
BuONa significantly enhanced the stability of the in situ-
generated sulfinate intermediate, and using more powerful N-
iodosuccinimide (NIS) as the iodinating reagent completely
inhibited the formation of the undesired difluoroalkene.

With the optimized reaction conditions (reactant molar ratio
1/2/t-BuONa/NIS = 1:1.2:1.8:4) in hand, we examined the
substrate scope of the novel iododifluoromethylation reaction.
The results are summarized in Table 1. The reaction tolerates
various substituents on the aryl aldehyde and is also amenable
to aliphatic and a,f-unsaturated aldehydes. For ketones, the
difluorosulfinate intermediates are very unstable, and the
iodination should proceed at —20 °C to inhibit the facile
generation of difluoroalkenes. The current reaction could be
performed on a gram scale (3.7 g for the preparation of 3c)
without any significant impact on the yield.

Encouraged by the success of the iododifluoromethylation
reaction, we then extended the reaction to bromodifluorome-
thylation by using N-bromosuccinimide (NBS) as the
halogenating reagent. When we carried out the bromodifluor-
omethylation under the same reaction conditions as shown in
Table 1, rather lower yields (<50%) were obtained. It is known
that the bromination of sufinates produces sulfonyl bromides,
which are more stable than the corresponding sulfonyl iodides.
Therefore, sulfonyl bromides could engage in side reactions
before being transformed into the desired products. After a
quick survey of the reaction conditions, we found that the
combination of LIHMDS and PhMe;NBr; gave good yields of
the products, possibly as a result of the enhanced brominating
power and solubility of the reagent. Consequently, we changed
the base and modified the reactant ratio to 1/2/LiHMDS/
PhMe;NBr; = 1:1.2:1.4:4. The data are summarized in Table 2.
It was found that similar to iododifluoromethylation, the
bromodifluoromethylation of carbonyl compounds 2 pro-
ceeded smoothly to afford the desired CF,Br-containing
products 4 mostly in good yields (Table 2).
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Table 1. Iododifluoromethylation of Various Carbonyl
Compounds 2

o_,0
-4 o] NaOfBu (1.8 equiv)  NIS O(2-Py)
N
[ 1 “CRH R1J\R2 DMF, 50 °C -5 °C R1j\Cle
~
1 3
O(2-Py) O(2-Py) O(2-Py)
cl cl
3a, 80% 3b, 93% 3c, 88% (86%)°
O(2-P 2-P
(2-Py) 02-Py) O(2-Py)
CF,l Fyl
@/& 2 /@/KCFﬂ ©/KC 2
NO, OPh
3d, 64% 3e, 72% 3, 89%
O(2-Py) O(2-Py) 0(2-Py)
©5KCF2I ©MCF2 ©M0F2|
39, 92% 3h, 64% 3i, 44%
O(2-Py)
O(2-Py) 0(2-Py)
CFyl
CF,l CF,l
Br
3j, 85%P 3k, 71%P 31, 87%P

“The reaction conditions were as follows: NaOfBu (0.9 mmol) in
N,N-dimethylformamide (DMF) (1 mL) was added to a stirred
mixture of 1 (0.5 mmol) and 2 (0.6 mmol) in DMF (2.5 mL) at —
°C, after which the reaction mixture was allowed to warm to S °C and
then NIS (2.0 mmol) was added. ®NIS was added when the reaction
mixture had warmed to —20 °C. “The reaction was carried out on a 10
mmol scale.

The pyridinoxyl group in the products (3 and 4) could be
easily transformed to a hydroxyl group by heating with
CF;COOH and subsequent hydrolysis, as shown in Table 3.
The current methodology thus provides a highly useful
protocol for iodo- and bromodifluoromethylation that is
comparable to the previously well-developed trifluoromethyla-
tion of carbonyl compounds with Me;SiCF;, that is,
trifluoromethylation/O-silylation and subsequent desilylation.®

Julia—Kocienski reactions are frequently employed in organic
synthesis for the highly E-selective construction of alkenes.''
However, the stability and reactivity of the in situ-generated
sulfinate intermediates are rarely mentioned in the literature. It
might be supposed that difluorosulfinates are more stable than
monofluoro- or nonfluorinated ones. To confirm this
supposition, we synthesized different 2-pyridyl sulfones (7, 8,
9, and 14) and attempted the current reaction. To our surprise,
the current iodo- and bromodifluoromethylation reaction
smoothly extended to other 2-pyridyl sulfones, giving the
corresponding products in good yields, as shown in Table 4.
These results indicate that the sulfinates in Julia—Kocienski
reactions employing various 2-pyridyl sulfones are relatively
stable. Interestingly, the reaction of monofluoromethyl 2-
pyridyl sulfone 9 afforded dibromination product 13, which
may be produced by bromination of the C—H bond in the
—CHBrF group. For methyl 2-pyridyl sulfone 14, a different
kind of reaction occurred, whose main product was (E)-alkene
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Table 2. Bromodifluoromethylation of Various Carbonyl
Compounds 2

O, .0

\\S’/CF - j\ LiHMDS (1.4 equiv) PhMesNBr, ~ Q@FY)
1
| N 7 R OR? DMFHMPA, -50°C —rt RY7NCFBr
— R
1 2 4
O(2-Py) O(2-Py) O(2-Py)
CFzBr /@ACFzBr /@fKCFZBr
4a, 85% 4b, 87% 4c, 85%
o@-P
(2-Py) 0eFy) 0(2-Py)
CF,Br
2 CFzBr @ACFzBr
NO, Br
4d, 75% de, 82% 4f, 92%
O(2-Py) 0(2-Py) O(2-Py)
Br
4g, 88% 4i, 44% 4j, 70%°

“The reaction conditions were as follows: LIHMDS (0.7 mmol) in
tetrahydrofuran (0.7 mL) was added to a stirred mixture of 1 (0.5
mmol) and 2 (0.6 mmol) in DMF (2.5 mL) at —50 °C, after which the
reaction mixture was allowed to warm to rt and then PhMe;NBr; (2.0
mmol) was added. “PhMe,NBr; was added when the reaction mixture
had warmed to 10 °C.

Table 3. Synthesis of Iodo- and Bromodifluoromethylated
Carbinols 5 and 6

0@-Py) CF3COOH ™
Rz CFoX(X=Br1)  DCE/M,0, 80°C Rz CFoX (X=Br, )
3,4 5,6
OH OH
CF2I mCle
Br
5a, 86%° 5§, 78%"2
OH OH
CFzBr /@\CFZBr
Br
6a, 84%° 6i, 83%"

?A mixture of 3 (0.25 mmol), H,O (1 mL), dichloroethane (DCE) (1
mL), and CF;COOH (1 mL) was heated to 80 °C for 12 h. ba
mixture of 4 (0.25 mmol), DCE (1 mL), and CF;COOH (1 mL) was
heated to 80 °C for 12 h, after which the crude product was treated
with K,CO;/MeOH at rt for 2 h.

15 (Scheme 2). The reaction mechanism is proposed to involve
an intramolecular nucleophilic attack of an in situ-generated
sulfonyl iodide generated from iodination of the sulfinate
intermediate, followed by a subsequent ring-opening process.
The structure of product 15 was unambiguously confirmed by
X-ray crystallographic analysis. The change in the reaction
pathway may due to the difference in the stabilities of the
nonfluorinated sulfonyl iodide intermediate 16 and fluorinated
ones.

As numerous examples of halogen bonding between R¢I or
RyBr and oxygen and nitrogen donors have been reported,'®
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Table 4. Reactions of Various 2-Pyridyl Sulfones (7—9) with

2-Naphthaldehyde 2a

O(2-Py)
\\ //
. CHO 1) base OO CXYZ
~-N 2) halogenating
reagent
7(X=F, Y=Cl) 10,11 (X=F, Y =Cl)
8 (X=F, Y =Me) 12(X=F, Y = Me)
9(X=F,Y=H) 13 (X=F,Y=Br)
0O(2-Py) O(2-Py)
F F
oL e
10, 79%2 11, 59%°
O(2-Py) O(2-Py)
F F
L Lo
12, 71%2 13, 56%°

“The reaction conditions were the same as in Table 1. ®The reaction

conditions were the same as in Table 2.

Scheme 2. Reaction of Methyl 2-Pyridyl Sulfone 14 with 2-
Naphthaldehyde 2a
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we became interested in the short contact in the crystal
structures of these novel compounds bearing —CF,I, —CF,Br,
or —CFBr, groups. The molecular structures of compounds 3¢
and 13 were established by single-crystal X-ray diffraction and
are shown in Figure 1. Interestingly, we found that significant

Figure 1. X-ray structures of products 3¢ and 13.

halogen—7 interactions exist between —CF,I/—CFBr, and
aromatic donors. For example, The Br atoms of —CFBr, in
compound 13 interact with the naphthalene ring of a
neighboring molecule with distances of Br to two C atoms of
3.335 and 3.448 A, which is in good agreement with the
reported results."® It is uncommon that halogen—r interactions
are more favorable than halogen—N/O interactions in
compounds where both types of interaction are possible.
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However, this observation can be partially rationalized by the
sterically congested environment around the N and O donors.
It is also somewhat surprising that halogen—z interactions
between the halocarbon and the heteroaromatic donor were
observed in compound 3c.

In summary, we have reported the unprecedented iodo- and
bromodifluoromethylation reactions of carbonyl compounds
through a new synthetic strategy, namely, halogenation of the
in situ-generated sulfinate intermediates in the Julia—Kocienski
reaction to change the reaction pathway from olefination to
alkylation. A wide range of aldehydes and ketones were
subjected to the present method to give the corresponding
iodo- and bromodifluoromethylated products in high yields.
Halogen—r interactions between the halocarbon and aromatic
donors were observed in the crystal structures of the products.
The method could also be extended to the introduction of
other fluorinated groups, such as —CFCIBr, —CFClI, —CFBr,,
and —CFMel, which opens up a new avenue for the synthesis
of a wide range of useful fluorinated compounds. The
“hijacking” of the sulfinate intermediates in the Julia—Kocienski
reaction for other synthetic applications has been largely
ignored in the past, and our work adds new possibilities for
further elaboration of this classical reaction.
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