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ABSTRACT: We report an unprecedented highly enantioselective
desymmetric Cu(I)-catalyzed 1,3-dipolar cycloaddition of diazides
with terminal alkynes and 1-iodoalkynes, affording tertiary alcohols
bearing a 1,2,3-triazole moiety in high yield and excellent ee value.
PYBOX ligands with a C4 shielding group once again show the
promising ability to achieve higher enantioselectivity.

Although the Cu(I)-catalyzed azide−alkyne cycloaddition
(CuAAC), independently discovered by Meldal1 and

Sharpless,2 has found numerous applications in many research
fields,3 its potential for the catalytic enantioselective synthesis
of chiral triazoles, alkynes, and azides remains largely
undeveloped.4 In 2005, Fokin and Finn pioneered asymmetric
CuAAC via the desymmetrization of gem-diazides and the
kinetic resolution of racemic α-azides (eq 1, Scheme 1).5 Later

in 2013, we reported the first highly enantioselective CuAAC
by desymmetrizing prochiral diynes to access quaternary
oxindoles (eq 2).6a The groups of Uozumi6c,d and
Stephenson6h elegantly demonstrated the potential of desym-
metric CuAAC of prochiral diynes to construct axial and planar
chirality, respectively. In these protocols using pyridine-2,6-

bis(oxazolines) (PYBOX) ligands, substantial side achiral
ditriazole formation occurred. However, axially chiral multi-
stereogenic ligands with a deep chiral cavity, developed by Xu
et al, showed notable capacity of suppressing ditriazole
formation.6e,f Based on these meaningful studies, we recently
reported that PYBOX with a C4 bulky shielding group to
enhance the chiral pocket could effectively inhibit such side
reaction while achieving excellent enantioselectivity in the
desymmetrization of diethynylphosphine oxides (eq 3).6g

In contrast to the progress in accessing chiral alkynes via
CuAAC,6 limited attention was paid to the synthesis of chiral
azides, although Topczewskiet et al. recently made a
breakthrough in achieving a highly enantioslective dynamic
kinetic resolution of racemic azides via CuAAC as well as a
kinetic resolution of secondary azides.7 To our knowledge,
highly enantioselective desymmetrization of prochiral diazides
via CuAAC is unknown. In addition, reported desymmetric
CuAACs are all based on terminal alkynes, the use of 1-
iodoalkynes to access chiral 5-iodo-1,2,3-triazoles is unex-
plored.8 In view of the importance of optically active azides as
building blocks, along with the current interest in their catalytic
enantioselective synthesis,9 we explored the desymmetric
CuAAC of diazides. Here, we report a highly enantioselective
version to construct chiral 1,2-azido-alcohols, using both
terminal alkynes and 1-iodoalkynes (eq 4).
The desymmetrization10 of prochiral azides is a potentially

useful strategy to access multifunctional chiral azides, as shown
by intramolecular desymmetric cyclization of diazides to chiral
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Scheme 1. Desymmetric CuAAC Reactions
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5,6-dihydro-1,4-oxazin-2-ones developed by Gu et al.11

However, exploiting intermolecular desymmetrization of
diazides is very challenging because it is difficult to achieve
excellent enantiotopic group discrimination while suppressing
side difunctionalization, due to the linear shape of azide group
without bulky shielding group. This is clearly demonstrated by
the only precedent shown in eq 1.5,12 To examine whether our
recently developed PYBOX ligands bearing a bulky shielding
group offer a flexible solution to develop asymmetric
CuAAC,6a,g we first designed a prochiral diazido alcohol 1
for reaction development. It is worth mentioning that this
protocol constitutes an attractive method for catalytic
enantioselective synthesis of multifunctional tertiary alcohols
bearing both an azido and a triazole moiety.13,14 Notably,
chiral azido alcohols are valuable for the synthesis of
pharmaceutical products.15i,j While there are some catalytic
enantioselective methods to 1,2-azido alcohols,15 most are
based on asymmetric ring opening of epoxides with azides, and
importantly, few allowed access of tertiary alcohols bearing an
azido moiety.15f,6h The reaction of 1a with 1.0 equiv p-
bromophenylacetylene 2a was undertaken to evaluate the
potency of PYBOX with different C4 shielding groups, and
typical results are shown in Table 1.

PYBOX L1, without a C4 shield group, was first examined.
Although it in combination with CuCl achieved excellent
enantioselectivity in the desymmetrization of oxindole-based
diyne (eq 2),6a it was insufficient in this reaction, because
chiral tertiary alcohol 3a was obtained in only 57% ee with 26%
yield as well as a poor ratio of mono- and ditriazole 3a/4a
(entry 1). With an electron-withdrawing group, either a chloro
or a bulkier CF3 substituent, ligands L2 and L3 gave a
diminished 3a/4a ratio (entries 2 and 3). Gratifyingly, the use

of ligand L4 with a flexible OBn group obviously improved the
ee of 3a to 70% but afforded a poor 3a/4a of 1:1.7 (entry 4).
However, further increasing the steric hindrance of the
shielding group, by using ligand L5 and L6, led to poorer
results (entries 5 and 6), although both ligands were powerful
in the construction of P-chiralgenic center.6g We next varied
the phenyl group of the ligand to a 4-fluorophenyl group, and
the corresponding ligand L7 afforded slightly improved 77% ee
and a poor 3a/4a ratio of 1/1.4 (entry 7). These results are
generally unsatisfactory, further showing the challenging in
developing asymmetric desymmetrization of prochiral diazides.
To improve the outcome, we examined the solvent effects
(entries 8−10) and found that CH2Cl2 was the solvent of
choice, delivering 3a in 57% yield, 81% ee, and 2.8/1 3a/4a
ratio (entry 9). Screening of copper salts gave no better results
than CuCl (entries 11−13). Finally, increasing the usage of
alkyne 2a from 1.0 to 1.25 equiv with the addition of 10 mol %
PhCO2H, and the reaction performed at −50 °C could afford
chiral 3a in 66% yield with 92% ee, and 2.8/1 3a/4a ratio
(entry 14). For details of the condition optimization, see the
Supporting Information.
Under the above established conditions, we examined the

scope of this protocol, as shown in Table 2. First, diazido

alcohols 1 with differently substituted phenyl rings were
studied. A wide range of functional groups at the para position
could be tolerated, no matter the electron-withdrawing F, Cl,
and CF3 group or electron-donating methyl and methoxyl
group, giving the desired products 3b−3f in 62−73% yield
with 83−91% ee and 2.5/1−2.9/1 M/D ratio (entries 2−6).
With meta-substituted phenyl rings, diazido alcohols 1g−i

Table 1. Optimization of Reaction Conditions

entry L CuX solvent
yield of
3aa (%)

ee of
3ab (%) 3a/4aa

1 L1 CuCl CH3CN 26 57 1:1.1
2 L2 CuCl CH3CN 25 60 1:1.3
3 L3 CuCl CH3CN 15 53 1:1.7
4 L4 CuCl CH3CN 19 70 1:1.7
5 L5 CuCl CH3CN 15 53 1:2.5
6 L6 CuCl CH3CN 24 65 1:1.6
7 L7 CuCl CH3CN 22 77 1:1.4
8 L7 CuCl Et2O 34 80 2.4:1
9 L7 CuCl CH2Cl2 57 81 2.8:1
10 L7 CuCl DCE 55 81 2.7:1
11 L7 CuBr CH2Cl2 53 78 2.2:1
12 L7 CuI CH2Cl2 28 79 1.6:1
13 L7 Cu(OAc)2 CH2Cl2 54 80 2.7:1
14c L7 CuCl CH2Cl2 66 92 2.8:1

aDetermined by 1H NMR using CH2Br2 as an internal standard.
bDetermined by chiral HPLC analysis. c0.3 mmol scale, 1.25 equiv of
2a, and 10 mol % PhCO2H were used at −50 °C for 96 h.

Table 2. Reaction of Azides with Terminal Alkynes

entry 1 2 3

yield
of 3a

(%)

ee of
3b

(%) 3/4c

1 1a: R = C6H5 2a 3a 66 92 2.8:1
2 1b: R = 4-FC6H4 2a 3b 62 85 2.5:1
3 1c: R = 4-ClC6H4 2a 3c 62 83 2.8:1
4 1d: R = 4-CF3C6H4 2a 3d 73 90 2.9:1
5 1e: R = 4-MeC6H4 2a 3e 69 91 2.9:1
6 1f: R = 4-MeOC6H4 2a 3f 71 90 2.8:1
7 1g: R = 3-ClC6H4 2a 3g 69 94 2.7:1
8 1h: R = 3-MeC6H4 2a 3h 66 94 2.2:1
9 1i: R = 3,5-(MeO)2C6H3 2a 3i 68 92 2.8:1
10 1j: R = 2-naphthyl 2a 3j 67 90 2.9:1
11 1k: R = 2-thienyl 2a 3k 69 92 2.8:1
12 1l: R = CH2CH2Ph 2a 3l 68 63 2.8:1
13 1a: R = C6H5 2b 3m 66 93 2.5:1
14 1a: R = C6H5 2c 3n 72 95 2.8:1
15 1a: R = C6H5 2d 3o 60 90 2.4:1
16 1a: R = C6H5 2e 3p 68 91 2.8:1
17 1a: R = C6H5 2f 3q 69 79 2.6:1
18 1a: R = C6H5 2g 3r 68 85 2.4:1
19d 1a: R = C6H5 2a 3a 73 89 3.0:1

aIsolated yield. bDetermined by chiral HPLC. cDetermined by the
yield of 3/4. d1.0 mmol scale.
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afforded the corresponding adducts 3g−i in slightly higher ee
values (entries 7−9). 2-Naphthyl- and 2-thienyl-substituted
diazides 1j−1k also furnished products 3j and 3k in 67% yield
and 90% ee, 69% yield, and 92% ee, respectively (entries 10
and 11). However, diazido alcohol 1l with an alkyl group gave
the corresponding product 3l in 68% yield and obviously lower
63% ee (entry 12). Second, terminal alkynes 2b−2e bearing
differently substituted phenyl rings were tried, and the
corresponding chiral products 3m−3p were obtained in 60−
72% yield, 90−95% ee, and 2.4−2.8/1 M/D ratio (entries 13−
16). In addition, the ester- and alkyl-substituted terminal
alkynes 2f and 2g were also workable, affording the
corresponding 3q and 3r in 69% yield, 79% ee with 2.6:1
M/D ratio, and 68% yield, 85% ee with 2.4:1 M/D ratio,
respectively (entries 17 and 18). Finally, the reaction could be
scaled up to 1.0 mmol, giving 3a in 73% yield with a slightly
decreased 89% ee, and a M/D ratio of 3.0:1 (entry 19). The
absolute configuration of 3a was determined to be S by X-ray
diffraction.
Encouraged by the above results, we next examined whether

1-iodoalkynes were viable substrates under this condition, as
shown in Table 3. To our delight, a variety of aryl diazido

alcohols worked well with 1-iodoalkyne 5a to give the desired
chiral 1,2-azido alcohols 6a−6g in reasonable yield with
excellent enantioselectivity (entries 1−7). The reaction of alkyl
substituted 1l with1-iodoalkyne 5a gave a higher 74% ee than
the reaction with terminal alkyne 2a (entry 8). Good to
excellent enantioselectivity was also be achieved in the reaction
of 1a with 1-iodoalkynes 5b−5e bearing different phenyls
(entries 9−12). However, the electron-donating methoxyl
group seemed to be less favorable, resulting in a slightly lower
82% ee (entry 11). Notably, this presents the first
enantioselective Cu(I)-catalyzed 1,3-dipolar cycloaddition of
diazides with 1-iodoalkynes.
The obtained high enantioselectivity was related to the

synergic combination of a desymmetrization and a kinetic
resolution, similar to Uozumi’s result.6d As shown in Scheme
2a, the time-dependent enantioselectivity of the reaction of 1a

and 2a catalyzed by L7/CuCl at 0 °C showed that the ee value
of 3a gradually increased with the proceeding of the reaction;
meanwhile, the 3a/4a ratio decreased sharply. This implied
that the formation of the achiral ditriazole 4a was helpful to
increase the enantioselectivity of 3a. In the presence of L7/
CuCl, the consumption of the minor enantiomer (R)-3a,
formed in the initial step of desymmetrization, was faster than
that of the major enantiomer (S)-3a (Scheme 2b). Therefore,
the reaction of 1a and 2a was a favorable scenario to obtain
(S)-3a with high ee value, where k1> k2 and k4 > k3.

16

The thus-obtained chiral tertiary alcohols bearing a triazole
moiety are interesting targets for medicinal chemistry
research.17 In addition, they could be readily elaborated by
using the azido moiety as a synthetical handle. As shown in
Scheme 3, the 1,3-dipolar cycloaddition of 3a (99% ee after

recrystallization) with 1-iodoalkyne 5a or TsCN delivered 8 or
9 in 99% and 50% yield, respectively. By a Staudinger reaction,
3a was easily reduced to 1,2-amino alcohol 10 in 99% yield; if
using the combination of CS2 and PPh3, the 1,3-oxazolidine-2-
thione 11 was obtained in 87% yield and 99% ee.
In conclusion, we have developed a highly enantioselective

desymmetric CuAAC of prochiral diazides for the synthesis of
β-azido tertiary alcohols bearing a 1,2,3-triazole moiety. Once
again, PYBOX ligands with a C4 shielding group on the
pyridine showed a promising ability to achieve higher
enantioselectivity. This process also features the first example
of using nonterminal alkynes for catalytic enantioselective
CuAAC. The development of new PYBOX ligands with
various shielding groups to develop enantioselective CuAAC
reactions for the diverse synthesis of chiral alkynes, azides, and
triazoles is ongoing in our laboratory.

Table 3. Reaction of Azides with 1-Iodoalkynes

entry 1 5 6
yield of
6a (%)

ee of
6b

(%) 6/7c

1 1a: R = C6H5 5a 6a 65 93 2.4:1
2 1d: R = 4-CF3C6H4 5a 6b 68 92 2.8:1
3 1e: R = 4-MeC6H4 5a 6c 65 93 2.6:1
4 1f: R = 4-MeOC6H4 5a 6d 60 96 2.2:1
5 1i: R = 3,5-(MeO)2C6H3 5a 6e 63 93 2.7:1
6 1j: R = 2-naphthyl 5a 6f 67 91 2.8:1
7 1k: R = 2-thienyl 5a 6g 64 92 2.5:1
8 1l: R = CH2CH2Ph 5a 6h 60 74 2.6:1
9 1a: R = C6H5 5b 6i 65 92 2.7:1
10 1a: R = C6H5 5c 6j 67 97 2.8:1
11 1a: R = C6H5 5d 6k 64 82 2.7:1
12 1a: R = C6H5 5e 6l 63 93 2.5:1

aIsolated yield. bDetermined by chiral HPLC. cDetermined by the
yield of 6/7.

Scheme 2. Study of Reaction Mechanism

Scheme 3. Synthetic Elaboration of 3a

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.9b04522
Org. Lett. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522?fig=sch3&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.9b04522?ref=pdf


■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522.

Experimental procedures, characterization data and
spectra (PDF)

Accession Codes

CCDC 1968889 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors

Feng Zhou − Shanghai Key Laboratory of Green Chemistry and
Chemical Process and Shanghai Engineering Research Center of
Molecular Therapeutics and New Drug Development, East
China Normal University, Shanghai 200062, China;
orcid.org/0000-0002-6729-1311; Email: fzhou@

chem.ecnu.edu.cn
Jian Zhou − Shanghai Key Laboratory of Green Chemistry and
Chemical Process and Shanghai Engineering Research Center of
Molecular Therapeutics and New Drug Development, East
China Normal University, Shanghai 200062, China; State Key
Laboratory of Organometallic Chemistry, Shanghai Institute of
Organic Chemistry, Shanghai 200032, China; orcid.org/
0000-0003-0679-6735; Email: jzhou@chem.ecnu.edu.cn

Authors

Cai Wang − Shanghai Key Laboratory of Green Chemistry and
Chemical Process, East China Normal University, Shanghai
200062, China

Ren-Yi Zhu − Shanghai Key Laboratory of Green Chemistry and
Chemical Process, East China Normal University, Shanghai
200062, China

Kui Liao − Shanghai Key Laboratory of Green Chemistry and
Chemical Process, East China Normal University, Shanghai
200062, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.9b04522

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support from NSFC (21672068, 21725203), the
Ministry of Education (PCSIRT), and the Fundamental
Research Funds for the Central Universities is highly
appreciated.

■ REFERENCES
(1) Tornøe, C. W.; Christensen, C.; Meldal, M. Peptidotriazoles on
Solid Phase: [1,2,3]-Triazoles by Regiospecific Copper(I)-Catalyzed
1,3-Dipolar Cycloadditions of Terminal Alkynes to Azides. J. Org.
Chem. 2002, 67, 3057−3064.
(2) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B.
AStepwise Huisgen Cycloaddition Process: Copper(I)-Catalyzed
Regioselective “Ligation” of Azides and Terminal Alkynes. Angew.
Chem., Int. Ed. 2002, 41, 2596−2599.

(3) (a) Kolb, H. C.; Sharpless, K. B. The growing impact of click
chemistry on drug discovery. Drug Discovery Today 2003, 8, 1128−
1137. (b) Meldal, M.; Tornøe, C. W. Cu-Catalyzed Azide-Alkyn-
Cycloaddition. Chem. Rev. 2008, 108, 2952−3015. (c) Hein, J. E.;
Fokin, V. V. Copper-Catalyzed Azide-Alkyne Cycloaddition(CuAAC)
and Beyond: New Reactivity of Copper(I) Acetylides. Chem. Soc. Rev.
2010, 39, 1302−1315.
(4) Brittain, W. D. G.; Buckley, B. R.; Fossey, J. S.
AsymmetricCopper-Catalyzed Azide-Alkyne Cycloadditions. ACS
Catal. 2016, 6, 3629−3636.
(5) Meng, J. C.; Fokin, V. V.; Finn, M. G. Kinetic resolution
bycopper-catalyzed azide-alkyne cycloaddition. Tetrahedron Lett.
2005, 46, 4543−4546.
(6) (a) Zhou, F.; Tan, C.; Tang, J.; Zhang, Y. Y.; Gao, W. M.; Wu,
H. H.; Yu, Y. H.; Zhou, J. Asymmetric Copper(I)-Catalyzed Azide-
Alkyne Cycloaddition to Quaternary Oxindoles. J. Am. Chem. Soc.
2013, 135, 10994−10997. (b) Stephenson, G. R.; Buttress, J. P.;
Deschamps, D.; Lancelot, M.; Martin, J. P.; Sheldon, A. I. G.; Alayrac,
C.; Gaumont, A.-C.; Page, P. C. B. An Investigation of the
Asymmetric Huisgen ‘Click’ Reaction. Synlett 2013, 24, 2723−2729.
(c) Osako, T.; Uozumi, Y. Enantioposition-Selective CopperCata-
lyzed Azide-Alkyne Cycloaddition for Construction of Chiral Biaryl
Derivatives. Org. Lett. 2014, 16, 5866−5869. (d) Osako, T.; Uozumi,
Y. Mechanistic Insights into CopperCatalyzed Azide-Alkyne Cyclo-
addition (CuAAC): Observation of Asymmetric Amplification. Synlett
2015, 26, 1475−1479. (e) Song, T.; Li, L.; Zhou, W.; Zheng, Z. J.;
Deng, Y.; Xu, Z.; Xu, L. W. Enantioselective Copper-Catalyzed Azide-
Alkyne Click Cycloaddition to Desymmetrization of Maleimide-Based
Bis(Alkynes). Chem. - Eur. J. 2015, 21, 554−558. (f) Chen, M.-Y.; Xu,
Z.; Chen, L.; Song, T.; Zhen, Z. J.; Cao, J.; Cui, Y. M.; Xu, L. W.
Catalytic Asymmetric Huisgen Alkyne-Azide Cycloaddition of
Bisalkynes by Copper(I) Nanoparticles. ChemCatChem 2018, 10,
280−286. (g) Zhu, R. Y.; Chen, L.; Hu, X. S.; Zhou, F.; Zhou, J.
Enantioselective Synthesis of P-Chiral Tertiary Phosphine Oxides
with an Ethynyl Group via Cu(I)-Catalyzed Azide-Alkyne Cyclo-
addition. Chem. Sci. 2020, 11, 97−106. (h) Wright, A. J.; Hughes, D.
L.; Page, P. C. B.; Stephenson, G. R. Induction of Planar Chirality
Using Asymmetric Click Chemistryby a Novel Desymmetrisation of
1,3-Bisalkynyl Ferrocenes. Eur. J. Org. Chem. 2019, 2019, 7218−7222
For kinetic resolution of monoalkynes, see:. (i) Brittain, W. D. G.;
Buckley, B. R.; Fossey, J. S. Kinetic resolutionof alkyne-substituted
quaternary oxindoles via copper catalysedazide-alkyne cycloadditions.
Chem. Commun. 2015, 51, 17217−17220. (j) Brittain, W. D. G.;
Chapin, B. M.; Zhai, W.; Lynch, V. M.; Buckley, B. R.; Anslyn, E. V.;
Fossey, J. S. The Bull-James assembly as a chiral auxiliary and shift
reagent in kinetic resolution of alkyneamines by the CuAAC reaction.
Org. Biomol. Chem. 2016, 14, 10778−10782. (k) Brittain, W. D. G.;
Dalling, A. G.; Sun, Z.; Duf, C. S. L.; Male, L.; Buckley, B. R.; Fossey,
J. S. Coetaneous catalytic kineticresolution of alkynes and
azidesthrough asymmetric triazoleformation. Sci. Rep. 2019, 9, 15086.
(7) (a) Liu, E.-C.; Topczewski, J. J. Enantioselective Copper
Catalyzed Alkyne-Azide Cycloaddition by Dynamic Kinetic Reso-
lution. J. Am. Chem. Soc. 2019, 141, 5135−5138. (b) Alexander, J. R.;
Ott, A. A.; Liu, E.-C.; Topczewski, J. J. Kinetic Resolution of Cyclic
Secondary Azides, Using an Enantioselective Copper-Catalyzed
Azide-Alkyne Cycloaddition. Org. Lett. 2019, 21, 4355−4358.
(8) (a) Hein, J. E.; Tripp, J. C.; Krasnova, L. B.; Sharpless, K. B.;
Fokin, V. V. Copper(I)-Catalyzed Cycloaddition of Organic Azides
and 1-Iodoalkynes. Angew. Chem., Int. Ed. 2009, 48, 8018−8021.
(b) Spiteri, C.; Moses, J. E. Copper Catalyzed Azide-Alkyne
Cycloaddition: Regioselective Synthesis of 1,4,5 Trisubstituted 1,2,3
Triazoles. Angew. Chem., Int. Ed. 2010, 49, 31−33. See also references
cited therein.
(9) (a) Ding, P. G.; Hu, X. S.; Zhou, F.; Zhou, J. Catalytic
enantioselective synthesis of α-chiral azides. Org. Chem. Front. 2018,
5, 1542−1559. (b) Carlson, A. S.; Topczewski, J. J. Allylic azides:
synthesis, reactivity, and the Winstein rearrangement. Org. Biomol.
Chem. 2019, 17, 4406−4429.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.9b04522
Org. Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b04522/suppl_file/ol9b04522_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1968889&id=doi:10.1021/acs.orglett.9b04522
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6729-1311
http://orcid.org/0000-0002-6729-1311
mailto:fzhou@chem.ecnu.edu.cn
mailto:fzhou@chem.ecnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0679-6735
http://orcid.org/0000-0003-0679-6735
mailto:jzhou@chem.ecnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cai+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ren-Yi+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kui+Liao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522?ref=pdf
https://dx.doi.org/10.1021/jo011148j
https://dx.doi.org/10.1021/jo011148j
https://dx.doi.org/10.1021/jo011148j
https://dx.doi.org/10.1002/1521-3773(20020715)41:14<2596::AID-ANIE2596>3.0.CO;2-4
https://dx.doi.org/10.1002/1521-3773(20020715)41:14<2596::AID-ANIE2596>3.0.CO;2-4
https://dx.doi.org/10.1016/S1359-6446(03)02933-7
https://dx.doi.org/10.1016/S1359-6446(03)02933-7
https://dx.doi.org/10.1021/cr0783479
https://dx.doi.org/10.1021/cr0783479
https://dx.doi.org/10.1039/b904091a
https://dx.doi.org/10.1039/b904091a
https://dx.doi.org/10.1021/acscatal.6b00996
https://dx.doi.org/10.1016/j.tetlet.2005.05.019
https://dx.doi.org/10.1016/j.tetlet.2005.05.019
https://dx.doi.org/10.1021/ja4066656
https://dx.doi.org/10.1021/ja4066656
https://dx.doi.org/10.1055/s-0033-1340152
https://dx.doi.org/10.1055/s-0033-1340152
https://dx.doi.org/10.1021/ol502778j
https://dx.doi.org/10.1021/ol502778j
https://dx.doi.org/10.1021/ol502778j
https://dx.doi.org/10.1055/s-0034-1380534
https://dx.doi.org/10.1055/s-0034-1380534
https://dx.doi.org/10.1002/chem.201405420
https://dx.doi.org/10.1002/chem.201405420
https://dx.doi.org/10.1002/chem.201405420
https://dx.doi.org/10.1002/cctc.201701336
https://dx.doi.org/10.1002/cctc.201701336
https://dx.doi.org/10.1039/C9SC04938J
https://dx.doi.org/10.1039/C9SC04938J
https://dx.doi.org/10.1039/C9SC04938J
https://dx.doi.org/10.1002/ejoc.201901192
https://dx.doi.org/10.1002/ejoc.201901192
https://dx.doi.org/10.1002/ejoc.201901192
https://dx.doi.org/10.1039/C5CC04886A
https://dx.doi.org/10.1039/C5CC04886A
https://dx.doi.org/10.1039/C6OB01623E
https://dx.doi.org/10.1039/C6OB01623E
https://dx.doi.org/10.1038/s41598-019-50940-4
https://dx.doi.org/10.1038/s41598-019-50940-4
https://dx.doi.org/10.1021/jacs.9b01091
https://dx.doi.org/10.1021/jacs.9b01091
https://dx.doi.org/10.1021/jacs.9b01091
https://dx.doi.org/10.1021/acs.orglett.9b01556
https://dx.doi.org/10.1021/acs.orglett.9b01556
https://dx.doi.org/10.1021/acs.orglett.9b01556
https://dx.doi.org/10.1002/anie.200903558
https://dx.doi.org/10.1002/anie.200903558
https://dx.doi.org/10.1002/anie.200905322
https://dx.doi.org/10.1002/anie.200905322
https://dx.doi.org/10.1002/anie.200905322
https://dx.doi.org/10.1039/C8QO00138C
https://dx.doi.org/10.1039/C8QO00138C
https://dx.doi.org/10.1039/C8OB03178A
https://dx.doi.org/10.1039/C8OB03178A
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.9b04522?ref=pdf


(10) Zeng, X.-P.; Cao, Z. Y.; Wang, Y. H.; Zhou, F.; Zhou, J.
Catalytic Enantioselective Desymmetrization Reactions to All-Carbon
Quaternary Stereocenters. Chem. Rev. 2016, 116, 7330−7396.
(11) (a) Wu, X. P.; Su, Y.; Gu, P. Catalytic Enantioselective
Desymmetrization of 1,3-Diazido-2-propanol via Intramolecular
Interception of Alkyl Azides with Diazo(aryl)acetates. Org. Lett.
2014, 16, 5339−5341. (b) Qiao, J. B.; Zhao, Y.-M.; Gu, P.
Asymmetric Intramolecular Desymmetrization of meso-α,α’-Diazido
Alcohols with Aryldiazoacetates: Assembly of Chiral C3 Fragments-
with Three Continuous Stereocenters. Org. Lett. 2016, 18, 1984−
1987.
(12) Fokin and Finn revealed that diazides were more prone to
undergo side ditriazole formation than the analogy dialkynes due to
the acceleration effect of the Cu-triazole organometallic monotriazole
precursor: Rodionov, V. O.; Fokin, V. V.; Finn, M. G. Mechanism of
the Ligand-Free CuI-Catalyzed Azide−Alkyne Cycloaddition Reac-
tion. Angew. Chem., Int. Ed. 2005, 44, 2210−2215.
(13) For reviews on catalytic asymmetric synthesis of tertiary
alcohols: (a) Hatano, M.; Ishihara, K. Recent Progress in the Catalytic
Synthesis of Tertiary Alcohols from Ketones with Organometallic
Reagents. Synthesis 2008, 2008, 1647−1675. (b) Shibasaki, M.; Kanai,
M. Asymmetric Synthesis of Tertiary Alcohols and α-Tertiary Amines
via Cu-Catalyzed C-C Bond Formation to Ketones and Ketimines.
Chem. Rev. 2008, 108, 2853−2873. (c) Pellissier, H. Enantioselective
titanium-promoted 1,2-additions of carbon nucleophiles to carbonyl
compounds. Tetrahedron 2015, 71, 2487−2524. (d) Liu, Y.-L.; Lin,
X.-T. Recent advances in catalytic asymmetric synthesis of tertiary
alcohols via nucleophilic addition to ketones. Adv. Synth. Catal. 2019,
361, 876−918.
(14) For our contribution: (a) Liu, Y.-L.; Wang, B.-L.; Cao, J.-J.;
Chen, L.; Zhang, Y.-X.; Wang, C.; Zhou, J. Organocatalytic
asymmetric synthesis ofsubstituted 3-hydroxy-2-oxindoles via Mor-
ita-Baylis-Hillman reaction. J. Am. Chem. Soc. 2010, 132, 15176−
15178. (b) Zeng, X. P.; Cao, Z. Y.; Wang, X.; Chen, L.; Zhou, F.; Zhu,
F.; Wang, C.-H.; Zhou, J. Activation of Chiral (Salen)AlCl Complex
by Phosphorane for Highly Enantioselective Cyanosilylation of
Ketones and Enones. J. Am. Chem. Soc. 2016, 138, 416−425.
(c) Zeng, X. P.; Zhou, J. Me2(CH2Cl)SiCN: Bifunctional Cyanating
Reagent for the Synthesisof Tertiary Alcohols with a Chloromethyl
Ketone Moiety via KetoneCyanosilylation. J. Am. Chem. Soc. 2016,
138, 8730−8733. (d) Cao, Z.-Y.; Zhang, Y.; Ji, C.-B.; Zhou, J. A
Hg(ClO4)2·3H2O Catalyzed Sakurai−Hosomi Allylation of Isatins
and Isatin Ketoimines Using Allyltrimethylsilane. Org. Lett. 2011, 13,
6398−6401. (e) Liu, Y.-L.; Zhou, J. Organocatalytic asymmetric
synthesis of 3-difluoroalkyl 3-hydroxyoxindoles. Chem. Commun.
2012, 48, 1919−1921. (f) Cao, Z.-Y.; Jiang, J.-S.; Zhou, J. A highly
enantioselective Hg(II)-catalyzed Sakurai-Hosomi reaction of isatins
with allyltrimethylsilanes. Org. Biomol. Chem. 2016, 14, 5500−5504.
(15) For leading examples, see: (a) Yamashita, H. A New Synthesis
of Optically Active trans β-Amino Alcohols by Asymmetric Ring-
opening of Symmetrical Oxiranes. Chem. Lett. 1987, 16, 525−528.
(b) Nugent, W. A. Chiral Lewis acid catalysis. Enantioselective
addition of azide to meso epoxides. J. Am. Chem. Soc. 1992, 114,
2768−2769. (c) Martínez, L. E.; Leighton, J. L.; Carsten, D. H.;
Jacobsen, E. N. Highly Enantioselective Ring Opening of Epoxides
Catalyzed by (salen)Cr(III) Complexes. J. Am. Chem. Soc. 1995, 117,
5897−5898. (d) Larrow, J. F.; Schaus, S. E.; Jacobsen, E. N. Kinetic
Resolution of Terminal Epoxides via Highly Regioselective and
Enantioselective Ring Opening with TMSN3. An Efficient, Catalytic
Route to 1,2-Amino Alcohols. J. Am. Chem. Soc. 1996, 118, 7420−
7421. (e) Martinez-Castaneda, A.; Kedziora, K.; Lavandera, I.;
Rodriguez-Solla, H.; Concellon, C.; del Amo, V. Highly enantiose-
lective synthesis of α-azido-β-hydroxy methyl ketones catalyzed by a
cooperative proline−guanidinium salt system. Chem. Commun. 2014,
50, 2598−2600. (f) Okumus,̧ S.; Tanyeli, C.; Demir, A. S. Asymmetric
aldol addition of α-azido ketones to ethyl pyruvate mediated by a
cinchona-based bifunctional urea catalyst. Tetrahedron Lett. 2014, 55,
4302−4305. (g) Weidner, K.; Sun, Z.-D.; Kumagai, N.; Shibasaki, M.
Direct Catalytic Asymmetric Aldol Reaction of an α-Azido Amide.

Angew. Chem., Int. Ed. 2015, 54, 6236−6240. (h) Noda, H.; Amemiya,
F.; Weidner, K.; Kumagai, N.; Shibasaki, M. Catalytic asymmetric
synthesis of CF3-substituted tertiary propargylic alcohols via direct
aldol reaction of α-N3 amide. Chem. Sci. 2017, 8, 3260−3269.
(i) Bergmeier, S. C. The Synthesis of Vicinal Amino Alcohols.
Tetrahedron 2000, 56, 2561−2576. (j) Abad, J. L.; Nieves, I.; Rayo,
P.; Casas, J.; Fabrias̀, G.; Delgado, A. Straightforward Access to
Spisulosine and 4,5-Dehydrospisulosine Stereoisomers: Probes for
Profiling Ceramide Synthase Activities in Intact Cells. J. Org. Chem.
2013, 78, 5858−5866.
(16) As suggested by one reviewer, we tried reaction of diazide 1m,
and product 3s was obtained in only 5% yield with 39% ee. This
suggested the beneficial effect of hydroxyl group on reactivity and
enantioselectivity.

(17) For selected application of tertiary alcohols bearing a triazole
moiety,see: (a) Sheng, C. Q.; Zhang, W. N.; Ji, H. T.; Zhang, M.;
Song, Y. L.; Xu, H.; Zhu, J.; Miao, Z. Y.; Jiang, Q. F.; Yao, J. Z.; Zhou,
Y. J.; Zhu, J.; Lu, J. G. Structure-Based Optimization of Azole
Antifungal Agents by CoMFA, CoMSIA, and Molecular Docking. J.
Med. Chem. 2006, 49, 2512−2525. (b) Miyakoshi, H.; Miyahara, S.;
Yokogawa, T.; Endoh, K.; Muto, T.; Yano, W.; Wakasa, T.; Ueno, H.;
Chong, K. T.; Taguchi, J.; Nomura, M.; Takao, Y.; Fujioka, A.;
Hashimoto, A.; Itou, K.; Yamamura, K.; Shuto, S.; Nagasawa, H.;
Fukuoka, M. 1,2,3-Triazole-Containing Uracil Derivatives with
Excellent Pharmacokinetics as a Novel Class of Potent Human
Deoxyuridine Triphosphatase Inhibitors. J. Med. Chem. 2012, 55,
6427−6437.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.9b04522
Org. Lett. XXXX, XXX, XXX−XXX

E

https://dx.doi.org/10.1021/acs.chemrev.6b00094
https://dx.doi.org/10.1021/acs.chemrev.6b00094
https://dx.doi.org/10.1021/ol502608d
https://dx.doi.org/10.1021/ol502608d
https://dx.doi.org/10.1021/ol502608d
https://dx.doi.org/10.1021/acs.orglett.6b00570
https://dx.doi.org/10.1021/acs.orglett.6b00570
https://dx.doi.org/10.1021/acs.orglett.6b00570
https://dx.doi.org/10.1002/anie.200461496
https://dx.doi.org/10.1002/anie.200461496
https://dx.doi.org/10.1002/anie.200461496
https://dx.doi.org/10.1055/s-2008-1067046
https://dx.doi.org/10.1055/s-2008-1067046
https://dx.doi.org/10.1055/s-2008-1067046
https://dx.doi.org/10.1021/cr078340r
https://dx.doi.org/10.1021/cr078340r
https://dx.doi.org/10.1016/j.tet.2015.03.001
https://dx.doi.org/10.1016/j.tet.2015.03.001
https://dx.doi.org/10.1016/j.tet.2015.03.001
https://dx.doi.org/10.1002/adsc.201801023
https://dx.doi.org/10.1002/adsc.201801023
https://dx.doi.org/10.1021/ja107858z
https://dx.doi.org/10.1021/ja107858z
https://dx.doi.org/10.1021/ja107858z
https://dx.doi.org/10.1021/jacs.5b11476
https://dx.doi.org/10.1021/jacs.5b11476
https://dx.doi.org/10.1021/jacs.5b11476
https://dx.doi.org/10.1021/jacs.6b05601
https://dx.doi.org/10.1021/jacs.6b05601
https://dx.doi.org/10.1021/jacs.6b05601
https://dx.doi.org/10.1021/ol202705g
https://dx.doi.org/10.1021/ol202705g
https://dx.doi.org/10.1021/ol202705g
https://dx.doi.org/10.1039/c2cc17140f
https://dx.doi.org/10.1039/c2cc17140f
https://dx.doi.org/10.1039/C5OB02582F
https://dx.doi.org/10.1039/C5OB02582F
https://dx.doi.org/10.1039/C5OB02582F
https://dx.doi.org/10.1246/cl.1987.525
https://dx.doi.org/10.1246/cl.1987.525
https://dx.doi.org/10.1246/cl.1987.525
https://dx.doi.org/10.1021/ja00033a090
https://dx.doi.org/10.1021/ja00033a090
https://dx.doi.org/10.1021/ja00126a048
https://dx.doi.org/10.1021/ja00126a048
https://dx.doi.org/10.1021/ja961708+
https://dx.doi.org/10.1021/ja961708+
https://dx.doi.org/10.1021/ja961708+
https://dx.doi.org/10.1021/ja961708+
https://dx.doi.org/10.1039/c3cc49371g
https://dx.doi.org/10.1039/c3cc49371g
https://dx.doi.org/10.1039/c3cc49371g
https://dx.doi.org/10.1016/j.tetlet.2014.06.018
https://dx.doi.org/10.1016/j.tetlet.2014.06.018
https://dx.doi.org/10.1016/j.tetlet.2014.06.018
https://dx.doi.org/10.1002/anie.201501607
https://dx.doi.org/10.1039/C7SC00330G
https://dx.doi.org/10.1039/C7SC00330G
https://dx.doi.org/10.1039/C7SC00330G
https://dx.doi.org/10.1016/S0040-4020(00)00149-6
https://dx.doi.org/10.1021/jo400440z
https://dx.doi.org/10.1021/jo400440z
https://dx.doi.org/10.1021/jo400440z
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522?fig=&ref=pdf
https://dx.doi.org/10.1021/jm051211n
https://dx.doi.org/10.1021/jm051211n
https://dx.doi.org/10.1021/jm3004174
https://dx.doi.org/10.1021/jm3004174
https://dx.doi.org/10.1021/jm3004174
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04522?fig=&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.9b04522?ref=pdf

