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ABSTRACT: A general method for the synthesis of secondary j\ B(pin)
homoallylic alcohols containing @-quaternary carbon stereogenic centers
in high diastereo- and enantioselectivity (up to >20:1 dr and >99:1 er) is
disclosed. Transformations employ readily accessible aldehydes, allylic .
diboronates, and a chiral copper catalyst and proceed by y-addition of in

OH

/s'/\/B(pin)

Ry Ry

5mol % chiral \ch(L)
Cu cat. \/\

Ry B(pin) | 38 examples « 68-99% vyield, up to >20:1 dr and >99:1 er
» Quaternary Stereocenters ¢ Versatile Alkenyl-B(pin)

R,  B(pin)

situ generated enantioenriched boron-stabilized allylic copper nucleo-
philes. The catalytic protocol is general for a wide variety of aldehydes as well as a variety of 1,1-allylic diboronic esters. Hammett
studies disclose that diastereoselectivity of the reaction is correlated to the electronic nature of the aldehyde, with dr increasing as

aldehydes become more electron poor.

Numerous biologically important compounds contain
quaternary carbon stereogenic centers, and catalytic
enantio- and diastereoselective reactions that deliver them are
highly desirable." Homoallylic alcohols comprising a vicinal
carbon stereocenter can be prepared by catalytic additions of
substituted allyl fragments to aldehydes;”~* however, related
transformations that deliver quaternary carbon stereogenic
centers enantio- and diastereoselectively are difficult. While
there are many examples for the construction of quaternary
stereocenters via aldehyde allylation,” few enantioselective
methods exist. Prior disclosures include the enantiospecific
intermolecular addition reactions of allylzincs derived from
enantioenriched alkynylsulfoxides,” as well as transformations
with enantioenriched allylsilanes” and allylboronic esters.® In
contrast, catalytic enantioselective versions are scarce.” One
study shows the catalytic enantioselective reactions of y,y-
disubstituted allyl trichlorosilanes with aldehydes are efficiently
promoted by chiral bisphosphoramide (Scheme 1A)."
Another disclosure includes a Cr-catalyzed allylation utilizing
7,7-disubstituted allyl chlorides (Scheme 1B); however, the use
of four transition metals, two in stoichiometric amounts,
detracts from the method."" Elegant studies by Krische
describe Ir-catalyzed reductive couplings of vinyl epoxides,
dienes, and allenes with in situ generated aldehydes (Scheme
1C)."> A more recent approach involves a dual isomerization/
enantioselective allylation sequence with allylic alcohols and
homoallylic boronic esters, catalyzed by an Ir/chiral phos-
phoric acid protocol."” In the case of quaternary stereogenic
centers, however, a wide range of dr and er were observed.
While significant advances in quaternary stereocenter
synthesis by aldehyde allylation have been made, addition to
alkyl aldehydes remains a significant challenge, and variation at
the quaternary carbon center is largely absent. Furthermore,
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Scheme 1. Catalytic Enantioselective Additions to
Aldehydes with y,y-Disubstituted Allyl Reagents

e

R? = Ph, gernayl, neryl up fo
- 9 yl. neryl 99:1 er and 99:1 dr

B. Allyl Chloride: Zhang

A. Allyl Trichlorosilane: Denmark
Rl

j\ 10.0 mol %
R?J\/\SiC\3 +  Ph H b\sphosphoromlde

R = Me TCH,Clp 78°C

¥ i 5.0 mol % CrCl, OH
0.5 mol % NiCl
RNC\ + R g MR R N
stoich. R
R' = Me, Et R = Aryl, Mn, Zr, Cs upto
R2.= Aryl, Alkyl alkyl, alkenyl 97.5:2.5 er and 25:1 dr

C. Ir-catalyzed Vinyl Epoxide Alcohol Coupling: Krische
OH Me

R‘*) * Cf)‘\/

R' = aryl, alkenyl, alkyl

5 mol % chiral Ir cat.

5 mol % KzPO, /\(\
_

THF, 45 °C Up fo
>99:1 dr, 97.5:2.5 er

D. Dual Catalytic Isomerization/Allylboration: Mazet

RFN"oH  10mol % (i RN (R)-TRIP o
DCE or THF DCE o N
_—

+ —_— Me
-20, 0, or 23 °C -30, -20, or 0 °C Me R,
ijk/\B(pin) 30-60 min R)\/\B(pm) 48 h

E. This Work: Allylic diboronic ester

o R2  B(pin) OH
cat. (L)Cu-OR X _-B(pin)

R*H & NB(pin) - > Ry

MeOH R‘

1 2
* 38 examples ¢ 68-99% yield, up to >20:1 dr & >99:1 er « Quaternary Siereocemers
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very few catalytic, enantioselective methods exist that afford
products in high diastereo- and enantioselectivities. Our
objective was the development of a general protocol for
setting quaternary centers in homoallylic alcohols by employ-
ing y,y-disubstituted allylic 1,1-diboronate esters. Allylic 1,1-
diboronic esters have been employed in the crotylation and
prenylation of aldehydes;'”'> however, extension of these
methods for enantio- and diastereoselective allyl addition
beyond prenylation to set quaternary stereocenters has not
been achieved.

Encouraged by our previous studies regarding the enantio-
and diastereoselective reactions of y,y-disubstituted allylic 1,1-
bis(boronates) with aldimines'® and ketones,'” we envisioned
the stereoselective reaction in Scheme 1E. The enantio- and
diastereoselective preparation of complex secondary homoallyl
alcohols with vicinal quaternary carbon stereocenters bearing a
functional E-alkenylboron can be achieved by catalytic
reactions between an array of aldehydes (1) and readily
accessible stereodefined 2.

We began our studies with the reaction of benzaldehyde
(1a) and allyl diboronic ester 2a (Table 1). An initial control
reaction between 1a and 2a in THF at —60 °C, followed by an
aqueous (entry 1) and NaBH, (entry 2) workup, revealed
significant background addition of unreacted 2a occurs upon
workup (38% conv, >20:1 dr vs <2% conv). This outcome
highlighted the need for a reductive quench during catalyst

Table 1. Reaction Optimization”

o 5.0 mol % CuOtBu

Me  B(pin) 10 mol % Ligand OH
©)‘\H+ n-Bu)\)\B(pm) MeOH (1 .OSgequiv) Ph/s,/\/B(pm)
1o 20 THF, -60°C, 16 h; md oy
(1.0 equiv) (1.2 equiv) then NaBH,, MeOH 3a
entry ligand alcohol NMR yield dr? er¢
(%)’
14 - - 38 >20:1 -
2 - - <2 - -
3 L1 MeOH <2 - -
4 L2 MeOH <2 - -
5 L3 MeOH 8 nd nd
6 L4 MeOH 89 2.7:1 >99:1
7 L4 <2 - -
8 L5 MeOH 70 1.5:1 >99:1
9 L6 MeOH >98 1:1 99:1
10 L7 MeOH 98 4:1 >99:1
11¢ L7 MeOH 94 4:1 >99:1
12/ MeOH 98 4:1 98.5:1.5

Me:,
Me )
P
PPh, PCYZ
PPh, A
PPhy Me
u /Q

Me
>£> xﬁi
Bu

L4-7 L5

“Reactions performed under a N, atmosphere. *NMR yield and
diastereomeric ratios (dr) determined by analysis of '"H NMR spectra
of crude reactions with hexamethyldisiloxane as the 1nternal standard.
“Enantiomeric ratios (er) determined by SFC analysis. “No CuOtBuy,
ligand, or NaBH, quench. “Reaction at —78 °C. /No NaBH, quench.
See the SI for details.

optimization. In the presence of 5 mol % CuOtBu, 10 mol %
ligand, and 1.05 equiv MeOH in THF at —60 °C, several
classes of chiral ligands were examined. Bidentate phosphines
L1-3 proved ineffective, <2—8% conversion to 3a (entries 3—
5). Switching to phosphoramidite L4 delivered 3a in 89% yield
(>98:2 y-allylation) in 2.7:1 dr and >99:1 er (entry 6).
Notably, < 2% conversion to 3a is observed in the absence of
methanol (entry 7). Investigation of phosphoramidite 3,3’-aryl
substitution (entries 8—10) identified 3,5-i-Pr-4-OMe sub-
stitution (L7) as optimal (>99:1 er, 4:1 dr) (entry 10). In an
effort to further improve the dr, the reaction with L7 was run
at —78 °C; however, this resulted in no improvement in
selectivity. To test if a reductive workup was necessary given
the high conversion with L7 in 16 h, the equivalent reaction
with aqueous workup was found to afford a near identical
result (98% NMR vyield, 4:1 dr, 98.5:1.5 er). Consequently,
provided catalytic reactions proceed to >98% consumption of
aldehyde, a reductive workup is not required.'®

The robustness of the reaction conditions was surveyed, and
it was found to be broad. As shown in Scheme 2A, a wide
variety of aromatic substrates are tolerated, including those
containing electron-donating groups (3b), halogens (3c—d),
and electron-withdrawing ester (3e), nitrile (3f), nitro groups
(3g—h) and trifluoromethyl (3i), to deliver products in
excellent yields and er. Notably, meta and ortho substituted
arenes undergo efficient and selective reaction (3h—k).
Furthermore, a range of heteroarene products including
pyridine (3k), furan (31), and thiophene (3m) moieties are
accessible in excellent yield and er albeit in 3:1—4:1 dr. In
reactions with aldehydes containing extended z-systems, such
as indole (3n), benzofuran (30), and benzothiophene (3p),
products are generated in higher diastereoselectivity in
excellent yields and enantioselectivities. Moreover, synthesis
of indole 3n on a 1.0 mmol scale demonstrated robustness of
the protocol.

The catalytic protocol also extends to alkenyl, alkynyl, and
alkyl aldehydes (Scheme 2B). Unsaturated cinnamyl, tiglic, and
cyclohexenyl aldehyde substrates are converted to homoallylic
alcohol products Sa—c in excellent yield and >99:1 er, and
4:1—6:1 dr, respectively. In addition, reaction with enantioen-
riched (—)-myrtenal delivers Sd in 82% vyield and 9:1 dr.
Reactions of alkynyl aldehydes also react efficiently; however, a
decrease in diastereoselectivity results. For example, prop-
argylic alcohol Se is formed in 84% yield, 2:1 dr, and 98.5:1.5
er (major) and >99:1 er (minor). High yields and selectivity
are similarly observed with more challenging, less electrophilic
aliphatic aldehydes. For example, a variety of alkyl-substituted
aldehydes bearing t-Bu (5f), cyclic (Sg—i), and f-branching
(5j) were found to react smoothly to deliver desired products
in 68—99% yield, > 99:1 er, and >20:1—4:1 dr. Additionally,
no adverse effects arising from a pendant alkene moiety in
reactions with 4-pentenal and (—)-citronellal to afford Sk and
SI were observed.

Finally, the scope of the quaternary carbon stereocenter was
investigated by varying the substituents introduced on the
allyldiboron reagent (Scheme 3). Notably, diastereomers 6b
and 6c could be synthesized stereospecifically by subjecting
either E- or Z-allyldiboronates to the reaction conditions, with
both obtained in high dr and er. The increased sterics
associated with a-branched cyclohexyl and cyclopropyl
reagents are tolerated to produce 6d and 6e in excellent
yield and selectivity. Moreover, after a single recrystallization,
6e could be enriched to 20:1 dr, and the X-ray structure was
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Scheme 2. Aldehyde Scope”

5 mol % CuOtBu

j\ Me  B(pin) 10 mol % L7 OH

MeOH (1.05 equiv i
e T n-Bu)\)\B(piﬂ) ( quiv) R%/\/B(pm)
tap, dat . THF, -60 °C, 16 h md AU
(1.0 equiv) (1.2 equiv) 3a—p, 5a-1

r A. Aryl Aldehyde Scope:

OH OH OH
o _B(pin) x-B(Pin) x-B(Pin)
md f-Bu IVES Y md f-Bu
MeQ’ F

79% yield 76% yield 91% yield
4:1dr, 98.5:1.5 er 3:1dr, 97.5:2.5er 7:1dr, 98.5:1.5 er

OH OH OH
-B(pin) X -BlPin) o BlPin)
md sy Mé h-Bu md fau
Br MeO,C NC

71% yield 91% yield 89% yield
10:1 dr, 98.5:1.5 er 13:1 dr, >99:1 er 10:1 dr, 97.5:2.5 er
OH
{ NG 7
. pin .
o -B(oin) BN
= M€ h-Bu =
M€ h-Bu Mé h-Bu
O,N s cl Br
3g 3h: G = NOy; 99% vield 3j
84% yield 10:1 dr, 99:1 er 78% yield
7:1dr, 98.5:1.5er 3i: G = CF3; 73% yield 7:1dr, 98.5:1.5er
12:1.dr, 99:1 er
OH OH OH
B (Pin) i ;
JME h-Bu oy %
cl N Cl \ O Me h-Bu \ S Me h-Bu
3k 3l
76% yield 87% yield 73% yield
4:1dr, 97.5:2.5 er 4:1dr, 99:1 er 3:1.dr, >99:1 er

OH
Il
BocN Me h-Bu

3n
78% yield 86% yield” 99% yield 92% yield
15:1 dr, >99:1 er10:1 dr, 99:1 er 5:1dr, 98.5:1.5 er 9:1.dr, >99:1 er
r B. Alkeny\ Alkynyl, and Alkyl Aldehyde Scope
OH
WB(DIH) A(S/\/B(pm) A ABlRin)
Me/v\e f-Bu Mg\Ae h-Bu MéE" h-Bu
5c
97% yleld 99% y\eld 95% yield
4:1.dr, >99:1 er 6:1dr, 99:1 er 6:1.dr, >99:1 er
OH OH OH
Me . . .
. _-B(pin) . _-B(pin) x-B(pin)
Me ", & o o
M€ h-Bu Phr M€ h-Bu M€ h-Bu
82% yleld 84% yield 68% y\eld
2:1dr, 98.5:1.5er (>99 minor) >20:1 dr, 99:1
xB(Pin) XxBlPin) v%/\/mpm)
Me h-Bu BocN Me nBu Me nBu
95% y\eld
98% yleld 96% y\eld 5:1dr, >99:1 er
10:1 dr, 99:1 er 10:1 dr, >99:1 er
Me OH Me OH
MeJ\/'>/\/B(pmJ WB(F}IH) xB(pin)
MéE" h-Bu M€ h-Bu M€ nBu
5j
99% yield 99% y\eld 92% y\eld
4:1dr, >99:1 er 6:1dr, 98.5:1.5er 3:1dr

“Reactions performed under N, atmosphere. Yields of purified
products after SiO, Chromatography. Experiments were run in
duplicate. Diastereomeric ratios (dr) determined by analysis of 'H
NMR spectra of purified products. Enantiomeric ratios (er)
determined by HPLC or SFC analysis. See the SI for details. “1.0
mmol scale.

obtained to confirm the relative and absolute stereochemistry.
Lastly, transformations of allyl diboronate reagents containing

Scheme 3. 1,1-Allylic Diboron Scope”

5 mol % CuOtBu

)OI\ Minl 10 mol % L7 OH
MeOH (1.05 i i

ROOH  + R pppin) MEOH05eAM | A BRI

1.0 T THE, -60°C, 16 h RS
(1.0 equiv) (1.2 equiv) 6b-h

OH
/©)>/\/B(pln) x_-B(pin) WBWM
o O AS
96% yle\d 99% yield
7:1dr, 98:2 er >99% y‘eld 11:1 dr, 98:2 er

6:1dr, 98.5:1.5 er

92% yie\d X-ray ée '
7 1dr, 99:1 (ORTEP 50% probability)
BocN Me Me Me BocN
OTBS
of ég 6h
84% yield 84% yield 69% yield
96.5:3.5 er 4:1dr, 96.5:3.5er 6:1dr, 98.5:1.5 er

“See Scheme 2. See the SI for details.

homobenzyl and silyl ether moieties generate competent
nucleophiles; for example, alkenyl and aliphatic aldehyde
derived products 6g—h, delivered in 4:1—6:1 dr and >96.5:3.5
er, are illustrative.

To assess the importance of the allyl diboronate moiety, a
comparison to monoboryl reagent 7 was evaluated (Scheme
4A). Under standard conditions with a NaBH, quench, <5%
conversion to homoallylic alcohol product 8 is observed; the
control reaction in the absence of Cu/L7 affords 8 in 66%
NMR yield and 9:1 dr. Support for an enantio-determining
transmetalation step in the reaction mechanism was provided
by Swern oxidation of alcohol 3a to ketone 9 in 53% yield, and
97.5:2.5 er (Scheme 4B). The high er of the product strongly
suggests an enantioselective transmetalation to form a
stereodefined allylic nucleophile, and diastereoselectivity is
the result of facial selectivity with the aldehyde. Further
evidence for this is found in the high er of the minor
diastereomer of Se (see SI for details). To gain insight into
interesting diastereoselectivity trends observed with aryl
aldehydes, a Hammett plot was constructed (Scheme 4C).
Satisfactory correlations between dr and the electronic effects
of the substituents were observed. Notably, it was also found
that substituent constant o,— values provided the best
correlation for the electron-poor aldehydes (p-CO,Me, p-
CN, p-NO,)."” The plot in Scheme 4C shows that electron-
withdrawing substituents result in improved diastereoselectiv-
ity in the reaction (p = 0.96, R* = 0.95), indicating the
electrophilicity of the aldehyde (vs C = O Lew15 basicity)
impacts the diastereoselectivity of the reaction.”” These data
are consmtent with C—C bond formation being diastereo-
determmmg At larger o values, a change in slope of the
Hammett plot of opposite sign is observed (p = —0.26, R* =
0.95), indicating a lower sensitivity of the allyl addition
reaction to electronic changes. The break in the plot is
suggestive of a change in the diastereo-determining step likely
toward aldehyde coordination influencing stereoselectivity.

The effect of catalyst versus substrate control with chiral
aldehydes was examined with a-stereogenic amino aldehydes

https://dx.doi.org/10.1021/acs.orglett.0c03495
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Scheme 4. Mechanism Experiments”

A. Comparison to Mono-boron Reagent: Efficiency? Enantioselectivity

i )Mi/\ 5mol % CuOtBU OH
X . 10 mol % L7
PR™ "R nBu BIPIN) \eOH (1.05 equiv) Ph/S{\
—_— Me h-Bu
1a 7 THE, -60°C, 16 h; 8
(1.2 equiv) then NaBH4, MeOH <5% NMR yield

* Reaction with no Cu/L7 with (aq) quench: 66% yield, 9:1 dr

B. Quaternary Carbon Stereochemistry in Diastereomers: Identical vs Opposite?
OH (COCl), (1.2 equiv) o)
DMSO (1.1 equiv)
NEt; (5.0 equiv)

CH,Cl, -78 o 22°C
2h

3a

9
4:1dr, 98.5:1.5er 53% yield, 97.5:2.5 er

C. Aryl Aldehdye Substituents vs Diastereoselectivity (dr):
1.2

m-CFs p-COMe
1 p-Br e p—.CN
m-NO, PNO,
0.8
= y =-0.2614x + 1.1891
3 Rz =0.95
5 0.6
2 p-OMe OH
0.4
y=0.961x + 0.684
R?=0.9529
0.2
G
0
-04 -02 0 0.2 0.4 0.6 0.8 1 1.2

Hammett 6 and g, values

¢ (G): p-OMe —» m-CF3: drincreases with aldehyde electrophilicity
¢ (G): m-CF3 - p-NO,: dr determining step shifts towards aldehyde coordination

D. Chiral a-Branched Aldehydes: Catalyst vs Substrate Control2
« Control reaction (no Cu, -60 °C, THF, 16 h): 11% NMR yield, 1:10 dr (C1:C2)

i) o Me  B(pin) Condi OH
onairions
Me\:)J\H Me)\/kB(pinj Scheme 2 Me 3 BlPin)
BocHN BocHN M& R
(R)-10 2f or 2a 11: R = Me; 91% yield, 3.2:1 dr
(1.2 equiv) 12: R = n-Bu; 87% yield
. 3.8:1 dr (1:2); >20:1 dr (1:3)
() o Me  B(pin) Conditions OH
M M B(pi
e Ho onbu” ") —Scheme2 VAN (pin)
BocHN BocHN Mé hBu
(s)-10 2a 13
(1.2 equiv) 86% yield

1:1.dr (1:2); >20:1 dr (1:3)

“See the SI for details.

(Scheme 4D). Treatment of p-alanine-derived (R)-10 with
optimal reaction conditions with Me,Me-diboron 2f results in
high conversion to 11 as a 3.2:1 (C1:C2) mixture of
diastereomers. In addition, when (R)-10 is subjected to the
same conditions with #n-Bu,Me diboron 2a, amino alcohol 12 is
obtained in very similar diastereoselectivity (3.8:1 dr,
(C:Cy)), indicating the substituents on the allylcopper do
not play a significant role in affecting the facial selectivity of the
aldehyde. In contrast, reaction with aldehyde (S)-10 clearly
indicates a matched—mismatched situation, as homoallylic
alcohol 13 is obtained in diminished stereoselectivity (86%
yield, 1:1 dr, C1:C2).”

Based on the above findings a catalytic cycle and
stereochemical model is proposed in Scheme $ to rationalize
our observations. The reaction likely proceeds via Sg2’
transmetalation of (L)Cu—OMe (A) with diboronate 2.>>**
Subsequently, a rapid 1,3-suprafacial shift to the less sterically
encumbered boron-stabilized allyl copper species C must occur
faster than C—C bond rotation in B to prevent isomerization
of alkene geometry.”> Coordination of aldehyde 1 results in
cyclization through D, affording Cu-bound product E. As
apparent in the crystal structure of 6e, the large substituent
occupies the pseudoequatorial position in D, resulting in the

Scheme S. Proposed Catalytic Cycle and Stereochemical
Model

OH R B(pin) enanfioselective
) CuO'Bu z :
x_-B(pin) N ) transmetalation
R A +L l Rg B(pin) ,
R Re 2 (L]CU"}\/\ )
3 (L)CU(OR) R B(pin)
A B
MeOH (pin)B-OR
L pin)
o \&CU(L)
R/S./\/B(pin) B E— RE )\/k"CU(L)
R "RE stereoselective RZ B(pin)
1,2-addition

equatorial R fovored by
electron poor aldehydes 1

observed diastereoselectivity. Finally, protonation of inter-
mediate E with MeOH releases product 3 and regenerates
catalyst A. The observations in Table 1, which show MeOH is
required for product formation and to obtain a high er, can be
rationalized by slow reaction between E and 2, as well as the
requirement of (L7)-Cu—OMe species to facilitate highly
enantioselective transmetalation. The enantioselective forma-
tion of intermediate C is supported by the enantiomeric ratio
of the minor diastereomers, which in most cases is high (see
Se, and SI for details).”

The utility of the method is showcased by the various
chemical transformations depicted in Scheme 6. First, we
investigated the reduction of enantio-enriched benzylic alcohol
in 3b (3:1 dr) by treatment with CF;CO,H and HSiEt; in
CH,CI, to afford deoxygenated product 14 in 82% yield
(Scheme 6A).>

Oxidation of the alkenyl boronic esters 3f and 3h results in
hemiacetal formation (Scheme 6B), which followed by either

Scheme 6. Synthetic Utility”

A. Deoxygenation:
OH

X _-B(pin) Et3SiH (3.0 equiv)

B(pin
7 TFA (3.0 equiv) O/Y\/ (pin)
g _TFABOequM) y
Me h-Bu CHCly, -78°C 10 22°C o0y Me h-Bu

3b 2h 14
3:1.dr, 97.5:2.5 er 82% yield, 98:2 er

B. Lactone and Tetrahydrofuran Synthesis:
i) NaBO3+4H,0 (5.0 equiv)

THF/H,0 1:1
0°Ct022°C,2h;
i) PCC (5.0 equiv)
OH CHyCly, 22°C, 2 h N 15
XxB(Pin) 95% overall yield, >20:1 dr
R v H-BU i) NaBO3+4H,0 (5.0 equiv) o
THF/H,0 1:1
_ 0°Ct022°C,2h; 3
3f: 10:1 dr, 97.5:2.5 er N N " nBg Me
3h: 10:1 dr, 99:1 er ii) EtaSiH (3.0 equiv)
TFA (3.0 equiv),
CH,Cl,, 78 °C to 22 °C N0z 46
2h 50% overall yield, >20:1 dr

C. Suzuki Cross-Coupling and Sequential Allylation:

OH 10 mo % Pd(PPhg),
3-bromopyridine (1.5 equiv)
B(pin
P K,COj3 (3.0 equiv)

Me ‘h-Bu

DME/EtOH/H,0 2:1:2 Boc
an 95°C, 16 h
10:1 dr, 99:1 er 44% vyield, 13:1 dr

i) TBSOTf, 2,6-lutidine
ii) HyOp, NaOH

iii) Cu-catalyzed
Allylation

24% overall yield, 9:1 dr

“See the SI for details.
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PCC oxidation or silane reduction delivers substituted lactone
15 and tetrahydrofuran 16 in 95% an 50% overall yield,
respectively. The versatility of the alkenyl boronic esters
moiety was also demonstrated to be effective in Suzuki cross-
couplings; for example, Pd-catalyzed reaction of 3n with 3-
bromopyridine affords N-heterocycle 17 in 44% yield and 13:1
dr. Lastly, the ability of the method to efficiently construct
multiple acyclic quaternary carbon stereocenters was demon-
strated by a three-step telescoped sequence (Scheme 6C).
Beginning with indole 3n, TBS protection of the alcohol
followed by alkenyl boron oxidation results in the crude
aldehyde, which was then subjected to Cu-catalyzed allyl
addition with E-2b to afford alcohol 18 in 24% overall yield,
and 9:1 dr with respect to the new stereogenic centers.

In conclusion, we have developed a versatile, robust Cu-
catalyzed protocol for the enantio-, diastereo-, and anti-
selective synthesis of vicinal homoallyl alcohol and quaternary
carbon stereocenters. The method offers both broad aldehyde
and quaternary stereocenter scopes and utilizes a simple
(phosphoramidite)-Cu catalyst. Mechanism studies provide
support for the intermediacy of an enantioenriched allyl copper
species, as well as reveal a pronounced electronic effect of
substituents on diastereoselectivity. Studies are ongoing to
understand the factors that control stereoselectivity and to
further develop stereoselective reactions with allyl diborons.
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