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ABSTRACT: A preliminary mechanistic approach to the Cu-catalyzed carboboration of alkynes using B,(pin), was used as
a blueprint for the rational design and development of a regiocontrolled, stereoselective caboborylation of internal al-
kynes by reaction with a B,B-disubstituted acrylate fragment to provide synthetically versatile and densely functionalized
pyrrolidines. Experimental observations and computational analysis relevant to understanding the activation role of the
alkoxide functionality in this type of carboboration process were instrumental in developing a synthetic method broad in
scope and functional group tolerance. Compounds obtained by this strategy feature a stereochemically defined tetrasub-
stituted vinylboronate, together with an all-carbon quaternary stereocenter. This procedure involves a tandem regio-,
chemo-, and diastereoselective borylcupration of unsymmetrical dialkyl alkynes followed by migratory insertion of an

activated olefin to a carbon—Cu bond.

Keywords: Carboboration - Internal alkynes - Copper-catalyzed - Bis(pinacolato)diboron - Tetrasubstituted
alkenylboronate - All-carbon quaternary stereocenter - Pyrrolidines - Role of alkoxide

INTRODUCTION

The ability to impart chemo-, regio-, and
stereoselective control in the assembly of alkenes with
four different substituents is a key challenge in Organic
Synthesis." Catalytic carboboration of internal alkynes,
where C—C and C-B bonds are constructed in a single
operation, represents a powerful tool for the construction
of tetrasubstitued vinyl boronates, which are ideal
precursors for fully substituted olefins.”’ Among the
methods reported to synthesize this structural motif, the
copper-catalyzed carboboration pioneered by Tortosa and
Yoshida® via reaction of alkynes with
bis(pinacolato)diboron  [B,(pin),] and  subsequent
interception of the putative B-boryl alkenyl-copper inter-
mediate species (species I, generated by syn addition of
nucleophilic Cu'-BPin complexes across the C=C bond,
Scheme 1) with carbon-based electrophiles is receiving
increasing interest.”! Despite its synthetic relevance and
the elegant efforts reported to date, the Cu-catalyzed
alkyne carboboration is more challenging and remains
underdeveloped when compared to the parent hydrobo-
ration processes.’ In this regard, trapping of boryl-
copper intermediate I with alkyl halides is arguably the
most explored strategy for the rapid access to tetrasubsti-
tuted vinylboronates.” The alkenyl-Cu species I has also
been reacted with aryl iodides (boryl-arylation),'® allyl
phosphates (boryl—allylation),[7] and CO, (boryl-

carboxylation).”” In all of these procedures (Scheme 1)
stoichiometric quantities of an alkoxide salt -typically
NaO‘Bu, a rather strong base with potentially low func-
tional group tolerance- are required for the reactions to
proceed. While it is generally accepted that the stoichio-
metric alkoxide is needed to promote the regeneration of
the catalytically active CuOR species from the CuX
formed after reaction of the vinylcopper intermediate
with R-X, to our knowledge no experimental or theoreti-
cal study on the overall role of the base has been pub-
lished." A notable exception to this general behavior is
the report by Lin and Tian," in which a properly de-
signed O-tethered 1,6-enyne undergoes borylcupration of
the alkyne and subsequent cyclization with an enone via
intramolecular conjugate addition."’ In contrast to previ-
ous studies, this catalyst system is the only one that works
efficiently with substoichiometric amounts of alkoxide
(NaO'Bu, 15 mol %), which was ascribed to the formation
of a Cu-enolate intermediate whose protonation with
MeOH regenerates the active CuOR species.

Despite these advances, limitations still remain. Firstly,
the majority of the examples reported thus far are
restricted to the use of higly reactive alkyl halides, quite
likely due to the inherent limitations imposed by a Sy-
type mechanism. As a direct consequence, this strategy is
not amenable to the formation of actively sought for all-

[12] . .
carbon quaternary stereocenters,” with the exception of
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a single example described." Secondly, and perhaps
more importantly, the carboboration mechanism and the
role played by the stoichiometric alkoxide remain so far
poorly understood; also, no computational study on this
subject has been reported.” This lack of mechanistic
information prevents further development of this
valuable transformation.

Previous work: Cu-catalyzed carboboration of alkynes using reactive

electrophiles
R'—==—R2 + By(pin),
gtg(\ [Cu-BPin]

. (a) _ (b) Rgé
PinB R E |PinB_ [Cul| E PinB>_84R5
— -— — —_— _

1 2 1 2
R R R R I R! R2

® stoichiometric in RO™ (one

example catalytic in base)
® mostly restricted to primary, reactive R-X
® Jack of mechanistic rationale

® underdeveloped
(one example,
Tian and Lin,
2013)

This work: mechanistic study of Cu-catalyzed carboboration of alkynes
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4 [Cu-BPin] R3
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B understanding the 3
catalytic role of RO~ R
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W access to all-carbon R R!

quaternary stereocenters

Scheme 1. Cu-catalyzed carboboration of alkynes

In addition to the proposed role of NaO‘Bu in
CuX—>CuOR catalyst regeneration, Ito has recently
speculated that an interaction between the alkoxide and
the copper center could result in formation of a
heterocuprate complex [RCu(O'Bu)Na, Figure 1a]*? that
would then evolve through the typical mechanism
proposed for Sy2 alkylation of organocuprates on sp® car-
bons (oxidative addition to R-X to provide a Cu"
intermediate and reductive elimination)."* Elegant work
by Negishi, Matteson, Levy, Aggarwal, Morken, and
others™ prompted us to consider an alternative
activation scenario that would involve reaction of the
alkoxide with the electrophilic boron center, in which the
resulting hypervalent alkenyl-boron “ate“ species could
provide increased nucleophilicity at the reactive carbon of
the vinyl cuprate, thereby triggering nucleophilic attack
to the electrophile.

(a) heterocuprate complex
® <|>R
pinBe [Cul

(b) boron-"ate" complex

OR @

7 Na
pinB ©[cu

Na

RT R? R)Q R?
Increased

electronic density
and nucleophilicty

Figure 1. Possible activation modes of the vinyl-Cu
intermediate by the alkoxide additive: (a) copper-activation
or (b) boron-activation.

In this report, we describe insights into these aspects of
the chemistry of vinylboronates, gathered from a
combination of theoretical and experimental studies.
These observations substantiate a proposal for an
activation mode based on a boron/alcoxide interaction.
Additionally, these mechanistic investigations provide
basis for the rational design of a regio- and stereocon-
trolled Cu-catalyzed procedure for the (Bpin),-
carboboration of alkynes. This transformation comprises
the following distinct features (Scheme 1): i) operates
under a catalytic amount of alkoxide additive, ii) displays
excellent levels of selectivity (including chemo- and regiose-
lectivity), and iii) concurrently generates a breadth of mol-
ecules which contain allylic all-carbon quaternary centers.

RESULTS AND DISCUSSION
1. Formulation of a working hypothesis
1.1. Experimental studies on epoxide substrates

At the outset of our studies, we reasoned that the
reaction of the intermediate organocopper species with a
halide-free electrophile such as an epoxide would result in
formation of an alkoxide, thus enabling a Syz-type
borylalkylation without the need for a stoichiometric
amount of alkoxide (Scheme 2)."*7 In light of the lack of
precedence on carboboration with epoxides, we decided
to test this reaction in an intramolecular manifold. Our
previous studies on boryl-cupration of dialkyl internal
alkynes showed that the presence of an heteroatom (e.g.
O-, S- or N-based functionality) at the propargylic
position serves as a tool for highly regioselective
borylation at the acetylenic carbon distal to the
heteroatom.™® This knowledge guided us to choose
propargylamine 1 as model substrate, in which an epoxide
moiety is placed in the appropriate position to satisfy the
geometrical requirements of an intramolecular nucleo-
philic attack by the putative vinylcopper intermediate I,
thereby facilitating a cyclization step to afford piperidine
3.

B does generation of RO™ enable
use of catalytic NaO'Bu?

o
0 o) OH
}7 [Cu]-Bpin
---------- > TsN ----> TsN
TsN tr
NaO'Bu
N—=—CH, N\ -
(cat.) Bpin Bpin

HsC 3
H A o

1 HC 3

o \
}; 1 Electrophile /j

Scheme 2. First working hypothesis

A first set of experiments performed on substrate 1 us-
ing catalytic amounts of CuCl and PCy, showed that the
use of 10 mol % NaO‘Bu resulted in sole formation of the
corresponding hydroborylated product 2 (64%, Scheme
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3a).'*°! In turn, performing the reaction in the presence
of a 1.1 equivalent of alkoxide allowed the reaction to give
the carboborylated alcohol 3 as the only product detected
in the reaction mixture (70%). If the base were necessary
only for the second step of the reaction, a base-free
scenario in which a stoichiometric amount of the
corresponding boryl-vinyl-copper complex I were formed
should afford the hydroborylated epoxide 2 exclusively. In
principle, I should be generated by addition of the boryl-
copper species Cy,PCu-Bpin to alkyne 1: however, this
compound has been reported to be highly unstable,* and
all our attempts to isolate it were unsuccessful. To
address this issue, we added 1 equivalent of Cy,PCuO‘Bu
to a mixture of B,pin, and 1, in hopes forming a
stoichiometric amount of Cy,PCu-Bpin which would
immediately react with 1 to yield I. In agreement with this
assumption, direct hydrolysis of intermediate I resulted
again in exclusive formation of 2 (Scheme 3b), while 3 was
not detected by 'H NMR analysis of the reaction mixture.
However, immediate addition of a second equivalent of
NaO‘Bu to I showed that products 2 and 3 were formed in
a 11 ratio.” This observation, along with the fact that
compound 2 does not form 3 upon addition of NaO‘Bu
(Scheme 3c), supports the hypothesis that 3 is originated
from intermediate I.

3a. Experiments using catalytic Cu

o CuCl/PCys (10 mol %) 0 OH
/47 Balpin) (1.1equiv)  1on/ H TN
TsN — o, NaO'Bu (x mo'l %) N_Bpin \_&pin
] THF, rt, overnight HC HsC 3
x =10 mol % 752 (64)° <2
x = 1.1 equiv. <2 >98 (70)°

3b. Experiments using stoichiometric Cu

[0} (0] OH
NaO'Bu
TsN [Cu] (x equiv.) TsN H . TsN
_—
N BPin A BPin \ BPin

HsC | HC HiC 4
x=0 >98 <2
1 47 53

3c. Experiments in the absence of Cu

(0] OH
4 '
TsN NaO'Bu (1 equiv.) TsN
e .
N\—BPin THF, rt, overnight \ BPin
HC 9 HiC 3

3d. Experiments using stoichiometric Cu and fluoride sources?

CuCl (1.1 equiv)

. OH
o) PCy; (1.2 equiv)
/—\7 Ba(pin)2 (1.2 equiv)  TsN H TsN
TsN _— * \
= CH, F source N—BPin BPin
1 solvent, rt, 1h HsC 2 HC 5
CSsF (3.0 equiv, DMF) 86 (57)° <2
TBAF (1.2 equiv, THF) 74 (52)° <2

2In the absence of MeOH. 100% conv (80% yield) in the presence of 2 equivalents
of MeOH. PIsolated yield. Compound 2 was found to decompose slightly on silica.
CIsolated yield. YRatios determined by "H NMR using an internal standard.
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Scheme 3. Initial experiments: influence of the base on
product ratio

Next, we explored the possibility of performing a boryl-
cupration of 1 using a source of fluoride instead of NaO"
Bu (Scheme 3d). This very weak base is capable of pro-
moting the initial [B-B/Cu-F] - [B-Cu/B-F] o-bond
metathesis,™ and its behavior would ideally help us to
establish firmly the need for an alkoxide base in the car-
boboration process. We observed that the the reaction of
1 with 3 equivalents of CsF in DMF as solvent™" afforded
compound 2 as sole product. An analogous result was
observed when the reaction was run in THF using TBAF
as fluoride source. These results suggest that although the
fluoride anion is capable of promoting the initial
[B-B/Cu-F]=>[B—Cu/B-F] o-bond metathesis, it fails at
promoting the reactivity of the putative vinyl-Cu inter-
mediate towards carboboration.

Two conclusions can be drawn from the results detailed
in Scheme 3: 1. Intermediate I, generated as a result of a
regioselective insertion of a B-Cu complex onto an alkyne,
cannot react further with an epoxide in the absence of a
full equivalent of an external alkoxide base. 2. Although
stoichiometric amounts of fluoride salts are capable of
promoting the catalytic borylation of the alkyne
(formation of product 2 is observed), this weaker base is
not effective at promoting the carboboration step.

1.2. Computational studies on epoxide substrates

As mentioned in the introduction, we were intrigued by
the possibility of an alternative explanation for the need
of stoichiometric amounts of alkoxide that would involve
interaction of O‘Bu with the electrophilic boron atom. At
this point, we performed a preliminary computational
study®™ on the cyclization step to evaluate possible
activation modes from the vinyl-Cu intermediate model
IA (Figure 2, where Tol, PCy, and O'Bu were replaced by
Ph, P'Pr3 and OMe, respectively). In the absence of a OMe
anion, a high energy barrier was found for the reaction to
proceed (TS(I-IT)A, drawn in black, 25.2 kcal mol™). When
an interaction with an alkoxide ion was considered, the
energy profile involving coordination of methoxide with
boron (IAa, -9.9 kcalmol™, drawn in blue, route a) was
found to be much more favorable than that involving
coordination with copper (IAb, -2.4 kcalmol™, drawn in
red, route b). Attempts directed at locating any other type
of intermediates along the reaction coordinate failed.
From this point forward, the barrier to reach the corre-
sponding TS in each case is notably higher in the case of
coordination with Cu (27.6 kcalmol™) than it is with bo-
ron (19.3 kcalmol™). NBO analysis of the TSs found reveals
important differences in the polarization of the alkenyl
moiety (values indicated within dashed squares in Figure
2). In the case of TS(I-II)A the difference in natural
charge for both atoms is quite small (Aq = 0.04, compare
q, and q,). However, in TS(I-IT)Aa (with OMe bound to
B), or (TS(I-IT)Ab (with OMe bound to Cu), the alkenyl
moiety is strongly polarized (Aq = 0.2, compare q, and q,),
although in the opposite direction. This switch results in
a reversal of the naturally occurring electrostatic polariza-
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tion of the vinyl boronate unit. Notably, it is only in TS(I-
IT)Aa in which this negative charge buildup is located at
the reactive carbon 2. This increase in electronic density at
the carbon moiety would result in an increase in its nucleo-
philicity, an effect that might well be at the origin of the
activation mode by stoichiometric alkoxide additives. Addi-
tionally, according to the structure of products IIA, the
presence of the alkoxide ion seems to strongly increase
their stability (compare the energy of IIA to that of IIAa
and ITIAb) by coordination to the leaving Cu atom.

G [R=Phso, 0 ]t a5 038
| Gy -0.34!
‘ - R(r :
q1:-0.50 Q 2 v i
i92:-0.32 i 2~ Cu—PPry
; R /% iMe— L
: N7 i pin
2 i
s i TS(HNA
1 Bpin = o T* g4 -0.28
qz: -0.49
R /2 2 i
o N i3 C*-Cu: 1.98 |
2 C3Cu:2.88 |
Cu—pipr, :
R\Nfﬁ Me?/sjo ® ch0"1.93 |
Cu-pip O\ C2C% 223 |
u-P'Prz O-= i
me—< ¥ 1~ :
Bpin

Cu—P'Pr.
2 3
Me’éto

B
o
09

1,
Me |,

Figure 2. Energy profile for the C-C bond-forming step
considering the possible activation modes of the vinyl-Cu
intermediate model IA. Calculated relative free energies
at 298 K (kcalmol™) include single point solvation energy
corrections [SMDry/Mo6/6-31+G(2df,2p) (B, C, H, N, O,
P, S), LANL2TZ(f) (Cu)//B3LYP/6-31G(d) (B, C, H, N, O, P,
S), LANL2DZ (Cu)]. Natural charges (g;, in a.u.) of alkenyl
carbons in TSs and relevant distances in TS(I-II)Aa (A)
are also indicated.

We also evaluated the role of Cu in this transformation
by studying the C-C bond-forming step from intermediate
model IB (Figure 3), in which only boron (and not Cu)
was present. The coordination of a OMe anion with boron
resulted again in formation of a very stable complex
(IBa). From this point, the barrier that should be over-
come for the reaction to proceed (TS(I-II)Ba) was found
to be higher than the barrier found when Cu is present
(compare TS(I-IT)Aa in Figure 2 and TS(I-IT)Ba in Figure
3, with barriers of 19.3 kcalmol™ and 26.6 kcalmol™, respec-
tively). Moreover, the geometry of TS(I-II)Ba was found
to be analogous to those described in for the TSs in Figure
2, which supports the hypothesis that Cu is not involved
in the C-C bond-forming event. From that point forward,
TS(I-II)Ba did not evolve in the absence of Cu into a
stable cyclization product: instead, an endothermic and
likely reversible step was found to form the carbocationic

intermediate IIBA. These findings provide a rationale for
the role of Cu in the second part of the process (regenera-
tion of double bond and active catalyst), and are in good
agreement with the experimental observation that prod-
uct 2 does not evolve into 3 upon treatment with 1 equiva-
lent of NaO'Bu (Scheme 3c).

Q]
G ”r
R = PhSO, R\N{ -
i H
o Me /B/O
91”0
R\Nf e orf.
TS(-Ba A%
ve— 1 /a4
Bpin
1B
0 \\\
B
o a
MeO — 6.4

Figure 3. Energy profile for the C-C bond-forming step
for vinyl-H intermediate model IB. Calculated relative
free energies at 298 K (kcalmol™) include single point
solvation energy corrections [SMDyr/Mo6/6-
3u+G(2df,2p)//B3LYP/6-31G(d)].

A particularly relevant conclusion from this theoretical
study is that for the three pathways found the process
involves an Sy2-type reaction that takes place via chair-
like TS by nucleophilic attack of the B-carbon in the
vinylcopper (C2) to the electrophilic carbon of the
epoxide. As a direct consequence of this mechanistic
manifold, formation of a quaternary stereocenter at the
allylic position would not be viable.

2. Revised working hypothesis: Development of a
method for the preparation of tetrasubstituted vinyl
boronates bearing allylic quaternary stereocenters

We reasoned that a viable solution to the challenge
posed above might come from a distinct mechanistic
approach that would not rely on a Sy2-type pathway.
Specifically, we envisaged that a distinct carboboration
approach exploiting a migratory insertion across an acti-
vated B,B-disubstituted olefin would override any a priori
limitation imposed by an Sy2-type approach in terms of
substitution at the electrophile, hence setting the stage for
the preparation of quaternary stereocenters at the allylic
position (Scheme 4).

, EWG EWG
Ewe | —
4 [Cu]-Bpin Tsl\/

R2
/—(R;A ———————————— > R? [Cul  |.---- >
TN X . NaoBu \ TsN__I_BPin
=R (cat) BPin
: & 1

1] v v

Scheme 4. Revised working hypothesis
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Propargylamine-type substrates III, in which a B,-
disubstituted Michael acceptor fragment replaces the
epoxide moiety in model substrate 1, should provide a
unique opportunity to explore this hypothesis (Scheme
4). We anticipated, however, three conceptual/synthetic
challenges: Firstly, controlling chemoselectivity is an
immediate issue, as the well-known conjugate boration of
activated olefins is a possible competing side reaction.
Secondly, carboboration via boryl-cupration of an alkyne
and subsequent conjugate addition to B,B-disubstituted
activated alkenes is, to the best of our knowledge, hereto-
fore unknown and would require the vinyl-Cu intermedi-
ate IV to react with the sterically congested alkene faster
than it undergoes protonolysis to afford the hydrobora-
tion byproduct. Lastly, the configuration of the alkene
might also have an influence on catalytic activity and
selectivity control.

2.1. Computational studies on ester substrates

We next conducted a preliminary computational study
in order to obtain insights into the viability of a migratory
insertion of a vinyl-Cu bond (model IC in Figure 3) across
a trisubstituted olefin (Figure 4). This study shows how
both the barrier and the geometry of all species
completely agrees with those expected for a nucleophilic
organocopper(I) conjugate addition reaction® that follows
a typical transition metal/olefin reaction. Model IC shows
the geometry of a Cu(Ill) n-complex from which the
reductive elimination through TS(I-II)C takes place.
During the process, Cu(IIl) recovers its d-electrons from
the Cu-Cg; bond, developing a slightly positive charge at C*
while the bond is being cleaved, and staying bonded to C*
in which a strong negative charge is developed. In this
way a stereochemically controlled quaternary center is
formed in the Cu-enolate intermediate IIC.

ji

G R//,,,,
N '
Me® +~___OMe c2cu: 218
N0 C%-Cu: 2.30
g -0.41 ot c*-Cu: 2.13
z-012  MeT=Rp o C2.C% 2,11
s 0.04
4 -0.68
TS(I-II)C
" 160

OMe C?-Cu: 2.00

VaRY C3-Cu: 2.16
Cu—_; c*Cu:2.24
7 P'Pr3 > 3
Me— < c?c% 286
Bpin e
-17.9

Figure 4. Energy profile for the C-C bond-forming step of
intermediate model IC. Calculated relative free energies at
298 °K (kcal/mol) include single point solvation energy cor-
rections [SMDryr/Mo6/6-311+G(2df,2p) (B, C, H, N, O, P, S),
LANL2TZ(f) (Cu)//B3LYP/6-31G(d) (B, C, H, N, O, P, S),
LANL2DZ (Cu)]. Natural charges (g;) of alkenyl carbons and
relevant distances (A) in TS(I-IT)C are also indicated.
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2.2. First experimental studies on ester substrates

Impact of ligand structure on chemoselectivity. To
test our revised hypothesis, we synthesized model sub-
strate 4, containing a B-substituted methyl acrylate moie-
ty, initially obtained as a 3:2 mixture of E/Z isomers. With
substrate 4 in our hands, we conducted a brief initial
study on the effect that ancillary ligands would have in
the borylation process. Our results, collected in Table 1,
show a marked impact on the chemoselectivity of the
process: Use of bidentate phosphines Li-L3 (entries 1-3;
(R)-QuinoxP, (R,R)-Me-DUPHOS, and (R)-
DTBMSegphos, respectively) resulted in smooth boryla-
tion of the vinyl ester fragment (product 5). However,
switching to monodentate phosphite L4 (entry 4, (R)-
Monophos) almost completely suppressed the conjugate
borylation pathway (conversion to 5 decreased to 10%).
Instead, we observed 60% of compound 6, generated by
regioselective hydroborylation of the alkyne in substrate
4. Along with 6, we detected formation of pyrrolidine 7
(30%), the result of the boryl-cupration/migratory in-
sertion sequence (6/7 = 2:1). Finally, use of more electron
rich ligands helped in increasing formation of 7; for ex-
ample, when we used the SPhos ligand the ratio was im-
proved notably (entry 5, 6/7 = 1:4), while use of PCy,
translated into a highly chemoselective reaction to form
product 7 in 85% yield (entry 6, 6/7 = 119).

Table 1. Ligand effects on chemoselectivity

/_(COZMQ MeO,C /_{wcone COzMe
- /72 TsN
TsN ran [ 8" Bpin) * '° * TeN

— X B(pin)

— N—8(pin)
4 5 6 7

#* Ligand Conv. %)°  5(%) 6 (%) 7 (%)

1 La >98 (86) >98 (86) <2 <2
2 L2 >98 >98 <2 <2
3 13 71 82 18 <2
4 Lg 28 10 60 30
5 Ls 47 <2 20 8o
6 PCy; 90 <2 5 95 (85)

“Reaction conditions: Bz(pln)2 (11 equiv.), CuCl (10 mol %),
Ligand (12 mol %) NaO‘Bu (15 mol %), MeOH (2.0 equiv),
THF, overnight. PRatios determined by 'H NMR analysis of
the crude reaction mixtures.

o o } Izz
@I @/@ CCE

L1, (R)-QuinoxP L2, (R,R)-Me-DUPHOS 3, (R)-DTBMSegphos

CH3 MeO PCY2
o QO

L4, (R)-Monophos L5, SPhos
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Influence of the pK, of the proton donor. In an ef-
fort to improve the conversion and product ratio of the
carboboration, we next considered the possibility of alter-
ing the pK, value of the proton source used in the reac-
tion. Specifically, we reasoned that use of a slightly less
acidic alcohol would slow down the protonation of the
intermediate vinyl-Cu species generated after the first
borylation step, and consequently improve the ratio of
product 7.2° In good agreement with this hypothesis,
switching from MeOH to the less acidic ‘PrOH resulted in
complete conversion and selectivity towards 7 (Scheme
5), affording the carbocyclic product in 93% yield (similar
yields were also obtained from the stereochemically pure
olefins E-4 and Z-4). Conversely, use of the more acidic
hexafluoroisopropanol (HFIP) translated into a reverse
effect: while the conversion was still high (91%), protona-
tion of the intermediate vinyl-Cu species was too fast for
the carboboration to take place (6:7 = 93:7).

PCy;CuO‘Bu
.. COMe Me CO2Me

. ,
come  (10mA™%) o
/_( Bo(pin)2 me’ H TeN H
TsN — \\L + Xx-Bpin
B(pin)

_ ROH (2.0 equiv)

THF, rt, overnight Me Me
4 6 7
ROH PK, 6/77 conversion?
(CF3),CHOH 9.3 4(E/Z=2:1) 937 91%
MeOH 155  4(EZ=21) 595 90%
'ProH 16.5 4(E/Z=21) <2:>98 >98% (93% yield)

from E-4 <2:>98
from Z-4 <2:>98

>98% (93% yield)
>98% (95% yield)

“Determined by THNMR using 1,3,5-trimethoxybenzene as internal standard

Scheme 5. Influence of the alcohol on product ratio

It should be noted that, despite extensive progress in
this field, in virtually all reports described thus far MeOH
has been used as the proton source additive to secure
turnover when the borylated acceptor needs to be liberat-
ed through protonolysis (along with the copper(I) meth-
oxide complex). However, we anticipate that this study is
of relevant importance because it provides a more pro-
nounced beneficial impact in the case of substrates where
the coordination of the metal to the n-system (needed to
initiate 1,2-migration of the C-Cu bond across the alkene)
is hindered, and might be beneficial by slowing down the
terminating alcoholysis (vide infra).

3. Mechanistic considerations: Cu- vs. B-activation.

Although the two processes described in the previous
sections follow similar reaction patterns (catalytic
borylcupration of an alkyne followed by reaction of the
vinyl-Cu intermediate with an electrophile), the theoreti-
cal and experimental data gathered thus far suggest subtle
mechanistic differences. The role of NaO‘Bu appears to be
crucial in this regard, as evidenced by the different
amounts of this additive required for both transfor-
mations to take place. In an attempt to gain understand-
ing on the important role of the alkoxide, and to address
the question of whether it is the copper (as proposed in
the literature) or the boron atom (as suggested by our

DFT studies) that undergoes activation by the stoichio-
metric NaO‘Bu to enhance reactivity, we designed two
different and complementary strategies: First, hampering
the reactivity of the copper atom by modulating its coor-
dination sphere, in order to analyze the reactivity of the
vinylboronate fragment. Second, performing the reaction
in the absence of boron to isolate the reactivity of the
alkenylcopper moiety.

3.1. Inhibition of Cu reactivity

As a first step, we sought to analyze the system in a
scenario in which the reactivity of Cu were hampered. For
that purpose, we reasoned that saturating the coordina-
tion sphere of the transition metal with ancillary ligands
would result in temporal inhibition of the reactivity asso-
ciated to Cu. We chose commercially available CuF(PPh,),
as pre-catalyst for two reasons: 1. It possessed three PPh,
ligands in its coordination sphere. 2. As shown in Scheme
3d, the fluoride anion is effective at promoting the re-
quired initial o-bond metathesis that results in formation
of the B-Cu complex.

Use of CuF(PPh,), (10 mol %) in the reaction of sub-
strate 4 with B,(pin), under the standard conditions re-
sulted in poorer catalytic efficiency (43% conversion after
12 hours) and, more importantly, the reaction virtually
stopped at the hydroborylation stage (Scheme 6). The
hydroborylated product 6 was almost exclusively formed
(40%) and only traces of the carboboration product 7
were detected in the reaction mixture (3%).*” This obser-
vation suggests that the crowded environment created by
the ancillary ligands prevents the necessary interaction
with the olefin prior to the migratory insertion step. This
result is thus indicative of the involvement of Cu in the
C—C bond-forming event.

+

) CO,Me
COoMe  Ba(Pin)2 ﬁ( 2 §OMe
/_( (1.1 equiv) TsN
TsN

_ CuF(PPhy); N NS Bein
— (10 mol %) BPin
6, 40% 7,3%
via
Hampered by ligands

e
\\XBPin

Me \Y/|

Conditions: Bx(pin), (1.1 equiv), CuF{PPh3); (10 mol %), MeOH (2.0 equiv),
THF, 1t, overnight. Ratios determined by 'H NMR using an internal standard.

Scheme 6. Reactivity of acrylate 4 with coordinatively
saturated CuF(PPh,), complex

In sharp contrast, the reaction of alkynyl epoxide 1 with
B,(pin), in the presence of CuF(PPh,); (10 mol %) led to
results comparable to those previously obtained with the
combination CuCl/PPh; and a metal to phosphine ligand
ratio of 11 (Scheme 3a). Thus, as shown in Scheme 7, hy-
droborylated product 2 was the only one detected in the
absence of NaO'Bu, while carboborylated product 3 was
the only product detected in the presence of 1.1 equivalent
of this additive. This observation suggests that the num-
ber of ancillary ligands around Cu does not alter the reac-
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tion course. Therefore, it would follow that Cu is not
involved in the rate-determining step of the reaction
between alkenylcopper and epoxide.

Ba(pin)2 0o OH
0 CuF(PPh;);
(10 mol %) TsN H . TsN
TsN ¢
N NaO'Bu N\ . N\ ..
——CHj3; (x mol %) BPin BPin
HaC HaC
1 2 3
i (0]

via X=0 82 <2

TsN  Cu(PPh;); x=11equiv <2 73

\ BPin
Vil

Conditions: By(pin), (1.1 equiv), CuF{PPh3); (10 mol %), NaO'Bu (x mol %),
THF, rt, overnight. Ratios determined by 'H NMR using 1,3,5-
trimethoxybenzene as an internal standard.

Scheme 7. Reactivity of epoxide 1 with coordinatively
saturated CuF(PPh,), complex

We next sought to complete our study with a brief look
at alkyl halides. The purpose of this extension was two-
fold: Primary alkyl halides have been widely used as reac-
tion partners in Cu-catalyzed carboborations of alkynes,
and it would be logical to explore the validity of our find-
ings in this context. In addition, since the oxidative addi-
tion of alkyl halides to the intermediate alkenyl-Cu spe-
cies is the most accepted pathway for the C—C bond-
forming event, we reasoned that analyzing the reactivity
of these substrates in the presence of CuF(PPh,), would
provide us with valuable information.
8a. Alkyl bromides/CuCl

B,pin, (1.1 equiv)

Br
CuCI/PCy /_/_
Br 3
~ (10mol%) TN TeN
ToN _ + \
BPin
= cH, 'HH.M18N N—BPin H.C
H,C 2
8 9 10
NaO'Bu (0,15 mol %) 71%° <2%
NaO'Bu (1,1 equiv) <2% 91%
NaO'Bu (1,1 equiv), TEMPO (1 equiv.) <2% 81%

solated yield in the absence of MeOH. 84% in the presence of MeOH (2 equiv).

8b. Alkyl iodides/CuF(PPhj);
Bopin, (1.1 equiv) /—fl
n )
1 CuF(PPhg), TN TeN n
hn (10 mol %) +
_—
TN THF, rt, 18 h \_\>_Bpi" -
— 3 o HaC HsC
. 11, n=0 13, 56%%° <2%
NaO‘Bu (0 equiv)
12, n=1 14, 59%"° <2%
11, n=0 <2% 15, 69%

NaO'Bu (1.2 equiv) {
12, n=1 <2% 16, 74%

aConversion in the absence of MeOH. 70% in the presence of MeOH (2 equiv).
bConversion in the absence of MeOH. 72% in the presence of MeOH (2 equiv).
°Compounds 13 and 14 were found to decompose on silica.

Scheme 8. Reactivity of alkyl halides
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A first study conducted on alkyl bromide 8 (Scheme 8a)
quickly showed an analogous behavior to epoxide 1:
whereas the reaction in the absence of NaO'Bu led exclu-
sively to alkyl bromide 9, the addition of 1 equivalent of
additional base resulted in formation of the correspond-
ing carbocycle 10 as sole reaction product. In addition, a
reaction conducted in the presence of 1 equivalent of
TEMPO led to full formation of carbocycle 10. This result,
along with the observation that the C-Br bond is pre-
served in the hydroborylated product 9, points against an
oxidative addition by a radical mechanism. Additionally,
it rules out formation of a primary radical intermediate as
first step in the carboboration sequence, which is an al-
ternative mechanism previously suggested to be operative
in some cases.™ A second part of this study, conducted
on alkyl iodides 11 and 12, and using CuF(PPh;); to evalu-
ate the involvement of Cu in the carboboration process,
showed that reactions conducted in the absence of NaO"”
Bu led exclusively to the hydroboration products 13 and
14, whereas no appreciable amounts of the corresponding
carbocycles were observed by 'H NMR. However, the
addition of 1 equivalent of additional base cleanly afford-
ed the corresponding carbocycles 15 and 16 as sole reac-
tion product. As in the case of model substrate 1, which
bears an epoxide as electrophilic partner, these results
point against the involvement of Cu in the C-C bond-
forming event.

3.2. Study of the reactivity of vinyl-Cu in the ab-
sence of the boron moiety

At this point, we designed a system that would help ex-
plore the reactivity of the alkenyl copper intermediates in
the absence of boron. Although the additions of alkenyl-
copper species to epoxides® and o,B-unsaturated sys-
tems? are known, we reasoned that appreciable differ-
ences in reactivity when compared to the systems that
incorporate the Bpin fragment could be interpreted as
indirect evidence of the involvement of boron in the cy-
clization step. Based on this assumption, and taking ad-
vantage of the facile transmetalation between vinyl-
boronates and Cu-X (X = OAc or OMe), we set out to
prepare alkenyl boronates 17, 18, and 19, shown in Scheme
9.5" Upon treatment with catalytic amounts of CuCl,
cleavage of the C-B bond in these compounds would
generate the corresponding alkenyl-Cu species we re-
quired (VIII, IX, and X respectively).hz]
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CO,Me CO,Me
/_</m 2 /_</M 2
a TsN COMe (1)
X

TsN Bpin — TsN [Cu]
'ProH
Ph
) (2 equiv) p
Ph 47 Ph v 20, 75%
(No deborylation or
SM detected)
o) (o) 07 OH
TsN Bpin __ 9 _ |TsN [Cul | TsN R, TsN @
N\ A\ \/> A\
PH Ph X Ph Ph
18 18, R=Bpin, 43% 22, 37%
21,R=H, 20%
/_fBr /JBr /_/7Br
) a TsN
TsN Bpin — | TsN [Cu] |[— TsN R { @3)
A\ A\ \>
Ph
Ph Ph X Ph
19 19, R=Bpin, 59% 24, 290%
23,R=H, 14%

a) CuCl (10 mol %), PCy;3 (12 mol %), NaOBu (1.1 equiv), toluene, rt, 12 h. Ratios
determined by "H NMR using 1,3,5-trimethoxybenzene as internal standard.

Scheme 9. Alkenyl-Cu reactivity in the absence of boron

In good correlation with the experiments described in
the paragraphs above, we observed that the alkenylcopper
species VIII generated from 17 reacted smoothly with the
o,B-unsaturated ester to generate exclusively carbocycle
20 (75% yield). In turn, the reactivity of intermediates IX
and X was found to be only modest (37% for the epoxide
and 29% for the alkyl bromide), leading in both cases to
mixtures of unreacted material and protonated products.
Our interpretation of these observations is as follows: the
reaction of alkenylcopper intermediate VIII takes place
via coordination of the olefin to Cu followed by migratory
insertion, and the reactivity of the system is unaltered by
the presence or absence of boron. However, the fact that
the reaction of alkenylcopper with either an epoxide or an
alkyl halide works poorly when compared to substrates 1
and 8 (and 11-12) suggests that in the presence of a boron
moiety in the alkyne, activation via boron-"ate” formation
could be the preferred reaction pathway.

3.3. NMR analysis of reaction intermediates

In hopes of gathering tangible evidence on the pro-
posed interaction between B and O‘Bu, we next consid-
ered the possibility of conducting NMR experiments
aimed at identifying formation of a B-O bond in the reac-
tion intermediates. Although initial attempts at isolating
intermediate I (Scheme 2) were unsuccessful, we consid-
ered the system found by Brown and coworkers'® as an
alternative model for our studies, in which the reaction of
1-phenyl-1-butyne with Cy;PCuBpin led to the preparation
and full characterization of the boryl-vinyl-Cu species XI
(Scheme 10). As opposed to dialkyl substituted substrate
1, 1-phenyl-1-butyne bears an aromatic group directly
bound to the alkyne fragment, which presumably increas-
es the stability and lifetime of the organometallic species
XI. This compound was prepared by mixing equimolar

amounts of Cy,PCuOBu and B,pin,. Subsequent treat-
ment with 1 equivalent of 1-phenyl-1-butyne resulted in
formation of XI, along with ‘BuOBpin.?" Then, XI was
treated with NaOBu (2 equivalents added in two portions
of 1 equivalent) and the results were analyzed by "B NMR
(Figure 5). We observed that the first equivalent of base
reacted rapidly with both XI and ‘BuOBpin, as evidenced
by a shift of both peaks to the 4-6 ppm region (spectra
marked in green, Figure 5). This shift was attributed to
formation of XII along with the “ate” complex of ‘BuO-
Bpin. In addition, no significant shift was observed in the
3P NMR spectra of species XI and XII. In this first exper-
iment, we observed that the peak corresponding to ‘BuO-
Bpin disappeared completely, whereas a portion of XI
remained unreacted. This led us to reason that, presuma-
bly, the B atom in XI is less Lewis acidic than the B atom
in ‘BuOBpin. Finally, the addition of a second equivalent
of the alkoxide led to complete disappearance of XI (spec-
tra marked in blue, Figure 5).

CysPCuCl + Ph—==—Ft + Bpin,

j NaOBu (30 min)

BuO-Bpin €]

‘Bu0o© @
NaO'Bu S
N CysPCu Bpin| N2 (?‘B_u Na
CysPCu_ Bpin ol et rBuofB@p'"
xi P Et Xi

Scheme 10. Stoichiometric experiments aimed at
identifying formation of a B-O bond.

= prior to addn. of NaO'Bu

after addn. of NaO'Bu (1 equiv.)

after addn. of NaO'Bu (2 equiv.)

BuO® Na‘ .
Cy;PCu  Bpin O'Bu |Na

= +
‘BuO Epin

BuO-Bpin

Ph Et

Cy,PCu Bpin

XI

Ph Et

42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 O -2 -4 -6 -8
f1 (ppm)

Figure 5. "B NMR experiments conducted on boryl-vinyl-
Cu species XI.

4. Mechanistic hypothesis

Scheme 1 is intended as an overall mechanistic pro-
posal that incorporates all the aspects explored through-
out our studies, and highlights the differences between
the two substrates in our case study. Both systems begin
with the well-established generation of a boryl-copper
species by o-bond metathesis between B,pin, and CuO"
Bu. Subsequent reaction of the [Cu]Bpin complex with
the alkyne moiety on either substrate (1 or 4) results in
formation of an alkenylcopper species (XIII and XVI,
from 1 and 4, respectively), which is generated in a regio-
and stereoselective fashion. In the first scenario (outlined
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in Scheme 1a), the addition of one equivalent of NaO‘Bu
to the mixture forms an “ate” complex with boron, and as
a result the electron density at C, is significantly en-
hanced. A nucleophilic attack from C, to C; via six-
membered transition state XIV results in formation of a
new C-C o-bond with concomitant cleavage of a C-O o-
bond. An interaction between copper and oxygen in in-
termediate XV, both located on the same side, leads to
simultaneous cleavage of a C-Cu and B-O bonds, and
regeneration of CuO‘Bu. The second scenario is presented
in Scheme uib. In it, the copper atom in intermediate XVI
coordinates to the olefin (an interaction which is prevent-
ed in the presence of three phosphine ligands) prior to
migratory insertion of the olefin to the C-Cu o-bond. This
interaction does not require the help of an additional mole-
cule of NaO'Bu, and therefore the overall process takes
place under catalytic conditions. Subsequent reaction with
a suitable proton source (ROH) yields carbocycle 7, and
generates CuOR.

11a. First scenario: Akyne /epoxide, stoichiometric NaO'Bu

NaO'Bu + CuCl —= + NaCl Q>

TsN
= CH,

BzPiTh% [Cu]-Bpin \1

BpinO‘Bu

%

CuO‘Bu
N o
N Bpin
TsN Xy, P
]\ Bpin
3 Hyc
/TS 0
o NaO'Bu
0 Ts. f}
HyC— N3
Y Y . —[Cu]
pinB, [Cu 2
\O/[ ]‘\H;;C1 B/O
i XS
xv. Bu XV S

11b. Second scenario: Akyne/alkenyl ester, catalytic NaO'Bu

NaO'Bu + CuCl —= + NaCl /_(‘“COZMe
TsN

= R!
Boping [Cul-Bpin \ 4
%PiNOR . CO,Me
S
CO,Me [Cu]
R? \
/—BPin
R
TN Bpin XVl
ROH
R1
7 CO,Me
R2
[Cu]
TsN .
X _BPin CO,Me
S )l
R’ TsN R27% |
XVIII \ '\ [Cul XVl
BPin
R1

Scheme 11. Proposed catalytic cycle

5. Generality of the carboboration via insertion
across activated B,B-disubstituted olefins.

ACS Catalysis

A study on the generality of the transformation is
shown in Scheme 12. Using the typical conditions report-
ed for borylations of alkynes in combination with 'PrOH,
we quickly observed that the reaction tolerated a number
of substituents at the B position of the olefin. In addition
to the methyl group in model substrate 4, we observed
good reactivity when alkyl groups such as Et (25), or the
bulkier ‘Pr and Bn groups (26 and 27, respectively) were
introduced, affording the corresponding cycloadducts in
81-94% yield. Remarkably, the presence of aryl groups did
not constitute a problem, and products 28, 29, and 30
(bearing Ph, 4-CH,CsH, and 4-CH,0C¢H, groups, respec-
tively) were also obtained in good yields. It should be
noted that in the case of B-aryl substitution, the use of
'PrOH as source of protons had a marked influence on the
reaction selectivity in favor of the carboboration product
over the hydroboration side product. For example, we
observed that use of MeOH on the p-tolyl substituted
substrate delivered a mixture of carboboration (29) and
hydroboration products in 58% and 40% conversion
yields, respectively. However, use of PrOH significantly
improved the conversion to the carboboration product to
78% (22% of hydroboration), thus allowing product 29 to
be isolated in 75% yield. Possibly, in this case the coordi-
nation ability of the alkene to the metal is weakened due
its extended conjugation through the aryl moiety and,
consequently, decreasing the rate of the competing pro-
tonolysis of the vinyl-copper intermediate is crucial to
increase the selectivity towards carboboration.3"

CuCl (10 mol %)
PCys (12 mol %) R EWG

/_(WEWG
. NaO'Bu (15 mol %
TsN R +  Ba(pin) #' TsN__L_Bpin
=R 'ProH (2.0 equiv)
THF, rt, overnight R'
iPr
CO,Me COMe ot CO,Me
TN A Upin TSNS Bpin 2 TN ppin
TsN._JI_Bpin
25, 81%2 26, 81%2 27, 94%° 28, 80%°
MeO
EtO.
G CN
COEt  TeN )
Bj
CO,Me CO,Me  TsN Bpin Ny BPin
TSN Ao Boin TN L Bpin
29, 75%2 30, 719%2 31,92% 32, 98%° / 87%°
o o1 o o\\ o \N\o/
Cl ==
TsN . TsN .
o BPin o BPin TsN ~_Bpin
33, 75%° 34, 60%° 35, 95%°

COMe COMe COMe CO,Me
TSN M _pin TSN I_Bpin TSNS _Bpin TSN I H
Ph a OTBS OH
36, 92%2/ 84%° 37, 74%2 | 73%° 38, 92%° / 84%° 39, 74%2 | 73%°

2 From Z olefin. ® From E olefin. © From E/Z mixture of olefins.

Scheme 12. Reaction scope
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The process was found to be amenable to a number of
functional groups that provide potentially useful handles
for further manipulation. For example, the presence of
sites that could undergo reaction with organometallic
reagents, such as alkyl chlorides (substrates 33 and 37),
allylic ester 34, or Weinreb amide 35, did not result in a
significant decrease in reactivity, or formation of byprod-
ucts. In addition, the presence of a TBS protected alcohol
(38) did not interfere with the reactivity. In the case of a
free alcohol (39), however, we found that the cyclic prod-
uct was obtained cleanly, although in this case the bo-
ronic ester had been lost in the process. The fact that all
other features of the reaction (cyclic structure, stereo-
chemistry of the double bond) were observed led us to
reason that the corresponding tetrasubstituted vinyl
boronate was formed. Subsequent intramolecular nucleo-
philic attack of the deprotonated alcohol to the boron to
form a boron-“ate” intermediate would, in turn, enhance
the rate of its transmetalation with CuP® followed by
proto-demetalation. Additionally, under the standard
reaction conditions, and using 'PrOH as source of pro-
tons, we were able to run larger scale experiments with
decreased catalyst loadings. In particular, as shown in
Scheme 13, we found that the reaction of 1 gram of sub-
strate 4 (as 21 E/Z mixture) could be transformed into 7
in 95% yield using 3 mol % of the Cu catalyst.

CuCl (3 mol %)
CO,Me PCys (3.5 mol %) Me (O2Me
{ [
TSN%W - Bypin), NaO Bu (4.5 mol %) TN «_Bpin
= 'PrOH (2.0 equiv)
THF, rt Me
4(E/Z =2:1) 7
19 1,3 g (95%)

Scheme 13. Gram-scale experiment

We also examined the possibility of introducing an ad-
ditional substituent at the propargylic position. Since a
quaternary stereocenter is formed during the reaction,
this propargylic substitution could be problematic in
terms of diastereoselection. To analyze this potential
issue we prepared substrate 40, obtained as a 2:1 mixture
of E/Z isomers and bearing a methyl group at the propar-
gylic position (Scheme 14). When 40 was subjected to the
reaction conditions, we observed a 2:1 mixture of the cor-
responding carboborylated product 41 and hy-
droborylated product 42. Notably, 'H NMR analysis of the
reaction mixture revealed that the former had formed as a
single diastereomer;bﬂ moreover, it showed the olefin
stereochemistry of the latter to be only Z. This observa-
tion suggests that only E-40 reacted to form the cyclic
product, whereas the corresponding Z olefin does not
react after the alkyne borylcupration stage. This assump-
tion was supported by the reactivity observed for (E)-
configured substrates (Scheme 15), which possessed both
alkyl and aryl fragments at the propargylic position. In all
four cases, the transformation took place to yield the
corresponding carbocycles 43-46 in good to excellent
yields (67-98%), and with >98% diastereoselectivity. The
relative stereochemistry of these compounds was further
established by X-ray crystallographic analysis of 44.3"

Page 10 of 15
Ba(pin)2
NaO'Bu (15 mol %) e
CO,Me  PCyj; (12 mol %) CO,Me e "
/—{W CuCl (10 mol %)
TsN — > TsN 5 +
)%\ MeOH (2.0 equiv) AR TsN_ CHs
THF, 1t \ Bpin
overnight
40 41, 62% Z-42,38%
mixture of isomers single
E/Z =21 diastereomer Zonly
Scheme 14. Influence of the olefin geometry
CuCl (10 mol %)
CO,Me PCy; (12 mol %) + COMe
/—( By(pin) NaO'Bu (15 mol %) £
TsN +  By(ping ————— > TsN .
p——— IPrOH (2.0 equiv) - Bpin
R THF, rt R R
E only overnight single diastereomer

CO.Me  /~Cco,Me
TsN

CO,Me = /~Co,Me
TsN

TsN TsN X Bpin X Bpin

X Bpin X Bpin

43,96% 44, 98% 45,67% 46, 80%
Scheme 15. Diastereoselectivity of the transformation

Finally, we sought to explore the reactivity of these ste-
rically encumbered tetrasubstituted vinylboronates in
potentially interesting transformations, such as Suzuki
cross-coupling reactions or oxidations of the vinyl boro-
nate fragment (Scheme 16). Firstly, substrate 7 was suc-
cessfully coupled with phenyl iodide (product 47, 77%
yield). Heteroaromatic halides were also found to be
amenable to this coupling, and we were able to couple 2-
thiophenyl bromide (product 48, 90% yield) and 2-
bromo-6-(trifluoromethyl)pyridine (product 49, 83%
yield). On the other hand, treatment of substrate 3 with
sodium perborate in THF/H,O resulted in formation of
the corresponding ketone 50 in 70% yield and as a single
diastereomer.

Suzuki cross-couplings

CO,Me Pd(PPhs), CO,Me
TsN Ar-X KoCOs TsN
S . + r—. - S
Ny Bein toluene, 80 °C, 5 h NA
(X =8r,
7
CO,Me CO,Me CO,Me
=
TN I TN M TeN |
S N~ ~CF,4
47, 77% 48,90% 49, 83%
(1,4-dioxane, 110 °C)
Boron oxidation
OH OH
TsN NaBO, TSN )
. THF/H,0 (1:1)
Bpin 6h /:o
3 50, 70%, 99% d.r.

Scheme 16. Transformations of tetrasubstituted vinyl
boronates

Conclusion
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The combination of experimental and computational
studies has allowed for the first time gaining a solid un-
derstanding on the activation role of the alkoxide additive
in Cu-catalyzed B,(pin),-carboboration of internal al-
kynes. Our results suggest that in reactions exploiting an
Sn-type mechanism for trapping the boryl-cuprate inter-
mediate with R—X species, the alkoxide preferentially
activates the boron atom to form a vinylboron-ate species,
rather than the previously suggested copper activation
through a heterocuprate complex. Such attack of the
alkoxide on the boron atom results in an increased elec-
tron density at the B-vinylic carbon that triggers the nu-
cleophilic displacement. This provides an alternative
explanation to the need for stoichiometric amounts of
alkoxide beyond the suggested role as promoter for
catalyst regeneration via CuX—~>CuOR, as evidenced from
the use of epoxides instead of R-X as electrophiles. This
knowledge has enabled the rational design of a unique
borylative annulation with the ability of (i) operating
under a catalytic amount of alkoxide and (ii) generating
all-carbon quaternary centers, which are two features that
are not compatible with the vast majority of reported
methods relying on Sy-type mechanisms. Instead, this
strategy benefits from an unprecedented migratory inser-
tion across a B,B-disubstituted activated olefin for the
trapping of the boryl-cupration intermediate. Important
challenges derived from selectivity control were sur-
mounted by playing on the catalyst system, with the na-
ture of the phosphine and the pK, of the protonating
additive playing a crucial role. As a result, a broad range
of synthetically versatile and densely functionalized pyr-
rolidines containing a stereochemically defined tetrasub-
stituted vinylboronate and an all-carbon quaternary ste-
reocenter can be prepared in good yields and excellent
levels of regio- and diastereoselectivity.
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