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ABSTRACT: An Ir/Zn dual catalysis has been developed for the 
enantio- and diastereodivergent α-allylation of unprotected α-
hydroxyketones under mild conditions, in the absence of any ad-
ditional base. The cooperative action of a chiral iridium complex 
derived from phosphoramidites and a chiral Zn-ProPhenol com-
plex is most likely responsible for its high reactivity, excellent 
enantioselectivity (up to >99% ee), and good diastereoselectivity 
(up to >20:1 dr). All four product stereoisomers could be prepared 
from the same set of starting materials and under identical condi-
tions by simple selection of appropriate catalyst combinations. 

Structural motifs containing contiguous stereogenic centers are 
found in numerous natural products and important bioactive com-
pounds, and their absolute and relative configurations are often 
crucial for the expression of their biological activities.1 The de-
velopment of reliable methodologies that lead to all possible ste-
reoisomers of products is a prominent research objective, as well 
as a significant challenge in asymmetric synthesis.2 Many classi-
cal strategies have attempted to address this challenge via the use 
of additives,3 the selection of distinct catalysts,4 and the use of 
two-step sequential reactions with one or two chiral catalysts.5 
However, few methodologies are able to provide a unified and 
predictable route that exerts full control of the absolute and rela-
tive stereochemical configuration of products containing multiple 
contiguous stereocenters. Recently, Carreira and colleagues de-
veloped an elegant dual catalyst system for the independent con-
trol of two stereocenters in the α-allylation of aldehydes by com-
bining iridium and organic catalysis.6-7 However, the development 
of a cooperative bimetallic catalyst system that utilizes two dis-
tinct chiral metal catalysts for the complete stereoisomeric control 
of products bearing multiple stereocenters remains underdevel-
oped but is highly desired.8 This desirability resides in: (a) the 
abundance of ready-made or commercially available chiral lig-
ands and metal catalysts;9 (b) diverse asymmetric reactions in-
volving metal catalysis;10 and (c) a large bimetallic catalyst library 
created via random combination of two different chiral metal 
catalysts for targeted asymmetric metal catalysis (Scheme 1a). 

Ir-catalyzed allylic substitution has become one of the most 
powerful methods to construct carbon-carbon and carbon-
heteroatom bonds. A characteristic feature of this process is the 
predominant formation of branched products.11 The introduction 
of prochiral nucleophiles to Ir-catalyzed allylic substitutions 
would provide an effective and reliable method for the synthesis 
of the products containing vicinal stereocenters. Indeed, the dia-
stereo- and enantioselective reactions with carbonyl heterocyclic 
compounds, aldehydes or β-ketoesters as nucleophiles in  

Scheme 1. Stereodivergent Synthesis via Bimetallic Cataly-

sis 

 

this area have been achieved recently through elegant contribu-
tions from the groups of Hartwig, Carreira and Stoltz.6,12 Howev-
er, the direct use of unprotected α-hydroxyketones as nucleophiles 
in Ir-catalyzed allylic substitution remains challenging (Scheme 
1b).13-14 It is worth noting that α-hydroxyketone donors are partic-
ularly interesting because of the important biological activity of 
the polyoxygenated products.15-16 However, these are troublesome 
nucleophiles due to their multiple nucleophilic sites and the unde-
fined geometry of the corresponding unstabilized enolate. Herein, 
we describe an enantio- and diastereodivergent synthesis for the 
α-allylation of unprotected α-hydroxyketones, a procedure greatly 
desired from an atom economy and synthetic efficiency perspec-
tive.17 

In continuation of our previous work concerning dual catalysis 
for asymmetric allylic substitutions in which transition-metal 
catalysis and enamine catalysis were combined,18 we envisioned 
that a dual catalyst system consisting of a combination of a chiral 
zinc complex16,19 and a chiral iridium complex20 would provide an 
efficient strategy for the enantio- and diastereodivergent α-
allylations of unprotected α-hydroxyketones (Scheme 1b). The 
potential advantages of this strategy are as follows: (i) A five-
membered ring containing zinc enolate II-1 will be formed via the 
coordination of the zinc atom with the two oxygen atoms of the 
carbonyl and the hydroxyl groups. The formation of II-1 may 
improve the nucleophilicity of the carbon atom; (ii) Zinc enolate 
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II-1 has a defined Z-configuration, which may provide a general 
approach to acyclic diastereocontrol; (iii) The cooperative use of a 
chiral zinc complex and a chiral iridium complex may 
simultaneously activate the α-hydroxyketone and the allyl and 
allow for the control of the two stereocenters. This will increase 
the possibility of an enantio- and diastereodivergent α-allylation 
of α-hydroxyketones.7 

Table 1. Optimization of the α-Allylation of α-

Hydroxyacetophenone
a
 

 

entry Zn/L L additive yield (%)b drc ee (%)d 

1 − − − nr − − 

2 1:1 L1 − 38 1:1 79/81 

3 1:1 L2 − 48 1:1 89/89 

4 1:1 L3 − 42 1:1 87/70 

5 2:1 L4 − 63 3:1 93/90 

6e 2:1 L4 EC 71 3:1 96 

7e 2:1 L4 Ph3PO 65 3:1 94 

8e 2:1 L4 Ph3PS 74 3:1 94 

9f 2:1 L4 4Å MS 94 6:1 97 

10g 2:1 L4 4Å MS 97 8:1 98 

11g 1:1 L4 4Å MS 97 13:1 99 

12g,h 1:1.2 L4 4Å MS 96 15:1 >99 

13g,i 1:1.5 L4 4Å MS 96 16:1 >99 

14g 1:1 L5 4Å MS 93 1:1 87/52 

aReaction conditions: 1a (0.30 mmol, 1.2 equiv), 2a (0.25 mmol, 
1.0 equiv), Et2Zn (5 or 10 mol %), L1−L5 (5 mol %), [Ir(cod)Cl]2 
(2 mol %), (R,R,R)−L6 (4 mol %), rt, 12 h. bIsolated yield. nr = no 
reaction. cRatio of dr determined by 1H NMR integration. dDeter-
mined by HPLC analysis using an OD-H column. e20 mol % addi-
tives. f50 mg 4Å MS. g100 mg 4Å MS. hEt2Zn (5 mol %), L4 (6 
mol %). iEt2Zn (5 mol %), L4 (7.5 mol %). EC = ethylene car-
bonate. 

The investigation began using α-hydroxyacetophenone (1a) and 
cinnamyl methyl carbonate (2a) as model substrates for the allylic 
substitution (Table 1). The asymmetric reaction was first 
attempted using a bimetallic catalyst system consisting of a Et2Zn 
complex modified with appropriate amino alcohol ligands 
(L1−L5)19 and an iridium complex derived from 
phosphoramidites [(R,R,R)−L6].20 In the absence of the Zn 
catalyst, none of the desired product α-hydroxyl-γ,δ-unsaturated 
ketone (3a) was obtained (entry 1). This situation could be 

reversed via the addition of a Zn catalyst, giving the desired 
product 3a in moderate yields (entries 2−5). After examination of 
different ligands (L1−L4), the Trost ligand−ProPhenol (L4) was 
shown to give superior results compared to all others tested. The 
Zn−ProPhenol complex was therefore chosen as the optimal Zn 
catalyst.19c Compared to the mono-catalyst consisting of only an Ir 
complex, the addition of the Zn catalyst greatly improved the 
reactivity and selectivity of the α-hydroxyketone. The efficiency 
of the Zn−ProPhenol catalyst could be further improved by the 
addition of a weak coordinating agent that is able to displace the 
product.16b,c,e-g,21 Indeed, the addition of a small amount of weak 
coordinating agent such as ethylene carbonate, Ph3P=O or Ph3P=S, 
accelerated the asymmetric transformation under otherwise 
identical conditions (entries 6−8). The addition of 4Å MS further 
promoted reaction activity, giving 3a in high yields with good 
diastereo- and enantioselectivities (entries 9−10). Subsequent 
optimization studies showed that the ratio of Et2Zn and L4 could 
be reduced to 1:1.2 to give 3a in 96% yield, 15:1 dr, and >99% ee 
(entries 11−13). The unusual Zn/L4 ratio prompted us to 
synthesize and apply the ligand L5 to the catalysis. However, this 
led to poor catalytic performance (entry 14). Although we are 
unable to clarify the underlying reason for the outstanding catalyt-
ic performance of the Trost ligand−ProPhenol, the unique geome-
try of the chiral semi-crown backbone seems to be critically im-
portant for the reactivity and stereocontrol of the catalysis. 

With the feasibility of a chemo- and stereoselective process for 
the α-allylation of α-hydroxyacetophenone established, we then 
speculated if the bimetallic catalyst system could furnish product 
3a with full control over the absolute and relative configuration of 
its two stereocenters. Under the optimized reaction conditions 
(Table 1, entry 12), the reaction of 1a and 2a afforded product 
(R,S)−3a in 96% yield, 15:1 dr, and >99% ee when catalyzed with 
the (R,R)−L4/(R,R,R)−L6 combination. Significantly, the reaction 
allowed for the synthesis of (S,S)−3a in 91% yield, 6:1 dr, 
and >99% ee when catalyzed by the (R,R)−L4/(S,S,S)−L6 
combination (Scheme 2). The switch in the sense of 
diastereoselectivity suggested that the two chiral metal catalysts 
were able to almost independently control the configuration of the 
two stereocenters. From the same set of starting materials and 
under identical reaction conditions, the remaining two 
stereoisomers (S,R)−3a and (R,R)−3a were prepared in high yields 
and good enantio- and diastereoselectivities (Scheme 2). 

Scheme 2. Synthesis of All Four Stereoisomers of 3a 

 

A number of allylic esters were examined (Table 2). Allylic 
esters bearing either electron-donating or electron-withdrawing 
groups at the ortho-, meta-, or para-position of the arene 
functionality participated in this reaction to give the desired 
products (3b−3n) in high yields and with excellent 
stereoselectivities (7:1 to 18:1 dr, 94−>99% ee). Furthermore, the 
reactions of naphthyl- and heteroaryl-substituted allyl carbonates 
were successfully carried out to give their respective products in 
good yields and with excellent enantioselectivities (3o−3q). 
Commom substituents such as alkyl, styrenyl and ether groups 
also gave good results (3r−3u). 

Page 2 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

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



 

The scope of a series of α-hydroxyketones was next investigat-
ed (Table 3). α-Hydroxyacetophenones substituted with Me, OMe, 
Br, F, and 3,4-methylenedioxy groups gave the desired products 
(3v−3z) in high yields and with excellent stereoselectivities (6:1 
to 12:1 dr, 90−>99% ee). An α-hydroxyketone incorporating a 
heteroarene also proved to be a good substrate for this reaction, 
affording product 3aa in high yield and excellent 
enantioselectivity. Additionally, alkyne-substituted 
hydroxyketone was smoothly used as a nucleophile in this 
reaction, providing the desired product 3ab in moderate yield and 
high ee. 

Table 2. The Substrate Scope of Allylic Carbonates
a
 

 aReaction conditions, please see Table 1, entry 12. 

Table 3. The Substrate Scope of α-Hydroxyketones
a
 

 

aReaction conditions, please see Table 1, entry 12. bat 80 oC. 

To evaluate the practicality of the diastereodivergent synthesis, 
we performed the reactions of 1a with different allylic carbonates 
using a combination of (R,R)−L4/(S,S,S)−L6 (Table 4). Cinnamyl 
carbonates substituted with arenes bearing methyl, halogen, and 
other electron-withdrawing substituents reacted smoothly to give 

the corresponding products in good yields and with excellent en-
antioselectivities, although most of the dr values were slightly 
lower than those obtained with the combination of 
(R,R)−L4/(R,R,R)−L6. 

Table 4. Representative Examples of Stereodivergence
a
 

 

aReaction conditions, please see Table 1, entry 12 with (S,S,S)−L6 
instead of (R,R,R)−L6. 

To confirm the scalability of the present method, we performed 
a gram-scale synthesis of (R,S)−3a and (R,S)−3g using the 
standard reaction conditions and comparable results were obtained 
(Scheme 3). Furthermore, the absolute configuration of (R,S)−3g 
was determined by single-crystal X-ray analysis. 

Scheme 3. Gram-scale Experiments and ORTEP Repre-

sentation of 3g 

  

 
�  

Scheme 4. Synthetic Transformation of the Allylated α-

Hydroxyketone
a
 

 
aReaction conditions: (a) allyl iodide, DMF, Cs2CO3, rt, 6 h. (b) 
Grubbs−Hoveyda catalyst, DCM, 40 °C, 12 h. (c) NaBH4, EtOH, 
0 oC, 2 h. (d) potassium allyltrifluoroborate, CeCl3, THF, 50 oC, 6 
h. 

Subsequently, synthetic transformations of the product 
(R,S)−3a were conducted. As shown in Scheme 4, chiral dihydro-
pyran 4 could be easily obtained from (R,S)−3a via allylic substi-
tution and ring-closing metathesis using a Grubbs−Hoveyda se-
cond generation catalyst. Reduction of (R,S)−3a with NaBH4 
furnished compound 5 in 95% yield and 93% ee.22 The allylation 
of (R,S)−3a with potassium allyltrifluoroborate led to the allylated 
polyoxygenated product 6 in 93% yield and 96% ee.22 

In summary, we have developed a new bimetallic catalysis 
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strategy for a one-step and stereodivergent α-allylation of unpro-
tected α-hydroxyketones by using a chiral iridium complex de-
rived from phosphoramidites and a chiral Zn−ProPhenol complex 
in the absence of any additional bases. A range of chiral α-
hydroxyl-γ,δ-unsaturated ketones containing vicinal stereocenters 
were produced in good yields and with excellent stereoselectivi-
ties. More significantly, the pairwise combination of chiral metal 
catalysts allows for complete control over the absolute and rela-
tive configuration of all possible product stereoisomers from the 
same set of starting materials under identical reaction conditions. 
We envisage that this bimetallic catalyst strategy will offer new 
opportunities for full stereodivergent access to difficult asymmet-
ric transformations. 
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An Ir/Zn dual catalysis has been developed for the enantio- and diastereodivergent α-allylation of unprotected α-
hydroxyketones under mild conditions, in the absence of any additional base. The cooperative action of a chiral iridium 
complex derived from phosphoramidites and a chiral Zn-ProPhenol complex is most likely responsible for its high reactivity, 
excellent enantioselectivity (up to >99% ee), and good diastereoselectivity (up to >20:1 dr). All four product stereoisomers 
could be prepared from the same set of starting materials and under identical conditions by simple selection of appropriate 
catalyst combinations. 
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