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A method for the conjunctive functionalization of vinyl boronate
complexes with electrophiles is described. The overall process
represents a three-component coupling between a vinyl boronic ester,
carbon nucleophile and an electrophile, thus affording complex multi-
functionalized products from simple starting materials. The diastereo-
selectivity (syn or anti) of this process is strongly dependent upon the
nature of the electrophile.

Boronic esters are versatile reagents which have been employed
in a wide array of synthetic transformations." They are easy to
handle, bench stable materials that can be readily activated by
the addition of a suitable nucleophile to form a boronate
complex.” It is well known that the trivalent boron atom of
allylic boronic esters can undergo activation with a Lewis base,
leading to strongly nucleophilic character at the y-position.
Consequently, allylic boronic esters can be combined with a
range of electrophiles, most notably in allylborations of alde-
hydes and imines (Scheme 1a).® In contrast, the reactivity of
boronate complexes derived from vinyl boronic esters has been
less extensively explored. Upon treatment of a vinyl boronate
complex with an electrophile two possible reaction pathways
could be envisaged: (1) direct functionalization of an electron
rich carbon-boron bond;* (2) a conjunctive functionalization
process, in which the n-system of the vinyl group reacts with the
electrophile, triggering a 1,2-metallate rearrangement (Scheme 1a).
The latter class of reaction is of particular interest since it repre-
sents a three-component coupling between a nucleophile, a vinyl
boronic ester and an electrophile. Moreover, the boronic ester is
retained in the product, serving as a versatile handle for further
functionalization.™®

Although the electrophilic functionalization of vinyl boronate
complexes has not received a great deal of attention, several
interesting examples have been reported.®® Recently, Morken
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Scheme 1 Previous work and strategy for three-component conjunctive
coupling.

up to 99 % yield
up to >95:5 d.r.

and co-workers disclosed an elegant enantioselective conjunctive
variant of the Suzuki-Miyaura reaction (Scheme 1b).° Mechanisti-
cally, this process involves B-functionalization of a vinyl boronate
complex by a palladium(u) aryl species, followed by reductive
elimination. Another notable example of conjunctive functionaliza-
tion is the Zweifel olefination (Scheme 1c).'® In this process, a vinyl
boronate complex undergoes stereospecific reaction with iodine,
resulting in the formation of a B-iodoboronic ester (likely via a
transient iodonium ion). This intermediate is unstable, undergoing
anti elimination in the presence of a weak base to afford olefin
products. Recently we reported a conjunctive functionalization of
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vinyl boronate complexes with PhSeCl (Scheme 1d)."* The B-seleno-
boronic ester intermediates were not isolated, but were treated with
mCPBA, resulting in syn elimination to form the corresponding
alkenes. In this work, we aimed to develop a conjunctive three-
component coupling process to obtain boron containing products,
which would not undergo B-elimination. The scope with respect to
each of the three coupling partners has been evaluated and the
factors that influence the efficiency and diastereoselectivity of these
reactions are discussed.

We commenced our study by evaluating the functionalization
of E-disubstituted boronic ester 1. Addition of PhLi to a solution
of 1 in THF at —78 °C resulted in clean boronate complex
formation and upon addition of PhSeCl, we were pleased to find
that the product of three-component coupling 2 could be iso-
lated in 82% yield as a single diastereoisomer (Table 1). The anti
diastereoselectivity of the reaction was confirmed by X-ray
crystallographic analysis of the product. We then carried out
an identical sequence beginning with Z-vinyl boronic ester 3.
This provided the syn diastereoisomer 4 (>95:5 d.r.) in 70%
yield, indicating that the process is completely stereospecific.
Primary and secondary organolithiums could also be employed
in the process, affording alkyl-substituted products 5 and 6 in
excellent yields and very high diastereoselectivity. MeLi also
served as a successful nucleophile, affording 7 in 79% yield,
which is particularly noteworthy given the known poor migratory
aptitude of a methyl group.'® A vinyl boronic ester containing an
a-substituent was also well tolerated and 9 was formed in 78%
yield. When trisubstituted vinyl boronic ester 10 was used as the
starting material, 11 was obtained in 93% yield (>95:5 d.r.). The
other diastereoisomer could be obtained in 93% yield by employing
the corresponding Zvinyl boronate 12 as the starting material.
Homobenzyl substituted boronic esters 14 and 16 also reacted
successfully, affording products 15 and 17 in excellent yields and
diastereoselectivity. A silyl-ether-containing substrate also reacted
cleanly, affording 19 in 73% yield. We were pleased to find that
cyclic boronic esters 20 and 22 also efficiently underwent the desired
reaction. The latter example demonstrates that high chemoselectivity
can be obtained in the presence of a Boc-protected amine.

We next attempted the coupling of B,B-disubstituted vinyl
boronic ester 24. Disappointingly, we found that the desired
product 25 was formed in a modest yield of 34% yield, along
with 45% yield of vinyl selenide 26. A plausible mechanism
accounting for the formation of 26 is outlined in Scheme 2.
Initially, the vinyl boronate complex derived from 24 undergoes
reaction with PhSeCl to form a zwitterionic seleniranium inter-
mediate. This species can either undergo the desired 1,2-migration,
or eliminate to form vinyl selenide 26 along with PhB(pin)."> For
the majority of examples, the former pathway predominates, but in
the case of boronate complexes derived from f,B-disubstituted
boronic esters, the ability to build up partial positive charge at
the tertiary B-carbon allows the Cg-Se bond to lengthen and
facilitates the elimination process. We found that the reaction
solvent has a significant influence on which pathway is preferred
(see ESIt for full details of optimization). Ultimately, we found that
in a 3:1 THF/DMF mixture, formation of 26 was suppressed and
25 could be obtained as a single diastereomer in 61% yield.
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Table 1 Conjunctive three-component coupling: boronic ester and RLi
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“ Reaction conditions: vinyl boronic ester (1.0 eq.), RLi (1.05 eq.), THF;
then PhSeCl (1.2 eq.), THF. ? Yields of isolated products. ¢ d.r. was
determined by integration of crude 'H NMR spectra. ¢ Reaction with
PhSeCl carried out in 3: 1 THF/DMF. ¢ Reaction with PhSeCl carried out
in 1:1 THF/CF;CH,OH.
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Scheme 2 Competing pathways in the formation of 25 and the effect of
solvent.

These conditions were also applied to the three-component
coupling of isomeric vinyl boronic ester 27 affording the product
28 in 35% yield as a single diastereomer (Table 1).

We next carried out a three-component coupling between
10, 'PrLi and PhSeCl. Given that this vinyl boronic ester had
been reacted with an aryl lithium to afford 11 in very high
diastereoselectivity (vide supra) we did not anticipate that this
process would be problematic. We were therefore surprised to find
that 29 was isolated as an 88:12 mixture of diastereoisomers
(Scheme 3). We attribute this reduced diastereoselectivity to the
pathway shown in Scheme 3, whereby partial opening of the
seleniranium intermediate enables a partial positive charge to
develop at the tertiary a-carbon. This allows a syn 1,2-migration
process to compete with the usual anti migration, resulting in the
formation of both 29 and 30. After solvent optimization (see ESIt
for full details) we found that carrying out the reaction in a 1:1
mixture of THF/trifluoroethanol suppressed the undesired path-
way, providing 29 in very high diastereoselectivity. We suspect that
trifluoroethanol is able to modulate the reactivity of the inter-
mediate seleniranium cation by functioning as a hydrogen bond
donor to the basic pinacol oxygen atoms."® An analogous reaction
with isomeric vinyl boronic ester 12 afforded the product 30 in 75%
yield and 95:5 d.r.

Taking boronate complexes derived from isomeric vinyl
boronic esters 10 and 12 as representative examples, coupling
with a series of electrophiles was investigated (Table 2; results
with PhSeCl are also shown for clarity). With PhSCI the reaction
was extremely efficient, producing 31 and 32 in excellent yield.
Both products were obtained as a single diastereoisomer indi-
cating that the process is stereospecific. To confirm the relative
configuration of 31 and 32, we subjected them to methoxide
promoted anti elimination. As expected, this resulted in the
formation of isomeric alkenes 39 and 40, respectively (Table 3,
entries 3 and 4). We next investigated fluorination of vinyl
boronate complexes.?? Employing Selectfluor, p-fluoroboronic
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Me&f@Me PhSecl Me/ﬂSMe L» Me)\\\(B(pm) o
in)BS in)BJ. Me P .
(PIMB,, PImBe, 2 88 % yield
88:12d.r.
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Scheme 3 Eroded diastereoselectivity in the formation of 29. TFE =
CF3CH,OH.
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Table 2 Conjunctive three-component coupling: electrophile scope?
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¢ Reaction conditions: vinyl boronic ester (1.0 eq.), PhLi (1.05 eq.); then
electrophile (1.2 eq.). For details of solvent and reaction conditions see ESL
b Yields of isolated products. ¢ d.r. was determined by integration of crude
'H and "F NMR spectra. ¢ F NMR yield using a,o,a-trifluorotoluene as an
internal standard.

esters 33 and 34 were obtained in good yield and high diastereo-
selectivity (Table 2). Upon exposure of these compounds to
sodium methoxide, we were surprised to isolate the unexpected
isomers of alkenes 40 and 39 (Table 3, entries 5 and 6). There are
two possible explanations for this observation: (1) B-fluoroboronic
esters 33 and 34 are formed by a selective syn migration process;
(2) elimination proceeds via a syn pathway. To differentiate
between these two scenarios, we carried out fluorination of a
cyclic boronate complex, obtaining 41 as a single diastereoisomer
(Scheme 4). HOESY experiments revealed that an unusual syn
migration process had occurred. By analogy, we propose that a
similar syn pathway is involved in the formation of 33 and 34. This
surprising result suggests that anti diastereoselectivity is only
observed in cases where vinyl boronate complexes are activated

This journal is © The Royal Society of Chemistry 2017
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Table 3 Determination of relative configuration by anti elimination®

E
Me N BRI NaOMe Me™ N il o /\(Me
Mé Ph THF/MeOH e A
39 40

Entry  Substrate d.r. Major product  E/Z selectivity”
1 11 (E = SePh) >95:5 39 >95:5
2 13 (E=SePh) >95:5 40 <5:95
3 31 (E = SPh) >95:5 39 96:4
4 32 (E = SPh) >95:5 40 29:71
5 33 (E=F) 89:11 40 17:83
6 34(E=F) 91:9 39 92:8

“ Reaction conditions: B-substituted boronic ester (1.0 eq.), NaOMe
(10 eq.), THF/MeOH (8:1). ” Determined by integration of the crude
H NMR spectrum.

B(pin) 1 PhLi (1.05 eq) B(pim)
LT Ph
ii. Selectfluor
F~"HOESY

20 41: 33 % yield;® >95:5 d.r.

Scheme 4 Probing the diastereoselectivity of fluorination. Reaction con-
ditions: vinyl boronic ester (1.0 eq.), PhLi (1.05 eq.), THF; then Selectfluor |
(1.2 eq.), MeCN/THF (5:1). 2 ¥F NMR yield using o,o,a-trifluorotoluene as
an internal standard.

by electrophiles that form closed three-membered ring inter-
mediates. In line with this hypothesis, electrophilic carbon reagents,
such as tropylium tetrafluoroborate and 1,3-benzodithiolylium tetra-
fluoroborate led to competing syn and anti functionalization,
resulting in low levels of diastereoselectivity (Table 2). Finally, we
investigated the reaction of vinyl boronate complexes with
Umemoto’s reagent, a process that is expected to occur by
addition of a trifluoromethyl radical followed by single-electron
oxidation to form a carbocation intermediate.’* As expected,
near identical diastereomeric mixtures of trifluoromethylated
products were obtained regardless of which isomer of vinyl
boronic ester was employed.

In summary, a conjunctive three-component coupling
between vinyl boronic esters, carbon nucleophiles and electro-
philes has been developed. The diastereoselectivity of the
process is strongly dependent upon the nature of the electro-
phile. Reactions that proceed via closed three-membered cyclic
intermediates exhibit very high anti diastereoselectivity. In the
case of more reactive, charged electrophiles, the increasingly
asynchronous nature of the bond formation enables syn migra-
tion to compete, in some cases becoming the preferred pathway.
This work will be of use for the synthesis of boron-containing
materials and will inform the development of other conjunctive
functionalization processes.
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