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Asymmetric reactions that transform racemic mixtures into enantio-enriched products are in high demand; however, 
classical kinetic resolution (KR) can afford enantiopure compounds in <50% yield even in an ideal case. Many de-
racemization processes thus have been developed including dynamic kinetic resolution (DKR) and dynamic kinetic 
asymmetric transformation (DYKAT), which can provide enantio-enriched products even after complete conversion of 
the racemic starting materials; however, these dynamic processes require racemization or symmetrization of the 
substrates or intermediates. We demonstrate a first chemical direct enantio-convergent transformation without 
racemization or symmetrization process. The copper(I)-catalyzed asymmetric allylic substitution of racemic allyl ethers 
afforded a single enantiomer of α-chiral allylboronates with complete conversion and high enantioselectivity (up to 
98% ee); one enantiomer of the substrate undergoes a anti-SN2’-type reaction whereas the other enantiomer reacts via 
a syn-SN2’ pathway. The products, α-chiral allylboronates, cannot be prepared by dynamic procedures, were used in 
construction of all-carbon quaternary stereocentres. 

The efficient production of enantiopure compounds from racemic 
starting materials is in high demand, especially in the 
pharmaceutical and agricultural industries, in addition to 
enantioselective catalysis that converts pro-chiral starting materials 
to desired enantio-enriched products (Figure 1).1–4 Reaction of a 
racemic substrate with a chiral catalyst usually results in kinetic 
resolution (KR) where two enantiomers of the racemate react with 
different reaction rates (Figure 1a).4–6 One enantiomer of the 
starting material (SA) is converted far more rapidly than the 
opposite enantiomer when the reaction rate of the one enantiomer 
is significantly higher than the other (kA>>kB). Enantio-enriched 
product (PA) is thus obtained with high selectivity; however, the 
other substrate enantiomer with lower reactivity (SB) remained 
unreacted and the theoretical maximum yield of the desired 
product (PA) is only 50% even in an ideal case. To overcome the 
limitation caused by this incomplete conversion, many elegant de-
racemization processes have been designed that can transform both 
enantiomers of the racemic starting materials into a single 
enantiomer of the product. Dynamic kinetic resolution (DKR)7–9 
and dynamic kinetic asymmetric transformation (DYKAT)10–18 are 
representative examples (Figures 1b and 1c). Dynamic kinetic 
resolution can be achieved by combining an enantioselective 
reaction with the rapid racemization of the starting materials 
(Figure 1b). In this case, the less reactive substrate enantiomer (SB) 
can be converted into the more reactive enantiomer (SA) through 
the racemization process; when the reaction rates of the 
racemization is much higher than the favorable enantioselective 
step (from SA to PA), and the rate of the favorable enantioselective 
step is enough larger than that of the disfavored one (kA>>kB), the 
desirable enantiomer (PA) can be obtained with high enantiomeric 
purity after complete conversion of the starting material. For 
dynamic kinetic asymmetric transformation (DYKAT, Figure 1c), 
both enantiomers are initially converted into the common 
intermediate (I) where the substrate stereogenic center disappears. 
This is typically achieved by forming pseudo meso- or C2-
symmetric complexes with chiral catalysts. The new chiral center 

is then established by the subsequent enantioselective step (kA>>kB, 
Figure 1c).10–12 However, the majority of racemic compounds have 
significantly robust chiral centers and reaction procedures such as 
DKR or DYKAT are ineffective. Most racemic starting materials 
have no suitable means for racemization that is essential for DKR, 
whereas DYKAT requires the disappearance of the stereogenic 
center in the reaction intermediates; however, many chiral 
compounds cannot take symmetrical structures (pseudo meso- or 
C2-symmetric) even in the transformation to other chiral products. 
De-racemization of racemates with such robust chiral centers 
remains an unsolved problem in the field of asymmetric synthesis. 
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Figure 1 | Conceptual schemes for asymmetric reactions of 
racemic chiral substrates for production of enantio-enriched 
compounds. Solid arrows represent faster reaction pathways and 
dotted arrows show slower ones. Racemization and 
desymmetrization processes described in blue arrows. a, Kinetic 
resolution (KR). One of the substrate enantiomer (SA) is converted 
into the product (PA) at the larger reaction rate in the presence of a 
chiral catalyst (cat*), whereas the other substrate enantiomer (SB) 
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reacts at the much smaller rate (kA>>kB). b, Dynamic kinetic 
resolution (DKR). The rapid racemization process of the substrate 
enables the conversion of the two enantiomer (SA and SB) into one 
enantiomer of the product (PA). c, Dynamic kinetic asymmetric 
transformation (DYKAT). Desymmetrization process first converts 
the two substrate enantiomers (SA and SB) into an intermediate (I), 
where the substrate chiral centre is disappeared. The subsequent 
enantioselective path produces one enantiomer (kA>>kB). d, Direct 
enantio-convergent transformation (DECT). One substrate 
enantiomer (SA) is converted preferentially into one product 
enantiomer (PA) (red arrow, kAA>>kAB) and the other enantiomer (SB) 
is also converted into the same product (PA) (kBA>>kBB) through a 
different reaction pathway (green arrow). 

If each enantiomer of a racemic mixture is converted into the same 
enantiomer of the product through different reaction pathways, the 
problem raised by racemization or symmetrization can be 
circumvented (Figure 1d).1,2,19,20  However, the requirements to 
achieve such reaction in a single operation with a single catalyst 
are challenging. The catalyst should promote two distinctive 
reaction pathways with opposite enantiomeric preference of the 
substrate (kAA>>kAB and kBA>>kBB); and each pathway should 
have opposite stereoselectivity to produce the same enantiomer of 
the product. Furthermore, the two preferred pathways should 
proceed at the similar reaction rates (kAA≈kBA) to avoid kinetic 
resolution of the substrate. Literatures describing such direct 
enantio-convergent reaction are scarce and are limited to a few 
biocatalytic reactions.19,20 To our knowledge, artificial catalysts 
that can promote this type of transformation with a practically 
useful level of selectivity are unknown. We recently reported the 
copper(I)-catalyzed enantioselective boryl substitution of pro-
chiral allylic carbonates to produce enantio-enriched allylboronates, 
which are useful building blocks for asymmetric preparation of 
compounds with multiple chiral centers.21–23 We found that the 
copper(I)-catalyzed boryl substitution proceeds as the first 
chemical direct enantio-convergent transformation (DECT) 
without racemization or symmetrization process when the substrate 
racemic allylic ethers have a chiral center that cannot be treated by 
known de-racemization processes such as DKR or DYKAT. The 
synthetic utility of the allylboronates that can only be prepared by 
this direct enantio-convergent transformation was also 
demonstrated by construction of all-carbon quaternary stereo 
centers through stereoselective aldehyde allylation.24–26 

Results 

Direct enantio-convergent reaction 

Racemic allylic ether 1a has a cyclic structure with an 
asymmetric substituent pattern around the allylic system (Table 1). 
This type of compound appears to be an example that cannot be 
applied to the known de-racemization procedures. There are no 
efficient ways to racemize such tertiary ethers, indicating DKR is 
not applicable. Although DYKAT of some racemic allylic esters 
have been reported in transition-metal-catalyzed asymmetric allylic 
alkylation,10,11,13–18 successful cases are limited to the acyclic 
allylic esters or cyclic ones bearing symmetrical substituents about 
the allylic system or bearing an electron withdrawing group. Such 
structures enable DYKAT by racemization through 
isomerization10,11,15,16 or symmetrization via the formation 
of pseudo-meso allylmetal complexes.10,11,17,18 

The reaction of (rac)-1a was first carried out with 
bis(pinacolato)diboron 3 (1.5 equiv.) in the presence of 5 mol % of 
Cu(O-t-Bu) and a chiral phosphine ligand [(R,R)-QuinoxP* (2a)]27 
in diethyl ether at 30 °C (Table 1). Complete conversion of (rac)-
1a was reached within 24 h and the corresponding allylboronate 
(S)-4a, the SN2’ product of boryl substitution, was obtained in high 
yield (98%) with a high enantioselectivity (97% ee) (entry 1). The 

reaction was performed with the readily available catalyst 
CuCl/K(O-t-Bu) instead of Cu(O-t-Bu); however, a longer reaction 
time was required (entry 2, 96 h). Reaction with (R,R)-Me-Duphos 
(2b) instead of (R,R)-QuinoxP* (2a) also proceeded as the enantio-
convergent transformation with a lower enantioselectivity (99%, 
88% ee, entry 3). Reaction with (R)-BINAP (2c) did not reach 
completion even after a long reaction time and gave poor 
enantioselectivity (59 h, 54%, 18% ee, entry 4). Reactions of 
enantiopure substrates, (+)-1a and (–)-1a, also afforded the same 
enantiomer of the product, (S)-4a with a high degree of ee (97% ee, 
entries 5 and 6). These results represent the successful de-
racemization of the robust chirality compound (rac)-1a.  

We next applied this enantio-convergent transformation 
catalysis to the secondary allylic ether 1b to investigate details of 
the reaction stereochemistry. This is because the use of 1b eases 
the stereochemical characterization of the starting material and the 
product. Reaction of (rac)-1b using the enantio-convergent 
transformation catalysis approach gave the corresponding 
allylboronate (S)-4b in a good yield with high enantiomeric purity 
(92% yield, 92% ee, entry 7). The reaction of the deuterium 
labeled (rac)-1c exclusively afforded the allylboronate (S)-4c with 
high enantioselectivity (92% ee) without the transposition of the 
deuterium atom. This indicates that this reaction does not include a 
pseudo-meso π allylmetal intermediate which is observed in other 
transition-metal-catalyzed DYKAT processes (entry 8).9,10,16,17 
Either enantio-enriched forms of the starting material, (S)-1b (93% 
ee) or (R)-1b (94% ee) were also converted into the same 
enantiomer, (S)-4b (entries 9 and 10); the reaction of (S)-1b 
resulted in a higher ee (99% ee) than that obtained from (rac)-1b, 
and the reaction of (R)-1b gave a lower ee (85% ee). The 
stereochemical outcomes indicate that the reactions of (S)-1b and 
(R)-1b proceed via two distinct pathways, anti-SN2’ with higher 
enantioselectivity and the syn-SN2’ pathway with slightly lower 
enantioselectivity, respectively. The ee value of the product 
prepared from (rac)-1b (entry 7, 92% ee) is roughly the average of 
the values from (S)-1b (entry 9, 99% ee) and (R)-1b (entry 10, 
85% ee). The reaction of (S)-1b with a low amount of 3 (0.6 equiv), 
where the reaction did not reach completion, gave (S)-4b in 46% 
yield with 99% ee; (S)-1b was recovered in 44% yield with a 
slightly lower enantiomeric purity (89 % ee) as compared to that of 
the starting material (entry 11). Conversely, a similar reaction of 
(R)-1b with 0.6 equiv of 3 gave (S)-4b with a lower product 
enantiomeric purity (43%, 85% ee) and the recovered (R)-1b 
showed a higher enantiomeric purity (45%, 98 % ee) than that of 
the starting material (entry 12). The ee values of the recovered 1b 
indicate that the reaction does not involve racemization of the 
starting material and that the consumption rate of (S)-1b is slightly 
higher than that of (R)-1b, resulting in partial kinetic resolution 
(entries 11, 12). Reaction of (rac)-1b with 0.6 equiv of 3 resulted 
in 50% yield of (S)-4b with high enantioselectivity (95% ee) and 
48% recovery of the starting material with moderate enantiomeric 
excess (entries 13, 34% ee (R)). This result is consistent with the 
assumption that (S)-1b reacts slightly faster than (R)-1b. The 
reaction of enantiomerically pure (S)-4b with an achiral ligand 
BDPB (2d) with the similar backbone structure with chiral ligands, 
2a and 2b proceeded via anti-SN2’ to afford (S)-4b (84%, 77% ee 
(S), entry 14). Conversely, the reaction with Xantphos (2e), which 
showed high reactivity in our former copper(I)/diboron catalyst 
systems, preferentially gave a syn-SN2’ product with a low ee 
(entry 15, 17% ee). We suppose that the steric interaction between 
the catalyst with BDPB (2d) and the benzyloxy group would be 
responsible for the anti-stereoselectivity, whereas the catalyst with 
Xantphos (2e) would have no significant difference in the steric 
interactions in both pathways. 
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Table 1 | Examination of direct enantio-convergent transformation in copper(I)-catalyzed asymmetric 
allylic boryl substitution* 

 

Entry Substrate Ligand 2 Equiv.
of 3 

Time 
(h) 

Yield of 4
(%)† 

ee of 4
(%)ǂ 

Recov. of 1 (%)† ee of 1 (%)§

1 (rac)-1a (R,R)-QuinoxP* (2a) 1.5 24 98 97 (S) 0 – 

 2ǁ (rac)-1a (R,R)-QuinoxP* (2a) 2.0 96 98 95 (S) 0 – 

3 (rac)-1a (R,R)-Me-Duphos (2b) 2.0 16.5 99 88 (S) 0 – 

4 (rac)-1a (R)-BINAP (2c) 2.0 59 54 18 (S) 46 28 

5 (+)-1a (99% ee) (R,R)-QuinoxP* (2a) 1.5 24 95 97 (S) 0 – 

6 (–)-1a (>99% ee) (R,R)-QuinoxP* (2a) 1.5 24 92 97 (S) 0 – 

7 (rac)-1b (R,R)-QuinoxP* (2a) 1.5 12 92 92 (S) 0 – 

8 (rac)-1c (R,R)-QuinoxP* (2a) 1.5 12 91 92 (S) 0 – 

9¶ (S)-1b (93% ee) (R,R)-QuinoxP* (2a) 1.5 10 88 99 (S) 0 – 

10¶ (R)-1b (94% ee) (R,R)-QuinoxP* (2a) 1.5 10 90 85 (S) 0 – 

11¶ (S)-1b (93% ee) (R,R)-QuinoxP* (2a) 0.6 7.5 46 99 (S) 44 89 (S) 

12¶ (R)-1b (94% ee) (R,R)-QuinoxP* (2a) 0.6 7 43 85 (S) 45 98 (R) 

13 (rac)-1b (R,R)-QuinoxP* (2a) 0.6 5.5 50 95 (S) 48 34 (R) 

14# (S)-1b (>99% ee) BDPB (2d) 1.5 9 84 77 (S) 0 – 

15# (S)-1b (>99% ee) Xantphos (2e) 1.5 8 88 17 (R) 0 – 

*Reaction conditions: 1 (0.5 mmol), Cu(O-t-Bu) (0.025 mmol), ligand 2 (0.025 mmol), 3 (0.75 mmol) in diethyl ether at 30 °C. 
†Yield of the allylboronate and recovery of the starting material were determined by 1H NMR of an unpurified reaction mixture 
using an internal standard. ǂThe value of the enantiomeric excess was determined by HPLC analysis of an oxidative derivative or 
a carbonyl addition product of the allylboronate. §Enantiomeric ratio was determined by HPLC analysis. ǁCuCl (0.1 mmol) and 
K(O-t-Bu) (0.1 mmol) were used instead of Cu(O-t-Bu). ¶The reaction was carried out at a 0.25 mmol scale with 5 mol % of 
catalyst. #The reaction was carried out at a 0.20 mmol scale with 10 mol % of catalyst. 



4 

Mechanism 

Further experiments with deuterated substrates clearly 
showed that the two enantiomers were converted via distinct 
pathways, anti-SN2’ and syn-SN2’ (Figure 2a,b). The reaction of 
(1S,5R)-1d, deuterated substrate at the 5-position, gave the anti-
SN2’ product, (1S,4R)-4d, without regio- and stereochemical 
disposition of the deuterium (Figure 2a). (1R,5S)-1d, which is the 
enantiomer of (1S,5R)-1d, afforded the diastereomeric syn-SN2’ 
product, (1S,4S)-4d (Figure 2b). The two opposite stereogenic 
centres at the -carbon of the alkoxy group in the allylic systems 
in (1S,5R)-1d and (1S,4R)-4d were dissappered and the new chiral 
centre at the -carbon with the same absolute configuration was 
formed, whereas the chiral centres around deuteride remain 
unchanged. This led to the formation of two product diastereomers 
from two substrate enantiomers. This stereo-divergent fashion is a 
characteristic of this type of enantio-convergent transformation 
when the substrate racemates that have multiple-chiral centers.1 As 
shown in Figure 2c, the experimental results are clearly explained 
by assuming direct enantio-convergent reaction. The substrate (S)-
1b is attacked by the borylcopper(I), a catalytic intermediate 
generated from alkoxycopper(I) and diboron 3. When (R,R)-
QuinoxP* (2a) was used as the ligand, in the reaction of (S)-1b, the 

nucleophilic attack takes place on the opposite face (of the carbon-
carbon double bond) to the leaving alkoxy group (OR2) to afford 
(S)-4b via an anti-SN2’-type pathway with 99% ee (Figure 2c). In 
contrast, the same borylcopper(I) intermediate approaches (R)-1 
from the same side as the leaving alkoxy group (OR2) to give (S)-
4b through a syn-SN2’-type reaction with 85% ee. As shown in 
Figure 2d and c, the reaction of (S)-1b predominantly proceeds 
through an anti-SN2’ pathway when an achiral BDPB ligand was 
used, whereas when Xantphos was used the reaction tended to 
proceed via a syn-SN2’ pathway (Table 1, entries 14 and 15). These 
results indicate that the anti- or syn-SN2’-type reaction route is 
flexible and controllable by the ligand structure. Thus, it is 
reasonable to assume that catalysts with the (R,R)-QuinoxP* ligand 
have sound face selectivity on the double bond and that this 
overcomes the inherent stereoselectivity (anti- or syn- SN2’) of the 
borylcopper(I) intermediate toward the allylic substrate. DFT 
calculations (M05-2X/6-31G(d)) using model compounds were 
carried out along with four distinct reaction pathways (anti- or syn-
SN2’ pathways from (S)-1 or (R)-1). The results support our 
proposed mechanism. For the reaction of (S)-1, anti-SN2’ is 
favorable over syn-SN2’; for the reaction of (R)-1, syn-SN2’ is 
favorable over the anti-SN2’ reaction (See Supplementary 
Information). 
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Figure 2 | Experimental studies and plausible schematic explanations on mechanism of the direct enantio-convergent transformation. 
a, The reaction of deuterium labeled substrate, (1S,5R)-1d, resulted in anti-SN2’ product (1S,4R)-4d. b, The reaction of (1R,5S)-1d, which is the 
enantiomer starting material in a, afforded syn-SN2’ product (1S,4S)-4d, which is the diastereomer of the product in a. c, Mechanistic scheme for 
the direct enantio-convergent transformation. The chiral borylcopper(I) intermediate with the chiral ligand (2a or 2b) reacts to (S)-1b via anti-SN2’ 
pathway (red arrow) and to (R)-1b via syn-SN2’ pathway (green arrow). The same product, (S)-4b, is produced from both substrate enantiomers 
by the two distinct pathways. d, Reaction of borylcopper(I) with achiral ligand BDPB (2d) via anti-SN2’route. e, Reaction of borylcopper(I) with 
achiral ligand Xantphos (2e) tends to proceed via syn-SN2’ route
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Construction of all-carbon quaternary stereocentre 
 

The enantio-enriched allylboronates prepared by the 
enantio-convergent transformation through copper(I)-catalyzed 
asymmetric boryl substitution are a valuable synthetic reagent.28–30 
In particular, the -chiral cyclic allylboronates bearing a 
substituent at the 3-position can be prepared only by this reaction 
and provide the homoallylic alcohols with an all-carbon quaternary 
stereo center, of which selective construction is a challenging issue 
in synthetic chemistry, by stereoselective aldehyde allylation. The 
racemic substrates 1a-e were initially subjected to the copper(I)-
catalyzed enantio-convergent transformation to afford enantio-
enriched allylboronates, which were subsequently reacted with 
aldehydes (Figure 3). The aldehyde addition proceeded in a highly 
stereoselective manner through a six-membered transition state to 
give homoallylic alcohols 6 with an all-carbon quaternary or 

tertiary stereo-center in high yields with high diastereo- and 
enantioselectivities (72–91%, 93–98% ee, dr >99:1–>97:3). The 
borylation reaction with substrate with a bulky isopropyl 
substituent (1f) gave the corresponding allylboronate in good yield 
with slightly lower enantioselectivity (78%, 85% ee) when (R,R)-
Me-Duphos ligand (2b) was used; however the subsequent 
aldehyde addition was very slow. A carbonate with cyclohexenyl 
structure (1g) also gave a good result with 10 mol % catalyst (84%, 
91% ee, dr>99:1); however the reaction with a similar seven-
membered ring substrate, 2-cyclohepten-1-yl methyl carbonate, 
resulted in a poor enantioselectivity (65%, 44% ee). Interestingly, 
the reaction of a linear substrate with unsymmetrical substituents, 
(Z)-methyl (6-phenylhex-3-en-2-yl) carbonate, proceeded in a 
typical kinetic resolution manner (allylboronate product, 47%, 
80% ee; recovered starting material, 46% yield, 82% ee, See 
Supplementary Information).
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Figure 3 | Synthesis of enantio-enriched homoallylic alcohols with an all-carbon quaternary or tertiary stereocentre via the copper(I)-
catalyzed enantio-convergent transformation and subsequent stereoselective aldehyde allylation. The direct enantio-convergent reaction 
of allylic ether or carbonate (rac-1) with diboron 3 was first conducted in the presence of Cu(O-t-Bu)/QuinoxP* catalyst at 30°C. After completion 
of the copper(I)-catalyzed reaction and rough purification of the allylboronate 4, subsequent reaction with aldehyde 5 was carried out in the 
presence (30°C in toluene) or absence of a Lewis acid catalyst (BF3·OEt2, –78°C in CH2Cl2). The addition reaction proceeded via six-membered 
ring transition state to produce homoallylic alcohol 6 with two newly formed chiral stereocentres after hydrolysis. The ee values of 6 were 
determined by HPLC analysis with a chiral stationary phase. 

Discussion 

The present transformation shows interesting similarity to a 
class of asymmetric reactions that are called as "divergent 
reactions on a racemic mixture" by Kagan;3 these reactions may 
include parallel kinetic resolution, regio- and stereo-divergent 
reactions.31–37 In such reactions, two enantiomers of a racemic 
mixture were converted into "distinct" enantioenriched products 
through different pathways. Contrary to this, the present reaction 
transforms the substrate enantiomers into the "same" 
enantioenriched product through different pathways. The divergent 
or parallel asymmetric reactions are advantageous as compared to 
classical kinetic resolution in efficiency because the efficiency of 
the resolution was the simple sum of the selectivity of the two 
independent pathways when the two pathways have similar 
reaction rates.3,31 The similar feature was also observed in the 
present transformation (Table 1, entries 11–13). This enantio-

convergent transformation can be considered as a special 
"convergent" case of the "divergent reactions on a racemic 
mixture".  

The key to the success in the present enantio-convergent 
reaction as well as other divergent type reactions is that the reagent 
control ability of the external chiral reactive species is significantly 
more superior to the substrate control nature that was caused by the 
influence of the internal chiral structure of the racemic substrate. 
Tomioka et al. reported a relevant two step enantio-convergent 
procedure, which includes a reagent-controlled reaction.38 In our 
reaction, the single catalytic reaction promotes the reagent-
controlled enantioselective addition and the elimination of the 
stereogenic leaving groups. 
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In summary, we have presented the first chemical direct 
enantio-convergent transformation (DECT) without racemization 
or symmetrization process promoted by an artificial catalyst. The 
known dynamic processes (e.g., DKR and DYKAT) require 
racemization or symmetrization of the substrates or the 
intermediates; thus only "labile" racemates can be treated by these 
dynamic procedures. In contrast, the present reaction can access 
racemates with the structural feature that is not suitable for 
racemization or symmetrization. Reaction of such "robust" racemic 
compounds with a chiral catalyst usually results in KR because the 
substrate-controlled stereoselectivity and reagent-controlled 
enantioselectivity of the catalyst are in conflict with the conversion 
of the less reactive substrate enantiomer. In our direct enantio-
convergent reaction, superiority in reagent-controlling 
enantioselective ability against the stereoselectivity occurred under 
the influence of the substrate chiral center enables the convergence 
of both substrate enantiomers into the single chiral product. 
Although the present reaction is effective on rather limited 
substrates, we believe that our study provides a novel principle for 
the development of chemical enantio-convergent reactions for the 
robust racemates that cannot be treated by known dynamic 
methods. 

Methods. 

In a nitrogen gas filled glove box, copper(I) tert-butoxide (3.4 mg, 
0.025 mmol), ligand (0.025 mmol) and bis(pinacolato)diboron 2 
(190 mg, 0.75 mmol) were placed into a vial and mixed with dry 
diethyl ether (0.5 ml) with stirring. After being sealed with a 
rubber septum, the reaction vial was removed from the glovebox 
and was connected to an argon line through a needle. Allylic ether 
1 (0.5 mmol) was added drop wise to the mixture at 30 °C. After 
the reaction was complete, the reaction mixture was directly 
subjected to column chromatography (SiO2, hexane:diethyl 
ether=100:0–99.0:1.0) to give the crude allylboronate 3 as a 
colourless oil. The yield was estimated by 1H NMR using 
mesitylene as the internal standard. 
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General. Materials were obtained from commercial suppliers and purified by the standard 

procedure unless otherwise noted. Solvents were purchased from commercial suppliers, degassed 

via three freeze-pump-thaw cycles, and further dried on MS 4A. Bis(pinacolato)diboron was 

purchased from AllyChem, Co., Ltd. (70,000 JPY/250 g). (R,R)- and (S,S)-QuinoxP* were provided 

from Nippon Chemical Industrial Co. and used as received. Other chiral phosphine ligands were 

purchased from commercial suppliers. Cu(O-t-Bu) was prepared according to the reported 

procedure.1,2 The reproducibirity of the reaction rate depends on the purity of Cu(O-t-Bu). When 

the reaction is found to be slow, the re-sublimation of Cu(O-t-Bu) can improve the activity. 

Copper(I) chloride (ReagentPlus grade), THF solution of potassium tert-butoxide (1.0 M) were 

purchased from Aldrich Chemical Co., Ltd. Optical resolution of (rac)-1a using preparative HPLC 

on a chiral phase was conducted by DAICEL Chemical Industries, Ltd. (rac)-1b was prepared form 

2-cyclopentenol and benzyl bromide according to the standard procedure.3 Recycle gel-permeation 

chromatography was conducted using JAI LC-9101. 

  NMR spectra were recorded on Varian Gemini 2000 (1H: 300 MHz, 13C: 75.4 MHz) and JEOL 

JNM-ECA-500 (1H: 500 MHz, 13C: 125.7 MHz) spectrometers. Tetramethylsilane (1H) and CDCl3 

(13C) were employed as internal standards, respectively. Gas chromatographic (GLC) analyses were 

conducted on a Shimadzu GC-14B equipped with a flame ionization detector. HPLC analyses were 

carried out using Hitachi Elite LaChrome HPLC system with L-2400 UV detector. IR spectra were 

recorded on a Perkin-Elmer Spectrum One. Low- and high-resolution mass spectra were recorded 

on a JEOL JMS-700TZ, JMS-T100L, JMS-T100GC, Thermo Fisher Scientific LTQ-Orbitrap XL, 

and Thermo Fisher Scientific Exactive mass spectrometers at the Center for Instrumental Analysis, 

Hokkaido University.  

 

S2



  Supplementary Information  

 

Preparation and spectral data of allylic ethers. 

[2-(1-Methoxycyclopent-2-enyl)ethyl]benzene (1a). 

OCH3
Ph

1a  

  Pre-dehydrated CeCl3 was prepared by heating CeCl3·7H2O at 100 °C under reduced pressure 

(approx. 30 Pa). The pre-dried CeCl3 (6.43 g, 26 mmol) was placed in a three-necked 200 mL flask 

equipped with a dropping funnel and a magnetic stirrer bar. The flask was connected to a vacuum 

line and evacuated and heated. The temperature was gradually raised from room temperature to 

145 °C for 40 min with gentle stirring. After being heated at 145 °C for additional 2 h and then 

cooled to room temperature, the flask was carefully backfilled with argon gas. Dry THF (60 mL) 

was added to the flask and stirred over night. A THF solution of 2-phenethylmagnesium bromide 

(1.62 M, 16.05 mL, 26 mmol) was added dropwise to the resultant white-gray slurry at 0 °C with 

stirring. After 2 h, 2-cyclopenten-1-one (1.64 g, 20 mmol) was added dropwise and reaction 

mixture was stirred at 0 °C for 2 h and at room temperature for 2.5 h. The reaction mixture was 

added by NH4Cl aq. and the resultant gray slurry was filtered through a celite pad. THF solvent was 

evaporated under reduced pressure, and the resultant mixture was extracted with ethyl acetate three 

times, washed with brine. The combined organic layer was dried over MgSO4, then filtered and 

evaporated. The crude product was purified by column chromatography (SiO2, hexane:EtOAc, 

85:15 v/v) to give 1-phenethylcyclopent-2-enol as a colorless oil (2.92 g, 15.4 mmol, 77%).  

  In a two-necked 200 mL flask, 60% sodium hydride in mineral oil (1.13 g, 28.3 mmol) was 

placed and washed with dry hexane three times under an argon atmosphere. To the flask, dry THF 

(75 ml) and 1-phenethylcyclopent-2-enol (2.92 g, 15.4 mmol) was successively added with stirring. 

Methyl iodide (0.92 mL, 18.6 mmol) was added at 0 °C and the reaction mixture was stirred for 17 

h. After treatment with Na2CO3 aq., the mixture was extracted with ethyl acetate three times, 

washed with brine. The combined organic layer was dried over MgSO4, then filtered and 
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evaporated. The crude product was purified by column chromatography (SiO2, hexane:EtOAc, 98:2 

v/v) and bulb-to-bulb distillation (bath temp., 90 °C, 10 Pa) to give 1a as a colorless oil (2.17 g, 

15.4 mmol, 69%). TLC (hexane:EtOAc, 90:10 v/v): RF = 0.47; 1H-NMR (300 MHz, CDCl3):  

7.32–7.12 (m, 5H), 6.02 (dt, J = 5.8, 2.3 Hz, 1H), 5.66 (dt, J = 5.8, 2.2 Hz, 1H), 3.18 (s, 3H), 2.68 (t, 

J = 8.5 Hz, 2H), 2.53–2.28 (m, 2H), 2.08–1.79 (m, 4H) p.p.m.; 13C-NMR (75.4 MHz, CDCl3):  

142.9 (C), 135.2 (CH), 133.3 (CH), 128.39 (CH), 128.36 (CH), 125.7 (CH), 90.8 (C), 50.1 (CH3), 

41.4 (CH2), 31.8 (CH2), 31.7 (CH2), 30.5 (CH2) p.p.m.; IR (neat): 3027 (w), 2934 (m), 1603 (w), 

1455 (s), 1070 (s), 697 (s) cm-1; HRMS-ESI (m/z): [M+Na]+ calcd for C14H18ONa, 225.12553; 

found, 225.12486; analysis (% calcd, % found for C14H18O): C (83.12, 82.75), H (8.97, 9.09). 

  (+)-1a and (–)-1a were prepared by optical resolution using preparative HPLC on a chiral 

stationary phase (CHIRALPAK IB, hexane:tert-butyl methyl ether, 98:2 v/v). The ee values of the 

resolved samples were checked by HPLC analysis on a chiral phase (CHIRALCEL OD-3, 

hexane:2-propanol, 99.5:0.5 v/v, 0.5 mL/min, 40 °C). (+)-1a: tR = 21.6 min. [α]D
26 (deg cm3g-1dm-1) 

= +29.7 (99% ee, c = 0.98 in CHCl3). (–)-1a: tR = 20.2 min. [α]D
24 (deg cm3g-1dm-1) = –30.1 (>99% 

ee, c = 0.99 in CHCl3). 

Benzyl 3-d-cyclopent-2-en-1-yl ether (1c). 

OD

1c

Ph

 

  In a 200mL round bottomed flask, NaBD4 (1.0 g, 23.9 mmol, 99 atm % D) was added 

portionwise to a mixture of 2-cyclopetenone (1.96 g, 23.9 mmol) and CeCl3·7H2O (2.67 g, 7.2 

mmol) and MeOH (60 mL) at 0 °C. After vigorous evolution of gas was ceased, the reaction 

mixture was allowed to warm to room temperature, evaporated to remove MeOH, and separated 

after addition of water and Et2O. The aqueous layer was further extracted four times with Et2O and 

the combined organic layer was washed with brine, dried over Na2SO4, filtered and evaporated. The 
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resultant crude mixture was further dried by passed through a small K2CO3 column with a small 

volume of Et2O eluent. The crude alcohol was transferred into a THF (100 mL) suspension of NaH, 

which was prepared by washing NaH in mineral oil (60%, 1.48 g, 37 mmol) with hexane three 

times, at 0 °C under an argon atmosphere. After stirred for 40 min, benzyl bromide (2.38 mL, 20 

mmol) and tetrabutylammonium iodide (1.18 g, 3.19 mmol) were successively added at room 

temperature. After being stirred for 2 h, the reaction mixture was quenched by addition of NH3 aq., 

extracted three times with Et2O after addition of NaCl. The combined organic layer was dried over 

Na2SO4, filtered and evaporated. The crude product was purified by column chromatography (SiO2, 

hexane:EtOAc, 95.5:0.5 v/v) and bulb-to-bulb distillation (bath temp., 80 °C, 20 Pa) to give 1c as a 

colorless oil (1.49 g, 8.5 mmol, 36%, 95 atm % D). TLC (hexane:EtOAc, 90:10 v/v): RF = 0.48; 1H-

NMR (300 MHz, CDCl3):  7.38– 7.20 (m, 5H), 6.03 (dt, J = 6.0, 2.3 Hz, 1H), 5.89 (dt, J = 5.8, 2.2 

Hz, 1H), 4.56 (d, J = 11.6 Hz, 1H), 4.50 (d, J = 11.8 Hz, 1H), 2.58–2.44 (m, 1H), 2.30–2.18 (m, 

1H), 2.18–2.11 (m, 1H), 1.85 (ddd, J = 13.2, 8.5, 4.4 Hz, 1H) p.p.m.; 13C-NMR (75.4 MHz, CDCl3): 

 139.0 (C), 135.9 (C), 130.8 (CH), 128.4 (CH), 127.8 (CH), 127.5 (CH), 84 (q, CD), 70.4 (CH2), 

31.0 (CH2), 29.5 (CH2) p.p.m.; IR (neat): 3062 (m), 2853 (m), 2121 (w), 1354 (m), 1070 (s), 695 (s) 

cm-1; HRMS-EI (m/z): [M+Na]+ calcd for C12H13DO, 175.11074; found, 175.11074.   

Benzyl 1-methylcyclopent-2-en-1-yl ether (1e). 

OH3C

1e

Ph

 

  This compound was prepared by the similar procedure described for 1a by using MeLi instead of 

2-phenethylmagnesium bromide. The crude product was purified by column chromatography (SiO2, 

hexane:EtOAc, 99.5:0.5 v/v) and recycle gel-permeation chromatography (15% isolated yield). The 

compound was dried under reduced pressure before use. Distillation led to decomposition even 

under reduced pressure. 1e: TLC (hexane:EtOAc, 90:10 v/v): RF = 0.46; 1H-NMR (300 MHz, 
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CDCl3):  7.37–7.20 (m, 5H), 5.96 (dt, J = 5.8, 2.2 Hz, 1H), 5.70 (dt, J = 5.8, 2.2 Hz, 1H), 4.39 (d, 

J = 11.6 Hz, 1H), 4.34 (d, J = 11.6 Hz, 1H), 2.55–2.31 (m, 2H), 2.14 (ddd, J = 13.7, 8.8, 4.7 Hz, 

1H), 1.84 (ddd, J = 13.7, 8.5, 4.9 Hz, 1H), 1.44 (s, 3H) p.p.m. 13C-NMR (75.4 MHz, CDCl3):  

140.0 (C), 135.5 (CH), 134.2 (CH), 128.3 (CH), 127.5 (CH), 127.2 (CH), 88.8 (C), 65.0 (CH2), 34.5 

(CH2), 31.7 (CH2), 26.6 (CH3) p.p.m.; IR (neat): 3031 (m), 2968 (m), 1453 (m), 1355 (m), 1082 (s), 

695 (s) cm-1; HRMS-ESI (m/z): [M+Na]+ calcd for C13H16ONa, 211.10934; found, 211.10950; 

analysis (% calcd, % found for C13H16O): C (82.94, 82.65), H (8.57, 8.70). 

3-Isopropyl-3-methoxycyclopent-1-ene (1f). 

OCH3

1f  

This compound was prepared by the similar procedure described for 1a by using 2-

propylmagnesium bromide instead of 2-phenethylmagnesium bromide. The crude product was 

purified by column chromatography (SiO2, hexane:Et2O, 98:2 v/v) and bulb-to-bulb distillation 

(bath temp., 50 °C, 20 Pa) to give 1f as a colorless oil (19% isolated yield). 1f: TLC (hexane:EtOAc, 

90:10 v/v): RF = 0.47; 1H-NMR (300 MHz, CDCl3):  6.01 (dt, J = 5.8, 2.5 Hz, 1H), 5.54 (dt, J = 

5.8, 2.2 Hz, 1H), 3.11 (s, 3H), 2.48–2.34 (m, 1H), 2.32–2.19 (m, 1H), 1.93 (quint, J = 6.9 Hz, 1H), 

1.82 (dt, J = 8.5, 5.5 Hz, 2H), 0.90 (d, J = 6.9 Hz, 1H), 0.85 (d, J = 6.9 Hz, 1H) p.p.m. 13C-NMR 

(75.4 MHz, CDCl3):  135.2 (CH), 132.3 (CH), 94.5 (C), 49.9 (CH3), 35.1 (CH3), 32.1 (CH2), 28.0 

(CH2), 17.7 (CH3), 17.0 (CH3) p.p.m. HRMS-ESI (m/z): [M]+ calcd for C9H16O, 140.1201; found, 

140.1204. 

(S)-3-Benzyloxycyclopentene [(S)-1b] and (R)-3-benzyloxycyclopentene [(R)-1b]. 

1) H2O2, NaOH

B(pin)

(S)-4b

2) NaH, BnBr

OBn

(S)-1b (94% ee)  
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  (S)-1b (94% ee) was obtained form (S)-4b. (S)-4b, which was prepared from (rac)-1b (3.0 mmol) 

according to the procedure described in the following section (p S10), was dissolved in THF (3.0 

mL) and added dropwise to a mixture of aqueous NaOH (1.0 M, 12.0 mL) and H2O2 (30%, 3 mL) 

at 0 °C. After being stirred for 2 h at 0 °C, the reaction mixture was quenched by addition of 

saturated Na2S2O3 aq. (12.0 mL) and then extracted five times with Et2O. The combined organic 

layer was washed with brine, and dried over MgSO4. The organic layer was filtered and carefully 

evaporated (bath 0 °C, 50 hPa). After rough purification with column chromatography 

(pentane:AcOEt, 70:30 v/v) and careful evaporation (bath 0 °C, 50 hPa), the resultant alcohol was 

subjected to the etheration with benzyl bromide according to the similar procedure for 1c. (S)-1b 

was obtained as a colorless oil (274 mg, 52%). (S)-1b: TLC (hexane:EtOAc, 90:10 v/v): RF = 0.48; 

[α]D
26 (deg cm3g-1dm-1) = –104.9 (94% ee, c = 0.99 in CHCl3). The 1H- and 13C-NMR spectra were 

identical to those reported. The ee value (94% ee) of (S)-1b was determined by HPLC analysis on a 

chiral phase (CHIRALCEL OJ-H, hexane, 0.5 mL/min, 40 °C). (S)-1b: tR = 34.6 min., (R)-1b: tR = 

39.2 min.   

  (R)-1b (93% ee) was obtained form (R)-4b, which was prepared form (rac)-1b and 

bis(pinacolato)diboron by using (S,S)-QuinoxP*. (R)-1b: [α]D
26 (deg cm3g-1dm-1) = +100.0 (93% ee, 

c = 1.00 in CHCl3). The 1H- and 13C-NMR spectra were identical to those reported. The ee value 

(93% ee) of (S)-1b was determined by HPLC analysis on a chiral phase (CHIRALCEL OJ-H, 

hexane, 0.5 mL/min, 40 °C). (S)-1b: tR = 35.0 min., (R)-1b: tR = 36.4 min.  

  Enantiomerically pure (S)-1b (>99% ee) was obtained by purification of (S)-1b (94% ee) by 

using preparative HPLC on a chiral stationary phase (CHIRALCEL OJ-H, hexane:ethanol, 98:2, 

v/v). The ee values of the resolved samples were checked by HPLC analysis on a chiral phase 

(CHIRALCEL OJ-H, hexane, 0.5 mL/min, 40 °C). (S)-1b: tR = 33.2 min. 
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General procedure of copper(I)-catalyzed allylic substitution of allyl ethers with diboron via 

enantio-convergent transformation (Table 1). 

Cu(O-t-Bu) (5 mol %)
or CuI/K(O-t-Bu) (20 mol %)
chiral ligand 2 (5 mol %)

3 (0.6–2.0 equiv)

B(pin)

OR2R1 R1

B B
O

OO

O
1

4

B(pin) =
O

B
O

Et2O, 30°C  

  In a glove box, Cu(O-t-Bu) (3.4 mg, 0.025 mmol), bis(pinacolato)diboron 2 (190 mg, 0.75 mmol) 

and (R,R)-QuinoxP* (8.4 mg, 0.025 mmol) was placed into a vial with a screw cap containing a 

PTFE coated rubber septum and mixed with dry Et2O (0.5 mL). After being sealed with the rubber 

septum, the reaction vial was removed from the glove box and connected to an argon line through a 

needle. An allylic ether 1 (0.5 mmol) was added dropwise via syringe at 30 °C. After the reaction 

was complete, the reaction mixture was directly subjected to column chromatography (Florisil, 

hexane:EtOAc =95:5) to give crude allylboronates 4. The 1H-NMR yield of 4 was determined using 

mesitylene (typically 35 mg). The product 4 was further purified by column chromatography (SiO2, 

hexane:EtOAc, 99.5:0.5 v/v) to give 4 in pure form. When 98% NMR yield was observed, the 

isolated yield was typically 85%. To achieve high isolated yield, the column chromatography 

purification should be complete within 10 min to avoid the decomposition of 4.  

  The reaction can be conducted with CuCl/K(O-t-Bu) instead of Cu(O-t-Bu). Into a reaction vial, 

CuCl (10.0 mg, 0.10 mmol), (R,R)-QuinoxP* (8.4 mg, 0.025 mmol) and bis(pinacolato)diboron 

(253.2 mg, 1.00 mmol) were placed. After being sealed with a screw cap, the vial was connected to 

an argon line through a needle. The vial was evacuated and backfilled with argon and Et2O (0.5 

mL) and a THF solution of potassium tert-butoxide (1.0 M, 0.10 mL) were added with stirring. An 

allylic ether 1 (0.5 mmol) was added dropwise via syringe. The product was obtained after the work 

up procedure similar to that when Cu(O-t-Bu) was employed. 
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(S)-4,4,5,5-Tetramethyl-2-(3-phenethylcyclopent-2-enyl)-1,3,2-dioxaborolane [(S)-4a]. 

B(pin)

Ph

(S)-4a  

TLC (hexane:EtOAc, 90:10 v/v): RF = 0.42; [α]D
26 (deg cm3g-1dm-1) = – 56.1 (97% ee, c = 0.995 in 

CHCl3); 
1H-NMR (300 MHz, CDCl3):  7.31–7.15 (m, 5H), 5.38–5.34 (m, 1H), 2.76 (dd, J = 7.3, 7 

Hz, 1H), 2.41–2.26 (m, 1H), 2.22–2.11 (m, 1H), 2.11–1.98 (m, 1H), 1.96–1.82 (m 1H), 1.24 (s, 

12H) p.p.m.; 13C-NMR (75.4 MHz, CDCl3):  143.6 (C), 142.7 (C), 128.37 (CH), 128.28 (CH), 

125.7 (CH), 124.2 (CH), 83.0 (C), 35.7 (CH2), 34.2 (CH2), 33.0 (CH2), 25.9 (CH2), 24.62 (CH3), 

24.60 (CH3) p.p.m. The carbon directly attached to the boron atom was not detected, likely due to 

quadropolar relaxation.2,4,5 IR (neat): 2978 (m), 1604 (w), 1359 (s), 1314 (s), 1143 (s); HRMS-EI 

(m/z): [M+]+ calcd for C19H27BO2, 298.21041; found, 298.21093. The ee values of (S)-4a was 

determined by HPLC analysis on a chiral phase after H2O2/NaOH aq. oxidation of (S)-4a as 

described following procedure. 

Ph

B(pin)

(S)-4a

Ph

OH
(S)-7a

H2O2, NaOH aq.

THF

 

  In 50 mL round-bottomed flask, allylboronate (S)-4a was dissolved in THF (0.5 mL) and cooled 

at 0 °C. Aqueous NaOH (1.0 M, 2.0 mL) and H2O2 (30%, 1.0 mL), was successively added to the 

solution dropwise. After being stirred for 5 h at 0 °C, the reaction mixture was quenched by 

addition of saturated Na2S2O3 aq. (2.0 mL) and then extracted three times with EtOAc. The 

combined layer was washed with brine, and dried over MgSO4. The organic layer was filtered and 

evaporated. The crude product was purified by column chromatography (SiO2, hexane:EtOAc, 95:5 
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v/v) to give (S)-7a as a colourless oil (31.2 mg, 70%). The ee values of (S)-7a was determined by 

HPLC analysis on a chiral phase (CHIRALCEL OD-3, hexane:2-propanol, 95:5 v/v, 0.5 mL/min, 

40 °C). (R)-7a: tR = 20.0 min., (S)-7a: tR = 22.5 min. 

(S)-2-(Cyclopent-2-enyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(S)-4b]. 

B(pin)

(S)-4b  

  The 1H-and 13C-NMR and IR spectra were identical with those reported.2 TLC (hexane:EtOAc, 

90:10 v/v): RF = 0.43; [α]D
26 (deg cm3g-1dm-1) = – 106.3 (92% ee, c = 1.04 in CHCl3). The ee value 

of (S)-4a was determined by HPLC analysis on a chiral phase determined after reaction with 

benzaldehyde according to the reported procedure.2  

(S)-2-(Cyclopent-3-d-2-enyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(S)-4c]. 

B(pin)

D

(S)-4c  

  TLC (hexane:EtOAc, 90:10 v/v): RF = 0.43; [α]D
25 (deg cm3g-1dm-1) = – 104.7 (92% ee, c = 1.02 

in CHCl3); 
1H-NMR (300 MHz, CDCl3):  5.75–5.71 (m, 1H), 2.39–2.25 (m, 2H), 2.23–2.12 (m, 

1H), 2.10–1.95 (m, 1H), 1.93–1.79 (m, 1H), 1.24 (s, 12H) p.p.m.; 13C-NMR (75.4 MHz, CDCl3):  

131.3 (CH) 129.6 (q, CD), 83.1 (C), 32.6 (CH2), 25.4 (CH2), 24.6 (CH3) p.p.m. The carbon directly 

attached to the boron atom was not detected, likely due to quadropolar relaxation.2,4,5 IR (neat): 

2979 (m), 2276 (w), 1590 (w), 1356 (s), 1314 (s), 1143 (s); HRMS-EI (m/z): [M+]+ calcd for 

C11H18DBO2, 195.15409; found, 195.15411. Ratio for (S)-4c/(S)-4b was determined by 1H-NMR 

after reaction with benzaldehyde [(S)-4c/(S)-4b 95:5]. The ee values of (S)-4c was determined by 
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HPLC analysis on a chiral phase determined after reaction with benzaldehyde according to the same 

procedure for (S)-4b.2  

[(S)-3-Isopropylcyclopent-2-enyl]-4,4,5,5-tetramethyl-2-1,3,2-dioxaborolane [(S)-4f]. 

(S)-4f

B(pin)

 

  TLC (hexane:EtOAc, 90:10 v/v): RF = 0.43; [α]D
25 (deg cm3g-1dm-1) = – 65.8 (85% ee, c = 0.95 

in CHCl3); 
1H-NMR (300 MHz, CDCl3):  5.28 (quint, J = 1.9 Hz, 1H), 2.39–2.23 (m, 3H), 2.19–

2.09 (m, 1H), 2.09–1.78 (m, 2H), 1.24 (s, 12H), 1.03 (d, J = 6.6 Hz, 3H), 1.02 (d, J = 6.9 Hz, 3H) 

p.p.m. 13C-NMR (75.4 MHz, CDCl3):  150.4 (C), 121.5 (CH), 82.9 (C), 35.6 (CH2), 29.7 (CH), 

26.0 (CH2), 24.60 (CH3), 24.56 (CH3), 21.5 (CH3) p.p.m. The ee value of this compound (85% ee) 

was determined after the reaction with benzaldehyde (10 equiv) in CH2Cl2. (CHIRALCEL OD-3, 

hexane:2-propanol, 95:5 v/v, 0.5 mL/min, 40 °C). major isomer: tR = 14.2 min., minor isomer: tR = 

18.6 min. 

A typical procedure for synthesis of enantio-enriched homoallylic alcohols via copper(I)-

catalyzed enantio-convergent transformation and subsequent carbonyl addition (Figure 3). 

 

  In a glove box, Cu(O-t-Bu) (3.4 mg, 0.025 mmol), bis(pinacolato)diboron 2 (190 mg, 0.75 mmol) 

and (R,R)-QuinoxP* (8.4 mg, 0.025 mmol) was placed into a vial with a screw cap containing a 

PTFE coated rubber septum and mixed with dry Et2O (0.5 mL). After being sealed with the rubber 

septum, the reaction vial was removed from the glove box and was connected to an argon line 
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through a needle. An allylic ether 1 (0.5 mmol) was added dropwise via syringe at 30 °C. After 

reaction completion was checked by NMR measurement on a quenched aliquot of the reaction 

mixture, the reaction mixture was directly subjected to column chromatography (Florisil, EtOAc = 

95:5 v/v) to give crude allylboronates 4 as a colorless oil. In a reaction tube, the crude product was 

dissolved in dry CH2Cl2 (0.5 mL) and cooled to –78 °C. An aldehyde 5 (0.55 mmol) and BF3·OEt2 

(0.5 mmol) was successively added, and stirred for 16 h at –78 °C. The reaction mixture was 

quenched by CH2Cl2 solution of triethanolamine (10% v/v, 3.0 mL) and then allowed to warm to 

room temperature. The mixture was separated with water and EtOAc, and then extracted three times 

with EtOAc. The combined organic layer was washed with brine, dried over MgSO4, filtered and 

evaporated. The crude product was purified by column chromatography (SiO2, hexane:EtOAc, 

100:0–98:2 v/v) to give 6 as a colourless oil. The ee values of 6 was determined by HPLC analysis 

on a chiral phase. 

(S)-((S)-1-Phenethylcyclopent-2-enyl)(phenyl)methanol [(S,S)-6aa]. 

OH

Ph

(S,S)-6aa, 85%
97% ee, dr >99:1

Ph

 

  TLC (hexane:EtOAc, 80:20 v/v): RF = 0.39; [α]D
25 (deg cm3g-1dm-1) = –57.5 (97% ee, c = 1.02 in 

CHCl3); 
1H-NMR (300 MHz, CDCl3):  7.40–7.10 (m, 10H), 5.94 (dt, J = 5.8, 2.0 Hz, 1H), 5.57 (dt, 

J = 5.8, 2.2 Hz, 1H), 4.69 (s, 1H), 2.57–2.49 (m, 2H), 2.40–2.13 (m, 3H), 1.95 (brs, 1H), 1.75–1.53 

(m, 3H) p.p.m.; 13C-NMR (75.4 MHz, CDCl3):  143.1 (C), 141.5 (C), 135.0 (CH), 133.9 (CH), 

128.41 (CH), 128.36 (CH), 127.79 (CH), 127.77 (CH), 127.5 (CH), 125.7 (CH), 79.0 (CH), 58.8 

(C), 38.1 (CH2), 32.7 (CH2), 30.9 (CH2), 28.6 (CH2) p.p.m.; IR (neat): 3466 (br), 3027 (m), 2850 

(m), 1453 (m), 1280 (s), 1123 (s), 698 (s) cm-1; HRMS-ESI (m/z): [M+Na]+ calcd for C20H22ONa, 

301.15629; found, 301.15659. The ee value (97% ee) of (S,S)-6aa was determined by HPLC 

analysis on a chiral phase (CHIRALCEL OD-3, hexane:2-propanol, 95:5 v/v, 0.5 mL/min, 40 °C). 
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(S,S)-6aa: tR = 21.0 min., (R,R)-6aa: tR = 24.7 min. Only one diastereomer was found in NMR and 

HPLC. 

(S)-((R)-1-Methylcyclopent-2-enyl)(phenyl)methanol [(S,R)-6ea]. 

Me

OH

Ph

(S,R)-6ea, 80%
98% ee, dr >99:1  

  TLC (hexane:EtOAc, 80:20 v/v): RF = 0.46; [α]D
28 (deg cm3g-1dm-1) = – 42.3 (98% ee, c = 1.02 

in CHCl3); 
1H-NMR (300 MHz, CDCl3):  7.39–7.22 (m, 5H), 5.80 (dt, J = 5.5, 2.2 Hz, 1H), 5.49 

(dt, J = 5.5, 2.1 Hz, 1H), 4.58 (d, J = 1.9 Hz, 1H), 2.42–2.25 (m, 2H), 2.25–2.12 (m, 1H), 1.95 (d, J 

= 1.9 Hz, 1H), 1.46–1.35 (m, 1H), 1.02 (s, 3H) p.p.m.; 13C-NMR (75.4 MHz, CDCl3):  141.7 (C), 

137.4 (CH), 132.0 (CH), 127.65 (CH), 127.56 (CH), 127.3 (CH), 79.6 (CH), 54.6 (C), 32.0 (CH2), 

31.8 (CH2), 22.6 (CH3) p.p.m.; IR (neat): 3398 (br), 3030 (m), 2962 (m), 1736 (m), 1451 (m), 1014 

(s), 700 (s) cm-1; HRMS-ESI (m/z): [M+Na]+ calcd for C13H16ONa, 211.10934; found, 211.10959. 

The ee value (98% ee) of (S,R)-6aa was determined by HPLC analysis on a chiral phase 

(CHIRALCEL OD-3, hexane:2-propanol, 95:5 v/v, 0.5 mL/min, 40 °C). (S,R)-6ea: tR = 12.7 min., 

(R,S)-6ea: tR = 16.7 min. Only one diastereomer was found in NMR and HPLC. 

(R,E)-1-((S)-1-Phenethylcyclopent-2-enyl)-3-phenylprop-2-en-1-ol [(R,S)-6ab]. 

OH

(R,S)-6ab, 72%
97% ee, dr >97:3

Ph
Ph

 

  The carbonyl addition was conducted in toluene (0.3 mL) at 30°C for 2 days without Lewis acid 

(BF3·OEt2). TLC (hexane:EtOAc, 80:20 v/v): RF = 0.40; [α]D
26 (deg cm3g-1dm-1) = +11.03 (97% ee, 

c = 0.975 in CHCl3); 
1H-NMR (300 MHz, CDCl3):  7.40–7.10 (m, 10H), 6.64 (d, J = 15.7 Hz, 1H), 
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6.24 (dd, J = 15.7, 7.1 Hz, 1H), 5.99 (dt, J = 5.8, 2.3 Hz), 5.60 (dt, J = 5.8, 2.2 Hz), 4.22 (d, J = 7.1 

Hz, 1H), 2.63–2.51 (m, 2H), 2.47–2.32 (m, 2H), 2.16–2.02 (m, 1H), 1.88–1.63 (m, 4H) p.p.m.; 13C-

NMR (75.4 MHz, CDCl3):  143.0 (C), 136.9 (C), 134.5 (CH), 134.0 (CH), 132.4 (CH), 128.8 (CH), 

128.6 (CH), 128.4 (CH), 127.6 (CH), 126.5 (CH), 125.7 (CH), 77.7 (CH), 58.3 (C), 38.7 (CH2), 

32.7 (CH2), 30.9 (CH2), 28.7 (CH2) p.p.m.; IR (neat): 3462 (br), 3025 (m), 2941 (m), 1601 (m), 

1495 (m), 966 (s), 691 (s) cm-1; HRMS-ESI (m/z): [M+Na]+ calcd for C22H24ONa, 327.17194; 

found, 327.17203. The ee value (97% ee) of (R,S)-6ab was determined by HPLC analysis on a 

chiral phase (CHIRALCEL AD-H, hexane:2-propanol, 95:5 v/v, 0.5 mL/min, 40 °C). (S,R)-6ab: tR 

= 24.8 min., (R,S)-6ab: tR = 29.6 min. A diastereometric isomer (< 3%) was found in NMR and 

HPLC analysis (tR = 27.0 min). 

(S)-[(R)-Cyclopent-2-enyl](phenyl)methanol [(S,R)-6ba]. 

(S,R)-6ba, 91%
93% ee, dr >99:1

OH

H
Ph

 

  The carbonyl addition was conducted by addition of benzaldehyde (1.1 equiv) into the reaction 

mixture after cooper(I)-catalyzed enantio-convergent transformation of 1f and 3. Lewis acid 

(BF3·OEt2) was not used. TLC (hexane:EtOAc, 80:20 v/v): RF = 0.35; [α]D
27 (deg cm3g-1dm-1) = 

+29.9 (93% ee, c = 0.96 in CHCl3) {lit.2 [α]D
26 (deg cm3g-1dm-1) = +29.3 (97% ee, c = 1.32 in 

CHCl3)}; 1H-NMR (300 MHz, CDCl3):  7.35–7.23 (m, 5H), 5.85 (dt, J = 7.9, 2.2 Hz, 1H), 5.41 (dt, 

J = 8.0, 2.2 Hz, 1H), 4.55 (d, J = 6.3 Hz, 1H), 3.15–3.04 (m, 1H), 2.45–2.22 (m, 2H), 2.01–1.77 (m, 

3H) p.p.m.; 13C-NMR (75.4 MHz, CDCl3): δ 143.5 (1C, C), 133.8 (1C, CH), 131.3 (1C, CH), 128.3 

(2C, CH), 127.4 (1C, CH), 126.4 (2C, CH), 76.9 (1C, CH), 53.8 (1C, CH), 32.1 (1C, CH2), 24.9 

(1C, CH2) p.p.m. The 1H and 13C NMR spectra were identical to those reported.2 The ee value (93% 

ee) of (S,R)-6ba was determined by HPLC analysis on a chiral phase (CHIRALCEL OD-H or OD-3, 
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hexane:2-propanol, 99:1 v/v, 0.5 mL/min, 40 °C). (S,R)-6ba: tR = 32.8 min.; (R,S)-6ba: tR = 34.7 

min (for OD-H). Only one diastereomer was found in NMR and HPLC. 

(R)-1-((R)-Cyclopent-2-enyl)-3-phenylpropan-1-ol [(R,R)-6bc]. 

H

OH

(R,R)-6bc, 86%
93% ee, dr >99:1

Ph

 

  TLC (hexane:EtOAc, 80:20 v/v): RF = 0.36; [α]D
25 (deg cm3g-1dm-1) = +93.3 (93% ee, c = 1.02 in 

CHCl3); 
1H-NMR (300 MHz, CDCl3):  7.35–7.27 (m, 5H), 5.92–5.86 (m, 1H), 5.62–5.56 (m, 1H), 

3.67–3.58 (m, 1H), 2.91–2.80 (m, 2H), 2.74–2.61 (m, 1H), 2.47–2.24 (m, 2H), 1.98–1.71 (m, 4H), 

1.44 (d, J = 3.0 Hz, 1H) p.p.m.; 13C-NMR (75.4 MHz, CDCl3): δ 142.3 (1C, C), 133.8 (1C, CH), 

131.4 (1C, CH), 128.5 (2C, CH), 128.4 (2C, CH), 125.8 (1C, CH), 73.0 (1C, CH), 52.1 (1C, CH), 

36.6 (1C, CH2), 32.21 (1C, CH2), 32.17 (1C, CH2), 23.4 (1C, CH2) p.p.m. The 1H and 13C NMR 

spectra were identical to those reported.6 The ee value (93% ee) of (R,R)-6bc was determined by 

HPLC analysis on a chiral phase (CHIRALCEL OJ-H, hexane:2-propanol, 98:2, v/v, 0.5 mL/min, 

40 °C). (S,S)-6bc: tR = 23.6 min., (R,R)-6bc: tR = 25.8 min. Only one diastereomer was found in 

NMR and HPLC. 

(S)-1-((R)-Cyclohex-2-enyl)-3-phenylpropan-1-ol [(S,R)-6ga]. 

H
Ph

OH

(S,R)-6ga, 84%
91% ee, dr >99:1  

  The enantio-convergent borylation was carried out with 10 mol % catalyst. The carbonyl addition 

was conducted by addition of benzaldehyde (1.1 equiv) into the reaction mixture after Cu(I)-

catalyzed enantio-convergent transformation of 1g and 3. Lewis acid (BF3·OEt2) was not used. TLC 
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(hexane:EtOAc, 80:20 v/v): RF = 0.40; [α]D
26 (deg cm3g-1dm-1) = +15.3 (91% ee, c = 0.97 in 

benzene) {lit.7 [α]D
20 (deg cm3g-1dm-1) = +11.1 (66% ee, c = 0.82 in benzene)}; 1H-NMR (300 MHz, 

CDCl3):  7.40–7.20 (m, 5H), 5.85–5.78 (m, 1H), 5.38 (d, J = 9.9 Hz, 1H), 4.58 (d, J = 6.3 Hz, 1H), 

2.56–2.43 (m, 1H), 2.03–1.87 (m, 2H), 1.83–1.41 (m, 4H) p.p.m.; 13C-NMR (75.4 MHz, CDCl3): δ 

143.0 (C), 130.5 (CH), 128.3 (CH), 128.1 (CH), 127.5 (CH), 126.6 (CH), 77.4 (CH), 42.9 (CH2), 

25.1 (CH2), 23.7 (1C, CH2), 21.0 (1C, CH2) p.p.m. The 1H and 13C NMR spectra were identical to 

those reported.6 The ee value (91% ee) of (S,R)-6ga was determined by HPLC analysis on a chiral 

phase (CHIRALCEL OD-3, hexane:2-propanol, 97:3 v/v, 0.5 mL/min, 40 °C). (S,R)-6ga: tR = 16.0 

min., (R,S)-6ga: tR = 17.7 min. Only one diastereomer was found in NMR and HPLC. 

Kinetic resolution of (Z)-methyl (6-phenylhex-3-en-2-yl) carbonate. 

  In a glove box, Cu(O-t-Bu) (6.8 mg, 0.05 mmol), bis(pinacolato)diboron 2 (158.7 mg, 0.625 

mmol) and (R,R)-QuinoxP* (16.8 mg, 0.05 mmol) was placed into a vial with a screw cap 

containing a PTFE coated rubber septum and mixed with dry Et2O (0.5 mL). After being sealed 

with the rubber septum, the reaction vial was removed from the glove box and was connected to an 

argon line through a needle. (Z)-Methyl (6-phenylhex-3-en-2-yl) carbonate (0.5 mmol) was added 

dropwise via syringe at 30 °C. After 3 days, the reaction mixture was directly subjected to column 

chromatography (Florisil, hexane:EtOAc=95:5). The yields and enantioselectivties of the 

allylboronate product and the starting material were determined by HPLC analysis on a chiral phase 

(CHIRALCEL OD-3, hexane, 0.5 mL/min, 40 °C) by using an internal standard with the calibration 

curve prepared from racemic mixtures of the starting material and the allylboronate product. 

Stereochemical characterization of 6. 

  The relative and absolute configurations of (S,R)-6ba,2,8 (R,R)-6bc,6 (S,R)-6ga8 were determined 

by comparison of NMR data and the optical rotatory power values with those described in the 

literatures. The relative stereochemistry of rac-(S*,R*)-6ea was determined by X-ray 

crystallography after 4-bromobenzoate derivatization (Figure S1).  
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Ph
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Figure S1. X-ray and schematic structure of 4-boromobenzoate derivative of rac-(S*,R*)-6ea. 

Thermal ellipsoids are drawn at the 50% probability level. Crystal data (CCDC 760815): 

monoclinic, P21/c (No. 14), a= 11.980(6) Å, b = 6.098(3) Å, c = 23.525(10) Å,  = 93.43(4)°, V = 

966(2) Å3, Z = 4, T = 296.2 K, 2θmax = 55.0, R = 0.0436 (I>2.00σ(I)), Rw = 0.1055, GOF = 0.835. 

 

Determination of absolute configuration of (S,R)-6ea was described as follows. Stereochemistry of 

(S,S)-6aa, (R,S)-6ab was inferred from these results. 

(-)-(R)-MTPACl

(+)-(S)-MTPACl

F3C (R)
Cl

OMePh

O

F3C (S)
Cl

PhMeO

O

F3C (S)
O

OMePh

O

(S)

F3C (R)

PhMeO

O

H
Ph

(R)

H3C

5.67 (dt)
5.36 (dt)

2.29–2.17 (m)
2.07–2.02 (m)
2.00–1.88 (m)
1.55–1.45 (m)

7.42–7.26 (dt)

O
(S)

H
Ph

(R)

H3C

5.72 (dt)
5.39 (dt)

2.38–2.22 (m)
2.20–2.07 (m)
2.07–1.95 (m)
1.60–1.51 (m)

7.30–7.10 (dt)

(R)Me
(S)

OH

Ph

(S,R)-6ea
98% ee, dr >99:1
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Preparation of (1S,5R)-1d and (1R,5S)-1d (Figure 3). 

OBn OBn

(1S,5R)-1d
>99% ee

(1R,5S)-1d
>99% ee

D D

OBn

D

(rac)-1d

OTBS

D

(rac)-8

TBAF/THF
NaH, BnBr
Bu4NI

THF

CHIRALCEL
OJ-H

+

 

  The d-labelled silyl ether (rac)-8 (>98 atom % D) was prepared according to the literature 

procedure.9 In a 20 mL of round-bottomed flask, (rac)-8 (436 mg, 2.2 mmol) was dissolved in 

hexane (4.0 mL) and a THF solution of TBAF (1.0 M, 3.3 mL, 3.3 mmol) was added at 0 °C with 

stirring. The reaction mixture was stirred for 18 h at room temperature and the solvents were 

removed under reduced pressure (20 °C, approx. 30 hPa). The resultant mixture was directly 

subjected to column chromatography (pentane:diethyl ether, 70:30 v/v). The solvents of the 

combined fractions were removed by using distillation apparatus with a Vigreux condenser under 

atmospheric pressure. The residue was dissolved in THF and passed through a short K2CO3 column 

and transferred into a THF (11 mL) suspension of NaH, which was prepared by washing NaH in 

mineral oil (60%, 158.4 mg, 4.0 mmol), at 0 °C under an argon atmosphere. After stirred for 1 h, 

benzyl bromide (261 L, 2.2 mmol) and tetrabutylammonium iodide (81.4 mg, 0.22 mmol) were 

successively added at room temperature. After stirred for 6 h, the reaction mixture was quenched by 

addition of aqueous Na2CO3, extracted three times with EtOAc. The combined organic layer was 

dried over MgSO4, filtered and evaporated. The crude product was purified by column 

chromatography (SiO2, hexane:EtOAc, 99.5:0.5 v/v) to give (rac)-1d as a colorless oil (200 mg, 

1.14 mmol, 52%). (rac)-1d was subjected to preparative HPLC on a chiral phase (CHIRALCEL 

OJ-H, diameter: 20 mm, length: 250 mm, hexane:ethanol, 98:2 v/v, 6.0 mL/min,.: (1S,5R)-1d: tR = 

30.5 min., (1R,5S)-1d: tR = 35.3 min. The ee values of (1S,5R)-1d and (1R,5S)-1d were determined 

by HPLC analysis on a chiral phase (CHIRALCEL OJ-H, hexane, v/v, 0.5 mL/min, 40 °C). 
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Copper(I)-catalyzed reaction of (1S,5R)-1d. 

Cu(O-t-Bu)
(5 mol %)
2a (5 mol %)

OBn

3 (1.5 equiv)
Et2O, 30°C, 13 h

(S)

(R)

B(pin)

(1S,5R)-1d
>99% ee

D
D

(1S,4R)-4d
94%

15 1

4

 

  The copper(I)-catalyzed reaction of (1S,5R)-1d was cared out in 0.26 mmol scale with 5 mol % 

catalyst. In a glove box, Cu(O-t-Bu) (5.2 mg, 0.038 mmol), bis(pinacolato)diboron 2 (285.2 mg, 

1.12 mmol) and (R,R)-QuinoxP* (12.6 mg, 0.0366 mmol) was placed into a vial and mixed with 

dry Et2O (0.75 mL). The 0.26 mL of this catalyst/diboron mixture was added to an other reaction 

vial and mixed with (1S,5R)-1d (45.4 mg, 0.259 mmol). After being sealed with the rubber septum, 

the reaction vial was removed from the glove box and connected to an argon line through a needle 

and the reaction vial was maintained at 30 °C with stirring. After the reaction was complete, the 

reaction mixture was directly subjected to column chromatography (Florisil, hexane:EtOAc =95:5) 

to give crude allylboronates 4. The 1H-NMR yield of (1S,4R)-4d was determined using mesitylene 

as an internal standard (94 %). The crude product was further purified by column chromatography 

(SiO2, hexane:EtOAc, 99.5:0.5 v/v) to give pure (1S,4R)-4d as a colorless oil (39.5 mg, 0.20 mmol, 

78%). (1S,4R)-4d: 1H-NMR (300 MHz, CDCl3):  5.76–5.69 (m, 2H), 2.36–2.27 (m, 1H), 2.23–

2.11 (m, 1H), 2.09–1.95 (m, 1H), 1.93–1.79 (m, 1H), 1.24 (s, 12H) p.p.m.; 13C-NMR (75.4 MHz, 

CDCl3):  131.5 (CH) 129.8 (CH), 83.1 (C), 32.4 (q, CDH), 25.3 (CH2), 24.6 (CH3) p.p.m. HRMS-

EI (m/z): [M+]+ calcd for C11H18DBO2, 196.16191; found, 196.16158. The de value of the product 

was determined by HPLC after derivatization described as follows. 

B(pin)

D

(1S,4R)-4d

1) PhCHO
(R)

(R)
D

(S)H
Ph

OH

2) H2O 
    N(CH2CH2OH)3

(S,R,R)-6da
95%, 99% de  
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  In a reaction vial, benzaldehyde (35.4 mg, 0.33 mmol) was added to a THF (0.2 mL) solution of 

(1S,4R)-4d (13.0 mg, 0.067 mmol) at room temperature. After 6.5 h, CH2Cl2 solution of 

triethanolamine (10% v/v, 0.5 mL) was added and the reaction mixture was further stirred for 0.5 h, 

separated with CH2Cl2 and water, then extracted two times with CH2Cl2. The combined organic 

layer was dried over MgSO4, filtered and evaporated. The crude product was further purified by 

column chromatography (SiO2, hexane:EtOAc, 99.5:0.5–98:2 v/v) to give pure (S,R,R)-6da as an 

colorless oil (11.1 mg, 0.063 mmol, 95%). 1H-NMR (300 MHz, CDCl3): 7.39–7.20 (m, 5H), 

5.89–5.83 (m, 1H), 5.44–5.38 (m, 1H), 4.59 (dd, J = 6.6, 1.9 Hz, 1H), 3.15–3.05 (m 1H), 2.44–2.22 

(m, 2H), 1.97–1.88 (m, 1H), 1.88 (d, J = 2.5 Hz, 1H) p.p.m. The de value (99% de) of (S,R,R)-6da 

was determined by HPLC analysis on a chiral phase (CHIRALCEL OD-3, hexane:2-propanol, 

98.5:1.5, v/v, 0.5 mL/min, 40°C). (S,R,R)-6da: tR = 26.8 min., (R,S,R)-6da: tR = 29.1 min. 

Copper(I)-catalyzed reaction of (1R,5S)-1d. 

OBn

(1R,5S)-1d
>99% ee

Cu(O-t-Bu) (5 mol %)
2a (5 mol %)

3 (1.5 equiv)
Et2O, 30°C, 13 h

D
(S)

(S)

B(pin)

D

(1S,4S)-4d
92%

4

1

 

  The reaction was carried out according to the similar procedure described for the reaction of 

(1S,5R)-1d. (92% NMR yield, 71% isolated yield). (1S,4S)-4d: 1H-NMR (300 MHz, CDCl3):  

5.76–5.69 (m, 2H), 2.40–2.29 (m, 1H), 2.23–2.12 (m, 1H), 2.08–1.96 (m, 1H), 1.93–1.79 (m, 1H), 

1.24 (s, 12H) p.p.m.; 13C-NMR (75.4 MHz, CDCl3): 131.5 (CH) 129.8 (CH), 83.1 (C), 32.4 (q, 

CDH), 25.3 (CH2), 24.6 (CH3) p.p.m. 
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B(pin)

D

(1S,4S)-4d
94%

1) PhCHO
(R)

(S)
D

(S)H
Ph

OH

2) H2O 
    N(CH2CH2OH)3

(S,R,S)-6da
95%, 88% de  

  The reaction was carried out according to the similar procedure described for the reaction of 

(1S,4R)-4d. (95% isolated yield). 1H-NMR (300 MHz, CDCl3):  7.39–7.20 (m, 5H), 5.89–5.83 (m, 

1H), 5.44–5.38 (m, 1H), 4.59 (d, J = 6.6 Hz, 1H), 3.15–3.05 (m 1H), 2.45–2.24 (m, 2H), 1.88 (d, J 

= 2.5 Hz, 1H), 1.88–1.79 (m, 1H) p.p.m. The de value (88% de) of (S,R,S)-6da was determined by 

HPLC analysis on a chiral phase (CHIRALCEL OD-3, hexane:2-propanol, 98.5:1.5 v/v, 0.5 

mL/min, 40 °C). (S,R,S)-6da: tR = 27.0 min., (R,S,S)-6da: tR = 29.1 min. 

4-Ntirobenzoate derivatization of (S,R)-6ea, (S,R,R)-6da and (S,R,S)-6da and their structural 

characterization. 

  4-Nitrobenzoate derivatives of (S,R)-6ea, (S,R,R)-6da and (S,R,S)-6da were prepared by using 

N,N-dimethyl-4-aminopyridine (3.0 equiv) and 4-nitorobenzoyl chloride (2.5 equiv) in CH2Cl2. The 

purification of the compounds was carried out by using PTLC. The relative stereochemistry of the 

compounds were determined by NOE experiment of (S,R)-6ea and comparison of 1H-NMR spectra 

of (S,R)-6ea, (S,R,R)-6da and (S,R,S)-6da as illustrated in Figure S2. 

S21



  Supplementary Information 

 

 

Figure S2. NMR measurements for characterization of 4-nitrobenzoate derivatives of 6ea. 
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Computational methods. 

  Calculations were performed using the Gaussian 03 program package.10 Density functional 

theory with the M05-2X functional11 and 6–31G(d) basis set12 was employed for structure 

optimization. Stationary points were characterized by vibrational frequencies; IA, IB, IC, ID, IIA, 

and IIB have no imaginary frequencies and TSA, TSB, TSC, and TSD have only one imaginary 

frequencies. The complete characterization of the local minimum structures for IIC and IID were 

not successful; imaginary frequencies with very small absolute values (IIC: 15.3i cm-1, IID: 5.9i 

cm-1) were found after vibrational frequency analysis. Intrinsic reaction coordinate (IRC) analysis 

was conducted for the four reaction pathways and all the stationary points were smoothly connected 

to each other. 

Results of DFT calculations. 

  Using M05-2X functional and the model complex, in which the quinoxaline backbone of the 

QuinoxP* ligand and the pinacolato were replaced by ethene and ethyleneglycolato, respectively, 

we carried out the calculations on the basis of insertion-elimination mechanism, which have been 

supposed as the plausible mechanism for the copper(I)-catalyzed allylic substitution with diboron 

(Figure S3).13–15 We calculated four different pathways A–D and obtained their activation free 

energies at the insertion steps, which are considered to be the key process for the enantioselection. 

The activation energies of 16.4 kcal/mol (TSA) and 18.9 kcal/mol (TSB) were obtained for anti-SN2’ 

type and syn-SN2’ routes from (S)-1, respectively, indicating the reaction of (S)-1 prefer anti-SN2’ 

pathway. The theoretical ratio of the kinetic constants (kA/kB 98.4:1.6) derived from these calculated 

activation energies shows well agreements with the experimental results (Table 1, entry 9, 99% ee, 

e.r. 99.5:0.5). We also calculated the activation energies from (R)-1 and obtained 15.9 kcal/mol 

(TSC) for syn-SN2’ and 17.3 kcal/mol for anti-SN2’ (TSD), showing syn-SN2’ is favorable path for 

(R)-1. The theoretical ratio of the kinetic constants (kC/kD 91:9) also shows rough agreements with 

the experiments (Table 1, entry 10, 88% ee, e.r. 94:6). The barriers for path A and path B is similar. 
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This is consistent with the fact that (S)-1 and (R)-1 were consumed at the similar reaction rates 

(Table 1, entries 9−13). 
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Figure S3. DFT calculations of four distinct pathways in copper(I)-catalyzed enantio-convergent 

transformation. Relative free energies (M05-2X/6-31G*//M05-2X/6-31G*) are shown. 

  Schematic and molecular model structures for the transition states (TSA, TSB, TSC, TSD) were 

shown in Figure S4. The steric environment around copper(I) center takes pseudo C2 symmetry; 

methyl groups of the (R,R)-QuinoxP* model ligand are located in quadrants I and III and bulky tert-

butyl groups are located in quadrants II and IV, resulting that quadrants I and III are less sterically 
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congested sites and quadrants II and IV provide sterically more demanding sites. In TSA, the C3 and 

C4 part of the substrate is located in sterically less congested quadrant I. The anti-SN2’ pathway 

from (S)-1 that proceeds via TSA is favorable (Figure S4b). Contrary to this, TSB, for syn-SN2’ from 

(S)-1 is much unfavorable than TSA, because substrate methoxy group is located in quadrant II 

causes severe steric congestion with ligand tert-butyl group (Figure S4a). For the reaction of (R)-1, 

TSC (syn-SN2’), in which methoxy group is in quadrant I, is more favorable than TSD (anti-SN2’). 

In TSD, C3 and C4 part of the substrate is located in the sterically congested quadrant II. These 

models give reasonable explanation for the transition state structures and reaction pathway 

preferences. 

 

Figure S4. The schematic and molecular model structures of transition states (TSA–D) calculated by 

DFT (M05-2X/6-31G*//M05-2X/6-31G*). The structures of LCu part of the catalyst were shown in 

space filling models and the allyl ether substrate and B(OR)2 part were shown in ball & stick 

models. Relative free energies are also shown. 
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