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ABSTRACT: Herein we disclose the use of cyclopropylmethyl boronates as general reagents in Negishi-type homoallylation
reactions. This strategy provides a novel approach to generate enantioenriched homoallyl-Zn species through boron-to-zinc
transmetalation. Subsequent sp>—sp® cross-coupling offers a platform for the preparation of arenes, ketones, and 1,5-dienes
containing a chiral homoallylic scaffold. The method has been applied to the late-stage functionalization of known drugs and the
preparation of precursors of biologically relevant compounds. Mechanistic experiments and DFT calculations provide insight into
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the transmetalation/ring-opening sequence.

S tereodefined organoboron compounds play an important
role in the asymmetric synthesis of organic molecules."”” In
particular, allylic boronates have been widely used in total
synthesis for the asymmetric allylation of aldehydes and
ketones.” In contrast, the corresponding homoallylation using
the cyclopropanated analogs of allylic boronates has only been
disclosed recently. In a series of elegant papers, Krauss described
the use of stereodefined cyclopropylmethyl boronates to
promote the homoallylation of aldehydes (Scheme 1A).*
Moved by our previous experience in the preparation of
boron-containing cyclopropanes,” we envisioned the use of
cyclopropylmethyl boronates as general reagents in transition-
metal-catalyzed homoallylations. In particular, we chose the
Negishi cross-coupling reaction to evaluate this idea due to the
enormous synthetic potential of this transformation.’ Based on
the pioneering work by Morken on the stereospecific trans-
metalation of secondary alkyl boronates,” we hypothesized that a
boron-to-zinc transmetalation® followed by regioselective ring
opening”'’ would provide an easy access to stereodefined
homoallyl-Zn species from bench-stable reagents (Scheme
1B)."" Although chiral f-substituted homoallyl-Zn species
have been described before, the general preparation and use of
these species remains challenging.'”"” Regarding the regiose-
lective ring opening, we were encouraged by the previous work
by Marek on the generation of homoallylic metal species from
stereodefined alkylidenecyclopropanes with complete preserva-
tion of the stereochemical integrity.'* From the homoallyl-Zn
species, the implementation of a subsequent sp>—sp® cross-
coupling would offer a straightforward platform to install a
stereodefined homoallylic motif in a large variety of biologically
active compounds such as those shown in Scheme 1C. Previous
methods to install this fragment in complex molecules include
the asymmetric functionalization of 1,3-dienes,"> asymmetric
allylic alkylation,]6 Claisen rearrangement,17 and asymmetric
alkylation followed by carbonyl functionalization (Scheme
1C)."* Compared to these approaches, the use of cyclo-
propylmethyl boronates would offer a different synthetic
disconnection to assemble such molecules. Additionally,
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different types of stereodefined homoallylic fragments could
be prepared from a common reagent simply by selecting the
appropriate electrophile in the cross-coupling event (Scheme
1B).

We recognized from the outset that a synthetically useful
homoallylation would necessarily require easy and general
access to the reagents. We envisioned that a copper-catalyzed
stereospecific borylative cyclization of an activated homoallylic
alcohol'® could provide direct access to enantioenriched cis/
trans-cyclopropylmethyl boronates with a defined stereocenter
(Scheme 2). In principle, these reagents could be used as cis/
trans mixtures on the carbon bearing the —CH,Bpin unit.
Enantioenriched homoallylic alcohols seemed to be ideal
precursors because they are readily available in both
enantiomeric forms from easily accessible aldehydes™ or
enantioenriched epoxides.”’ Scheme 2 shows the implementa-
tion of this strategy to prepare enantiopure boronate 1a. Starting
from commercially available (S)-propylene oxide, copper-
catalyzed vinylmagnesium bromide addition followed by
quenching with a chlorophosphate provided an activated alcohol
that was used directly in the next step without purification. Then
a copper-catalyzed borylative cyclization using conditions
described by Ito'” for homoallylic bromides provided a cis/
trans mixture of bench-stable cyclopropylmethyl boronate 1a in
90% yield over three steps after distillation.'” Importantly, this
sequence was scalable, and compound 1la preserved the
enantiopurity of the starting epoxide.”

From 1a, we first tried the direct use of the boron-ate complex
formed by addition of s-BuLi in a Suzuki—Miyaura cross-
coupling23 with an aryl bromide using Pd(OAc), with SPhos as
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Scheme 1. Cyclopropylmethyl Boronates as Homoallylation Reagents

A. Cyclopropylmethyl boronates for the homoallylation of aldehydes (Krauss)
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Scheme 2. Synthesis of Enantioenriched Reagents
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the ligand at 60 °C (Table 1, entry 1).** Unfortunately, we
observed low conversion of 1a to an inseparable mixture of open
and closed cross-coupling products 2a and 2a’. t-BuLi provided
better results but did not avoid the formation of cyclopropane
2a’ (Table 1, entry 2). Gratifyingly, when t-BuLi and Zn(OAc)é
were used at 60 °C to promote a boron-to-Zn transmetalation,”
ring-opened product 2a was obtained in excellent yield without
formation of 2a’ (Table 1, entry 3). The use of 1 equiv of 1a
instead of 1.5 equiv provided a lower yield (Table 1, entry 4).
Importantly, preformation of the alkyl-Zn species was essential
(Table 1, entry S), as adding the zinc salt and the palladium
catalyst simultaneously afforded results similar to those obtained
without Zn. Alternatively, ZnCl, could be used with the same
efficiency.

With the optimized conditions for an effective trans-
metalation/ring-opening sequence, we studied the generality
of the homoallylation with different cyclopropylmethyl
boronates (la—1h) and different electrophiles (Scheme 3).
Enantioenriched homoallylated arenes 2a—2k with electron-
donating and -withdrawing groups were prepared in good yields.
Moreover, several heterocycles with a stereodefined homoallylic
chain (21-2q) were efficiently synthesized using either
Pd(OAc),/SPhos (20, 2q) or PAG3CPhos (2 mol %) (2l—-n,
2p) as the catalyst.”

Table 1. Optimization of the Homoallylation

Me Me .
A t-BuLi A A( Li®  zn(OAc), Me
_— —_— R
Aq,‘/Bpin 78°C to rt Aq,\/Bpin 60°C,1h AcOZn 7
1a 30 min, THF €]
(1.5 equiv)

Pd(OAc); (2 mol%)
SPhos (4 mol%)
THF:Toluene (1:1)
60°C, 16 h

Br—@—OMe
MeO Me
\©\O/Mi/ : o (1 eqUiV)

2a 2a’

entry  deviation from standard conditions”  yield of 2a (%)”  2a:2a’¢

1 s-BuLi, no zinc salt 15 58:42
2 no zinc salt 60 82:18
3 - 92 >98:2
4 1 equiv of 1a 60 >98:2
S Zn(OAc),/Pd(OAc), added together 48 82:18
6 ZnCl, 87 >98:2

“Standard conditions: 1a (1.5 equiv), t-BuLi (1.5 equiv), Zn(OAc),
(1.5 equiv), Pd(OAc), (2 mol %), SPhos (4 mol %), ArBr (1 equiv),
THF/toluene, 0.2 M, 60 °C. “Yields were calculated by 'H NMR.
“Ratios were calculated by GC-MS.

We then focused on the use of acyl chlorides and alkenyl
(pseudo)halides to prepare stereodefined homoallylic ketones
and 1,5-dienes such as those present in the molecules shown in
Scheme 1C. After some optimization, we observed that ZnCl,
provided better results than Zn(OAc), for these electrophiles.*®
Using acyl chlorides and § mol % Pd(PPh,),,”” enantiopure aryl
ketones (3a—3g) were successfully prepared. Aliphatic homo-
allylic ketone 3h was also synthesized in moderate yield. The
reaction with vinyl halides and triflates in the presence of
Pd(OAc), (2 mol %) and CPhos (4 mol %) provided the
corresponding 1,5-dienes (4b—4d, 4—4j).”* For compounds 4a
and 4e, Lipshutz conditions for Negishi cross-coupling
(PdCl,Amphos,/N-methylimidazole) were used to avoid
isomerization of the alkene.”® The preparations of compounds
3f, 4e, and 4j are noteworthy because they highlight the
compatibility of an aryl chloride and a Boc protecting group with
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Scheme 3. Scope of the Homoallylation
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“Conditions A: 1 (1.5 equiv), t-BuLi (1.5 equiv), Zn(OAc), (1.5 equiv), ArBr (0.2 mmol), Pd(OAc), (2 mol %), SPhos (4 mol %), THF/Toluene,
0.2 M, 60 °C. Conditions B: 1 (1.5 equiv), t-BuLi (1.5 equiv), ZnCl, (1.5 equiv), (Het)ArCl (0.2 mmol), PdG3CPhos (2 mol %), CPhos (2 mol
%), THF, 0.2 M, 60 °C. “Conditions C: 1 (1.5 equiv), -BuLi (1.5 equiv), ZnCl, (1.5 equiv), AcCl (0.2 mmol), Pd(PPh,), (5 mol %), 0.2 M, 60
°C. “Conditions D: 1 (1.5 equiv), #-BuLi (1.5 equiv), ZnCl, (1.5 equiv), alkenyl-X (0.2 mmol), Pd(OAc), (2 mol %), CPhos (4 mol %), THF, 0.2
M, 60 °C. “Conditions E: 1 (1.5 equiv), t-BuLi (1.5 equiv), ZnCl, (1.5 equiv), alkenyl-X (0.2 mmol), PdCl,(Amphos), (2 mol %), NMI (2 equiv),
THF, 0.2 M, 60 °C. “Isolated yield. €5 mmol scale.

the t-BuLi used to form the ate complex starting from reagents We also applied the homoallylation conditions to the late-
1g and 1h.”’ stage functionalization of known drugs and to the preparation of
41223 https://doi.org/10.1021/jacs.5¢15781
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Scheme 4. Late-Stage Functionalization and Biologically Relevant Intermediates
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precursors of biologically active compounds (Scheme 4).
Starting from brompheniramine, vandetanib, and drug-like
Merck informer X17, homoallylated products 2r, 2s, and 2t
were prepared in moderate to high yields. Additionally, (S)-
flobufen precursor'® 3i was prepared using cyclopropylmethyl
boronate la and a commercially available carboxylic acid.
Finally, we applied our method toward the synthesis of fragment
4k, which has been used before as intermediate in the total
synthesis of rottnestol.'® Starting from protected alkynol 6, vinyl
boronic ester 7 was prepared through copper-catalyzed
borylation. To control the regioselectivity in this transformation,
we reoptimized the conditions developed by Kanai* for the
carboboration of internal alkynes. Interestingly, we found that
the use of -BuOH as a proton donor was key to provide high
levels of regioselectivity. Compound 7 was transformed into
vinyl iodide 8, which was used as a cross-coupling partner with
la to provide enantiomerically enriched 4k as a single
diastereomer.

To get insight into the transmetalation/ring-opening process,
we performed different ''B and 'H NMR experiments. After
addition of t-BuLi to la, the 'H NMR spectrum showed
quantitative formation of boron-ate complex I with no sign of
olefinic protons, indicating that the ring opening takes place
after transmetalation (Scheme SA, right). We envisioned two
possible pathways for the transmetalation/ring-opening se-
quence (Scheme SB, left). One would involve a concerted
process through a six-membered transition state, reminiscent of
that proposed for the boron-to-zinc transmetalation in allyl

boronates.”’ A second possibility would be stepwise trans-
metalation/f-carbon elimination.”> When ZnCl, was added to
boron-ate complex I under the reaction conditions (60 °C),
complete transmetalation was observed by ''B NMR after 10
min, with disappearance of the sp>-hybridized boron signal at 8.8
ppm and appearance of the t-BuBpin signal at 35.0 ppm
(Scheme SA, middle). The "H NMR spectrum at 60 °C showed
the clean formation of, presumably, homoallyl-Zn intermediate

L, while cyclopropylmethyl-Zn species IV could not be
detected (Scheme §, right).

At 25 °C, ''B NMR showed again complete transmetalation
(Scheme SB, right). At short times the 'H NMR spectrum
showed a complex mixture indicating the coexistence of different
species at 25 °C. From this mixture we could clearly identify the
olefinic protons of complex IIL. This mixture evolved overnight
to a clean spectrum of presumably complex III. Finally, at —55
°C the "B NMR spectrum showed almost complete trans-
metalation with the appearance of t-BuBPin, while the "H NMR
spectrum did not show any signals of olefinic protons. This result
was indicative of the formation of plausible cyclopropylme-
thylzinc IV at low temperature. Indeed, as the temperature
increased in the NMR tube, the closed-ring products evolved
cleanly to the formation of apparently homoallyl-Zn III. From
these experiments, we concluded that at lower temperatures the
stepwise mechanism seems to be operating.

To get further insight, density functional theory (DFT)
calculations at the PCM-MO6L/def2-TZVPP//PCM-MO6L/
def2-SVP level were carried out from the trans diastereomer of

41224 https://doi.org/10.1021/jacs.5¢15781
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Scheme 5. Studies of the Transmetalation/Ring-Opening Process by 'H and ''B NMR Experiments and DFT Calculations

A. Transmetalation/ring-opening at 60 °C
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cyclopropylmethyl boronate 1a. To this end, our calculations
started from the anionic intermediate INTO derived from the
reaction of trans-cyclopropylmethyl boronate la with t-BuLi
(Scheme S, bottom). Initially, this species reacts with the zinc
salt to produce the starting neutral intermediate INT1 via
replacement of a chloride ligand by INTO. This complex is

41225

formed upon coordination of an oxygen atom of the Bpin
fragment to the Zn atom, which is also weakly bonded to the C—
C bond of the cyclopropyl moiety in o-type bonding. From
INT1, two alternative pathways can be envisaged, namely, a
concerted transmetalation/ring-opening reaction and the
corresponding stepwise mechanism. Our calculations indicate

https://doi.org/10.1021/jacs.5c15781
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that the concerted process takes place via TS1, a saddle point
associated with the simultaneous rupture of the B—CH, and
cyclopropyl C—C bonds, with a low barrier of only 11.5 kcal/
mol. This process leads to the highly exergonic (AG = —22.2
kcal/mol) formation of homoallylic intermediate INT2, which
easily releases t-BuBpin to produce the key Zn(II) intermediate
INT3, also in a highly exergonic transformation (AG = —13.8
kcal/mol). This concerted mechanism is therefore consistent
with the experimental (NMR) detection of +-BuBpin and the
homoallyl-Zn complex. Alternatively, we also located a lower-
lying transition state, TS2 (AG* = 7.9 kcal/mol), which is
associated exclusively with the transmetalation reaction, i.e.,
with Zn—CH, bond formation with concomitant B—CH, bond
rupture. This step leads to the Zn(II) intermediate INT2-A in a
highly exergonic reaction (AG = —26.6 kcal/mol), therefore
indicating that the first step of this stepwise pathway is both
kinetically and thermodynamically favored over the (also
feasible) concerted mechanism (a similar result was found
when a molecule of THF is coordinated to the metal atom; see
the Supporting Information). Intermediate INT2-A may then
evolve to the same intermediate INT2 via TS3-A with a
relatively high barrier of 30.0 kcal/mol in a slightly endergonic
process (AG = 4.4 kcal/mol). A similar barrier was computed
when the boronate ligand was replaced either by a molecule of
THF (AG* = 28.4 kcal/mol, via TS3-B) or LiCl present in the
reaction (AG¥ = 27.5 kcal/mol, not shown in the computed
profile). Either way, the kinetic and thermodynamic preference
for the formation of INT2-A together with the relatively high
barrier and endergonicity associated with the subsequent
cyclopropyl ring opening is fully consistent with the exclusive
detection of ring-closed species in the kinetic control experiment
(=55 °C). On the other hand, under thermodynamic control (rt
or 60 °C), INT3 could be formed either through the concerted
mechanism or via the stepwise pathway, as the barrier associated
with the cyclopropane ring opening (via TS3) can be easily
reached.

In summary, a novel way to prepare enantioenriched
homoallyl-Zn species from stereodefined cyclopropylmethyl
boronates has been developed. Their use in subsequent Negishi
cross-coupling reactions provides a general and straightforward
platform to introduce the homoallyl fragment with a defined
stereocenter in complex molecules. We expect that this
transformation may open the door to the use of these reagents
in more challenging sp®>—sp® cross-coupling reactions as well as
in further transition-metal-catalyzed transformations.
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