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A Catalytic Dual Isomerization/Allylboration Sequence for the 
Stereoselective Construction of Congested Secondary Homoallylic 
Alcohols 
Yangbin Liu, Clément Mazet*

Department of Organic Chemistry, University of Geneva, 30 quai Ernest Ansermet, 1211 Geneva, Switzerland.

ABSTRACT: A catalytic sequence for the diastereo- and enantioselective preparation of homoallylic alcohols with an 
adjacent quaternary (stereo)center is reported. The one-pot process relies on the use of a single (achiral or chiral) iridium 
complex to catalyze the concomitant isomerization of primary allylic alcohols and homoallylboronates into (chiral) 
aldehydes and allylboronates respectively. In the same flask, a chiral Brønsted acid is added next to engage the isomerization 
products into a stereocontrolled allylboration reaction. Structural variations have been performed on both the allylic 
alcohols and the homoallylboronates. This mild process affords an array of stereochemically congested and complex chiral 
secondary homoallylic alcohols in high yield, excellent diastereoselectivity and usually high enantioselectivity.

■ INTRODUCTION 
Optically active homoallylic alcohols hold a prominent 
position in the arsenal of structural subunits used for the 
synthesis of biologically active polyketide natural 
products.1 They also serve as a privileged platform for a 
number of catalytic transformations.2 The stereoselective 
allylation of carbonyl compounds is a particularly 
straightforward and efficient synthetic method for the 
preparation of chiral homoallylic alcohols. Nonetheless, 
the majority of these allylation methods relies on the use 
of stoichiometric chiral auxiliaries or reagents based on 
main group metals which generates toxic waste.3 In this 
context, the emergence of catalytic stereoselective 
allylborations of carbonyls has opened new perspectives to 
identify general and practical systems for the 
stereocontrolled preparation of chiral homoallyl alcohols. 
A specific focus has been placed on the development of 
methods providing access to homoallylic alcohols with two 
contiguous stereocenters using achiral -substituted 
allylboronate in presence of a chiral catalysts (i.e. Lewis 
acids or Brønsted acids).4 The six chiral structural motifs 
that can be accessed by carbonyl allylation using -
substituted allyl boronic acids or allyl boronic esters are 
depicted on Figure 1-A. Some of the most significant 
advances have been realized using chiral Brønsted acids as 
exemplified by the key contributions of Miyaura,5 
Shibasaki,6 Hall,7 Antilla,8 Schaus,9 Kobayashi10 and Szabó.11 
Remarkably, even chiral tertiary homoallylic alcohols with 
an adjacent quaternary center are now accessible with high 
levels of diastereo- and enantioinduction.12 Although 
several catalytic enantioselective allylation methods 
provide access to secondary homoallylic alcohols with a 
neighboring quaternary stereocenter, to the best of our 
knowledge, there is no report on their preparation based 
on a catalytic allylboration of aldehydes.13

Over the last few years, Miura and Murakami have 
developed a series of very elegant 
isomerization/allylboration tandem processes to access 
homoallylic alcohols and 3-boryl substituted homoallylic 
alcohols with high levels of diastereo- and enantiocontrol 
(Figure 1-B).14-16 Typically, an isomerization catalyst (Ir, Ru 
or Pd) is employed for the in situ generation of the reactive 
allylboronate derivative and is followed by the use of a 
chiral phosphoric acid for the stereocontrolled 
allylboration of aldehydes. These systems are particularly 
effective and selective for alkenylboronates, 1,1- and 1,2-
diborylalkenes. Depending on the double bond geometry 
of the precursor, borylated homoallylic alcohols or 1,2-
oxaborinan-3-enes are generated with excellent diastereo- 
and enantioselectivity.15e Quite notably, the most recent 
[Ru/Brønsted acid] and [Pd/Brønsted acid] combinations 
provide access to -boryl substituted homoallylic alcohols 
with a proximal gem-dimethyl carbon center (i.e. the 
closest analogs to secondary homoallylic alcohols with an 
adjacent quaternary stereocenter). Nonetheless, this is 
achieved either without any stereocontrol or with only very 
modest enantioinduction (Figure 1-B, right).15f These 
results are a clear testimony of the difficulty associated 
with the stereocontrolled installation of a secondary 
alcohol adjacent to a congested quaternary center using 
allylboration of carbonyl compounds as a C–C bond 
forming strategy. 

Over the past decade, our laboratory has reported 
several examples of diastereo- and enantioselective 
isomerizations of primary allylic alcohols into aldehydes. 
The reaction is triggered by in situ generation of iridium-
hydrides and subsequent hydrometallation of the olefin 
double bond (Figure 1-C).17 More recently, we also 
disclosed a very general and selective Ir-catalyzed anti-
Markovnikov 3,4-hydroboration of branched 1,3-dienes 
that affords homoallylboronates in high yields (Figure 1-
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D).18 We wondered whether the [(P,N)Ir] catalysts used for 
the isomerization 
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Figure 1. (A) Enantioselective allylborations of carbonyls and representative key patterns of the homoallylic alcohols 
accessible by this method. (B) Sequential isomerization/allylboration developed by Miura and Murakami. (C) iridium-
catalyzed isomerization of allylic alcohols. (D) Iridium-catalyzed hydroboration of 1,3-dienes. (D) Dual 
isomerization/allylboration sequence.
of allylic alcohols would also prove competent for the 
isomerization of homoallyboronates into allylboronates. 
We anticipated that a dual isomerization of allylic alcohols 
and homoallylboronates could be conducted concomitant-
-ly using a single catalyst to produce –in the same flask– an 
aliphatic aldehyde and a 3,3-disubstituted allylboronate 
that would subsequently react stereoselectively in the 
presence of a chiral Brønsted acid. Successful realization of 
this strategy would require the following challenges to be 
overcome: (i) identify a single catalyst for the 
isomerization of allylic alcohols and homoallylboronates; 
(ii) produce stereoselectively (E)- or (Z)-allylboronates 
because allylborations are stereospecific processes; (iii) 
minimize non-stereoselective uncatalyzed allylboration; 
(iv) impart excellent stereocontrol in the C–C bond 
forming step; (v) meet the requirement for time resolution 
and compatibility of all the reagents, catalysts and 
intermediates to a single set of reaction conditions. 
Moreover, we noticed that in allylborations of carbonyl 

compounds, the nature of the aldehyde component has not 
been explored in great details and is often limited to 
benzaldehyde derivatives. We have shown that chiral 
aliphatic aldehydes can be obtained by iridium-catalyzed 
isomerization, therefore we also envisioned that in its 
ultimate version, our approach could produce chiral 
secondary homoallylic alcohols possessing both a  
quaternary stereocenter and a ’ tertiary stereocenter set 
by a Brønsted acid catalyst and by a chiral iridium catalyst 
respectively (Figure 1-E). 

■ RESULTS AND DISCUSSION 
To test the validity of our initial hypothesis and to evaluate 
the possibility to operate under a single set of reaction 
conditions, three independent experiments were 
conducted at the outset of our investigations (Figure 2). 
Isomerization of 3-phenylprop-2-enol (E)-1a was 
performed in 1,2-dichloroethane at room temperature 
using the Pfaltz-modified version of Crabtree’s catalyst to 
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quantitatively deliver aldehyde 2a within 1 h (eq. (1)).19 
Gratifyingly, under identical conditions, isomerization of 
homoallylboronate 3a furnished the desired allylboronate 
4a, together with a small amount of vinylboronate (E)-5a 
(eq. (2)). Reacting the independently synthesized aldehyde 
2a and allylboronate 4a in 1,2-dichloroethane at room 
temperature in the absence 
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Figure 2. Exploratory experiments (0.1 mmol scale). 
Conversion and (E)/(Z) ratio determined by 1H NMR. 
Enantiomeric excess determined by HPLC using a chiral 
stationary phase.
Table 1. Reaction optimizationa

[Ir] (5.0 mol%)
H2 activation

1,2-DCE (0.1 M)
T1 (C), t1 (min.)
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N

(R)-TRIP (10 mol%)

O
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RPh OH
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Me Bpin
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T2 (C), t2 (h)

+

6aa

a Reaction conditions: 1a (0.1 mmol), 3a (0.1-0.2 mmol). b 
Determined by 1H NMR using an internal standard. c 
Determined by HPLC using a chiral stationary phase. d 3a 
is added first. 1a is added after 30 min. e Yield of isolated 
product after purification by column chromatography in 
parenthesis. f 1a is added first. 3a is added after 10 min.
of catalyst, afforded homoallylic alcohol 6aa in 85% 
conversion in racemic form. After optimization, we found 

that the strong uncatalyzed allylboration reaction could be 
outcompeted using the axially chiral phosphoric acid 
catalyst(R)-TRIP by running the reaction at low 
temperature. The highest enantioselectivity was obtained 
at –30 °C (90% conv., 97% ee) (eq. (3)). 20 Our efforts were 
next directed towards the identification of reaction 
conditions where the two isomerizations processes and the 
allylboration reaction could be conducted in the same 
flask. Allylic alcohol (E)-1a and homoallylboronate 3a were 
selected as model substrates. After extensive 
investigations, we found that the order of addition of the 
reagents, the reaction time, the temperature and the 
relative stoichiometries were all important parameters to 
achieve appreciable reactivity while imparting high levels 
of stereocontrol (Table 1). When the reaction was 
conducted in tandem with the iridium catalyst and the 
Brønsted acid present at the beginning of the reaction, 
using a stoichiometric amount of allylic alcohol 1a and 
homoallylboronate 3a, homoallylic alcohol 6aa was 
generated in 28% and 65% ee (Entry 1). When the 
isomerizations and allylboration were performed in 
sequence, the reactivity was increased significantly and an 
appreciable level of enantiocontrol (90% ee) was achieved 
at -20 °C using 2.0 equiv. of 3a (Entries 2-3). While 
improved performances were obtained by conducting the 
dual isomerization at 0 °C and the allylboration at -20 °C, 
we also observed that the order of addition of the allylic 
alcohol and the homoallylboronate impacted the 
enantioselectivity of 6aa (Entries 4-5).21 We tentatively 
attribute this phenomenon to a reduced contribution of 
the uncatalyzed allylboration reaction which may itself 
depend on the relative rate of isomerization of the two 
substrates into aldehyde 2a and allylboronate 4a. 
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Figure 3. Enantioselective allylborations starting from 
various allylic alcohols 1a-h (0.1-0.2 mmol) and 
homoallylboronate 3a (1.5 equiv.). Yield of isolated product 
after purification by column chromatography. 
Enantiomeric excess determined by HPLC using a chiral 
stationary phase. 
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To probe the reaction scope under these optimized 
conditions, a series of (E)- and (Z)-configured allylic 
alcohols was evaluated using 3a as common 
homoallylboronate to afford chiral secondary homoallylic 
alcohols with an adjacent quaternary center (Figure 3).22 
The sequential catalytic system was found to be 

compatible with a variety of functionalities, including an 
imide (6ba), a trifluoromethyl (6ca), a methylether (6da), 
an indole (6ea) and a benzyl ether (6ha). The allylboration 
products were isolated in moderate to excellent yield and 
consistently

Homoallylboronate variations

[Ir] (10 mol%)
H2 activation

1,2-DCE or THF (0.2 M)
20 or 0 or 23 C

30-60 min.

BArFCy3P
Ir

N

(R)-TRIP (10-15 mol%)

O
P

O O

OH

Ar

Ar

Ar = 2,4,6-(i-Pr)3C6H2

Me R1

OH

RR OH

1a-b,i

R1 Bpin

3b-g

1,2-DCE
30 or 20 or 0 C

48 h

+

6

Bpin

3b
3c

R
Me

OH

Ph

anti-6ab
78% yield

19:1 dr, 72% ee

i-Bu

BpinPh
Me

OH

Ph

syn-6ada

82% yield
2.8:1 dr, 83% ee / 56% ee

Ph3d
anti-6ae

62% yield
1.3:1 dr, 55% ee / 84% ee

Me

OH

Ph

Cl

Bpin

3e

Bpin

3f

Me

OH

Ph

TBSO

anti-6af
63% yield

1.3:1 dr, 73% ee / 88% ee

3gMeMe

Bpin
Me

OH

Ph

syn-6ag
66% yield

19:1 dr, 90% ee

Me

Me

syn-6bg (from (Z)-1b)a

70% yield
10:1 dr, 85% ee

Me

OH
O

Me

MeO

Ph

Me

OH
N

Me

Me

O

O

syn-6ig (from (Z)-1i)a

85% yield
10:1 dr, 86% ee

Me

OH

Ph

anti-6ac
76% yield

19:1 dr, 60% ee

Ph
R = i-Bu
R = Ph

TBSO

Cl

Figure 4. Diastereo- and enantioselective allylborations starting from various allylic alcohols 1a-b,i (0.1 mmol) and 
homoallylboronates 3b-g (2.0 equiv.). Yield of isolated product after purification by column chromatography. Enantiomeric 
excess determined by HPLC using a chiral stationary phase. Diastereomeric ratio determined by 1H NMR. a THF was used 
for dual isomerization.
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in presence of 1a (0.1 mmol scale). Conversions determined 
by 1H NMR using an internal standard.
high levels of enantioselectivity were obtained (88-95% 
ee). 

We next explored the possibility to achieve high 
diastereo- and enantioselectivity in reactions using 
diversely substituted homoallylboronates 3b-g (Figure 4). 
The catalyst loading in iridium and Brønsted acid was 
increased to achieve appreciable reactivity. Time and 
temperature were optimized for each step (See Supporting 
Information for details). With 3b and 3c, two aryl 
containing derivatives, the catalytic sequence proceeded 
efficiently and gave anti-6ab and anti-6ac in high dr (19:1 
in both cases) and promising level of enantioselectivity 
(72% ee and 60% ee respectively). In contrast, with 3d, an 
aliphatic derivative, syn-6ad was isolated as a 2.8:1 mixture 
of diastereoisomers and with a slightly higher 
enantioselectivity. Reduced levels of diastereoselection 
were obtained with other alkyl substituted 
homoallylboronates such as 3e and 3f, leading to nearly 1:1 
anti/syn mixtures. Quite unexpectedly, with 3g, a 
homoprenyl substituted homoallylboronate, the 
sequential process furnished quasi-exclusively syn-6ag 
with excellent enantioselectivity (19:1 dr, 90% ee). Almost 
identical catalytic performances were achieved when the 
allylic alcohol was varied (syn-6bg: 10:1 dr, 85% ee; syn-6ig: 
10:1 dr, 86% ee).23 To gain insight into the origin of this 
contrasted results, three independent dual isomerizations 
using 1a in conjunction with either 3b, 3d or 3g were 
conducted under conditions identical to those developed 
for the first step of the corresponding sequential process. 
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The reactions were interrupted after 30-60 minutes and no 
Brønsted acid was added so that only marginal amount of 
allylboration products was generated (Figure 5). Whereas 
isomerization of 3b gave 4b in an appreciable 5.2:1 (E)/(Z) 
ratio, 3d afforded allylboronate 4d as a 1:4 mixture of 
stereoisomers. Finally, a nearly equimolar amount of 
geometrically pure allylboronate (Z)-4g and of 1,3-diene 7g 
was obtained upon isomerization of 3g. Quite notably, in 
all cases, the final dr measured for homoallylic alcohols 6 
reflects the stereochemical preference of the transient 
allylboronate 4. For aryl substituted homoallylboronate 3b, 
the much higher selectivity measured in the final product 
(19:1 vs 5.2:1) is due to the lower reactivity of (Z)-4b, as 
deduced from quantitative analysis of the crude reaction 
mixture by 1H NMR analysis. By contrast, the excellent 
diastereo-differentiation obtained with 3g originates from 
the ability of the iridium catalyst to produce (Z)-4g as a 
single stereoisomer (along with the unreactive diene 7g). 
Overall, these results are consistent with the stereospecific 
nature of allylborations proceeding via a closed, cyclic 
Zimmerman-Traxler transition state.3a,4d-e 
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Figure 6. Dual isomerization/allylboration using prochiral 
allylic alcohols (E)-1j-k together with 3a, 3g (0.1 mmol 
scale). Yield of isolated product after purification by 
column chromatography. Diastereomeric ratio determined 
by 1H NMR using an internal standard. Enantiomeric 
excess determined by HPLC using a chiral stationary 
phase. a In parenthesis, yield of stereochemically pure 
(1R,3R,4s)-6jg after chromatography. 
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Figure 7. Dual isomerization/allylboration of steroid 1l 
and 1m (0.05-0.1 mmol) using 3a (2.0 equiv.). Yield of 
isolated product after purification by column 
chromatography. Diastereomeric ratio determined by 1H 
NMR using an internal standard. 

To illustrate the structural flexibility offered by our 
approach, we demonstrated that an additional 
stereocenter could be implemented using prochiral allylic 
alcohols and a chiral iridium catalyst for the in situ 
generation of -chiral aldehydes (Figure 6). The match 
combination of (R)-[Ir]17d,17f,24 and (S)-TRIP catalysts 
delivered (1R,3R)-6ja in good yield, high dr and excellent 
enantioselectivity. By contrast, the association of (R)-[Ir] 
and (R)-TRIP led only to a reduced yield and a lower 
diastereomeric ratio in favor of the same isomer, thus 
indicating that the two catalysts do not exert independent 
stereocontrol. Using the optimal conditions, (1R,3R)-6ka 
was isolated in 58% yield, 4.8:1 dr and 91% ee. Finally, the 
secondary homoallylic alcohol (1R,3R,4R)-6jg –which is 
characterized by the presence of both an  quaternary 
stereocenter and a ’ tertiary stereocenter– was obtained 
in 73% yield, 4.2:1.2:1 dr and 95% ee for the major 
stereoisomer. 

The effectiveness of the one-pot sequence was further 
explored using stereochemically complex structures 
reminiscent of naturally occurring compounds. Two 
steroid-based allylic alcohols were subjected to catalysis 
using Crabtree’s catalyst for the dual isomerization in THF 
and (R)- or (S)-TRIP for the allylboration reaction after 
switching solvent to 1,2-dichloroethane (Figure 7). 
Substrate 1j gave secondary homoallylic alcohol 6la in 40% 
yield as a single stereoisomer, indicating that the presence 
of multiple vicinal stereocenters has essentially no 
influence on the C–C bond forming event. Similarly and 
consistent with our previous studies on the isomerization 
of stereochemically complex allylic alcohols,17i 6ma was 
isolated with an excellent 19:1 dr in 64% yield. As a side 
note, the compatibility of the catalytic sequence with the 
alcohol at C3 in 1l and the azide at C3 in 1m further 
highlights the functional group tolerance of the protocol. 

■ CONCLUSION 
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In summary, we have developed a catalytic sequence 
combining an iridium catalyst and a Brønsted catalyst for 
the diastereo- and enantioselective synthesis of chiral 
secondary homoallylic alcohols bearing a vicinal 
quaternary (stereo)center. The iridium catalyst exerts a 
dual role as it performs the concomitant isomerization of 
allylic alcohols into aldehydes and of homoallylboronates 
into allylboronates. Subsequently, upon addition of a chiral 
Brønsted acid catalyst to the same flask, the two products 
of isomerization engage into a highly stereoselective 
allylboration reaction. When an achiral iridium complex 
and a chiral Brønsted acid catalyst were used together with 
primary allylic alcohols and (3-methylbut-3-en-1-
yl)boronic ester, secondary homoallylic alcohols with a 
proximal gem-dimethyl carbon center were obtained in 
excellent yield and enantiomeric excess. Secondary 
homoallylic alcohols bearing a vicinal quaternary 
stereocenter were generated in excellent dr and high ee for 
homoallylboronates with an aryl or homoprenyl 
derivatives. While the former led to anti-product, syn-
homoallylic alcohols were obtained with the latter. 
Consistent with the stereospecific nature of allylboration 
reactions, this phenomenon was found to originate from 
the ability of the iridium catalyst to produce the 
corresponding transient allylboronates with high (E)- or 
(Z)-selectivity. Secondary homoallylic alcohols with an -
quaternary (stereo)center and a ’ stereocenter have been 
prepared with high levels of diastereo- and enantiocontrol 
using our catalytic sequence. Last, we demonstrated that 
the protocol is applicable to stereochemically complex and 
demanding environments using steroid-derived di- and 
trisubstituted allylic alcohols. Current investigations are 
directed towards the design of a more general system and 
of its implementation in the synthesis of biologically and 
pharmaceutically relevant products.

■ EXPERIMENTAL SECTION 
General Experimental Methods for Synthesis and 

Chemical Characterization. All reactions were carried 
out under an inert atmosphere of nitrogen using either 
two-manifold vacuum/inert nitrogen lines or a M. Braun 
glove-box. Solvents were dried over activated alumina 
columns and further degassed by three successive "freeze-
pump-thaw" cycles if necessary. NMR spectra were 
recorded on AMX-300, AMX-400 and AMX-500 Bruker 
Avance spectrometers at 298 K. 1H and 13C{1H} NMR 
chemical shifts are given in ppm relative to SiMe4, with the 
solvent resonance used as internal reference. 1H NMR 
spectra were referenced to CDCl3 (7.26 ppm) and 13C{1H} 
NMR spectra were referenced to CDCl3 (77.16 ppm). 
Infrared spectra were obtained on a Perkin-Elmer 1650 FT-
IR spectrometer using neat samples on a diamond ATR 
Golden Gate sampler. GC-MS analyses were performed on 
GC–HP 6890, column Agilent–HP1 (30 m–ID 0.32 mm, 
Film 0.25 μm) coupled with MS–HP 5973. HRMS were 
obtained on a Xevo G2 TOF spectrometer (Ionization 
mode: ESI positive polarity; Mobile phase: MeOH 100 
μl/min). Mass spectrum is calibrated by the use of the MS 
lockspray system (LeuEnk calibration solution). The 

enantiomeric excesses (ee’s) were determined by HPLC, 
SFC and GC analyses. HPLC analyses performed on a 
Shimadzu CTO-20AA with column DAICEL OD-H, OJ-H, 
AD-H and IC. GC analyses were performed on HP–6890, 
column HYDRODEX DiMOM and HYDRODEX TBDM, 50 
m. SFC analyses were performed on a Waters Acquity 
UPC2 with columns OD-3, OJ-3, OZ-3, OB-H, AZ-3, AD, 
AS-3, AY-H. Retention times (tR) are given in minutes. Thin 
layer chromatography (TLC) was performed on plates of 
silica precoated with 0.25 mm Kieselgel 60 F254 from 
Merck. Flash chromatography was performed using silica 
gel SiliaFlash® P60 (230-400 mesh) from Silicycle. 
Commercial reagents, precatalysts and ligands were 
purchased from Aldrich, Fluka, Acros or Strem and used 
without purification unless otherwise noted. 

General procedure for the dual 
isomerization/allylboration sequence. The iridium 
catalyst (0.01 mmol, 5 mol%) was introduced into a Schlenk 
tube in a glove-box and dissolved in anhydrous and 
degassed 1,2-DCE (0.9 mL). Next hydrogen gas was gently 
bubbled directly through the solution (2-3 bubbles per 
second) via a stainless-steel needle at room temperature. 
The orange solution rapidly became light yellow color. 
After 1-2 minutes, bubbling was cased and the solution was 
degassed by two successive freeze-pump-thaw cycles. After 
the second cycle, the homoallylic boronate 3a (60 mg, 0.3 
mmol, 1.5 equiv.) was added immediately to the cold 
solution in one portion. The rubber septum was replaced 
with a polyethylene stopper and the reaction was stirred at 
0 °C for 30 min. Then the appropriate allylic alcohol 1 (0.2 
mmol, 1.0 equiv., in 0.2 mL of 1,2-DCE) was added to the 
above solution at 0 °C for the indicated time. After that, the 
solution was cooled down to –20 °C and the (R)-TRIP 
catalyst (0.02 mmol, 10 mol%, in 0.1 mL of 1,2-DCE) was 
added. After stirring at –20 °C for 24 h, the reaction mixture 
was purified by column chromatography (pentane/diethyl 
ether 9:1 to 5:1) to afford the corresponding homoallylic 
alcohol 6. This compound was used for determination of 
the enantiomeric excess.

Synthesis of (S)-4,4-dimethyl-1-phenylhex-5-en-3-ol ((S)-
6aa). According to the general procedure: isomerization of 
homoallylic boronate 3a (30 min, 0 °C); isomerization of 
allylic alcohol 1a (10 min, 0 °C). Purification by column 
chromatography (pentane/diethyl ether 9:1 to 5:1) to afford 
(S)-6aa as a colorless oil (35 mg, 86% yield, 93% ee). Rf = 
0.5 (pentane/diethyl ether 4:1). All spectroscopic and 
spectrometric analyses were in agreement with the 
literature.25 HPLC: 93% ee, chiral stationary column: AD-
H, mobile phase: hexane/iPrOH = 99/1, 1.0 mL/min, 210 
nm, 30 °C, tR (major) = 13.1 min, tR (minor) = 17.1 min. []20

D 
= –40.7 (c 1.93, CH2Cl2).

 Synthesis of (S)-2-(4-hydroxy-5,5-dimethylhept-6-en-1-
yl)isoindoline-1,3-dione ((S)-6ba). According to the general 
procedure: isomerization of homoallylic boronate 3a (30 
min, 0 °C); isomerization of allylic alcohol 1b (60 min, 0 °C). 
Purification by column chromatography (pentane/diethyl 
ether 6:1 to 3:1) to afford (S)-6ba as a colorless oil (51.7 mg, 
90% yield, 91% ee). TLC: Rf = 0.3 (pentane/diethyl ether 
4:1). 1H NMR (300 MHz, CDCl3)  (ppm) = 7.84 (dd, 3JHH = 
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5.4, 3.1 Hz, 2H, H-11), 7.71 (dd, 3JHH = 5.5, 3.1 Hz, 2H, H-12), 
5.80 (dd, 3JHH = 17.5, 10.9 Hz, 1H, H-2), 5.14 – 4.96 (m, 2H, 
H-1), 3.80 – 3.64 (m, 2H, H-8), 3.30 (dd, 3JHH = 10.6, 2.0 Hz, 
1H, H-4), 2.03 – 1.85 (m, 1H, H-6), 1.79 – 1.65 (m, 1H, H-6), 
1.64 – 1.53 (m, 2H, H-5 and O-H), 1.37 – 1.26 (m, 1H, H-5), 
1.00 (s, 6H, H-7). 13C{1H} NMR (75 MHz, CDCl3)  (ppm) = 
168.5 (C-9), 145.2 (CH-2), 133.9 (CH-12), 132.2 (C-10), 123.2 
(CH-11), 113.6 (CH2-1), 77.8 (CH-4), 41.7 (C-3), 38.0 (CH2-8), 
28.4 (CH2-5), 26.3 (CH2-6), 23.1 (CH3-7), 22.0 (CH3-7). 
HRMS (ESI) m/z [M+H]+ Calcd for C17H21NO3: 288.1595; 
Found: 288.1582. IR (neat)  (cm-1): 3082, 2960, 2871, 1772, 
1703, 1639, 1615, 1467, 1439, 1396, 1364, 1188, 1172, 1117, 1070, 
1047, 1008, 969, 913, 885, 795, 719, 692. HPLC: 91% ee, chiral 
stationary column: AD-H, mobile phase: hexane/iPrOH = 
95/5, 1.0 mL/min, 210 nm, 30 °C, tR (major) = 36.3 min, tR 

(minor) = 27.9 min. []20
D = –20.2 (c 2.93, CH2Cl2). 

Synthesis of (S)-4,4-dimethyl-1-(4-(trifluoro-
methyl)phenyl)hex-5-en-3-ol ((S)-6ca). According to the 
general procedure: isomerization of homoallylic boronate 
3a (0.3 mmol, 30 min, 0 °C), isomerization of allylic alcohol 
1c (0.2 mmol, 10 min, 0 °C). Purification by column 
chromatography (pentane/diethyl ether 9:1 to 4:1) to afford 
(S)-6ca as a colorless oil (47 mg, 86% yield, 90% ee). TLC: 
Rf = 0.5 (pentane/diethyl ether 4:1). 1H NMR (300 MHz, 
CDCl3)  (ppm) = 7.53 (d, 3JHH = 8.0 Hz, 2H, H-10), 7.32 (d, 
3JHH = 8.0 Hz, 2H, H-9), 5.78 (dd, 3JHH = 17.5, 10.8 Hz, 1H, H-
2), 5.17 – 4.98 (m, 2H, H-1), 3.26 (dd, 3JHH = 10.7, 1.9 Hz, 1H, 
H-4), 3.03 – 2.91 (m, 1H, H-6), 2.75 – 2.61 (m, 1H, H-6), 1.91 
– 1.77 (m, 1H, H-5), 1.66 – 1.56 (m, 1H, H-5), 1.55 (s, 1H, O-
H), 1.00 (s, 6H, H-7). 13C{1H} NMR (75 MHz, CDCl3)  (ppm) 
= 141.6 (q, 1JFC = 285, C-12), 145.1 (CH-2), 128.8 (CH-9), 128.2 
(q, 2JFC = 38, C-11), 125.2 (q, 3JFC = 8, CH-10), 113.9 (CH2-1), 
77.2 (CH-4), 41.7 (C-3), 33.0 (CH2-6), 32.9 (CH2-5), 23.1 
(CH3-7), 21.8 (CH3-7). 19F{1H} NMR (282 MHz, CDCl3)  
(ppm) = -62.29. HRMS (ESI) m/z [M+K]+ Calcd for 
C15H19F3O: 311.1020; Found: 311.1015. IR (neat)  (cm-1): 2964, 
2931, 2872, 1619, 1467, 1417, 1383, 1365, 1325, 1163, 1123, 1068, 
1019, 919, 843, 824, 734, 689, 630. HPLC: 90% ee, chiral 
stationary column: AD-H, mobile phase: hexane/iPrOH = 
99/1, 1.0 mL/min, 210 nm, 30 °C, tR (major) = 11.2 min, tR 

(minor) = 12.4 min. []20
D = –46.5 (c 1.40, CH2Cl2).

Synthesis of (S)-1-(4-methoxyphenyl)-4,4-dimethylhex-5-
en-3-ol ((S)-6da). According to the general procedure: 
isomerization of homoallylic boronate 3a (0.3 mmol, 30 
min, 0 °C), isomerization of allylic alcohol 1d (0.2 mmol, 5 
min, 0 °C). Purification by column chromatography 
(pentane/diethyl ether 9:1 to 4:1) to afford (S)-6da as a 
colorless oil (34 mg, 73% yield, 94.5% ee). TLC: Rf = 0.4 
(pentane/diethyl ether 4:1). 1H NMR (300 MHz, CDCl3)  
(ppm) = 7.13 (d, 3JHH = 8.6 Hz, 2H, H-10), 6.83 (d, 3JHH = 8.6 
Hz, 2H, H-9), 5.80 (dd, 3JHH = 17.5, 10.9 Hz, 1H, H-2), 5.14 – 
4.98 (m, 2H, H-1), 3.79 (s, 3H, H-12), 3.27 (d, 3JHH = 10.5, 1.8 
Hz, 1H, H-4), 2.94 – 2.78 (m, 1H, H-6), 2.63 – 2.50 (m, 1H, 
H-6), 1.87 – 1.72 (m, 1H, H-5), 1.62 – 1.46 (m, 2H, H-5 and O-
H), 1.00 (s, 6H, H-7). 13C{1H} NMR (75 MHz, CDCl3)  (ppm) 
= 157.8 (C-11), 145.3 (CH-2), 134.4 (C-8), 129.4 (CH-10), 113.8 
(CH-9), 113.5 (CH2-1), 77.5 (CH-4), 55.3 (CH3-12), 41.7 (C-3), 
33.5 (CH2-5), 32.3 (CH2-6), 23.1 (CH3-7), 22.0 (CH3-7). HRMS 
(ESI) m/z [M+Na]+ Calcd for C15H22O2: 257.1512; Found: 

257.1509. IR (neat)  (cm-1): 3081, 2956, 2929, 2865, 1637, 
1613, 1584, 1511, 1464, 1416, 1381, 1364, 1300, 1243, 1177, 1108, 
1071, 1037, 1007, 914, 830, 770, 689. HPLC: 94.5% ee, chiral 
stationary column: AD-H, mobile phase: hexane/iPrOH = 
99/1, 1.0 mL/min, 210 nm, 30 °C, tR (major) = 23.3 min, tR 

(minor) = 26.8 min. []20
D = –33.3 (c 2.20, CH2Cl2). 

Synthesis of (S)-4,4-dimethyl-1-(1-methyl-1H-indol-3-
yl)hex-5-en-3-ol ((S)-6ea). According to the general 
procedure: isomerization of homoallylic boronate 3a (0.3 
mmol, 30 min, 0 °C); isomerization of allylic alcohol 1e (0.2 
mmol, 10 min, 0 °C). Purification by column 
chromatography (pentane/diethyl ether 9:1 to 3:1) to afford 
(S)-6ea as a colorless oil (24 mg, 47% yield, 88% ee). TLC: 
Rf = 0.4 (pentane/diethyl ether 4:1). 1H NMR (400 MHz, 
CDCl3)  (ppm) = 7.61 (d, 3JHH = 7.9 Hz, 1H, H-13), 7.29 (d, 
3JHH = 8.2 Hz, 1H, H-11), 7.24 – 7.18 (m, 1H, H-12), 7.14 – 7.06 
(m, 1H, H-10), 6.86 (s, 1H, H-16), 5.82 (dd, 3JHH = 17.5, 10.8 
Hz, 1H, H-2), 5.14 – 5.01 (m, 2H, H-1), 3.75 (s, 3H, H-15), 3.37 
(dd, 3JHH = 10.5, 1.8 Hz, 1H, H-4), 3.08 – 2.98 (m, 1H, H-6), 
2.84 – 2.74 (m, 1H, H-6), 2.02 – 1.92 (m, 1H, H-5), 1.68 – 1.60 
(m, 1H, H-5), 1.57 (s, 1H, O-H), 1.00 (s, 6H, H-7). 13C{1H} 
NMR (100 MHz, CDCl3)  (ppm) = 145.4 (CH-2), 137.1 (C-
14), 127.9 (C-9), 126.2 (CH-16), 121.5 (CH-12), 119.1 (CH-13), 
118.6 (CH-10), 114.9 (C-8), 113.5 (CH2-1), 109.1 (CH-11), 78.0 
(CH-4), 41.7 (C-3), 32.6 (CH3-15), 32.2 (CH2-5), 23.2 (CH3-7), 
22.5 (CH2-6), 22.0 (CH3-7). HRMS (ESI) m/z [M+H]+ Calcd 
for C17H23NO: 258.1853; Found: 258.1852. IR (neat)  (cm-1): 
3456, 3055, 2926, 2855, 1637, 1615, 1555, 1471, 1417, 1377, 1324, 
1247, 1203, 1152, 1070, 1044, 1011, 962, 915, 792, 738, 690. 
HPLC: 88% ee, chiral stationary column: IC, mobile phase: 
hexane/iPrOH = 95/5, 1.0 mL/min, 210 nm, 30 °C, tR (major) 
= 9.6 min, tR (minor) = 16.2 min. []20

D = –33.6 (c 1.40, 
CH2Cl2). 

Synthesis of (S)-3,3-dimethylnon-1-en-4-ol ((S)-6fa). 
According to the general procedure: isomerization of 
homoallylic boronate 3a (30 min, 0 °C); isomerization of 
allylic alcohol 1f (60 min, 0 °C). Purification by column 
chromatography (pentane/diethyl ether 20:1 to 10:1) to 
afford (S)-6fa as a colorless oil (23.2 mg, 68% yield, 88% 
ee). TLC: Rf = 0.6 (pentane/diethyl ether 4:1). All 
spectroscopic and spectrometric analyses were in 
agreement with the literature.26 GC: HYDRODEX B-3P, 
60°C-1°C/min-170°C, 20. M, H2, tR (major) = 33.5 min, tR 

(minor) = 35.0 min. []20
D = –2.9 (c 0.07, CH2Cl2). 

Synthesis of (S)-1-cyclohexyl-4,4-dimethylhex-5-en-3-ol 
((S)-6ga). According to the general procedure: 
isomerization of homoallylic boronate 3a (0.3 mmol, 30 
min, 0 °C), isomerization of allylic alcohol 1g (0.2 mmol, 5 
min, 0 °C). Purification by column chromatography 
(pentane/diethyl ether 20:1 to 9:1) to afford (S)-6ga as a 
colorless oil (34 mg, 80% yield, 94% ee). TLC: Rf = 0.7 
(pentane/diethyl ether 4:1). 1H NMR (300 MHz, CDCl3)  
(ppm) = 5.82 (dd, 3JHH = 17.5, 10.9 Hz, 1H, H-2), 5.15 – 4.96 
(m, 2H, H-1), 3.25 – 3.14 (m, 1H, H-4), 1.74 – 1.41 (m, 8H), 
1.27 – 1.11 (m, 6H), 1.00 (s, 6H, H-7), 0.94 – 0.80 (m, 2H). 
13C{1H} NMR (75 MHz, CDCl3)  (ppm) = 145.6 (CH-2), 113.2 
(CH2-1), 78.7 (CH-4), 41.8 (C-3), 37.8 (CH-8), 34.8, 33.7, 33.2, 
28.7, 26.7, 26.5, 26.4, 23.2 (CH3-7), 22.1 (CH3-7). HRMS (ESI) 
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m/z [M+H-H2O]+ Calcd for C14H25O: 193.1946; Found: 
193.1960. IR (neat)  (cm-1): 3389, 3082, 2921, 2851, 1638, 
1450, 1415, 1380, 1304, 1279, 1127, 1072, 1006, 911, 688. Chiral 
GC: HYDRODEX B-3P, 60°C-1°C/min-170°C, 20. M, H2, tR 
(major) = 68.2 min, tR (minor) = 69.5 min. []20

D = –27.2 (c 
1.87, CH2Cl2). 

Synthesis of (S)-8-(benzyloxy)-3,3-dimethyloct-1-en-4-ol 
((S)-6ha). According to the general procedure: 
isomerization of homoallylic boronate 3a (0.15 mmol, 30 
min, 0 °C), isomerization of allylic alcohol 1h (0.1 mmol, 15 
min, 0 °C), (R)-TRIP catalyst (0.015 mmol, 15 mol%). 
Purification by column chromatography (pentane/diethyl 
ether 9:1 to 4:1) to afford (S)-6ha as a colorless oil (21.7 mg, 
82% yield, 92% ee). TLC: Rf = 0.5 (pentane/diethyl ether 
4:1). 1H NMR (400 MHz, CDCl3)  (ppm) = 7.31 – 7.23 (m, 
4H), 7.22 – 7.18 (m, 1H), 5.73 (dd, 3JHH = 17.5, 10.8 Hz, 1H, H-
2), 5.05 – 4.93 (m, 2H, H-1), 4.43 (s, 2H, H-10), 3.46 – 3.36 
(m, 2H, H-9), 3.17 (dd, 3JHH = 10.4, 1.8 Hz, 1H, H-4), 1.64 – 
1.51 (m, 3H, H-6 and H-8), 1.50 – 1.42 (m, 2H, H-5 and O-H), 
1.37 – 1.27 (m, 1H, H-6), 1.22 – 1.16 (m, 1H, H-5), 0.92 (s, 6H, 
H-7). 13C{1H} NMR (100 MHz, CDCl3)  (ppm) = 145.5 (CH-
2), 138.6 (C-Ar), 128.4 (CH-Ar), 127.7 (CH-Ar), 127.5 (C-Ar), 
113.4 (CH2-1), 78.2 (CH-4), 72.9 (CH2-10), 70.4 (CH2-9), 41.7 
(C-3), 31.2 (CH2-5), 29.7 (CH2-8), 23.8 (CH2-6), 23.1 (CH3-7), 
22.0 (CH3-7). HRMS (ESI) m/z [M+Na]+ Calcd for C17H26O2: 
285.1825; Found: 285.1832. IR (neat)  (cm-1): 3030, 2931, 
2861, 1739, 1638, 1495, 1455, 1415, 1363, 1310, 1205, 1100, 1028, 
1006, 911, 735, 697, 614. HPLC: 92% ee, chiral stationary 
column: AD-H, mobile phase: hexane/iPrOH = 99/1, 1.0 
mL/min, 210 nm, 30 °C, tR (major) = 22.7 min, tR (minor) = 
20.7 min. []20

D = –20.8 (c 1.13, CH2Cl2). 
Synthesis of (3S,4S)-4-(4-isobutylphenyl)-4-methyl-1-

phenylhex-5-en-3-ol (anti-6ab). The iridium catalyst (0.01 
mmol, 10 mol%) was introduced into a Schlenk tube in a 
glove-box and dissolved in anhydrous and degassed 1,2-
DCE (0.9 mL). Next hydrogen gas was gently bubbled 
directly through the solution (2-3 bubbles per second) via 
a stainless-steel needle at room temperature. The orange 
solution rapidly became light yellow color. After 1-2 
minutes, bubbling was cased and the solution was 
degassed by two successive freeze-pump-thaw cycles. After 
the second cycle, the homoallylic boronate 3b (0.2 mmol, 
2.0 equiv.) was added immediately to the cold solution in 
one portion. The rubber septum was replaced with a 
polyethylene stopper and the reaction was stirred at room 
temperature for 15 min. Then the appropriate allylic 
alcohol 1a (0.1 mmol, 1.0 equiv., in 0.2 mL of 1,2-DCE) was 
added to the above solution at room temperature for 30 
min. After that, the solution was cooled down to 0 °C and 
the (R)-TRIP catalyst (0.01 mmol, 10 mol%, in 0.1 mL of 1,2-
DCE) was added. After stirring at 0 °C for 48 h, the reaction 
mixture was purified by column chromatography 
(pentane/diethyl ether 9:1 to 5:1) to afford the 
corresponding homoallylic alcohol anti-6ab. This 
compound was used for determination of the enantiomeric 
excess Purification by column chromatography 
(pentane/diethyl ether 9:1 to 4:1) to afford 6ab as a colorless 
oil (25 mg, 78% yield, 19:1 dr, 72% ee). TLC: Rf = 0.5 
(pentane/diethyl ether 4:1). 1H NMR (400 MHz, CDCl3)  

(ppm) = 7.28 – 7.24 (m, 2H), 7.22 – 7.16 (m, 3H), 7.15 – 7.11 
(m, 2H), 7.11 – 7.06 (m, 2H), 6.27 (dd, 3JHH = 17.7, 10.9 Hz, 
1H, H-2), 5.27 (dd, 3JHH = 10.9, 1.3 Hz, 1H, H-1), 5.14 (dd, 3JHH 
= 17.7, 1.3 Hz, 1H, H-1), 3.96 – 3.83 (m, 1H, H-4), 2.95 – 2.83 
(m, 1H, H-6), 2.64 – 2.54 (m, 1H, H-6), 2.44 (d, 3JHH = 7.2 Hz, 
2H, H-8), 1.90 – 1.80 (m, 1H, H-9), 1.75 – 1.47 (m, 3H, H-5 
and O-H), 1.36 (s, 3H, H-7), 0.90 (d, 3JHH = 6.6 Hz, 6H, H-
10). 13C{1H} NMR (100 MHz, CDCl3)  (ppm) = 143.3 (CH-2), 
142.4 (C-Ar), 142.3 (C-Ar), 139.8 (C-Ar), 129.3 (CH-Ar), 128.5 
(CH-Ar), 128.3 (CH-Ar), 126.5 (CH-Ar), 125.7 (CH-Ar), 114.6 
(CH2-1), 76.6 (CH-4), 49.3 (C-3), 44.9 (CH2-8), 33.2 (CH2-6), 
32.9 (CH2-5), 30.2 (CH-9), 22.5 (CH3-10), 22.4 (CH3-10), 19.6 
(CH3-7). HRMS (ESI) m/z [M+Na]+ Calcd for C23H30O: 
345.2189; Found: 345.2174. IR (neat)  (cm-1): 3479, 3085, 
3026, 2955, 2926, 2868, 1634, 1604, 1511, 1497, 1455, 1415, 1384, 
1282, 1168, 1057, 1018, 919, 845, 794, 747, 699, 667. HPLC: 
72% ee, chiral stationary column: OJ-H, mobile phase: 
hexane/iPrOH = 99/1, 1.0 mL/min, 210 nm, 30 °C, tR (major) 
= 11.4 min, tR (minor) = 13.4 min. []20

D = –4.9 (c 1.40, 
CH2Cl2).

Synthesis of (3S,4S)-4-([1,1'-biphenyl]-4-yl)-4-methyl-1-
phenylhex-5-en-3-ol (anti-6ac). The iridium catalyst (0.01 
mmol, 10 mol%) was introduced into a Schlenk tube in a 
glove-box and dissolved in anhydrous and degassed 1,2-
DCE (0.9 mL). Next hydrogen gas was gently bubbled 
directly through the solution (2-3 bubbles per second) via 
a stainless-steel needle at room temperature. The orange 
solution rapidly became light yellow color. After 1-2 
minutes, bubbling was cased and the solution was 
degassed by two successive freeze-pump-thaw cycles. After 
the second cycle, the homoallylic boronate 3c (0.2 mmol, 
2.0 equiv.) was added immediately to the cold solution in 
one portion. The rubber septum was replaced with a 
polyethylene stopper and the reaction was stirred at 0 °C 
for 15 min. Then the appropriate allylic alcohol 1a (0.1 
mmol, 1.0 equiv., in 0.2 mL of 1,2-DCE) was added to the 
above solution at 0 °C for 30 min. After that, the solution 
was cooled down to 0 °C and the (R)-TRIP catalyst (0.01 
mmol, 10 mol%, in 0.1 mL of 1,2-DCE) was added. After 
stirring at 0 °C for 48 h, the reaction mixture was purified 
by column chromatography (pentane/diethyl ether 9:1 to 
5:1) to afford the corresponding homoallylic alcohol anti-
6ac. This compound was used for determination of the 
enantiomeric excess. Purification by column 
chromatography (pentane/diethyl ether 9:1 to 4:1) to afford 
6ac as a colorless oil (26 mg, 76% yield, 19:1 dr, 60% ee). 
TLC: Rf = 0.5 (pentane/diethyl ether 4:1). 1H NMR (400 
MHz, CDCl3)  (ppm) = 7.62 – 7.53 (m, 4H), 7.48 – 7.42 (m, 
2H), 7.41 – 7.33 (m, 3H), 7.32 – 7.26 (m, 2H), 7.22 – 7.14 (m, 
3H), 6.31 (dd, 3JHH = 17.7, 10.9 Hz, 1H, H-2), 5.31 (dd, 3JHH = 
10.9, 1.2 Hz, 1H, H-1), 5.19 (dd, 3JHH = 17.6, 1.3 Hz, 1H, H-1), 
3.98 (d, 3JHH = 9.2 Hz, 1H, H-4), 2.97 – 2.87 (m, 1H, H-6), 
2.67 – 2.59 (m, 1H, H-6), 1.75 – 1.60 (m, 3H, H-5 and O-H), 
1.42 (s, 3H, H-7). 13C{1H} NMR (100 MHz, CDCl3)  (ppm) = 
144.4 (C-Ar), 143.1 (CH-2), 142.2 (C-Ar), 140.7 (C-Ar), 139.2 
(C-Ar), 128.8 (CH-Ar), 128.6 (CH-Ar), 128.4 (CH-Ar), 127.3 
(CH-Ar), 127.3 (CH-Ar), 127.2 (CH-Ar), 127.0 (CH-Ar), 125.8 
(CH-Ar), 115.0 (CH2-1), 76.5 (CH-4), 49.5 (C-3), 33.2 (CH2-
6), 33.0 (CH2-5), 19.7 (CH3-7). HRMS (ESI) m/z [M+Na]+ 
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Calcd for C25H26O: 365.1876; Found: 365.1888. IR (neat)  
(cm-1): 3580, 3028, 2927, 1602, 1487, 1454, 1397, 1264, 1059, 
1007, 919, 840, 766, 736, 698. SFC: 60% ee, chiral stationary 
column: OB, mobile phase: 20% MeOH, 2.0 mL/min, 254 
nm, 30 °C, tR (major) = 7.1 min, tR (minor) = 6.1 min. []20

D 
= 13.3 (c 1.11, CH2Cl2).  

Synthesis of (3S,4S)-4-methyl-4-phenethyl-1-phenylhex-5-
en-3-ol (syn-6ad). The iridium catalyst (0.01 mmol, 10 
mol%) was introduced into a Schlenk tube in a glove-box 
and dissolved in anhydrous and degassed THF (0.5 mL). 
Next hydrogen gas was gently bubbled directly through the 
solution (2-3 bubbles per second) via a stainless-steel 
needle at room temperature. The orange solution rapidly 
became light yellow color. After 1-2 minutes, bubbling was 
cased and the solution was degassed by two successive 
freeze-pump-thaw cycles. After the second cycle, the 
homoallylic boronate 3d (0.2 mmol, 2.0 equiv.) was added 
immediately to the cold solution in one portion. The 
rubber septum was replaced with a polyethylene stopper 
and the reaction was stirred at –20 °C for 15 min. Then the 
appropriate allylic alcohol 1a (0.1 mmol, 1.0 equiv., in 0.2 
mL of THF) was added to the above solution at –20 °C for 
15 min. After that, the solvent THF was removed slowly 
under vacuum. Then the mixture was cooled down to –30 
°C and the (R)-TRIP catalyst (0.015 mmol, 15 mol%, in 1.0 
mL of 1,2-DCE) was added. After stirring at –30 °C for 48 h, 
the reaction mixture was purified by column 
chromatography (pentane/diethyl ether 9:1 to 4:1) to afford 
the corresponding homoallylic alcohol syn-6ad. This 
compound was used for determination of the enantiomeric 
excess. Purification by column chromatography 
(pentane/diethyl ether 9:1 to 4:1) to afford 6ad as a colorless 
oil (24 mg, 82% yield, 2.8:1 dr, 83% ee/ 56% ee). TLC: Rf = 
0.4 (pentane/diethyl ether 4:1). 1H NMR (300 MHz, CDCl3) 
 (ppm) = 7.36 – 7.29 (m, 4H), 7.28 – 7.15 (m, 6H), 5.94 – 
5.74 (m, 1H, H-2), 5.37 – 5.25 (m, 1H, H-1), 5.22 – 5.10 (m, 1H, 
H-1), 3.46 – 3.36 (m, 1H, H-4), 3.04 – 2.90 (m, 1H, H-6), 2.72 
– 2.61 (m, 1H, H-6), 2.60 – 2.47 (m, 2H, H-9), 2.00 – 1.86 (m, 
1H, H-5), 1.77 – 1.62 (m, 3H, H-5 and H-8), 1.52 – 1.38 (m, 1H, 
O-H), 1.14 (s, 2.3H, syn-isomer H-7), 1.10 (s, 0.8H, anti-
isomer H-7). 13C{1H} NMR (75 MHz, CDCl3)  (ppm) = 
143.90 (syn, CH-2), 143.13 (anti, CH-2), 143.03 (syn, C-Ar), 
142.94 (anti, C-Ar), 142.38 (anti, C-Ar), 142.26 (syn, C-Ar), 
128.53 (syn, CH-Ar), 128.41 (syn, CH-Ar), 128.38 (syn, CH-
Ar), 128.33 (syn, CH-Ar), 125.84 (syn, CH-Ar), 125.82 (anti, 
CH-Ar), 125.75 (anti, CH-Ar), 125.71 (syn, CH-Ar), 115.81 
(anti, CH2-1), 115.21 (syn, CH2-1), 77.39 (syn, CH-4), 76.41 
(anti, CH-4), 45.27 (anti, C-3), 45.03 (syn, C-3), 39.62 (anti, 
CH2-8), 39.56 (syn, CH2-8), 33.80 (syn, CH2-5), 33.29 (anti, 
CH2-5), 33.26 (syn, CH2-6), 32.93 (anti, CH2-6), 30.68 (anti, 
CH2-9), 30.56 (syn, CH2-9), 17.81 (syn, CH3-7), 16.7 (anti, 
CH3-7). HRMS (ESI) m/z [M+Na]+ Calcd for C21H26O: 
317.1876; Found: 317.1886. IR (neat)  (cm-1): 3452, 3063, 
3027, 2928, 2862, 1634, 1604, 1496, 1455, 1414, 1377, 1301, 1154, 
1032, 1007, 916, 740, 699. HPLC: chiral stationary column: 
IC, mobile phase: hexane/iPrOH = 99/1, 1.0 mL/min, 210 
nm, 30 °C, for major diastereoisomer: tR (major) = 13.1 min, 
tR (minor) = 20.0 min, for minor diastereoisomer: tR (major) 

= 10.5 min, tR (minor) = 14.7 min. []20
D = –16.9 (c 0.83, 

CH2Cl2). 
Synthesis of ((3S,4R)-7-chloro-4-methyl-1-phenyl-4-

vinylheptan-3-ol (anti-6ae). The iridium catalyst (0.01 
mmol, 10 mol%) was introduced into a Schlenk tube in a 
glove-box and dissolved in anhydrous and degassed 1,2-
DCE (0.9 mL). Next hydrogen gas was gently bubbled 
directly through the solution (2-3 bubbles per second) via 
a stainless-steel needle at room temperature. The orange 
solution rapidly became light yellow color. After 1-2 
minutes, bubbling was cased and the solution was 
degassed by two successive freeze-pump-thaw cycles. After 
the second cycle, the homoallylic boronate 3e (0.2 mmol, 
2.0 equiv.) was added immediately to the cold solution in 
one portion. The rubber septum was replaced with a 
polyethylene stopper and the reaction was stirred at 0 °C 
for 30 min. Then the appropriate allylic alcohol 1a (0.1 
mmol, 1.0 equiv., in 0.2 mL of 1,2-DCE) was added to the 
above solution at 0 °C for 10 min. Then the mixture was 
cooled down to –30 °C and the (R)-TRIP catalyst (0.015 
mmol, 15 mol%, in 0.1 mL of 1,2-DCE) was added. After 
stirring at –30 °C for 48 h, the reaction mixture was purified 
by column chromatography (pentane/diethyl ether 9:1 to 
4:1) to afford the corresponding homoallylic alcohol anti-
6ae. This compound was used for determination of the 
enantiomeric excess. Purification by column 
chromatography (pentane/diethyl ether 9:1 to 4:1) to afford 
6ae as a colorless oil (16.5 mg, 62% yield, 1.3:1 dr, 55% ee/ 
84% ee). TLC: Rf = 0.5 (pentane/diethyl ether 4:1). 1H NMR 
(400 MHz, CDCl3)  (ppm) = 7.35 – 7.27 (m, 2H), 7.25 – 7.15 
(m, 3H), 5.77 – 5.61 (m, 1H, H-2), 5.26 – 5.16 (m, 1H, H-1), 
5.10 – 5.00 (m, 1H, H-1), 3.54 – 3.46 (m, 2H, H-10), 3.35 – 3.28 
(m, 1H, H-4), 2.98 – 2.87 (m, 1H, H-6), 2.66 – 2.56 (m, 1H, 
H-6), 1.91 – 1.79 (m, 1H, H-5), 1.72 – 1.44 (m, 6H), 0.99 (s, 
1.3H, syn-isomer H-7), 0.96 (s, 1.7H, anti-isomer H-7). 
13C{1H} NMR (100 MHz, CDCl3)  (ppm) = 143.48 (anti, CH-
2), 142.94 (syn, CH-2), 142.30 (anti, C-Ar), 142.17 (syn, C-Ar), 
128.53 (anti, CH-Ar), 128.52 (syn, CH-Ar), 128.44 (syn, CH-
Ar), 128.42 (anti, CH-Ar), 125.88 (syn, CH-Ar), 125.86 (anti, 
CH-Ar), 115.88 (anti, CH2-1), 115.24 (syn, CH2-1), 77.37 (syn, 
CH-4), 76.50 (anti, CH-4), 45.84 (syn, CH2-10), 45.78 (anti, 
CH2-10), 44.76 (anti, C-3), 44.57 (syn, C-3), 34.39 (anti, CH2-
9), 34.37 (syn, CH2-9), 33.71 (CH2-5), 33.24 (anti, CH2-6), 
32.93 (syn, CH2-6), 27.58 (anti, CH2-8), 27.49 (syn, CH2-8), 
17.57 (syn, CH3-7), 16.85 (anti, CH3-7). HRMS (ESI) m/z 
[M+Na]+ Calcd for C16H23ClO: 289.1330; Found: 289.1313. IR 
(neat)  (cm-1): 3427, 3027, 2955, 2862, 1636, 1604, 1496, 
1454, 1415, 1376, 1308, 1156, 1034, 1007, 967, 917, 748, 699, 
649. HPLC: chiral stationary column: AD-H, mobile phase: 
hexane/iPrOH = 99/1, 1.0 mL/min, 210 nm, 30 °C, for major 
diastereoisomer: tR (major) = 20.8 min, tR (minor) = 24.1 
min, for minor diastereoisomer: tR (major) = 26.3 min, tR 

(minor) = 33.6 min. 
Synthesis of (3S,4R)-7-((tert-butyldimethylsilyl)oxy)-4-

methyl-1-phenyl-4-vinylheptan-3-ol (anti-6af). The iridium 
catalyst (0.01 mmol, 10 mol%) was introduced into a 
Schlenk tube in a glove-box and dissolved in anhydrous 
and degassed 1,2-DCE (0.9 mL). Next hydrogen gas was 
gently bubbled directly through the solution (2-3 bubbles 
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per second) via a stainless-steel needle at room 
temperature. The orange solution rapidly became light 
yellow color. After 1-2 minutes, bubbling was cased and the 
solution was degassed by two successive freeze-pump-
thaw cycles. After the second cycle, the homoallylic 
boronate 3f (0.2 mmol, 2.0 equiv.) was added immediately 
to the cold solution in one portion. The rubber septum was 
replaced with a polyethylene stopper and the reaction was 
stirred at –20 °C for 30 min. Then the appropriate allylic 
alcohol 1a (0.1 mmol, 1.0 equiv., in 0.2 mL of 1,2-DCE) was 
added to the above solution at –20 °C for 30 min. Then the 
mixture was cooled down to –20 °C and the (R)-TRIP 
catalyst (0.015 mmol, 15 mol%, in 0.1 mL of 1,2-DCE) was 
added. After stirring at –20 °C for 48 h, the reaction mixture 
was purified by column chromatography (pentane/diethyl 
ether 9:1 to 4:1) to afford the corresponding homoallylic 
alcohol anti-6af. This compound was deprotected using 
TBAF (1.0 M in THF) for determination of the enantiomeric 
excess (vide infra). Purification by column chromatography 
(pentane/diethyl ether 9:1 to 4:1) to afford 6af as a colorless 
oil (23 mg, 63% yield, 1.3:1 dr, 73% ee/ 88% ee). TLC: Rf = 0.5 
(pentane/diethyl ether 4:1). 1H NMR (400 MHz, CDCl3)  
(ppm) = 7.31 – 7.26 (m, 2H), 7.24 – 7.15 (m, 3H), 5.78 – 5.62 
(m, 1H, H-2), 5.23 – 5.11 (m, 1H, H-1), 5.08 – 4.98 (m, 1H, H-
1), 3.60 – 3.52 (m, 2H, H-10), 3.38 – 3.28 (m, 1H, H-4), 2.98 – 
2.88 (m, 1H, H-6), 2.66 – 2.56 (m, 1H, H-6), 1.88 – 1.77 (m, 
1H, H-5), 1.74 – 1.72 (br, 0.45H, O-H), 1.63 – 1.56 (m, 1.5H, 
H-5 and O-H), 1.46 – 1.31 (m, 4H, H-8 and H-9), 0.98 (s, 
1.3H, syn-isomer H-7), 0.94 (s, 1.7H, anti-isomer H-7), 0.89 
(s, 9H, H-12), 0.06 (s, 6H, H-11). 13C{1H} NMR (100 MHz, 
CDCl3)  (ppm) = 144.08 (anti, CH-2), 143.37 (syn, CH-2), 
142.49 (anti, C-Ar), 142.41 (syn, C-Ar), 128.53 (CH-Ar), 
128.36 (CH-Ar), 125.76 (CH-Ar), 115.26 (anti, CH2-1), 114.73 
(syn, CH2-1), 76.93 (syn, CH-4), 76.21 (anti, CH-4), 63.82 
(syn, CH2-10), 63.76 (anti, CH2-10), 44.73 (anti, C-3), 44.51 
(syn, C-3), 33.63, 33.34, 33.31, 33.28, 32.84, 27.37 (anti, CH2-
8), 27.19 (syn, CH2-8), 26.00 (CH3-12), 18.41 (C-13), 18.00, 
16.83, -5.25 (CH3-11). HRMS (ESI) m/z [M+Na]+ Calcd for 
C22H38O2Si: 385.2534; Found: 385.2520. IR (neat)  (cm-1): 
3476, 2953, 2930, 2858, 1638, 1604, 1496, 1460, 1388, 1254, 
1068, 1006, 937, 915, 836, 776, 748, 699. HPLC: The 
compound anti-6af was deprotected using TBAF (1.0 M in 
THF) for determination of the enantiomeric excess. Chiral 
stationary column: OD-H, mobile phase: hexane/iPrOH = 
96/4, 1.0 mL/min, 210 nm, 30 °C, for the major 
diastereoisomer: tR (major) = 28.2 min, tR (minor) = 25.4 
min, for the minor diastereoisomer: tR (major) = 75.1 min, 
tR (minor) = 68.6 min.

Synthesis of (3S,4S)-4,8-dimethyl-1-phenyl-4-vinylnon-7-
en-3-ol (syn-6ag). The iridium catalyst (0.01 mmol, 10 
mol%) was introduced into a Schlenk tube in a glove-box 
and dissolved in anhydrous and degassed 1,2-DCE (0.9 
mL). Next hydrogen gas was gently bubbled directly 
through the solution (2-3 bubbles per second) via a 
stainless-steel needle at room temperature. The orange 
solution rapidly became light yellow color. After 1-2 
minutes, bubbling was cased and the solution was 
degassed by two successive freeze-pump-thaw cycles. After 
the second cycle, the homoallylic boronate 3g (0.2 mmol, 

2.0 equiv.) was added immediately to the cold solution in 
one portion. The rubber septum was replaced with a 
polyethylene stopper and the reaction was stirred at –20 °C 
for 30 min. Then the appropriate allylic alcohol 1a (0.1 
mmol, 1.0 equiv., in 0.2 mL of 1,2-DCE) was added to the 
above solution at –20 °C for 30 min. Then the mixture was 
cooled down to –30 °C and the (R)-TRIP catalyst (0.015 
mmol, 15 mol%, in 0.1 mL of 1,2-DCE) was added. After 
stirring at –30 °C for 48 h, the reaction mixture was purified 
by column chromatography (pentane/diethyl ether 20:1 to 
9:1) to afford the corresponding homoallylic alcohol syn-
6ag. Purification by column chromatography 
(pentane/diethyl ether 20:1 to 9:1) to afford syn-6ag as a 
colorless oil (18 mg, 66% yield, 19:1 dr, 90% ee). TLC: Rf = 
0.7 (pentane/diethyl ether 4:1). 1H NMR (400 MHz, CDCl3) 
 (ppm) = 7.32 – 7.26 (m, 2H), 7.23 – 7.16 (m, 3H), 5.69 (dd, 
3JHH = 17.6, 10.9 Hz, 1H, H-2), 5.16 (dd, 3JHH = 10.9, 1.4 Hz, 1H, 
H-1), 5.11 – 5.05 (m, 1H, H-10), 5.02 (dd, 3JHH = 17.6, 1.5 Hz, 
1H, H-1), 3.35 – 3.29 (m, 1H, H-4), 2.95 – 2.87 (m, 1H, H-6), 
2.66 – 2.56 (m, 1H, H-6), 1.90 – 1.81 (m, 3H, H-5 and H-9), 
1.67 (s, 3H, H-12), 1.57 (s, 3H, H-13), 1.56 – 1.50 (m, 1H, H-5), 
1.42 – 1.35 (m, 3H, H-8 and O-H), 1.01 (s, 3H, H-7). 13C{1H} 
NMR (100 MHz, CDCl3)  (ppm) = 143.3 (CH-2), 142.4 (C-
Ar), 131.4 (C-11), 128.5 (CH-Ar), 128.4 (CH-Ar), 125.8 (CH-
Ar), 124.8 (CH-10), 114.9 (CH2-1), 77.4 (CH-4), 44.9 (C-3), 
37.3 (CH2-8), 33.8 (CH2-5), 33.3 (CH2-6), 25.7 (CH3-12), 22.6 
(CH2-9), 17.8 (CH3-13), 17.6 (CH3-7). HRMS (ESI) m/z 
[M+Na]+ Calcd for C19H28O: 295.2033; Found: 295.2044. IR 
(neat)  (cm-1): 3414, 3083, 3027, 2967, 2925, 2858, 1637, 
1604, 1496, 1454, 1415, 1377, 1072, 1040, 1006, 915, 838, 748, 
699. HPLC: Chiral stationary column: AD-H, mobile phase: 
hexane/iPrOH = 99/1, 1.0 mL/min, 210 nm, 30 °C, tR (major) 
= 12.8 min, tR (minor) = 17.7 min. []20

D = –33.8 (c 1.00, 
CH2Cl2).

Synthesis of 2-((4S,5S)-4-hydroxy-5,9-dimethyl-5-
vinyldec-8-en-1-yl)isoindoline-1,3-dione (syn-6bg). The 
iridium catalyst (0.01 mmol, 10 mol%) was introduced into 
a Schlenk tube in a glove-box and dissolved in anhydrous 
and degassed THF (0.5 mL). Next hydrogen gas was gently 
bubbled directly through the solution (2-3 bubbles per 
second) via a stainless-steel needle at room temperature. 
The orange solution rapidly became light yellow color. 
After 1-2 minutes, bubbling was cased and the solution was 
degassed by two successive freeze-pump-thaw cycles. After 
the second cycle, the homoallylic boronate 3g (0.4 mmol, 
4.0 equiv.) was added immediately to the cold solution in 
one portion. The rubber septum was replaced with a 
polyethylene stopper and the reaction was stirred at –20 °C 
for 15 min. Then the appropriate allylic alcohol (Z)-1b (0.1 
mmol, 1.0 equiv., in 0.2 mL of THF) was added to the above 
solution at –20 °C for 15 min. After that, the solvent THF 
was removed slowly under vacuum. Then the mixture was 
cooled down to –20 °C and the (R)-TRIP catalyst (0.015 
mmol, 15 mol%, in 1.0 mL of 1,2-DCE) was added. After 
stirring at –20 °C for 48 h, the reaction mixture was purified 
by column chromatography (pentane/diethyl ether 6:1 to 
2:1) to afford the corresponding homoallylic alcohol syn-
6bg. Purification by column chromatography 
(pentane/diethyl ether 6:1 to 2:1) to afford syn-6bg as a 
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colorless oil (25 mg, 70% yield, 10:1 dr, 85% ee). TLC: Rf = 
0.3 (pentane/diethyl ether 4:1). 1H NMR (400 MHz, CDCl3) 
 (ppm) = 7.84 (dd, 3JHH = 5.4, 3.1 Hz, 2H), 7.71 (dd, 3JHH = 
5.5, 3.0 Hz, 2H), 5.78 – 5.64 (m, 1H, H-2), 5.14 (dd, 3JHH = 
10.9, 1.5 Hz, 1H, H-1), 5.11 – 5.05 (m, 1H, H-10), 5.04 – 4.97 
(m, 1H, H-1), 3.71 (t, 3JHH = 7.3 Hz, 2H, H-14), 3.36 – 3.29 (m, 
1H, H-4), 1.98 – 1.91 (m, 1H, H-6), 1.90 – 1.83 (m, 2H, H-9), 
1.75 – 1.68 (m, 1H, H-6), 1.66 (s, 3H, H-12), 1.64 – 1.57 (m, 2H, 
H-5 and O-H), 1.56 (s, 3H, H-13), 1.41 – 1.34 (m, 2H, H-8), 1.31 
– 1.25 (m, 1H, H-5), 0.99 (s, 3H, H-7, syn-isomer), 0.95 (s, 
0.3H, H-7, anti-isomer). 13C{1H} NMR (100 MHz, CDCl3)  
(ppm) = 168.6 (C-15), 143.2 (CH-2), 134.0 (CH-Ar), 132.1 (C-
Ar), 131.5 (C-11), 124.7 (CH-10), 123.3 (CH-Ar), 115.0 (CH2-1), 
77.8 (CH-4), 45.0 (C-3), 38.0 (CH2-14), 37.3 (CH2-8), 28.7 
(CH2-6), 26.5 (CH2-5), 25.8 (CH3-12), 22.7 (CH2-9), 17.7 
(CH3-13), 17.5 (CH3-7). HRMS (ESI) m/z [M+H-H2O]+ Calcd 
for C22H29NO3: 338.2110; Found: 338.2108. IR (neat)  (cm-1): 
3527, 2928, 2179, 2119, 2040, 2013, 1976, 1959, 1772, 1708, 
1439, 1398, 1369, 1188, 1045, 913, 720. HPLC: Chiral 
stationary column: OD-H, mobile phase: hexane/iPrOH = 
96/4, 1.0 mL/min, 210 nm, 30 °C, tR (major) = 17.9 min, tR 

(minor) = 40.4 min. []20
D = –7.7 (c 0.98, CH2Cl2).

Synthesis of (4S,5S)-4-hydroxy-5,9-dimethyl-5-vinyldec-
8-en-1-yl [1,1'-biphenyl]-4-carboxylate (syn-6ig). The 
iridium catalyst (0.01 mmol, 10 mol%) was introduced into 
a Schlenk tube in a glovebox and dissolved in anhydrous 
and degassed THF (0.5 mL). Next hydrogen gas was gently 
bubbled directly through the solution (2-3 bubbles per 
second) via a stainless-steel needle at room temperature. 
The orange solution rapidly became light yellow color. 
After 1-2 minutes, bubbling was cased and the solution was 
degassed by two successive freeze-pump-thaw cycles. After 
the second cycle, the homoallylic boronate 3g (0.4 mmol, 
4.0 equiv.) was added immediately to the cold solution in 
one portion. The rubber septum was replaced with a 
polyethylene stopper and the reaction was stirred at –20 °C 
for 15 min. Then the appropriate allylic alcohol (Z)-1i (0.1 
mmol, 1.0 equiv., in 0.2 mL of THF) was added to the above 
solution at –20 °C for 15 min. After that, the solvent THF 
was removed slowly under vacuum. Then the mixture was 
cooled down to –30 °C and the (R)-TRIP catalyst (0.015 
mmol, 15 mol%, in 1.0 mL of 1,2-DCE) was added. After 
stirring at –30 °C for 48 h, the reaction mixture was purified 
by column chromatography (pentane/diethyl ether 9:1 to 
5:1) to afford the corresponding homoallylic alcohol syn-
6ig. Purification by column chromatography 
(pentane/diethyl ether 9:1 to 5:1) to afford syn-6ig as a 
colorless oil (34.4 mg, 85% yield, 10:1 dr, 86% ee). TLC: Rf = 
0.3 (pentane/diethyl ether 4:1). 1H NMR (300 MHz, CDCl3) 
 (ppm) = 8.18 – 7.99 (m, 2H), 7.71 – 7.58 (m, 4H), 7.55 – 7.31 
(m, 3H), 5.74 (dd, 3JHH = 17.6, 10.9 Hz, 1H, H-2), 5.21 – 5.14 
(m, 1H, H-1), 5.14 – 4.98 (m, 2H, H-1 and H-10), 4.37 (t, 3JHH 
= 6.5 Hz, 2H, H-14), 3.42 – 3.31 (m, 1H, H-4), 2.14 – 2.02 (m, 
1H, H-6), 1.98 – 1.86 (m, 2H, H-6 and H-9), 1.86 – 1.70 (m, 
2H, H-9 and O-H), 1.67 (s, 3H, H-12), 1.58 (s, 3H, H-13), 1.51 
– 1.33 (m, 4H, H-5 and H-8), 1.04 (s, 3H, H-7, syn-isomer), 
0.99 (s, 0.3H, H-7, anti-isomer). 13C{1H} NMR (75 MHz, 
CDCl3)  (ppm) = 166.6 (C-15), 145.6 (C-Ar), 143.3 (CH-2), 
140.1 (C-Ar), 131.5 (C-11), 130.1 (CH-Ar), 129.2 (C-Ar), 128.9 

(CH-Ar), 128.1 (CH-Ar), 127.3 (CH-Ar), 127.1 (CH-Ar), 124.7 
(CH-10), 114.9 (CH2-1), 77.7 (CH-4), 65.0 (CH2-14), 44.9 (C-
3), 37.4 (CH2-8), 28.2 (CH2-6), 26.4 (CH2-5), 25.7 (CH3-12), 
22.7 (CH2-9), 17.8 (CH3-13), 17.6 (CH3-7). HRMS (ESI) m/z 
[M+Na]+ Calcd for C27H34O3: 429.2401; Found: 429.2393. IR 
(neat)  (cm-1): 3520, 2964, 2924,2338, 2233, 2178, 2160, 
2045, 2019, 1988, 1715, 1610, 1565, 1487, 1450, 1406, 1380, 1276, 
1181, 1116, 1007, 971, 914, 856, 784, 748, 698. HPLC: Chiral 
stationary column: OD-H, mobile phase: hexane/iPrOH = 
98/2, 1.0 mL/min, 210 nm, 30 °C, tR (major) = 23.2 min, tR 

(minor) = 38.3 min. []20
D = –12.7 (c 1.49, CH2Cl2).

Synthesis of ((1R,3R)-1-cyclohexyl-4,4-dimethyl-1-
phenylhex-5-en-3-ol (6ja). The iridium catalyst (R)-[Ir] 
(0.01 mmol, 10 mol%) was introduced into a Schlenk tube 
in a glove-box and dissolved in anhydrous and degassed 
THF (0.5 mL). Next hydrogen gas was gently bubbled 
directly through the solution (2-3 bubbles per second) via 
a stainless-steel needle at room temperature. The orange 
solution rapidly became light yellow color. After 5 minutes, 
bubbling was cased and the solution was degassed by two 
successive freeze-pump-thaw cycles. After the second 
cycle, the homoallylic boronate 3a (0.2 mmol, 2.0 equiv.) 
was added immediately to the cold solution in one portion. 
The rubber septum was replaced with a polyethylene 
stopper and the reaction was stirred at 0 °C for 15 min. Then 
the appropriate allylic alcohol 1j (0.1 mmol, 1.0 equiv., in 
0.2 mL of THF) was added to the above solution at room 
temperature for 2 h. After that, the solvent THF was 
removed slowly under vacuum. Then the mixture was 
cooled down to –20 °C and the (S)-TRIP catalyst (0.01 
mmol, 10 mol%, in 1.0 mL of 1,2-DCE) was added. After 
stirring at –20 °C for 48 h, the reaction mixture was purified 
by column chromatography (pentane/diethyl ether 15:1 to 
8:1) to afford the corresponding homoallylic alcohol 6ja. 
Purification by column chromatography (pentane/diethyl 
ether 15:1 to 8:1) to afford 6ja as a colorless oil (20 mg, 70% 
yield, 4.7:1 dr, 95% ee/ 96% ee). TLC: Rf = 0.8 
(pentane/diethyl ether 4:1). 1H NMR (400 MHz, CDCl3)  
(ppm) = 7.33 – 7.26 (m, 2H), 7.21 – 7.09 (m, 3H), 5.82 (dd, 
3JHH = 17.5, 10.9 Hz, 0.2H, H-2, anti-isomer), 5.68 (dd, 3JHH = 
17.5, 10.8 Hz, 1H, H-2, syn-isomer), 5.07 – 4.95 (m, 2H, H-1), 
2.84 (dd, 3JHH = 10.5, 4.8 Hz, 1H, H-4), 2.67 – 2.59 (m, 1H, H-
6), 1.93 – 1.86 (m, 1H), 1.81 – 1.65 (m, 3H), 1.63 – 1.57 (m, 2H), 
1.46 – 1.30 (m, 3H), 1.27 – 1.02 (m, 4H), 0.91 (s, 6H, H-7), 0.83 
– 0.74 (m, 1H). 13C{1H} NMR (100 MHz, CDCl3)  (ppm) = 
major syn-6ja isomer; 145.5 (C-Ar), 143.9 (CH-2), 128.8 
(CH-Ar), 128.0 (CH-Ar), 125.9 (CH-Ar), 113.2 (CH2-1), 75.3 
(CH-4), 48.4 (CH-6), 43.80, 41.5 (C-3), 34.1, 31.4, 31.2, 26.6, 
22.90 (CH3-7), 22.05 (CH3-7). HRMS (ESI) m/z [M+Na]+ 
Calcd for C20H30O: 309.2189; Found: 309.2175. IR (neat)  
(cm-1): 3481, 3027, 2925, 2853, 2029, 1637, 1493, 1450, 1380, 
1061, 1032, 912, 758, 702. HPLC: Chiral stationary column: 
OD-H, mobile phase: hexane/iPrOH = 99/1, 0.5 mL/min, 
210 nm, 30 °C, for major diastereoisomer: tR (major) = 9.2 
min, tR (minor) = 10.5 min, for minor diastereoisomer: tR 

(major) = 11.3 min, tR (minor) = 12.4 min. []20
D = 32.1 (c 1.00, 

CH2Cl2).
Synthesis of (4R,6R)-6-(4-methoxyphenyl)-3,3,7-

trimethyloct-1-en-4-ol (6ka). The iridium catalyst (R)-[Ir] 
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(0.01 mmol, 10 mol%) was introduced into a Schlenk tube 
in a glove-box and dissolved in anhydrous and degassed 
THF (0.5 mL). Next hydrogen gas was gently bubbled 
directly through the solution (2-3 bubbles per second) via 
a stainless-steel needle at room tempera-ture. The orange 
solution rapidly became light yellow color. After 5 minutes, 
bubbling was cased and the solution was degassed by two 
successive freeze-pump-thaw cycles. After the second 
cycle, the homoallylic boronate 3a (0.2 mmol, 2.0 equiv.) 
was added immediately to the cold solution in one portion. 
The rubber septum was replaced with a polyethylene 
stopper and the reaction was stirred at 0 °C for 15 min. 
Allylic alcohol 1b (0.1 mmol, 1.0 equiv., in 0.2 mL of THF) 
was added to the above solution at room temperature for 2 
h. After that, the solvent THF was removed slowly under 
vacuum. Then the mixture was cooled down to –20 °C and 
the (S)-TRIP catalyst (0.01 mmol, 10 mol%, in 1.0 mL of 1,2-
DCE) was added. After stirring at –20 °C for 48 h, the 
reaction mixture was purified by column chromatography 
(pentane/diethyl ether 9:1 to 4:1) to afford the 
corresponding homoallylic alcohol 6ka. Purification by 
column chromatography (pentane/diethyl ether 9:1 to 4:1) 
to afford 6ka as a colorless oil (16 mg, 58% yield, 4.8:1 dr, 
91% ee/ 94% ee). TLC: Rf = 0.6 (pentane/diethyl ether 4:1).  
1H NMR (400 MHz, CDCl3)  (ppm) =  7.04 – 7.01 (m, 2H), 
6.85 – 6.81 (m, 2H), 5.82 (dd, 3JHH = 17.5, 10.9 Hz, 0.2H, H-2, 
anti-isomer), 5.69 (dd, 3JHH = 17.5, 10.9 Hz, 1H, H-2, syn-
isomer), 5.07 – 4.96 (m, 2H, H-1), 3.80 (s, 3H, H-10), 2.86 
(dd, 3JHH = 10.5, 1.7 Hz, 1H, H-4), 2.55 (td, 3JHH = 7.8, 3.8 Hz, 
1H, H-6), 1.77 – 1.68 (m, 2H, H-5 and H-8), 1.66 – 1.58 (m, 
1H, H-5), 1.34 (br, 1H, O-H), 0.97 – 0.85 (m, 9H, H-7 and H-
9), 0.71 (d, 3JHH = 6.8, 3H, H-9). 13C{1H} NMR (100 MHz, 
CDCl3)  (ppm) = major syn-6ka isomer; 157.7 (C-Ar), 145.5 
(CH-2), 135.7 (C-Ar), 129.5 (CH-Ar), 113.4 (CH-Ar), 113.2 
(CH2-1), 75.3 (CH-4), 55.2 (CH3-10), 48.4 (CH-6), 41.5 (C-3), 
34.5 (CH2-5), 34.1 (CH-8), 22.9 (CH3-7), 22.1 (CH3-9), 21.0 
(CH3-9), 20.7 (CH3-7). IR (neat) n (cm-1): 3481, 3027, 2925, 
2853, 2029, 1637, 1493, 1450, 1380, 1061, 1032, 912, 758, 702. 
HRMS (ESI) m/z [M+Na]+ Calcd for C18H28O2: 299.1982; 
Found: 299.1997. IR (neat)  (cm-1): 3474, 2958, 2872, 2168, 
2029, 1964, 1612, 1511, 1467, 1383, 1246, 1179, 1038, 914, 826, 
804, 748. HPLC: Chiral stationary column: AD-H, mobile 
phase: hexane/iPrOH = 99/1, 1.0 mL/min, 210 nm, 30 °C, for 
major diastereoisomer: tR (major) = 10.3 min, tR (minor) = 
11.1 min, for minor diastereoisomer: tR (major) = 9.5 min, tR 

(minor) = 13.8 min. []20
D = 41.2 (c 0.73, CH2Cl2).

Synthesis of (1R,3R,4R)-1-cyclohexyl-4,8-dimethyl-1-
phenyl-4-vinylnon-7-en-3-ol (syn-6jg). The iridium catalyst 
(R)-[Ir] (0.01 mmol, 10 mol%) was introduced into a 
Schlenk tube in a glove-box and dissolved in anhydrous 
and degassed THF (0.5 mL). Next hydrogen gas was gently 
bubbled directly through the solution (2-3 bubbles per 
second) via a stainless-steel needle at room temperature. 
The orange solution rapidly became light yellow color. 
After 5 minutes, bubbling was cased and the solution was 
degassed by two successive freeze-pump-thaw cycles. After 
the second cycle, the homoallylic boronate 3g (0.2 mmol, 
2.0 equiv.) was added immediately to the cold solution in 
one portion. The rubber septum was replaced with a 

polyethylene stopper and the reaction was stirred at 0 °C 
for 15 min. Then the appropriate allylic alcohol 1j (0.1 
mmol, 1.0 equiv., in 0.2 mL of THF) was added to the above 
solution at room temperature for 2 h. After that, the 
solvent THF was removed slowly under vacuum. Then (S)-
TRIP catalyst (0.01 mmol, 10 mol%, in 1.0 mL of 1,2-DCE) 
was added. After stirring at room temperature for 48 h, the 
reaction mixture was purified by column chromatography 
(pentane/diethyl ether 20:1 to 15:1) to afford the 
corresponding homoallylic alcohol 6jg. Purification by 
column chromatography (pentane/diethyl ether 20:1 to 
15:1) to afford pure syn-6jg as a colorless oil (13 mg, 48% 
yield, 95% ee). TLC: Rf = 0.6 (pentane/diethyl ether 8:1). 1H 
NMR (400 MHz, CDCl3)  (ppm) =  7.30 – 7.27 (m, 1H), 7.21 
– 7.15  (m, 1H), 7.21 – 7.15 (m, 1H), 7.12 – 7.07 (m, 2H), 5.57 
(dd, 3JHH = 17.6, 10.9 Hz, 1H, H-2), 5.15 – 5.09 (m, 1H, H-1), 
5.06 – 5.00 (m, 1H, H-10), 4.99 – 4.92 (m, 1H, H-1), 2.87 (dd, 
3JHH = 10.7, 6.4 Hz, 1H, H-4), 2.61 (ddd, 3JHH = 11.6, 7.6, 3.6 
Hz, 1H, H-6), 1.92 – 1.88 (m, 1H), 1.81 – 1.67 (m, 5H), 1.65 (s, 
3H, H-12), 1.62 – 1.57 (m, 2H), 1.52 (s, 3H, H-13), 1.43 – 1.36 
(m, 2H), 1.31 – 1.20 (m, 4H), 1.11 – 1.03 (m, 2H), 0.96 – 0.88 
(m, 4H), 0.82 – 0.74 (m, 1H). 13C{1H} NMR (100 MHz, CDCl3) 
 (ppm) = 143.9 (C-Ar), 143.6 (CH-2), 131.3 (C-11), 128.8 (CH-
Ar), 128.0 (CH-Ar), 125.9 (CH-Ar), 124.9 (CH-10), 114.4 
(CH2-1), 75.1 (CH-4), 48.5 (CH-6), 44.7 (C-3), 43.7 (CH-14), 
37.1, 34.4, 31.4, 31.2, 26.60, 26.58, 26.56, 25.7 (CH3-12), 22.6, 
17.6 (CH3-7 and CH3-13). HRMS (ESI) m/z [M+Na]+ Calcd 
for C25H38O: 377.2815; Found: 377.2799. IR (neat)  (cm-1): 
3471, 2924, 2853, 2370, 2304, 2032, 2009, 1493, 1450, 1376, 
1271, 1006, 913, 757, 702, 647. HPLC: Chiral stationary 
column: IA, mobile phase: hexane/iPrOH = 99/1, 1.0 
mL/min, 210 nm, 23 °C, tR (major) = 9.1 min, tR (minor) = 7.0 
min. []20

D = 20.0 (c 0.64, CH2Cl2).  
Synthesis of (6la). The iridium catalyst (0.005 mmol, 5 

mol%) was introduced into a Schlenk tube in a glove-box 
and dissolved in anhydrous and degassed THF (0.5 mL). 
Next hydrogen gas was gently bubbled directly through the 
solution (2-3 bubbles per second) via a stainless-steel 
needle at room temperature. The orange solution rapidly 
became light yellow color. After 1-2 minutes, bubbling was 
cased and the solution was degassed by two successive 
freeze-pump-thaw cycles. After the second cycle, the 
homoallylic boronate 3a (0.2 mmol, 2.0 equiv.) was added 
immediately to the cold solution in one portion. The 
rubber septum was replaced with a polyethylene stopper 
and the reaction was stirred at 0 °C for 15 min. Then the 
appropriate allylic alcohol 1l (0.1 mmol, 1.0 equiv., in 0.4 
mL of THF) was added to the above solution at 0 °C for 15 
min. After that, the solvent THF was removed slowly under 
vacuum. Then the mixture was cooled down to –20 °C and 
the (R)-TRIP catalyst (0.01 mmol, 10 mol%, in 1.0 mL of 1,2-
DCE) was added. After stirring at –20 °C for 48 h, the 
reaction mixture was purified by preparative TLC 
(pentane/acetone 4:1) to afford the corresponding 
homoallylic alcohol 6la. Purification by preparative TLC 
(pentane/acetone 4:1) to afford 6la as a white solid (16 mg, 
40% yield, 19:1 dr). TLC: Rf = 0.3 (pentane/acetone 4:1). 1H 
NMR (400 MHz, CDCl3)  (ppm) = 5.81 (dd, 3JHH = 17.5, 10.8 
Hz, 1H, H-2), 5.35 (dd, 3JHH = 5.0, 2.6 Hz, 1H, H-8), 5.12 – 
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4.99 (m, 2H, H-1), 3.52 (tt, 3JHH = 10.8, 4.8 Hz, 1H, H-10), 3.22 
(dd, 3JHH = 10.2, 1.8 Hz, 1H, H-4), 2.34 – 2.20 (m, 2H), 2.02 – 
1.92 (m, 1H), 1.88 – 1.70 (m, 5H), 1.63 – 1.38 (m, 10H), 1.26 – 
1.08 (m, 5H), 1.03 – 0.92 (m, 12H), 0.59 (s, 3H). 13C{1H} NMR 
(100 MHz, CDCl3)  (ppm) = 145.5 (CH-2), 140.8 (C-9), 121.7 
(CH-8), 113.4 (CH2-1), 79.1 (CH-4), 71.8 (CH-10), 56.1, 51.2, 
50.5, 42.3, 42.1, 41.8, 37.9, 37.3, 36.6, 32.0, 31.9, 31.7, 30.6, 
28.6, 28.0, 24.7, 23.3, 21.9, 20.9, 19.5, 12.4. HRMS (ESI) m/z 
[M+Na]+ Calcd for C27H44O2: 423.3234; Found: 423.3225. IR 
(neat)  (cm-1): 3580, 3283, 2931, 2862, 2359, 2052, 1639, 
1450, 1415, 1376, 1251, 1195, 1060, 1034, 1006, 977, 954, 914, 
878, 838, 799, 739, 690. []20

D = –47.0 (c 0.80, CH2Cl2).
Synthesis of (6ma). The iridium catalyst (0.0025 mmol, 5 

mol%) was introduced into a Schlenk tube in a glove-box 
and dissolved in anhydrous and degassed THF (0.5 mL). 
Next hydrogen gas was gently bubbled directly through the 
solution (2-3 bubbles per second) via a stainless-steel 
needle at room temperature. The orange solution rapidly 
became light yellow color. After 1-2 minutes, bubbling was 
cased and the solution was degassed by two successive 
freeze-pump-thaw cycles. After the second cycle, the 
homoallylic boronate 3a (0.1 mmol, 2.0 equiv.) was added 
immediately to the cold solution in one portion. The 
rubber septum was replaced with a polyethylene stopper 
and the reaction was stirred at 0 °C for 15 min. Then the 
appropriate allylic alcohol 1m (0.05 mmol, 1.0 equiv., in 0.2 
mL of THF) was added to the above solution at rt for 30 
min. After that, the solvent THF was removed slowly under 
vacuum. Then the mixture was cooled down to –20 °C and 
the (S)-TRIP catalyst (0.005 mmol, 10 mol%, in 0.5 mL of 
1,2-DCE) was added. After stirring at –20 °C for 48 h, the 
reaction mixture was purified by column chromatography 
(pentane/diethyl ether 9:1 to 5:1) to afford the 
corresponding homoallylic alcohol 6ma. Purification by 
column chromatography (pentane/diethyl ether 9:1 to 5:1) 
to afford 6ma as a colorless oil (16 mg, 64% yield, 19:1 dr). 
TLC: Rf = 0.5 (pentane/diethyl ether 4:1). 1H NMR (400 
MHz, CDCl3)  (ppm) = 7.26 – 7.21 (m, 2H), 7.19 – 7.13 (m, 
3H), 5.61 (dd, 3JHH = 17.5, 10.8 Hz, 1H, H-2), 5.36 –5.32 (m, 
1H, H-8), 5.05 – 4.92 (m, 2H, H-1), 3.19 – 3.11 (m, 1H, H-10), 
2.80 – 2.69 (m, 2H, H-6 and H-4), 2.27 – 2.21 (m, 2H), 2.00 
– 1.90 (m, 2H), 1.82 – 1.46 (m, 9H), 1.40 – 1.29 (m, 2H), 1.16 
– 1.04 (m, 3H), 1.01 – 0.93 (m, 2H), 0.90 – 0.82 (m, 9H), 0.82 
– 0.74 (m, 1H), 0.68 (s, 3H), 0.53 (td, 3JHH = 12.7, 4.9 Hz, 1H), 
0.32 (dt, 3JHH = 12.9, 3.5 Hz, 1H). 13C{1H} NMR (100 MHz, 
CDCl3)  (ppm) = 145.4 (CH-2), 144.8 (C-Ar), 139.9 (C-9), 
128.7 (CH-Ar), 128.0 (CH-Ar), 125.9 (CH-Ar), 122.4 (CH-8), 
113.1 (CH2-1), 74.5 (CH-4), 61.1 (CH-10), 56.5, 56.2, 50.0, 44.5 
(CH-6), 42.5, 41.3, 38.4, 38.1, 37.5, 37.2, 36.5, 31.8, 31.8, 28.3, 
27.9, 24.1, 22.9, 22.0, 20.8, 19.2, 12.3. HRMS (ESI) m/z 
[M+Na]+ Calcd for C33H47N3O: 524.3612; Found: 524.3600. 
IR (neat)  (cm-1): 3482, 3026, 2939, 2868, 2094, 1721, 1636, 
1455, 1378, 1253, 1069, 1017, 914, 802, 773, 703, 619. []20

D = 
25.9 (c 0.78, CH2Cl2). 

■ ASSOCIATED CONTENT 
Supporting Information. Experimental procedures, 
characterization of all new compounds. This material is 
available free of charge via the Internet at http://pubs.acs.org. 

■ AUTHOR INFORMATION

Corresponding Author
* clement.mazet@unige.ch

■ ACKNOWLEDGMENT 
We thank the University of Geneva for financial support. 
Stéphane Rosset is acknowledged for assistance in the 
synthesis of (R)-TRIP and for measuring HRMS analyses. 
Daniele Fiorito is acknowledged for running preliminary 
experiments.

■ REFERENCES
(1) (a) Denmark, S. E.; Fu, J. Catalytic Enantioselective Addition 

of Allylic Organometallic Reagents to Aldehydes and Ketones. 
Chem. Rev. 2003, 103, 2763. (b) Yus, M.; González-Gómez, J. C.; 
Foubelo, F. Catalytic Enantioselective Allylation of Carbonyl 
Compounds and Imines. Chem. Rev. 2011, 111, 7774. (c) Kobayashi, 
S.; Mori, Y.; Fossey, J. S.; Salter, M. M. Catalytic Enantioselective 
Formation of C-C Bonds by Addition to Imines and Hydrazones: 
A Ten-Year Update. Chem. Rev. 2011, 111, 2626. (d) Yus, M.; 
González-Gómez, J. C.; Foubelo, F. Diastereoselective Allylation 
of Carbonyl Compounds and Imines: Application to the Synthesis 
of Natural Products. Chem. Rev. 2013, 113, 5595. (e) Feng, J.; Kasun, 
Z. A.; Krische, M. J. Enantioselective Alcohol C−H 
Functionalization for Polyketide Construction: Unlocking Redox-
Economy and Site-Selectivity for Ideal Chemical Synthesis. J. Am. 
Chem. Soc. 2016, 138, 5478. 

(2) For selected examples, see: (a) Rossiter, B. E.; Sharpless, K. 
B. Asymmetric Epoxidation of Homoallylic Alcohols. Synthesis of 
(-)-γ-Amino-β(R)-Hydroxybutyric Acid (GABOB). J. Org. Chem. 
1984, 49, 3707. (b) Makita, N.; Hoshino, Y.; Yamamoto, H. 
Asymmetric Epoxidation of Homoallylic Alcohols and 
Application in a Concise Total Synthesis of (-)-α-Bisabolol and (-
)-8-epi-α-Bisabolol. Angew. Chem. Int. Ed. 2003, 42, 941. (c) Zhang, 
W.; Yamamoto, H. Vanadium-Catalyzed Asymmetric Epoxidation 
of Homoallylic Alcohols. J. Am. Chem. Soc. 2007, 129, 286. (d) 
Matsumoto, K.; Katsuki, T. Comprehensive Chirality, Chapter 5.3 
Oxidation: Epoxidation (Allylic Alcohol, Homoallylic Alcohol, 
Simple C=C, Electron Deficient C=C), Elsevier Ltd. 2012. (e) 
Bernasconi, M.; Ramella, V.; Tosatti, P.; Pfaltz, A. Iridium-
Catalyzed Asymmetric Hydrogenation of 3,3-Disubstituted Allylic 
Alcohols in Ethereal Solvents. Chem. Eur. J. 2014, 20, 2440. (f) 
Larionov, E.; Lin, L.; Guénée, L.; Mazet, C. Scope and Mechanism 
in Palladium-Catalyzed Isomerizations of Highly Substituted 
Allylic, Homoallylic, and Alkenyl Alcohols. J. Am. Chem. Soc. 2014, 
136, 16882. (g) Singh, S.; Bruffaerts, J.; Vasseur, A.; Marek, I. A 
Unique Pd-Catalysed Heck Arylation as a Remote Trigger for 
Cyclopropane Selective Ring-Opening. Nat. Commun. 2017, 8, 
14200. 

 (3) (a) Carreira, E. M.; Kvaerno, L. Classics in Stereoselective 
Synthesis, Wiley-VCH, Weinheim, 2009. For selected examples, 
see: (b) Kinnaird, J. W. A.;  Ng, P. Y.; Kubota, K.; Wang, X.; 
Leighton, J. L. Strained Silacycles in Organic Synthesis: A New 
Reagent for the Enantioselective Allylation of Aldehydes. J. Am. 
Chem. Soc. 2002, 124, 7920. (c) Burgos, C. H.; Canales, E.; Matos, 
K.; Soderquist, J. A. Asymmetric Allyl- and Crotylboration with 
the Robust, Versatile, and Recyclable 10-TMS-9-
borabicyclo[3.3.2]decanes. J. Am. Chem. Soc. 2005, 127, 8044. (d) 
González, A. Z.; Román, J. G.; Alicea, E.; Canales, E.; Soderquist, J. 
A. Borabicyclo[3.3.2]decanes and the Stereoselective Asymmetric 
Synthesis of 1,3-Diol Stereotriads from 1,3-Diborylpropenes. J. Am. 
Chem. Soc. 2009, 131, 1269. (e) Chen, M.; Handa, M.; Roush, W. R. 
Enantioselective Synthesis of 2-Methyl-1,2-syn- and 2-Methyl-1,2-
anti-3-butenediols via Allene Hydroboration-Aldehyde 

Page 13 of 16

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org


Allylboration Reaction Sequences. J. Am. Chem. Soc. 2009, 131, 
14602. (f) Kister, J.; DeBaillie, A. C.;  Lira, R.; Roush, W. R. 
Stereoselective Synthesis of γ-Substituted (Z)-Allylic Boranes via 
Kinetically Controlled Hydroboration of Allenes with 10-TMS-9-
borabicyclo[3.3.2]decane. J. Am. Chem. Soc. 2009, 131, 14174. (g) 
Althaus, M.; Mahmood, A.; Suárez, J. R.; Thomas, S. P.; Aggarwal, 
V. K. Application of the Lithiation-Borylation Reaction to the 
Preparation of Enantioenriched Allylic Boron Reagents and 
Subsequent In Situ Conversion into 1,2,4-Trisubstituted 
Homoallylic Alcohols with Complete Control over All Elements of 
Stereochemistry. J. Am. Chem. Soc. 2010, 132, 4025. (h) Chen, J. L.-
Y.;  Scott, H. K.; Hesse, M. J.; Willis, C. L.; Aggarwal, V. K. J. Am. 
Chem. Soc. 2013, 135, 5316.

(4) (a) Kennedy, J. W. J.;  Hall, D. G. Recent Advances in the 
Activation of Boron and Silicon Reagents for Stereocontrolled 
Allylation Reactions. Angew. Chem. Int. Ed. 2003, 42, 4732. (b) 
Chemler, S. R.; Roush, W. R.  Modern Carbonyl Chemistry (Ed.: J. 
Otera), Wiley-VCH: Weinheim, 2000. (c) Elford, T. G.; Hall, D. G. 
Boronic Acids, Wiley-VCH, Weinheim, 2011. (d) D. G. Hall, H. 
Lachance, Allylboration of Carbonyl Compounds, Wiley, Hoboken, 
2012. (e) Diner, C.; Szabó, K. J. Recent Advances in the Preparation 
and Application of Allylboron Species in Organic Synthesis. J. Am. 
Chem. Soc. 2017, 139, 2. 

(5) Ishiyama, T.; Ahiko, T.-a.; Miyaura, N. Acceleration Effect of 
Lewis Acid in Allylboration of Aldehydes:  Catalytic, Regiospecific, 
Diastereospecific, and Enantioselective Synthesis of Homoallyl 
Alcohols. J. Am. Chem. Soc. 2002, 124, 12414.

(6) Wada, R.; Oisaki, K.; Kanai, M.; Shibasaki, M. Catalytic 
Enantioselective Allylboration of Ketones. J. Am. Chem. Soc. 2004, 
126, 8910.

(7) (a) Rauniyar, V.; Hall, D. G. Catalytic Enantioselective and 
Catalyst-Controlled Diastereofacial-Selective Additions of Allyl- 
and Crotylboronates to Aldehydes Using Chiral Brønsted Acids. 
Angew. Chem. Int. Ed. 2006, 45, 2426. (b) Rauniyar, V.; Zhai, H.; 
Hall, D. G. Catalytic Enantioselective Allyl- and Crotylboration of 
Aldehydes Using Chiral Diol•SnCl4 Complexes. Optimization, 
Substrate Scope and Mechanistic Investigations. J. Am. Chem. Soc. 
2008, 130, 8481.

(8) Jain, P.; Antilla, J. C. Chiral Brønsted Acid-Catalyzed 
Allylboration of Aldehydes. J. Am. Chem. Soc. 2010, 132, 11884. 

(9) (a) Lou, S.; Moquist, P. N.;  Schaus, S. E. Asymmetric 
Allylboration of Ketones Catalyzed by Chiral Diols. J. Am. Chem. 
Soc. 2006, 128, 12660. (b) Barnett, D. S.; Moquist, P. N.; Schaus, S. 
E. The Mechanism and an Improved Asymmetric Allylboration of 
Ketones Catalyzed by Chiral Biphenols. Angew. Chem. Int. Ed. 
2009, 48, 8679.

(10) Kobayashi, S.; Endo, T.; Ueno, M. Chiral Zinc-Catalyzed 
Asymmetric α-Alkylallylation and α-Chloroallylation of 
Aldehydes. Angew. Chem. Int. Ed. 2011, 50, 12262.

(11) Alam, R.; Vollgraff, T.; Eriksson, L.; Szabó, K. J. Synthesis of 
Adjacent Quaternary Stereocenters by Catalytic Asymmetric 
Allylboration. J. Am. Chem. Soc. 2015, 137, 11262.

(12) (a) Denmark, S. E.; Fu, J. Asymmetric Construction of 
Quaternary Centers by Enantioselective Allylation:  Application 
to the Synthesis of the Serotonin Antagonist LY426965. Org. Lett. 
2002, 4, 1951. (b) Quaternary Stereocentres: Challenges and 
Solutions for Organic Synthesis (Christoffers, J.; Baro A., Eds.), 
Wiley-VCH: Weinheim, 2005. (c) Denmark, S. E.; Fu, J.; Lawler, 
M. J. Chiral Phosphoramide-Catalyzed Enantioselective Addition 
of Allylic Trichlorosilanes to Aldehydes. Preparative Studies with 
Bidentate Phosphorus-Based Amides. J. Org. Chem. 2006, 71, 1523. 
(d) Feng, J.; Garza, V. J.; Krische, M. J. Redox-Triggered C–C 
Coupling of Alcohols and Vinyl Epoxides: Diastereo- and 
Enantioselective Formation of All-Carbon Quaternary Centers via 
tert-(Hydroxy)-Prenylation. J. Am. Chem. Soc. 2014, 136, 8911. (e) 
Xiong, Y.; Zhang, G. Enantioselective Synthesis of Quaternary 
Stereocenters via Chromium Catalysis. Org. Lett. 2016, 18, 5094 . 

(13) For alternative non-catalytic methods, see: (a) Kennedy, J. 
W. J.; Hall, D. G. Novel Isomerically Pure Tetrasubstituted 
Allylboronates:  Stereocontrolled Synthesis of α-Exomethylene γ-
Lactones as Aldol-Like Adducts with a Stereogenic Quaternary 
Carbon Center. J. Am. Chem. Soc. 2002, 124, 898. (b) Canales, E.; 
Hernandez, E.; Soderquist, J. A. Nonracemic 3°-Carbamines from 
the Asymmetric Allylboration of N-Trimethylsilyl Ketimines with 
B-Allyl-10-phenyl-9-borabicyclo[3.3.2]decanes. J. Am. Chem. Soc. 
2006, 128, 8712. (c) Ito, H.; Okura, T.; Matsuura, K.; Sawamura, M. 
Desymmetrization of meso-2-Alkene-1,4-diol Derivatives through 
Copper(I)-Catalyzed Asymmetric Boryl Substitution and 
Stereoselective Allylation of Aldehydes. Angew. Chem., Int. Ed. 
2010, 49, 560. (d) Shi, S.-L.; Xu, L.-W.; Oisaki, K.; Kanai, M.; 
Shibasaki, M. Identification of Modular Chiral Bisphosphines 
Effective for Cu(I)-Catalyzed Asymmetric Allylation and 
Propargylation of Ketones. J. Am. Chem. Soc. 2010, 132, 6638. (e) 
Ferris, G. E.; Hong, K.; Roundtree, I. A.; Morken, J. P. A Catalytic 
Enantioselective Tandem Allylation Strategy for Rapid Terpene 
Construction: Application to the Synthesis of Pumilaside Aglycon. 
J. Am. Chem. Soc. 2013, 135, 2501. (f) Meng, F.; Jang, H.; Jung, B.; 
Hoveyda, A. H. Cu-catalyzed chemoselective preparation of 2-
(pinacolato)boron-substituted allylcopper complexes and their in 
situ site-, diastereo-, and enantioselective additions to aldehydes 
and ketones. Angew. Chem., Int. Ed. 2013, 52, 5046. (g) Silverio, D. 
L.; Torker, S.; Pilyugina, T.; Vieira, E. M.; Snapper, M. L.; Haeffner, 
F.; Hoveyda, A. H. Simple organic molecules as catalysts for 
enantioselective synthesis of amines and alcohols. Nature 2013, 
494, 216. (h) Potter, B.; Szymaniak, A. A.; Edelstein, E. K.; Morken, 
J. P. Nonracemic Allylic Boronates through Enantiotopic-Group-
Selective Cross-Coupling of Geminal Bis(boronates) and Vinyl 
Halides. J. Am. Chem. Soc. 2014, 136, 17918. (i) Chen, J. L. Y.; 
Aggarwal, V. K. Highly diastereoselective and enantiospecific 
allylation of ketones and imines using borinic esters: contiguous 
quaternary stereogenic centers. Angew. Chem., Int. Ed. 2014, 53, 
10992. 

(14) For seminal discoveries: (a) Moriya, T.; Suzuki, A.; Miyaura, 
N. A Stereoselective Preparation of -Alkoxyallylboronates via 
Catalytic Isomerization of Pinacol [(E)-3-Alkoxy-1-
propenyl]boronates. Tetrahedron Lett. 1995, 36, 1887. (b) 
Yamamoto, Y.; Miyairi, T.; Ohmura, T.; Miyaura, N. Synthesis of 
Chiral Esters of (E)-3-(Silyloxy)-2-propenylboronic Acid via the 
Iridium-Catalyzed Isomerization of the Double Bond. J. Org. 
Chem. 1999, 64, 296.

(15) (a) Shimizu, H.; Igarashi, T.; Miura, T.; Murakami, M. 
Rhodium-Catalyzed Reaction of 1-Alkenylboronates with 
Aldehydes Leading to Allylation Products. Angew. Chem. Int. Ed. 
2011, 50, 11465. (b) Miura, T.; Nishida, Y.; Morimoto, M.; 
Murakami, M. Enantioselective Synthesis of Anti Homoallylic 
Alcohols from Terminal Alkynes and Aldehydes Based on 
Concomitant Use of a Cationic Iridium Complex and a Chiral 
Phosphoric Acid. J. Am. Chem. Soc. 2013, 135, 11497. (c) Miura, T.; 
Nishida, Y.; Murakami, M. Construction of Homoallylic Alcohols 
from Terminal Alkynes and Aldehydes with Installation of syn-
Stereochemistry J. Am. Chem. Soc. 2014, 136, 6223. (d) Miura, T.; 
Nakahashi, J.; Murakami, M. Enantioselective Synthesis of (E)-d-
Boryl-Substituted anti-Homoallylic Alcohols Using Palladium 
and a Chiral Phosphoric Acid. Angew. Chem. Int. Ed. 2017, 56, 
6989. (e) Miura, T.; Nakahashi, J.; Zhou, W.; Shiratori, Y.; Stewart, 
S. G.; Murakami, M. Enantioselective Synthesis of anti-1,2-
Oxaborinan-3-enes from Aldehydes and 1,1-Di(boryl)alk-3-enes 
Using Ruthenium and Chiral Phosphoric Acid Catalysts. J. Am. 
Chem. Soc. 2017, 139, 10903. (f) Miura, T.; Oku, N.; Murakami, M. 
Diastereo- and Enantioselective Synthesis of (E)-δ-Boryl-
Substituted anti-Homoallylic Alcohols in Two Steps from 
Terminal Alkynes. Angew. Chem. Int. Ed. 2019, 58, 14620.

(16) For related studies, see: (a) Weber, F.; Ballmann, M.; 
Kohlmeyer, C.; Hilt, G. Nickel-Catalyzed Double Bond 

Page 14 of 16

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Transposition of Alkenyl Boronates for in Situ syn-Selective 
Allylboration Reactions. Org. Lett. 2016, 18, 548. (b) Park, J.; Choi, 
S.; Lee, Y.; Cho S. H. Chemo- and Stereoselective Crotylation of 
Aldehydes and Cyclic Aldimines with Allylic gem-Diboronate 
Ester. Org. Lett. 2017, 19, 4054. (c) Wang, M.; Gao, S.; Chen, M. 
Stereoselective Syntheses of (E)-γ′,δ-Bisboryl-Substituted syn-
Homoallylic Alcohols via Chemoselective Aldehyde Allylboration. 
Org. Lett. 2019, 21, 2151. (d) Gao, S.; Chen, J.; Chen, M. (Z)-α-Boryl-
crotylboron reagents via Z-selective alkene isomerization and 
application to stereoselective syntheses of (E)-δ-boryl-syn-
homoallylic alcohols. Chem. Sci. 2019, 10, 3637.

(17) (a) Li, H.; Mazet, C. Iridium-Catalyzed Selective 
Isomerization of Primary Allylic Alcohols. Acc. Chem. Res. 2016, 
49, 1232. (b) Mantilli, L.; Mazet, C. Iridium-catalyzed 
isomerization of primary allylic alcohols under mild reaction 
conditions. Tetrahedron Lett. 2009, 50, 4141. (c) Mantilli, L.; 
Gérard, D.; Torche, S.; Besnard, C.; Mazet, C. Angew. Chem. Int. 
Ed. 2009, 48, 5143. (d) Mantilli, L.; Mazet, C. Expanded scope for 
the iridium-catalyzed asymmetric isomerization of primary allylic 
alcohols using readily accessible second-generation catalysts. 
Chem. Commun. 2010, 46, 445. (e) Quintard, A.; Alexakis, A.; 
Mazet, C. Access to High Levels of Molecular Complexity by One-
Pot Iridium/Enamine Asymmetric Catalysis. Angew. Chem. Int. 
Ed. 2011, 50, 2354. (f) Mantilli, L.; Gérard, D.; Torche, S.; Besnard, 
C.; Mazet, C. Improved Catalysts for the Iridium-Catalyzed 
Asymmetric Isomerization of Primary Allylic Alcohols Based on 
Charton Analysis. Chem. Eur. J. 2010, 16, 12736. (g) Mantilli, L.; 
Gérard, D.; Besnard, C.; Mazet, C. Structure–Activity Relationship 
in the Iridium-Catalyzed Isomerization of Primary Allylic 
Alcohols. Eur. J. Inorg. Chem. 2012, 3320. (h) Li, H.; Mazet, C. 
Steric Parameters in the Ir-Catalyzed Regio- and 
Diastereoselective Isomerization of Primary Allylic Alcohols. Org. 
Lett. 2013, 15, 6170. (i) Li, H.; Mazet, C. Catalyst-Directed 
Diastereoselective Isomerization of Allylic Alcohols for the 
Stereoselective Construction of C(20) in Steroid Side Chains: 
Scope and Topological Diversification. J. Am. Chem. Soc. 2015, 137, 
10720.

(18) Fiorito, D.; Mazet, C. Ir-Catalyzed Selective Hydroboration 
of 2-Substituted 1,3-Dienes: A General Method to Access 
Homoallylic Boronates. ACS Catal. 2018, 8, 9382. 

(19) (a) Crabtree, R. Iridium Compounds in Catalysis. Acc. 
Chem. Res. 1979, 12, 331. (b) Roseblade, S. J.; Pfaltz, A. Iridium-
Catalyzed Asymmetric Hydrogenation of Olefins. Acc. Chem. Res. 
2007, 40, 1402. (c) Wüstenberg, B.; Pfaltz, A. Homogeneous 
Hydrogenation of Tri- and Tetrasubstituted Olefins: Comparison 
of Iridium-Phospinooxazoline [Ir-PHOX] Complexes and 
Crabtree Catalysts with Hexafluorophosphate (PF6) and 
Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BArF) as 
Counterions. Adv. Synth. Catal. 2008, 350, 174. 

(20) (a) Hoffmann, S.; Seayad, A. M.; List, B. A Powerful 
Brønsted Acid Catalyst for the Organocatalytic Asymmetric 
Transfer Hydrogenation of Imines. Angew. Chem. Int. Ed. 2005, 
44, 7424. (b) Akiyama, T. Stronger Brønsted Acids. Chem. Rev. 
2007, 107, 5744. (c) Terada, M. Chiral Phosphoric Acids as 

Versatile Catalysts for Enantioselective Transformations. 
Synthesis 2010, 1929. (d) Zamfir, A.; Schenker, S.; Freund, M.; 
Tsogoeva, S. B. Chiral BINOL-derived phosphoric acids: privileged 
Brønsted acid organocatalysts for C–C bond formation reactions. 
Org. Biomol. Chem. 2010, 8, 5262. (e) Parmar, D.; Sugiono, E.; Raja, 
S.; Rueping, M. Complete Field Guide to Asymmetric BINOL-
Phosphate Derived Brønsted Acid and Metal Catalysis: History 
and Classification by Mode of Activation; Brønsted Acidity, 
Hydrogen Bonding, Ion Pairing, and Metal Phosphates. Chem. 
Rev. 2014, 114, 9047. (f) Parmar, D.; Sugiono, E.; Raja, S.; Rueping, 
M. Chem. Rev. 2014, 114, 9047.

(21) For a relevant and related example, see: Maligres, P. E.; Li, 
J.; Krska, S. W.; Schreier, J. D.; Raheem, I. T. C-O Cross-Coupling 
of Activated Aryl and Heteroaryl Halides with Aliphatic Alcohols. 
Angew. Chem. Int. Ed. 2012, 51, 9071.

(22) For alternative prenylation methods: (a) Brown, H. C.; 
Jadhav, P. K. 3,3-Dimethylallyldiisopinocampheylborane: A novel 
reagent for chiral isoprenylation of aldehydes. Synthesis of (+)- 
and (−)-artemisia alcohol in exceptionally high enantiomeric 
purity. Tetrahedron Lett. 1984, 25, 1215. (b) Jadhav, P. K.; Bhat, K. 
S.; Perumal, P. T.; Brown, H. C.Chiral synthesis via 
organoboranes. 6. Asymmetric allylboration via chiral 
allyldialkylboranes. Synthesis of homoallylic alcohols with 
exceptionally high enantiomeric excess. J. Org. Chem. 1986, 51, 
432. (c) Han, S. B.; Kim, I. S.; Han, H.; Krische, M. J. 
Enantioselective Carbonyl Reverse Prenylation from the Alcohol 
or Aldehyde Oxidation Level Employing 1,1-Dimethylallene as the 
Prenyl Donor. J. Am. Chem. Soc. 2009, 131, 6916.

(23) The relative configurations were assigned by analogy with 
previous reports, see: (a) Kobayashi, S.; Nishio, K. Facile and 
Highly Stereoselective Synthesis of Homoallylic Alcohols Using 
Organosilicon Intermediates. J. Org. Chem. 1994, 59, 6620. (b) 
Biggs, R. A.; Lambadaris, M.; Ogilvie, W. W. Highly 
diastereoselective generation of various 3,3-disubstituted allyl 
boronates for the stereospecific construction of quaternary 
centers. Tetrahedron Lett. 2014, 55, 6085. (c) Tekle-Smith, M. A.; 
Williamson, K. S.; Hughes, I. F.; Leighton, J. L. Direct, Mild, and 
General n-Bu4NBr-Catalyzed Aldehyde Allylsilylation with Allyl 
Chlorides. Org. Lett. 2017, 19, 6024.

(24) (a) Porte, A. M.;  Reibenspies, J.; Burgess, K. Design and 
Optimization of New Phosphine Oxazoline Ligands via High-
Throughput Catalyst Screening. J. Am. Chem. Soc. 1998, 120, 9180. 
(b) Burgess, K.; Porte, A. M. Application of novel phosphine 
oxazoline ligands in asymmetric allylations of 4-acyloxy-2-
pentene derivatives. Tetrahedron: Asymmetry 1998, 9, 2465.

(25) Tekle-Smith, M. A.; Williamson, K. S.; Hughes, I. F.; 
Leighton, J. L.  Direct, Mild, and General n-Bu4NBr-Catalyzed 
Aldehyde Allylsilylation with Allyl Chlorides. Org. Lett. 2017, 19, 
6024.

(26) Jubert, C.; Knochel, P. Preparation of new classes of 
aliphatic, allylic, and benzylic zinc and copper reagents by the 
insertion of zinc dust into organic halides, phosphates, and 
sulfonates. J. Org. Chem. 1992, 57, 5425.

Page 15 of 16

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



SYNOPSIS TOC

Me R

OHR1

R2

OH

R Bpin

R2

R1

single catalyst
(achiral or chiral)

H+Ir

 dual isomerization
 sequential catalysis (one-pot)
 diastereoselective catalysis
 enantioselectve catalysis
 1, 2 or 3 stereocenters

chiral Brønsted
acid catalyst

dual isomerization allylboration
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