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ABSTRACT: A chiral magnesium potassium binaph-

thyldisulfonate cluster, as a chiral Brønsted acid catalyst, 

was shown to catalyze an enantioselective cycloaddition 

of styrenes with aldimines for the first time.  The strong 

Brønsted acidity of the unoptimized catalyst-precursors, 

which might dissolve drying agents and take up the 

leached Mg
2+

 and K
+
, led to serendipitous results.  

Mechanistic aspects were supported by X-ray and ESI-

MS analysis of the catalyst and a kinetics study of the 

reaction.  Useful transformations to optically active 1,3-

amino alcohols on a gram scale were also demonstrated. 

In modern asymmetric catalysis, chiral Brønsted acid 

catalysts with (R)- or (S)-binaphthyl skeletons have been 

used as practical organocatalysts.
1
  Since the suitable 

Brønsted acidity of the catalysts is different for each 

substrate and reagent to promote the desired reactions, 

fine tuning of the acidity as well as fine stereo-tuning of 

the catalysts are very important.  In this regard, we have 

recently developed a practical synthesis of chiral 3,3’-

Ar2-BINSA (1,1’-binaphthalene-2,2’-disulfonic acid) 1,
2
 

which might have both strong Brønsted acidity
3
 and suf-

ficient bulkiness for asymmetric induction.  Here, we 

report for the first time an asymmetric catalysis that uses 

chiral 3,3’-Ar2-BINSAs 1 in the presence of magnesium 

and potassium sources through a somewhat interesting 

scenario.
4,5

  In particular, we focused on the enantiose-

lective cycloaddition of styrenes with N-Boc aldimines, 

which has been originally developed by Hossain in an 

achiral manner using HBF4·Et2O (Eq. 1).
6
  Indeed, chiral 

oxazinanones sometimes have biological activities,
7
 and 

are useful as chiral auxiliaries and precursors of chiral 

1,3-amino alcohols.
8
  Nevertheless, while catalytic enan-

tioselective oxazinanone synthesis has not been report-

ed,
9
 a few examples of a catalytic enantioselective 

imino-ene reaction of α-methylstyrenes have been 

 

reported (Eq. 1).
10

  We envisioned that, to promote the 

reaction of interest, chiral strong Brønsted acids should 

be effective, since (1) simple styrenes, which are regard-

ed as relatively weak nucleophiles,
11

 could be used 

without direct activation by the catalysts and (2) frag-

mentation of the t-Bu moiety is involved. 

  We initially examined the reaction of styrene 3a with 

N-Boc aldimine 2a through the use of (R)-3,3’-(4-t-

BuC6H4)2-BINSA 1a (5 mol%) in 1,2-dichloroethane at 

0 °C for 5 h (Table 1, also see the SI).  With the use of 

(R)-1a alone, the reaction was slow and syn-4a was ob-

tained with poor enantioselectivity along with anti-4a, 

double adduct 5a, and hydrolyzed 7a (entry 1).  When 

we used MgSO4 to prevent the hydrolysis to 7a by ad-

ventitious water, the enantioselectivity of syn-4a was 

temporarily improved, although reproducibility was not 

observed and 6a and 7a were still obtained by overreac-

tion and hydrolysis, respectively (entry 2).  We then sus-

pected that Mg
2+

 was being leached from MgSO4 due to 

the strong acidity of (R)-1a.  Therefore, we used a 

Table 1.  Optimization of the catalysts
a
 

 

entry 
additive 
(mol%) 

yield 
 of 4  
(%) 

syn:anti 
of 4a 

ee of 
syn-4a 
(%) 

yield  
of 5 
(%) 

yield 
of 6  
(%) 

yield 
of 7  
(%) 

1 – 52 76:24 –4 4 0 13 

2 MgSO4 38~59 89:11~93:7 28~70 5~10 5~10 15~20 

3 Mg(OEt)2 (5) 73 92:8 48 0 0 0 

4 
Mg(OEt)2 (5) 

MS 3A 
90 94:6 78 4 0 0 

5 
Mg(OEt)2 (3.3) 
KOt-Bu (10) 

56 >99:<1 95 0 0 20 

6 
Mg(OEt)2 (3.3) 
KOt-Bu (10) 

MS 3A 

91 >99:<1 96 4 0 0 

a
 The reaction was carried out with (R)-1a (10 mol%), 2a (0.2 mmol), 

3a (4 mmol), and additives in 1,2-dichloroethane at 0 °C for 5 h. 
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Scheme 1. Reactions of simple styrene 3a with a variety of 

N-Boc aldimines 2.
a
 

 

Products syn-4, yield, ratio of syn:anti, and enantioselectivity of syn-4. 

 
a
 The reaction was carried out with (R)-1a (10 mol%), 2 (0.2 mmol), 

and 3a (4 mmol) in 1,2-dichloroethane with MS 3A at 0 °C for 5 h. 

catalyst, which was prepared from (R)-1a (10 mol%) 

and Mg(OEt)2 (5 mol%).  As a result, syn-4a was ob-

tained reproducibly in moderate yield with 48% ee (en-

try 3).  Interestingly, the addition of MS 3A to the cata-

lyst provided syn-4a with 78% ee (entry 4).  Again, we 

suspected that K
+
 was being leached due to the strong 

acidity of the (R)-1a–Mg complex, since MS 3A is 

K9Na3[(AlO2)12(SiO2)12] (see the SI).  Therefore, we 

used a catalyst prepared from (R)-1a (10 mol%), 

Mg(OEt)2 (3.3 mol%), and KOt-Bu (10 mol%).  As a 

result, syn-4a was obtained in 56% yield with 95% ee 

without the generation of anti-4a (entry 5).  Finally, the 

use of MS 3A prevented the generation of undesired 7 

(see the SI including ICP-OES analysis), syn-4a was 

exclusively obtained in 91% yield with 96% ee (entry 6).  

Overall, strong acids may trigger unexpected excellent 

results or invalidate the evaluations in the presence of 

common drying agents.
4,12

 

  We next examined the scope of N-Boc aldimines 2b–n 

in the presence of the optimized 3:1:3 complex of (R)-

1a/Mg/K (Scheme 1).  As a result, 2b–j with a variety of 

ortho-, meta-, or para-substituted aryl moieties, 2k with 

a 1-napththyl moiety, 2l with a 2-naphthyl moiety, and 

2k and 2l with a heteroaryl moiety could be used, and 

the corresponding syn-4a–n were exclusively obtained 

with excellent enantioselectivities (91–99% ee) in high  

Scheme 2. Reactions of a variety of styrene derivatives 3b–

g with N-Boc aldimines 2. 

 

Products 8, reaction time, yield, and enantioselectivity. 

 

yields (80–100%).  In particular, the tolerance of steri-

cally hindered ortho-substituted compounds such as 2e 

(o-CF3C6H5), 2f (o-BrC6H5), 2g (o-IC6H5), 2k (1-

naphthyl), and 2n (3-benzothienyl) was remarkable.  

Moreover, we examined the scope of styrene derivatives 

3b–g (Scheme 2).  As a result, not only simple 4-

methylstyrene (3b) and sterically hindered 2-

methylstyrene (3c), but also 4-(chloromethyl)styrene 

(3d) and less nucleophilic 4-bromostyrene (3e) could be 

used.   The steric effect of 1-vinylnaphthalene (3f) did 

not affect the yield, syn/anti-ratio, or enantioselectivity.  

Moreover, heteroaromatic 3-vinylthiophene (3g) could 

also be used successfully. 

  Next, the α- or β-Me-substituent effect on the vinyl 

moiety of styrene was examined (also see the SI).  The 

reaction of α-methylstyrene 9 with aldimine 2g provided 

the corresponding cycloadduct 10 in 81% yield (syn:anti 

= 95:5) with 85% ee for syn-10 (Eq. 2).  Moreover, 

trans-β-methylstyrene (trans-11) and cis-β-

methylstyrene (cis-11) were examined (Eq. 3).  As a re-

sult, from trans-11, 1,3-syn-2,3-anti-12 was obtained 

exclusively in 62% yield with 99% ee.  In contrast, the  
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reaction of cis-11 with 2g was sluggish, and 1,3-syn-2,3-

syn-12 was obtained as a sole product, although enanti-

oselectivity was not induced.  These trans/cis-retention 

results strongly indicated that the reaction might proceed 

via a concerted pathway as seen Eq. 1, and a stepwise 

pathway involving a benzyl cation is unlikely. 

   As another application of styrene derivatives, indene 

13 was examined (Eq. 4).  As a result, the corresponding 

product syn-14 was obtained with good enantioselectivi-

ty in the presence of the (R)-1a-derived catalyst (77% 

ee).  The use of (R)-1b-derived catalyst (Ar = 4-PhC6H4) 

improved the enantioselectivity (82% ee).  Fortunately, 

recrystallization of syn-14 increased the enantio-purities 

to 98% ee without any serious loss of yield. 

 

  Next, we performed some transformations to syntheti-

cally useful 1,3-amino alcohols
8b

 to validate our catalyt-

ic system (Scheme 3, Eqs. 5–7).  First, transformations 

to syn- and anti-1,3-amino alcohols 15 were demonstrat-

ed.  Hydrolysis of syn-4a afforded corresponding syn-15 

in 98% yield without a loss of optical purity (Eq. 5).  On 

the other hand, transformation to anti-15 was also 

achieved in five steps in good yields (Eq. 6).  A key step 

is the Mitsunobu reaction, in which di-2-methoxyethyl 

azodicarboxylate (DMEAD)
13

 and N-

hydroxyphthalimide were carefully selected to suppress 

an undesired spontaneous elimination reaction that 

would give undesired β,γ-unsaturated amide.  Moreover, 

we performed a formal total synthesis of bioactive 1,3-

amino alcohol 21,
14

 which is a drug candidate for neuro-

pathic pain due to its NMDA receptor antagonistic activ-

ity (Eq. 7).
15

  Actually, a 1.5 g-scale cycloaddition of 3b, 

which used only 2 molar equivalents to 2g, was con-

ducted with a reduced amount of catalyst (5 mol%).  As 

a result, the desired syn-8d was obtained with 96% ee.  

Consequently, Manabe’s palladium-catalyzed carbocy-

clization
16

 of syn-8d provided tricyclic amide 18 quanti-

tatively.  After the hydrolysis of 18, the Mitsunobu reac-

tion of 19 followed by N–O bond cleavage afforded 0.70 

g of the key compound 20 with 98% ee. 

  Finally, we turn our attention to mechanistic aspects.  

We tried to crystallize the optimized 3:1:3 complex of 

(R)-1a/Mg/K for X-ray structural analysis.
5
  As a result, 

we instead obtained a 3:1:4 aqua complex of (R)-

1a/Mg/K (22) (Figure 1, also see the SI).  The obtained 

cluster 22 could be formally assembled by 2:2:1 and 

1:0:2 complexes of (R)-1a/Mg/K and adventitious water.  

As expected, due to the lack of a Brønsted acid part (i.e., 

SO3H), the cluster 22 itself (or the use of (R)-1a (10 

mol%), Mg(OEt)2 (3.3 mol%), and KOt-Bu (13.3mol%))  

Scheme 3.  Transformations to 1,3-amino alcohols. 

 

showed no catalytic activity in a probe reaction (Eq. 8).  

However, addition of TfOH (see the SI) restored the cat-

alytic activity through H
+
-exchange, and syn-4a was 

obtained in 58% yield with 90% ee (Eq. 9).  Actually, 

the Brønsted acid part of the optimized 3:1:3 complex of 

(R)-1a/Mg/K might be essential, since the addition of 

methallyltrimethylsilane or sterically hindered 2,6-t-Bu2-

pyridine, both of which would selectively react on H
+
, 

completely deactivated the catalytic activity in the probe 

reaction (Eq. 10).  In contrast, the use of (R)-1a (10 

mol%), Mg(OEt)2 (3.3 mol%), and KOt-Bu (6.6 mol%) 

which would lead to the corresponding 3:1:2 complex of 

(R)-1a/Mg/K with two Brønsted acid parts, still showed 

high catalytic activity (85% yield and 89% ee of syn-4a) 

(Eq. 11), although the result was slightly inferior to that 

with the optimized catalyst.  Overall, the X-ray-analyzed 

cluster 22 might be an inactive species, and a similar 

structural cluster with active H
+
 in place of inactive K

+
 

might be considered to be an active catalyst in situ.   

Figure 1. X-ray analysis of  a 3:1:4 complex of (R)-1a/Mg/K 22. 
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  To consider the active species in situ, ESI-MS analysis 

of the catalyst was carried out.  As a result, a variety of 

BINSA trimers [m/z = 2150–2230], possibly with cluster 

structures, were exclusively observed (see the SI).  

Moreover, a kinetics study was conducted for a 3:1:3 

complex of (R)-1a/Mg/K, 2a, and 3a.  The results 

showed first-order dependency for the catalyst as well as 

zero-order dependency for 2a and first-order dependen-

cy for 3a (Figure 2, also see the SI).  This may support 

the presence of a 3:1:3 complex of (R)-1a/Mg/K, and the 

rate-determining step might be the addition of 3a to ac-

tivated 2a.  At this preliminary stage, possible transition 

states cannot be considered, since the position of the 

active site (H
+
) has not been specified, although the 

Brønsted acid center itself should be essential. 

Figure 2. Kinetics study for the catalyst, 2a, and 3a. 

 

  In summary, we have developed for the first time a 

chiral magnesium potassium binaphthyldisulfonate clus-

ter, which can catalyze a highly enantioselective cy-

cloaddition of styrenes with aldimines.  We serendipi-

tously discovered that the strong Brønsted acidity of 

unoptimized catalysts dissolved drying agents and took 

up leached Mg
2+

 and K
+
.  Mechanistic insights were 

supported by X-ray, ESI-MS and ICP-OES analyses of 

the clusters, a kinetics study, and control experiments.  

Moreover, synthetically useful transformations to opti-

cally active 1,3-amino alcohols on a gram scale were 

demonstrated. 
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