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Abstract A copper-catalyzed stereoselective 1,4-acylboration of a.,B-
unsaturated esters with B2pinz and pivalic anhydride has been developed to
afford the corresponding (E)-allylboronates with two distinct oxygenated
functionalities at the y positions, which are difficult to prepare by other
means. The chemoselective post functionalizations of Bpin and pivalate
moieties in the product are also demonstrated.

Key words allylboronate, borylation, conjugate addition, copper,
stereoselectivity

Allylborons constitute an important class of organoboron
compounds in modern synthetic organic chemistry because
they enable the chemo- and stereoselective allylation of organic
molecules, after which the resulting allyl moiety can be
transformable with high diversity.! Among them, the v-
oxyallylic boronate is particularly useful for introduction of
oxygenated functionality together with the allylic fragment to
rapidly increase the molecular complexity. However, its
preparation largely relies on the classical methods such as allylic
lithiation-electrophilic ~ borylation? and hydroboration-
isomerization sequences,® which still suffers from low
functional group compatibility and sometimes careful and
tedious temperature control. On the other hand, recent
advances in transition metal catalysis allows the more concise
and structurally diverse synthesis of y-oxyallylic boronate. Hall
reported the chromium-catalyzed highly selective hetero-Diels-
Alder reaction of 3-boronoacrolein with ethyl vinyl ether to
afford the cyclic y-oxyallylic boronate (Scheme 1a).# More
recently, Itoh developed the copper-catalyzed y-selective allylic
boryl substitution of allyl acetals and acylals, delivering the
corresponding allylboronates with the alkoxy and acyloxy
moieties, respectively, at the y-position (Scheme 1b).> By using
suitable chiral ligands, these protocols can also be applied to
asymmetric synthesis. In this paper, we report an alternative
approach to the targeted y-oxyallylboronate: a copper-catalyzed

cross-coupling

1,4-acylboration of o,B-unsaturated esters with Bzpin: and
pivalic anhydride is described (Scheme 1c). The products
obtained are (y-acyloxy-y-alkoxyallyl)boronates, which are non-
trivial allylboron compounds, to the best of our knowledge.
Synthetic transformations based on the Bpin and acyloxy group
are also demonstrated.

a) Hetero-Diels-Alder reaction of 3-boronoacrolein with vinyl ether (Hall)

pinB pinB
Z . l cat. Cr |
N OEt
(0] O~ "OEt

b) y-Selective allylic boryl substitution of allylic acetals (Ito)
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. cat. Cu pinB
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R =Me, Ac

c) 1,4-Acylboration of a,B-unsaturated esters (this work)
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Scheme 1 Recent advances in transition-metal-catalyzed synthesis of y-
oxyallylic boronates with structural diversity.

Recently, our research group developed the copper-catalyzed
3,4-acylboration of o,B-unsaturated ester 1a with Bzpin, and
benzoyl fluoride to afford the B’-boryl-B-ketoester 2a’ (Scheme
2a).6 During the investigation of acyl electrophiles in the
reaction, we serendipitously found that the use of pivalic
anhydride (Pivz0) totally switched the regioselectivity of the
reaction to form the 1,4-acylboration product, that is, (y,y-
dioxyallyl)boronate 2a with high (E)-selectivity (Scheme 2b).
The structure of product was assigned by 1H, 13C{1H}, 11B NMR
and HR-MS, and finally determined by X-ray crystallographic
analysis (vide infra).

Prompted by the aforementioned unexpected but intriguing
result, we started optimization studies for the copper-catalyzed
1,4-acylboration of 1a. Initially, the effect of acyl electrophile on

Template for SYNLETT

Thieme



Synlett

Letter / Cluster / New Tools

reaction efficiency and regioselectivity was examined in detail
(Scheme 3). Smaller aliphatic acid anhydrides such as Ac20 and
(iPrC0)20 also afforded the corresponding 1,4-acylboration
products 2 exclusively, but the yields were much lower probably
because 2 gradually underwent in-situ hydrolysis to form the
protoboration product 3a.” On the other hand, as seen in our
previous work,® the aromatic acid anhydride, Bz20, mainly
delivered the 3,4-acylboration product 2’. Notably, 2 was
selectively obtained even with pivaloyl chloride, thus suggesting
that the regioselectivity is controlled predominantly by
steric/electronic nature of the carbon substituent rather than
the leaving group in the acyl electrophile. In addition, the steric
bulkiness to suppress the in-situ hydrolysis is necessary for the
successful isolation of 1,4-acylboration product 2.

a) 3,4-Acylboration with benzoyl fluoride

1 B,pin, Cu(OAc), pinB O
/\/w\i P(3,5-(CF)CoHa)s 4
+ T
Ph <2 OMe j\ CsOPiv, toluene, it T" 5 OMe
1a (o] Ph o Ph
2a’ 70%
b) 1,4-Acylboration with pivalic anhydride (initial finding)
o . Cu(OAc), pinB  OMe
SR, o e L I
e .
Ph > OMe * . CsOPiv, toluene, rt Ph ?P"’
3 Piv,0
1a 2a 84%, E/Z=955

Scheme 2 Copper-catalyzed acylboration of a,f-unsaturated ester: previous
work and serendipity.

o' i Cu(OAc),
4 BaPin2  P(3,5-(CFg),CoHa)s
Ph/\/\)J\OMe + "
3 2 RCOX CsOPiv, toluene, rt
1a
pinB  OMe ping O pinB O
4
Ph #>ocor *+ PN s OMe + o OMe
2 ! 0“ R 2 3a
« acyl electrophiles used and yields of 2, 2°, and 3a
O O
Piv,0 Ac,0 %ok( Bz,0 PivCI
2:84% 2:5% 2:24% 2:0% 2:82%
2: 0% 2 0% 2: 0% 2’: 30% 2 0%
3a: 16% 3a: 37% 3a: 53% 3a: 24% 3a: 16%

Scheme 3 Effect of acyl electrophiles on efficiency and regioselectivity in
copper-catalyzed acylboration of 1a.

Representative results in screening of supporting ligand, base,
and solvent are also summarized in Table 1. The ligand gave a
large impact on the yield and E/Z selectivity, with the electron-
withdrawing monodentate P(3,5-(CF3)2CéH3)s proving to be
best (entries 1-5). The pivalate-type external base was also
essential to promote the acylboration; otherwise, the
protoboration byproduct 3a was mainly formed. In particular,
the KOPiv base slightly increased the yield (entries 6-8). Final
examination of solvent revealed that CPME was optimal, and the
targeted 2a was finally isolated in 82% yield with >99:1 E/Z
selectivity (entry 10). In all attempts, the corresponding 3,4-
acylboration product 2a’ was not detected at all, as far as Piv20
was employed (see the Supporting Information for more
details).

Table 1 Optimization Studies for Cu-Catalyzed 1,4-Acylboration of 1a with

Bapinz and Piv,02

o Bopi Cu(OAc), pinB  OMe
/\/\)J\ 2piny P(3,5-(CF3)2CeHa)3 P )
Ph N "oMe * , CsOPiv, toluene, rt Ph CPIv
1a Piv,0 “standard conditions” 2@ 84%, E/Z=95:5
Entry Deviations from standard conditions Yield (%), E/2°
1 none 84,95:5
2 PPh; ligand 44, 84:16
3 P(4-MeOQCgH,)s ligand 40, 83:17
4 P(4-CF3CeHa) ligand 52,90:10
5 1,2-bis{P(3,5-(CF3),CeH3),}benzene ligand® <5, —
6 CsOAc base 30, 97:3
7 KOPiv base 88, 95:5
8 no base <5, —
9 KOPiv base, 1,4-dioxane solvent 72,94:6
10 KOPiv base, CPME solvent 91, 96:4 (82, >99:1)

2 Conditions: Cu(OAc), (10 mol%, 0.025 mmol), ligand (20 mol%, 0.050 mmol), 1a
(0.25 mmol), B,pin, (0.63 mmol), Piv,0 (0.38 mmol), base (0.75 mmol), solvent (1.0
mL), rt, 18 h. b Determined by 'H NMR spectroscopy in the crude mixture with 1-
methylnaphthalene internal standard. The values after isolation are shown in
parentheses. 10 mol% ligand.

With conditions in entry 10 of Table 1, we investigated the scope
and limitation of a,B-unsaturated esters 1 (Scheme 4). In
addition to the model substrate 1a, the primary and secondary
alkyl-substituted acrylates 1b-1d underwent the 1,4-
acylboration to form the corresponding (v»y-
dioxyallyl)boronates 2b-2d in good yields with high
stereoselectivity. As a general trend, the (E)-selectivity slightly
decreased with increasing the steric bulkiness of the substituent
at the B-position (2c¢ and 2d). The structure of (E)-2d was
unambiguously confirmed by the single-crystal X-ray analysis
(CCDC 2244361). The copper catalysis was compatible with
several functional groups, including the alkyl chloride, alkyl
bromide, silyl ether, ester, and acetal (2e-2i). The protected
amino group was also tolerated under the standard conditions
(2j). The corresponding tert-butyl ester instead of the methyl
ester also participated in the reaction (2a-tBu). The reaction
could be performed on a larger scale (2.0 mmol), and the desired
product was obtained with comparable efficiency (2a).
However, the cinnamate derivative 1k showed the totally
different selectivity and reactivity: the 1,4-acylboration product
2k was not formed, and only the 3,4-acylboration product 2k’
was isolated. We have no explanation for the reason at this
time.8

Our proposed reaction mechanism is shown in Scheme 5. The
o,B-unsaturated ester 1 undergoes the conjugate addition with
the in-situ generated borylcopper species A9 to initially produce
the kinetically favored B-borylated O-bound copper enolate (Z)-
B, which is generally favored by the strong intramolecular O-to-
B coordination.!0 Thus, the electrophilic trapping with the
aromatic acyl electrophile such as benzoyl fluoride (Scheme 2a)
and Bz;0 (Scheme 3) generally occurs at the nucleophilic C3
position, giving the 3,4-acylboration product 2’. However, when
the aliphatic acyl electrophile is employed, this reaction mode is
less favored due to steric and electronic reasons. Accordingly,
(2)-B is isomerized into the stereoisomer (E)-B through
tautomerization via the corresponding C-bound copper enolate
C. The open coordination form in (E)-B allows the electrophilic
trapping at the more sterically accessible O1 position, thus
affording the 1,4-acylboration product 2.
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crystal structure of (E)-2d
(CCDC 2244361)
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Scheme 4 Copper-catalyzed 1,4-acylboration of various a,B-unsaturated esters 1. Reagents and conditions: Cu(OAc)z (10 mol%, 0.025 mmol),
P(3,5-(CF3)2CeH3)3 (20 mol%, 0.050 mmol), 1a (0.25 mmol), Bzpinz (0.63 mmol), Piv20 (0.38 mmol), KOPiv (0.75 mmol), CPME (1.0 mL), rt, 18 h, Na.
Isolated yields are shown. @ On a 2.0 mmol scale. ® With 1k (0.50 mmol), Piv20 (0.25 mmol), CsOPiv, and toluene.
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Scheme 5 Proposed reaction mechanism: electrophile-dependent 1,4-
acylboration vs 3,4-acylboration.

We finally attempted derivatizations of the (y,y-
dioxyallyl)boronate 2a (Scheme 6). The oxidation with aq. H202
under acetate buffer conditions* furnished the corresponding
allylic alcohol 4 with maintenance of the ketene acetal moiety,
which can be a good synthetic handle for further manipulations.!1
Matteson homologation!? could also be conducted to afford the
functionalized homoallylic boronate 5 in 62% yield. The nickel-
catalyzed C-O cross-coupling reaction!3 with the arylboroxine
proceeded to give the vinyl ethers 6 and 7 with the Bpin function
left intact albeit with some erosion of the E/Z stereochemistry.

In conclusion, we have developed an approach to a new class of
allylboronates, (y,y-dioxyallyl)boronates, by using a copper-
catalyzed boryl conjugated addition to a,B-unsaturated esters.1*
The regioselective electrophilic trapping with Piv20 at the O atom
in a B-borylated copper enolate intermediate allows the first
successful synthesis; there is no preparative method for such
boronates in the literature, to the best of our knowledge. Some
preliminary functionalizations of newly obtained (y,y-
dioxyallyl)boronate are also demonstrated. Additional synthetic
applications such as an allylboration of carbonyls!> and catalytic

asymmetric synthesis'¢ are now under investigation in our
laboratory.

inB
/pi)\/(l)\Me /\j.\/okMe
= "
Ph = Ph OPiv

OPiv

aqg. Hy,0, 5, .
5 62%, E/Z>99:1 CH,BrCI/BuLi NaOAc 4 56%, E/2>99:1
THF, —78 to 40 °C THF,0°C
Matteson oxidation
homologation
pinB OMe
Ph Z OPiv
2a, E/Z>99:1
(ArBO);

cross-coupling | Ni(cod)o/PPh,Cy
K3POy,, toluene, 90 °C

pinB  OMe
Ar=Ph: 6 43%, E/Z=43:57
Ph P NAr Ar=4-MeOCgH,: 7 71%, E/Z=24:76

Scheme 6 Transformations of (y,y-dioxyallyl)boronate 2a.
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Experimental Procedures and Characterization Data
Synthesis of 2a (Scheme 4, 0.25 mmol scale)

Cu(OAc)2 (4.5 mg, 0.025 mmol), P(3,5-(CF3)2CsH3)3 (33.5 mg, 0.050
mmol), and KOPiv (105.2 mg, 0.75 mmol) were placed in a 20 mL
Schlenk tube, which was filled with nitrogen by using the Schlenk
technique. CPME (1.0 mL) was then added to the tube, and the
suspension was stirred for 15 min at ambient temperature.
Bis(pinacolato)diboron (158.7 mg, 0.63 mmol) was then added in
one portion, and the resulting solution was stirred at the same
temperature. After 5 min, pivalic anhydride (69.8 mg, 0.38 mmol)
and methyl (E)-5-phenylpent-2-enoate (1a, 40.5 mg, 0.25 mmol)
were added dropwise. The reaction solution was stirred at room
temperature for additional 18 h. The resulting mixture was
directly filtered through a short pad of neutral alumina and Naz2SOa.
The filtrate was evaporated in vacuo and purified by silica gel
column chromatography on neutral silica gel with hexane/ethyl
acetate (20/1 — 10/1, v/v) and GPC (CHCIs) to give 1-methoxy-5-
phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-1-en-1-yl
pivalate (2a, 82.5 mg, 0.21 mmol) in 82% yield with >99:1 E/Z ratio.
(E)-1-Methoxy-5-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)pent-1-en-1-yl pivalate ((E)-2a)

82.5 mg (82%); colorless oil; 'H NMR (CDCls, 400 MHz): § 7.27-7.23
(m, 2H), 7.21-7.19 (m, 2H), 7.15 (t, J= 7.1 Hz, 1H), 4.34 (d, J=9.9
Hz, 1H), 3.55 (s, 3H), 2.74 (ddd, J=13.6, 10.5, 5.4 Hz, 1H), 2.59 (ddd,
J=13.6,10.4, 6.0 Hz, 1H), 2.09-2.03 (m, 1H), 1.89-1.80 (m, 1H), 1.73-
1.65 (m, 1H), 1.28 (s, 9H), 1.25 (s, 12H); 3C{'H} NMR (CDCls, 100
MHz): § 176.5, 150.6, 142.9, 128.7, 128.3, 125.6, 98.2, 83.3, 57.1, 39.1,
35.4,33.4,27.2,24.9,24.8,20.5 (broad); ''B NMR (CDCl3, 128 MHz):
8 32.7; HRMS (APCI) m/z ([M+H]") calcd for C23H36BOs: 403.2654,
found: 403.2666.

We preliminary tested several reported conditions, including
simple heating, Sc(OTf)s catalyst, and ZnBr; catalyst, for the
allylation of benzaldehyde with 2a, 6, and 7. However, the allylic
boronates just decomposed, and the corresponding homoallylic
alcohols were not detected at all. Additional investigations are still
necessary.

We preliminary tried enantioselective conditions using several
chiral phosphine ligands. However, the maximum enantiomeric
ratio was 75:25 with a phosphoramidite ligand. See the Supporting
Information for more details.
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