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An electrophile-induced 1,2-metalate migration of an alke-
nylboron “ate” complex and subsequent base-promoted f-
elimination to form a functionalized cis-alkene, now the so-
called Zweifel reaction, was first reported by Zweifel and co-
workers in 1967 (Fig. 1A).** The reaction was proposed to
proceed via an initial attack of the m electron of the alkene
moiety to iodine to generate a zwitterionic iodonium ion, which
then undergoes a stereospecific 1,2-metalate to afford a B-
iodoboronic ester, followed by anti-elimination upon treatment
with a base to afford a cis-olefin. Thus, if the iodine is replaced
by an alternative electrophilic reagent and the use of a base is
omitted, an interrupted-Zweifel reaction for the preparation of
a stereospecific pB-functionalized boronic ester could be real-
ized. Toward this end, Aggarwal reported the first example of
such a reaction by employing PhSeCl as the electrophilic
reagent.* It was proposed that PhSeCl first reacts with an alke-
nylboronate complex to form a zwitterionic seleniranium ion.
Subsequent diastereospecific 1,2-metalate migration affords the
stereospecific B-seleno-alkylboronate (Fig. 1B). Likewise, shortly
after, Denmark and co-workers reported an analogous Lewis-
base catalysed enantioselective and diastereoselective carbo-
sulfenylation of an alkenylboronate complex using N-arylth-
iosaccharin as the electrophile (Fig. 1C).°

In light of these discoveries and our recent success in the
development of a toolbox of electrophilic fluoroalkylthiolating
reagents including three trifluoromethylthiolating reagents o-
cumyltrifluoromethane  sulfenate,®  N-trifluoromethylthio-
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applicability of the method was demonstrated by the preparation of a difluoromethylthiolated mimic 12
of a potential drug molecule PF-4191834 for the treatment of asthma.

saccharin” and N-trifluoromethylthiodibenzenesulfonimide,®
and two difluoromethylthiolating reagents N-difluor-
omethylthiophthalimide® and S-(difluoromethyl)benzenesulfo-
nothioate,” we wondered whether these electrophilic
fluoroalkylthiolating reagents could also trigger the proposed
stereospecific 1,2-metalatation of the alkenylboronate complex
to afford B-fluoroalkylthiolated borane derivatives (Fig. 1D). The
trifluoromethylthio (-SCF;) and the difluoromethylthio
(-SCF,H) groups have gained great attention recently, partially
because of their high and tuneable lipophilicity'* that might
improve the drug candidate's cell membrane permeability and
consequently, its overall pharmacokinetics."”” Thus, the devel-
opment of new efficient reactions for the incorporation of the
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Fig. 1 The interrupted Zweifel reaction.
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trifluoromethylthio*® or difluoromethylthio groups* would be
of vital importance in facilitating medicinal chemists' endeav-
ours in new drug discovery. Herein, we report that by employing
electrophilic difluoromethylthiolating reagent PhSO,SCF,H 2a
as the electrophile, the proposed difluoromethylthiolating
induced stereospecific 1,2-metalate migration of alkenyl boro-
nate complexes occurred smoothly to afford B-difluor-
omethylthiolated boronic esters in good yields and excellent
diastereoselectivity.  Likewise, ~when electrophilic  tri-
fluoromethylthiolating reagent N-trifluoromethylthiosaccharin
7 was used, an analogous reaction for the diastereoselective
formation of B-trifluoromethylthiolated boronic esters was
successfully achieved.

We began our study by examining the reaction of the elec-
trophilic difluoromethylthiolating reagent 2a with the alke-
nylboronate complex which was generated in situ by mixing 1a
and PhLi in diethyl ether. It was found that the reaction in
CH;CN occurred in full conversion after 12 hours at room
temperature, affording the corresponding product 3a in 53%
yield (Table 1, entry 1). When the amount of PhLi was increased
to 1.3 equivalents, the yield was increased to 76%, while the
yield decreased to 66% when 2.0 equivalents of PhLi were used,
likely due to the decomposition of the product under strong
basic conditions (Table 1, entries 1-5). We then further inves-
tigated the effect of the reaction temperature and the solvent. It
was found that the temperature did not affect the reaction
significantly since the yields of the desired products were
decreased slightly to 72% and 70%, respectively, when the
reactions were conducted at 0 °C or —15 °C (Table 1, entries 6
and 7). Likewise, the reaction was not sensitive to the polarity of
the solvent since reactions conducted in less polar solvents such
as THF or CH,Cl, or nonpolar solvents like toluene occurred in

Table 1 Optimization of conditions for the reaction of the alkenyl
boronate complex with PhSO,SCF,H*

*L l P:@ PhSO,SCFH Blpin)
o PhLi B\Cg (2a)
ﬁB_O Et,0 ©/LI® conditions mCFZH

1a 0°Ctort In situ 3a

Equiv. of

Entry PhLi Solvent Temp (°C) Yield® (%)
1 1.0 CH;CN rt 53
2 1.1 CH;CN rt 60
3 1.2 CH;CN rt 72
4 1.3 CH;CN rt 76(72)°
5 2.0 CH;CN rt 66
6 1.3 CH,CN 0 72
7 1.3 CH;CN —15 70
8 1.3 CH,CN It 56°
9 1.3 THF rt 73
10 1.3 CH,Cl, rt 64
11 1.3 Toluene rt 60

“ Reaction conditions: vinyl boronate 1a (0.10 mmol) and reagent 2a
(0.15 mmol), in CH;CN (1.0 mL) at room temperature for 12 h; Yields
were determined by '°F NMR spectroscopy using PhCF; as an internal
standard. ? Tsolated yield. © N-Difluoromethylthiophthalimide was used.
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slightly lower 60-73% yields (Table 1, entries 9-11). We also
found that reaction using N-difluoromethylthiophthalimide as
the electrophilic difluoromethylthiolating reagent gave the
same product in a slightly lower yield (Table 1, entry 8).

With optimum reaction conditions established, a range of
different alkenylboronate complexes were tested under stan-
dard conditions (Scheme 1). Alkenylboronate complexes ob-
tained by treating 3,6-dihydro-2H-pyran-4-boronic acid pinacol
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Scheme 1 Scope of 1,2-metalate migration of alkenyl boronates with
reagent 2a.? ? Reaction conditions: alkenyl or aryl boronic ester
(0.30 mmol, 1.0 equiv.), RsLi (0.33 mmol, 1.1 equiv.) in Et,O (1.5 mL) at
—78 °C to room temperature for 30 min; then the solvent was
swapped with CH3zCN (3.0 mL); 2a (0.45 mmol, 1.5 equiv.) was added.
Isolated yield. ® RsLi (0.39 mmol) in Et,O (1.5 mL) at 0 °C to room
temperature for 30 min. © The mixture was treated with NaBOs
(0.9 mmol, 3.0 equiv.) in THF/H,O (v/v. = 1:1, 6 mL) at room
temperature for 6 h.
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ester with diverse aryl lithiums reacted efficiently with reagent
2a to give the corresponding B-difluoroalkylthionated boronic
esters 3b-e and 3g-m in good yield and excellent diaster-
eoselectivity. A range of aryllithiums with both the electron-
donating methoxy group (3c¢) and electron-withdrawing groups
such as a fluoride (3d) or a trifluoromethyl group (3g) or a bulky
tert-butyl group at meta-position (3i) worked well. The reaction
can also proceed smoothly for naphthyllithium (3h) and n-
butyllithium (3j). Moreover, organolithiums generated from
heteroaromatics, such as indole (3k), benzothiophene (3I),
benzofuran (3m), could also be used. Notably, it is well-known
that bromine is not compatible with butyl lithium. Yet, 3f
with a para-bromophenyl moiety was obtained from the reac-
tion of the alkenylboronate complex in situ generated by treat-
ing (3,6-dihydro-2H-pyran-4-yl)lithium with 4-
bromophenylboronic acid pinacol ester. However, the alke-
nylboronate complex generated by treating (E)-4,4,5,5-
tetramethyl-2-(5-phenylpent-1-en-1-yl)-1,3,2-dioxaborolane with
tert-butyllithium, failed to react with reagent 2a to give the
corresponding B-difluoroalkylthionated boronic esters (3r).
Next, the scope with respect to the alkenyl boronic ester
component was explored. 3,6-Dihydro-2H-thiopyran-4-ylboronic
acid pinacol ester (3n), or N-Ts-3,6-dihydro-2H-pyran-4-boronic
acid pinacol ester (30) and 1-phenylvinylboronic acid pinacol
ester (3q) could react well to afford the corresponding products.
To demonstrate the scalability of the reaction, 3p was prepared
on a gram scale in 75% yield. Furthermore, bridged cyclic bor-
onate 3s could also be obtained in moderate yield, and the anti
diastereoselectivity of the reaction was confirmed by X-ray
diffraction of its single crystals.

Furthermore, it was found that the resultant boronic esters
could be easily oxidized to alcohols, with the difluoromethylthio
group remaining intact, by treatment with 3.0 equivalents of
NaBO; at room temperature for 6 h. For example, difluor-
omethylthiolated B-alcohols 4a-4d were obtained in moderate
to good yields under these conditions (Scheme 1).

In general, it is a common practice to use E or Z-alkenes in
the reaction to probe whether the reaction is stereo-specific.
Thus, we examined the reaction of E-(3’-phenylpropyl)vinyl
boronic acid pinacol ester and Z-(3’-phenylpropyl)vinyl
boronic acid pinacol ester under standard conditions. It was
found that the reaction is stereospecific since the reactions of
E- and Z-alkenyl boronic esters specifically produced corre-
sponding anti- and cis-difluoromethylthiolated alcohols (4e
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Scheme 2 Reactions of E- and Z-alkenyl boronate complexes with
reagent 2a.
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Scheme 3 Synthesis of a-chiral ketones by stereospecific 1,2-migra-
tion.? ? Reaction conditions: alkyl boronic ester (0.30 mmol, 1.0 equiv.),
RzLi (0.36 mmol, 1.2 equiv.) in Et,O (1.5 mL) at —78 °C to room
temperature for 30 min; then the solvent was swapped with CH3CN
(3.0 mL); 2a (0.45 mmol, 1.5 equiv.) was added; and then NaBOs
(0.9 mmol, 3.0 equiv.) in THF/H,O (v/v = 1:1, 6 mL) was used; and
then Jone's reagent (0.45 mmol, 1.5 equiv.) was used. Isolated yield.

and 4f) with excellent diasteroselectivity (>20 : 1), respectively
(Scheme 2).

To further expand the scope of the reaction, we studied the
difluoromethylthiolative triggered stereospecific 1,2-metalate
migration of in situ generated vinyl boronate complexes from
enantio-enriched secondary alkyl boronic esters with vinyl
lithium. The resulting crude alkyl boronic esters were then
sequentially oxidized by NaBO; and Jone's oxidation to give o-
chiral ketone derivatives. It was found that chirality of the
secondary alkyl boronic esters was stereospecifically transferred
to the final products 6a-c with 100% es (Scheme 3).

Encouraged by the excellent diastereoselective difluor-
omethylthiolation of alkenyl boronic acid pinacol esters, we
then extended this highly selective reaction to analogous tri-
fluoromethylthiolation triggered 1,2-metalate migration of
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Scheme 4 Scope of 1,2-metalate migration of alkenyl boronates with
electrophilic trifluoromethylthiolating reagent 7.7 ¢ Reaction condi-
tions: alkenyl boronic ester (0.30 mmol, 1.0 equiv.), RsLi (0.33 mmol,
1.1 equiv.) in Et,O (1.5 mL) at —78 °C to room temperature for 30 min;
then the solvent was swapped with CH3zCN (3.0 mL); reagent 5 (0.45
mmol) was added. ® RsLi (0.39 mmol, 1.3 equiv.) in Et,O (1.5 mL) at 0 °C
to room temperature for 30 min. Isolated yield.
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alkenylboronate (Scheme 4). It was found that when N-tri-
fluoromethylthiosaccharin 7 was used as the electrophilic tri-
fluoromethylthiolating reagent, the reaction of alkenylboronate
derived from PhLi occurred smoothly in CH;CN after 12 h at
0 °C to give B-trifluoroalkylthionated boronic ester 8a in 76%
yield (8a). Likewise, a variety of other aryllithiums could be
successfully employed in this reaction to afford the corre-
sponding B-trifluoroalkylthionated boronic esters (8b-h) in
high yields. This reaction appears to be compatible with labile
functional groups such as chlorine (8b), trifluoromethyl (8c),
ketal (8d), and acetal (8e). In addition, organolithiums gener-
ated from heteroaromatics, such as benzofuran (8g) and ben-
zothiophene (8h) could also be employed. Lastly, it was found
that a single diastereoisomer with an anti configuration (8i) was
isolated in 75% yield when the corresponding E-alkenyl boronic
ester was used. Yet, the scope of alkenyoboronate complexes for
the reaction with N-trifluoromethylthiosaccharin 7 is not as
broad as that with PhSO,SCF,H since alkenylboronate
complexes generated by treating 3,6-dihydro-2H-pyran-4-
boronic acid pinacol ester with n-butyllithium or by treating
2,2-dimethylethenylboronic acid pinacol ester with lithium
benzothiophene failed to produce the desired p-tri-
fluoroalkylthionated boronic esters 8j and 8k under the stan-
dard conditions.

To further demonstrate the great potential of this reaction, we
applied this protocol as a key step in the synthesis of a difluor-
omethylthiolated mimic of PF-4191834, which is a potent
competitive inhibitor of the 5-lipoxygenase (5 LOX) enzyme for
the treatment of mild to moderate asthma' (Fig. 2). Firstly,
arylsulfide 11 was synthesized efficiently by deborylthiolation of
organoboron 9 with thiosulfonate 10 in the presence of 5 mol%
CuSO;, as the catalyst. Lithium halide exchange of compound 11
with ¢butyllithium at —78 °C for 30 min generated the corre-
sponding aryl lithium species in situ, which was treated with 3,6-
dihydro-2H-pyran-4-boronic acid pinacol ester to afford the
alkenyl boronate complex. Switching the solvent from diether
ether to CH;CN, followed by the addition of 1.5 equivalents of
PhSO,SCF,H 2a, and further reaction at room temperature for
12 h produced the difluoromethylthiolated mimic of PF-4191834
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Fig. 2 Construction of PF-4191834 mimic by conjunctive cross-
coupling.
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12 in 70% yield. This example showed the potential of the current
protocol in the preparation of biological active compounds.

In summary, a method of conjunctive three-component
coupling between alkenyl boronic esters, organolithiums and
electrophilic fluoroalkylthiolating reagents was successfully
developed, affording B-trifluoroalkylthionated and difluor-
oalkylthionated boronic esters in good yield and excellent dia-
stereoselectivity. The reaction is stereospecific since the
reaction of the E-alkenyl boronic ester specifically gave an anti-
difluoromethylthiolated B-alcohol and the reaction of the Z-
alkenyl boronic ester specifically gave cis-difluoromethylthio-
lated B-alcohol 4f with excellent diasteroselectivity (>20 : 1). The
potential applicability of the method was demonstrated by the
preparation of a difluoromethylthiolated derivative of a poten-
tial drug molecule for the treatment of asthma PF-4191834 12.
The reactions of the alkenyl boronate complexes with other
electrophilic fluoroalkylating reagents are currently actively
underway in our laboratory.
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