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Asymmetric Yttrium-Catalyzed C(sp’)-H Addition of 2-Methyl

Azaarenes to Cyclopropenes

Yong Luo,® Huai-Long Teng," Masayoshi Nishiura,®” and Zhaomin Hou

Abstract: The enantioselective C—H addition to a C=C double bond
represents the most atom-efficient route for the construction of chiral
carbon-carbon skeletons, a central research topic in organic
synthesis. We report here the enantioselective yttrium-catalyzed
C(sp’)~H bond addition of 2-methyl azaarenes such as 2-methyl
pyridines to various substituted cyclopropenes and norbornenes.
This protocol efficiently afforded a new family of chiral pyridylmethyl-
functionalized cyclopropane and norbornane derivatives in high
yields and high enantioselectivity (up to 97% ee).

Cyclopropanes have constantly attracted interest in the organic
chemistry community and related fields, as the unique three-
membered carbocycles are not only important components in a
large number of biologically active natural products and
pharmaceuticals,! but they can also serve as synthetically
useful precursors through selective C—C bond cleavage.” The
development of efficient and selective routes for the synthesis of
enantioenriched cyclopropane derivatives represents a
persistent challenge in chemical research. Among possible
approaches to chiral cyclopropane structures,”® the asymmetric
addition of nucleophiles to substituted cyclopropenes has
received much recent attention.”! In this context, the transition-
metal-catalyzed enantioselective carbozincation,®
carbomagnesation, and hydroacylation“? of various
substituted cyclopropenes have been reported as convenient
routes for the asymmetric formation of a C-C bond with the
cyclopropene moieties (Schemes 1a and 1b). In principle, the
enantioselective C—H addition of an organic compound to
cyclopropenes may serve as the most atom-efficient method for
the synthesis of chiral C-substituted cyclopropane derivatives.
However, such asymmetric C—H bond activation approach has
remained unexplored to date, except for the hydroacylation
reactions."®! This is probably due to the lack of suitable
catalysts that can not only effectively promote C-H bond
activation, but also show high activity and enantioselectivity for
cyclopropene insertion without causing ring-cleavage.®

[4K]

We have recently found that half-sandwich rare earth alkyl
complexes can serve as efficient catalysts for the C—H addition
of heteroatom-containing aromatic compounds such as anisoles,
pyridines, and N,N-dimethylanilines to various alkenes.®”! By
using some chiral half-sandwich rare-earth catalysts, we have

[a] Dr. Y. Luo, Dr. M. Nishiura, Prof. Dr. Z. Hou
Organometallic Chemistry Laboratory, RIKEN
2-1 Hirosawa, Wako, Saitama 351-0198 (Japan)
E-mail: houz@riken.jp

[b]  Dr. H.-L. Teng, Dr. M. Nishiura, Prof. Dr. Z. Hou
Advanced Catalysis Research Group
RIKEN Center for Sustainable Resource Science
2-1 Hirosawa, Wako, Saitama 351-0198 (Japan)

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:

*[a,b]

also achieved the enantioselective sp? C—H addition of pyridines
to 1-alkenes® and the enantioselective intermolecular
hydroamination of cyclopropenes with amines.! These results
encouraged us to examine whether chiral half-sandwich rare
earth catalysts could be employed for the asymmetric C-H
addition of pyridines to cyclopropenes. Pyridine moieties are
among the most important heterocyclic structural motifs, widely
existing in natural products, pharmaceuticals, ligands, and
functional materials.®! Hence, the efficient synthesis of pyridine-
functionalized chiral cyclopropane derivatives is of great interest
and importance.

a) Introduction of alkyls by asymmetric carbometalation®**
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Scheme 1. Enantioselective C—C bond forming reactions with cyclopropenes
leading to chiral cyclopropane derivatives.
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QQ~© TIPS-Y: R'=0Si(Pr);, Ln=Y

*  TIPS-Sc: R'=0Si(’Pr);, Ln = Sc

Ln
R = CH,CgH4NMey-0

R! R/ \R

Chart 1. Chiral half-sandwich rare earth dialkyl complexes.

We report here the enantioselective sp® C-H addition of 2-
methyl azaarenes such as 2-methyl pyridines to cyclopropenes
by a chiral half-sandwich yttrium catalyst (Scheme 1c). This
protocol constitutes a 100% atom-efficient route for the
synthesis of a series of chiral pyridylmethyl-functionalized
cyclopropane derivatives in  high vyields and high
enantioselectivity. The enantioselective sp® C-H addition of 2-
methyl pyridines to norbornenes has also been achieved in a
similar fashion. This work represents the first example of
asymmetric sp® C-H addition of an organic compound to a
cyclopropene moiety as well as the first example of asymmetric
sp® C—H addition of a pyridine compound to an alkene.!"

At first, we examined the reaction of 2,6-lutidine (1a) with 3-
methyl-3-phenylcyclopropene (2a) as a model reaction by using
the yttrium complex Ph-Y (Chart 1) as a catalyst. The neutral
complex Ph-Y alone was not effective for the C—H addition of 1a
to 2a (Table 1, entry 1), although it showed excellent activity and
enantioselectivity for the hydroamination of cyclopropenes with
amines.™ In the presence of [PhsC][B(CsFs)s] as a cocatalyst,
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Ph-Y showed moderate activity for the sp® C—H addition of 1a to
2a, affording the pyridylmethylation product 3a in 76% yield at
room temperature in 48 h, albeit with poor stereoselectivity
(1.1:1 dr with 41% and 31% ee, respectively) (Table 1, entry 2).
When the reaction was carried out at -20°C, the
enantioselectivity was significantly improved to 86% ee, though

the diastereoselectivity was still poor (1.3:1 dr) (Table 1, entry 3).

When the slightly bulkier complex TIPS-Y was used in place of
Ph-Y, the target product 3a was obtained in 88% vyield with high
enantioselectivity (90% ee) and significantly improved
diastereoselectivity (7.5:1 dr) (Table 1, entry 4). When the
reaction was carried out at a further lower temperature (-40 °C),
the product yield was dropped significantly (40%), while a higher
stereoselectivity (10:1 dr, 91% ee) was achieved (Table 1, entry
5). Under the similar conditions, the scandium analogue TIPS-
Sc did not show an activity for the present sp®> C-H addition of
1a to 2a (Table 1, entry 6), though it exhibited high activity for
the enantioselective sp? C—H addition of pyridines to 1-alkenes.®
These results demonstrate that the activity and stereoselectivity
of the C-H addition reactions are significantly influenced not
only by the catalyst ancillary ligands and metal ions but also by
the C-H bond type."""¥ The use of chlorobenzene or xylene
instead of toluene as a solvent did not show much influence on
the reaction (Table 1, entries 4, 8, and 9).

Table 1. Asymmetric sp> C-H addition of 26-lutidine to 3-methyl-3-
phenylcyclopropene by chiral half-sandwich rare-earth catalysts.[a]

N [Ln] (5 mol%) N\ /", WH
‘ . \ [Ph3Cl[B(CgFs)4] (5 mol%) \
Z N Z R
Me Ph solvent, temp, 48 h Me Ph
1a 2a 3a
entry  [Ln] solvent temp yield  Dr ee
(c) (" (%)
10 Ph-Y toluene rt - - -
2 Ph-Y toluene rt 76 1.1:1 41; 31
3 Ph-Y toluene -20 84 1.3:1 86; 76
4 TIPS-Y toluene -20 88 7.5:1 90
5 TIPS-Y toluene -40 40 10:1 91
6 TIPS-Sc toluene -20 - - -
7 TIPS-Y chloroben  -20 83 8:1 86
zene
8 TIPS-Y xylene -20 87 7.5:1 89

[a] Reaction conditions: 1a (0.3 mmol), 2a (0.2 mmol), [Ln] (5 mol %),
[Ph3C][B(CeFs)al (5 mol %), toluene (1 mL), 48 h, unless otherwise noted. [b]
Combined isolated yield of both diastereomers. [c] Determined by 'H NMR
analysis of the crude reaction mixture. [d] Determined by chiral HPLC. [e]
Without [Ph3C][B(CeFs)4].

With the optimized reaction conditions in hand, we then
examined the scope of the pyridine substrates in the reaction
with 2a by using TIPS-Y/[PhsC][B(CsFs)s] at —20 °C in toluene
(Table 2). Similar to 2,6-lutidine (1a), the reaction of 2,4,6-
trimethylpyridine with  2a gave the ortho sp® C-H
cyclopropylation product 3b in high yield (94%) and high
stereoselectivity (96% ee, 8:1 dr). 4-Bromo-2,6-dimethylpyridine
also afforded the target product 3c in good yield (80%) and high
enantioselectivity (88% ee), albeit with a lower

10.1002/anie.201705431

WILEY-VCH

diastereoselectivity (3:1 dr). Debromination was not observed. In
the case of 4-isopropoxy-2,6-dimethyl pyridine, the target
product 3d was obtained in high yield (95%) and high
stereoselectivity (91% ee, 6:1 dr) at 0 °C. Various substituents
(both linear and branched) at the 6-position of the 2-
methylpyridne  substrates were compatible with  the
enantioselective ortho methyl C-H cyclopropylation, giving the
desired products such as 3e-3h in high yields (80-89%) and
excellent enantioselectivity (94-97% ee). The alkenyl (3f) and
SiMes (3g) groups survived the reaction conditions. Substrates
with a bulky five-, six-, or seven-membered ring in the ortho
substituents (6 position) all gave the desired products (3i, 3j,
and 3k) in high yields (90-92%) and excellent enantioselectivity
(96-97% ee). 2-Methylquinoline was also a suitable substrate,
affording the desired product 3l in 85% yield and 90% ee.

Table 2. Asymmetric sp3 C-H addition of various 2-methylpyridines to 3-
methyl-3-phenylcyclopropene by TIPS-Y.H!

N
R1@/ + V
Z Me Ph
1 2a
Ne 1)
T
) X

Me Ph
3a 88%
7.5:1 dr, 90% ee

TIPS-Y (5 mol%) N
[Ph3Cl[B(CsF5)4] (5 mol%) R1-T N
toluene, —20 °C, 48h ‘

Mé Ph

N\ ‘", ‘ N\ ‘0,
‘ = Y = N
Me Ph Me Ph
Br

3b 94% 3c 80%
8:1dr, 96% ee 3:1 dr, 88% ee

N ‘,
N
\ Y "CaH i~ N X Ny
= 4 \ Y 3]]
Me Ph = S %

opr Me Ph

3d 95%
6:1 dr, 91% eel®!

Me Ph
3e 83%
11:1 dr, 96% ee

N “, N ’,
Me3Si™ /3 ‘ N Y ‘ N Y
P R = R
Me Ph Me Ph

3g 80% 3h 89%
7:1dr, 97% ee 8:1.dr, 94% ee

Ny 7. Ny, N
Y J X C1J'Y
Me Ph Me Ph Me Ph

3j 92% 3k 90% 31 85%
8:1, 96% ee 14:1, 97% ee 10:1 dr, 90% eel®]

3f 87%
7:1dr, 94% ee

N ‘4,
L
J X
Me Ph
3i 91%
10:1 dr, 97% ee

[a] Reaction conditions: 1 (0.3 mmol), 2a (0.2 mmol), TIPS-Y (5 mol%),
[Ph3Cl[B(CsFs)4] (5 mol%), toluene (1 mL), —20 °C, 48 h, combined isolated
yield of both diastereomers; dr and ee determined by "H NMR analysis of the
crude reaction mixture and chiral HPLC, respectively. [b] 0 °C .

To examine the scope of the cyclopropene substrates, 2,4,6-
trimethylpyridine (1b) was used to react with various substituted
cyclopropenes (Table 3). In a series of 3-methyl-3-phenyl-
disubstitued cyclopropenes, the substrates containing either
electron-donating (such as OMe) or electron-withdrawing (such
as F and CI) groups at either the para or meta or ortho position
of the phenyl substituent all afforded the desired products (such
as 3m-3r) in good yields (78-86%) and excellent
enantioselectivity (92-97% ee). A heterocycle (such as
thiophene)-substituted cyclopropene compound was also
suitable, giving the desired product 3s in 69% yield and 95% ee.
The spirocycle-containing cyclopropenes (3t and 3u) showed
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remarkably high diastereoselectivity (>20:1) and excellent
enantioselectivity (95-96% ee), probably due to the influence of
the rigid spiro structure. In the case of 3-methyl-3-
benzylcyclopropene and 3-isopropyl-3-phenylcyclopropene, the
target products 3v and 3w were obtained in a relatively lower
diastereoselectivity (2:1) probably because of the smaller
difference in steric hindrance between the two substituents, but
the enantioselectivity remained high (90-95% ee). In the case of
3,3-diphenylcyclopropene, the single-stereoceneter-containing
target product 3x was isolated in 61% yield and 92% ee. The
absolute configuration of 3t was determined by the X-ray
diffraction analysis of a single crystal of the anilinium salt 3t-HBr
prepared by treatment of 3t with HBr (see supporting
information). It was confirmed that the predominant configuration
was formed by addition of the 2-pyridylmethyl unit syn to the
smaller substituent in the cyclopropene skeleton through a re-
face (vide infra).

Table 3. Asymmetric sp® C-H addition of 2,4,6-trimethylpyridine to various
substituted cyclopropenes by TIPS-Y.!

N TIPS-Y (5 mol%)

N ‘0, H
‘ = + [Ph3C][B(CsFs)4] (5 mol%) A Y
= R" R? toluene, -20 C,48 h RW\. =2
N 1, N 1, N ‘0,
T T T
_ R _ R _ R
Me Me Me
Me OMe Br
3m 82% 3n 81% 30 85%

6:1 dr, 96% ee

¥y

3p 78%
6:1 dr, 94% ee

N
(TS
Y

3s 69%
4:1dr, 95% ee

N .,
T
= 3
V X
Ph

3v 77%
2:1dr, 94% ee; 95% ee

5:1 dr, 95% ee

N
‘ ~N
= R
\%j/ M%/Cl

39 84%
8:1.dr, 97% ee

7

3t 77%
> 20:1 dr, 96% ee

3w 57%
2:1 dr, 86% ee; 90% ee

7:1dr, 92% ee

N7
| Cl
= S
Me

3r 86%
5:1 dr, 96% ee

oy

3u 87%
>20:1 dr, 95% ee

N 1,
] 4
) X
Ph Ph

3x 61%
92% ee

[a] Reaction conditions: 1 (0.3 mmol), 2 (0.2 mmol), TIPS-Y (5 mol%),
[Ph3C][B(CsFs)4] (5 mol%), toluene (1 mL), -20 °C, 48 h, combined isolated
yield of both diastereomers; dr and ee determined by "H NMR analysis of
crude reaction mixture and chiral HPLC, respectively.

The combination of TIPS-Y and [Ph;C][B(CsFs)4] also served
as an efficient catalyst for the enantioselective sp® C—H addition
of various 2-methylpyridines to norbonenes, affording the
corresponding pyridylmethyl-functionalized norbornane
derivatives such as 5a-5e with high enantioselectivity (90-97%
ee) and moderate to high yields at room temperature (Table 4).

The chiral pyridylmethyl-functionalized norbornene compound 5f,
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which contains a reactive C=C double bond that may allow
further functionalizations,!® was selectively obtained in high
enantioselectivity (90% ee) by reaction with norbornadiene
under appropriate conditions. Pyridylmethyl-functionalized
norbornane moieties were known to serve as a core structure of
useful chiral ligands.!"

Table 4. Asymmetric sp3 C-H addition of 2-methylpyridines to norbornenes by

TIPS-Y P!
[PhsC][B(CeFs)a] (5 mol%) NS N
R )

S Lb
toluene, rt L .S

EEN ey

5a 81% 5b 60%
97% ee, 96 h 92% ee, 36 h

TIPS-Y (5 mol%)

5¢ 87%
95% ee, 24 h

‘ Ny ‘ Ny . ‘ Ny
= = =
5d 77%
90% ee, 96 h

5e 48%P]
91% ee, 96 h 90% ee, 24 h

[a] Reaction conditions: 1 (0.2 mmol), 4 (0.3 mmol), TIPS-Y (5 mol%),
[PhsC][B(CsFs)al (5 mol%), toluene (1 mL), rt, isolated yield, ee determined by
chiral HPLC. [b] 1 (0.3 mmol), 4 (0.2 mmol). [c] 1 (0.2 mmol), 4 (0.4 mmol).

5f 74%°]

PhsC—R ®
Cp™™YRy + [PhsC]B(CeFs)] CoEVR
1a
\
chlral
=
~Y NN- Y Cpehirl
T UMe Ph
Me

Ph
Q@

@/ MeoN
Me;h(A R= 3:;©
s

= 0Si(’Pr)3

9

Vs
Y. .Ph
VA \Me

C-1
favored

d/sfavored

Scheme 2. Proposed mechanism for the enantioselective sp3 C-H addition of
1ato 2a.

A possible reaction mechanism for the enantioselective
C(sp®)-H bond addition of 2,6-dimethyllutidine (1a) to 3-methyl-
3-phenylcyclopropene (2a) is shown in Scheme 2. The cationic
chiral yttrium alkyl species A generated from the reaction of the
dialkyl precursor TIPS-Y with [Ph3C][B(CeFs)s] may undergo
deprotonative C(sp®)-H activation of 1a to give intermediate B
with the assistance of interaction between the metal center and
the pyridine nitrogen atom.’® The coordination of the
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cyclopropene unit in 2a to the metal center in B could afford two
possible transition states C-1 and C-2, in which C-1 is favored
as it has less steric repulsion between the substituents of the
cyclopropene skeleton in 2a and the catalyst ligand. The
insertion of the cyclopropene unit into the pyridylmethyl-Y bond
in C-1 would give D, which after deprotonation of another
molecule of 1a by the cyclopropyl-Y bond affords the final
product 3a and regenerates the active species B. The kinetic
isotope effect (KIE) studies suggest that C(sp®)-H bond
cleavage is involved in the rate-determining step (see supporting
information).

In summary, we have achieved for the first time the
enantioselective C(sp®)-H bond addition of 2-methyl azaarenes
to various cyclopropenes and norbornenes by using a chiral half-
sandwich rare-earth metal catalyst such as TIPS-Y. This
protocol has afforded a series of chiral pyridylmethyl-
functionalized cyclopropane and norbornane derivatives in high
yields and excellent enantioselectivity in a 100% atom-efficient
manner. Functional groups such as SiMes, linear alkenyl, and
aryl halides are compatible. This unique catalytic transformation
could be ascribed to the strong heteroatom affinity of the rare-
earth metal ions and the high activity of the cationic rare-earth
metal alkyl species towards both C-H activation and C=C
double bond insertion, as well as to the well-defined chiral Cp
ligand environment. Studies on the synthesis and application of
chiral half-sandwich rare-earth alkyl catalysts for asymmetric C—
H transformations and related reactions can be fruitfully
prospected.

Acknowledgements

This work was supported by a Grant-in-Aid for Scientific
Research (S) (No. 26220802) from JSPS. Y.L. thanks RIKEN for
a Foreign Postdoctoral Researcher (FPR) fellowship.

Keywords: cyclopropenes ¢ sp® C-H bond addition * chiral
yttrium catalyst  pyridine norbornene

[1] (a) L. A. Wessjohann, W. Brandt, T. Thiemann, Chem. Rev. 2003, 103,
1625; (b) D. Y. K. Chen, R. H. Pouwer, J. Richard, Chem. Soc. Rev. 2012, 41,
4631.

[2] Selected reviews on C-C bond cleavage of cyclopropanes: (a) T. F.
Schneider, J. Kaschel, D. B. Werz, Angew. Chem., Int. Ed. 2014, 53, 5504;
Angew. Chem. 2014, 126, 5608; (b) L. Souillart, N. Cramer, Chem. Rev. 2015,
115, 9410; (c) G. Fumagall, S. Stanton, J. F. Bower, DOI:
10.1021/acs.chemrev.6b00599.

[3] (a) H.-U. Reissig, Angew. Chem., Int. Ed. Engl. 1996, 35, 971; Angew.
Chem. 1996, 108, 1049; (b) H. Lebel, J.-F. Marcoux, C. Molinaro, A. B.
Charette, Chem. Rev. 2003, 103, 977; (c) H. Pellissier, Tetrahedron 2008, 64,
7041; (d) G. Bartoli, G. Bencivenni, R. Dalpozzo, Synthesis 2014, 979; (e) S.

10.1002/anie.201705431

WILEY-VCH

Chanthamath, S. lwasa, Acc. Chem. Res. 2016, 49, 2080; (f) C. Ebner, E. M.
Carreira, DOI: 10.1021/acs.chemrev.6b00798.

[4] Selected examples: (a) M. Rubina, M. Rubin, V. Gevorgyan, J. Am. Chem.
Soc. 2003, 125, 7198; (b) M. Rubina, M. Rubin, V. Gevorgyan, J. Am. Chem.
Soc. 2004, 126, 3688; (c) W. M. Sherrill, M. Rubin, J. Am. Chem. Soc. 2008,
130, 13804; (d) D. H. T. Phan, K. G. M. Kou, V. M. Dong, J. Am. Chem. Soc.
2010, 132, 16354; (e) K. Kramer, P. Leong, Lautens, M. Org. Lett. 2011, 13,
819; (f) F. Liu, X. Bugaut, M. Schedler, R. Frohlich, F. Glorius, Angew. Chem.,
Int. Ed. 2011, 50, 12626; Angew. Chem. 2011, 123, 12834; (g) B. Tian, Q. Liu,
X. Tong, P. Tian, G.-Q. Lin, Org. Chem. Front. 2014, 1, 1116; (h) A. Parra, L.
Amenos, M. Guisan-Ceinos, A. Lopez, J. L. G. Ruano, M. Tortosa, J. Am.
Chem. Soc. 2014, 136, 15833; (i) D. S. Muller, I. Marek, J. Am. Chem. Soc.
2015, 137, 15414; (j) H.-L. Teng, Y. Luo, B. Wang, L. Zhang, M. Nishiura, Z.
Hou, Angew. Chem., Int. Ed. 2016, 55, 15406; Angew. Chem. 2016, 128,
15632; (k) L. Dian, D. S. Miiller, I. Marek, DOI: 10.1002/anie.201701094.

[5] Cyclopropenes. are known to easily undergo ring-opening in the presence
of metal reagents. Selected reviews: (a) M. Rubin, M. Rubina, V. Gevorgyan,
Chem. Rev. 2007, 107, 3117; (b) Z.-B. Zhu, Y. Wei, M. Shi, Chem. Soc. Rev.
2011, 40, 5534; (c) A. Archambeau, F. Miege, C. Meyer, J. Cossy, Acc. Chem.
Res. 2015, 48, 1021.

[6] A recent review: M. Nishiura, F. Guo, Z. Hou, Acc. Chem. Res. 2015, 48,
2209.

[7] Selected examples: (a) B.-T. Guan, Z. Hou, J. Am. Chem. Soc. 2011, 133,
18086; (b) J. Oyamada, Z. Hou, Angew. Chem., Int. Ed. 2012, 51, 12828;
Angew. Chem. 2012, 124, 13000; (c) B.-T. Guan, B. Wang, M. Nishiura, Z.
Hou, Angew. Chem., Int. Ed. 2013, 52, 4418; Angew. Chem. 2013, 125, 4514.
(d) G. Song, B. Wang, M. Nishiura, Z. Hou, Chem. Eur. J. 2015, 21, 8394; (e)
G. Song, G. Luo, J. Oyamada, Y. Luo, Z. Hou, Chem. Sci. 2016, 7, 5265; (f) X.
Shi, M. Nishiura, Z. Hou. J. Am. Chem. Soc. 2016, 138, 6147; (g) X. Shi, M.
Nishiura, Z. Hou. Angew. Chem., Int. Ed. 2016, 55, 14812; Angew. Chem.
2016, 728, 15032.

[8] G.Song, W.W.N. O, Z. Hou, J. Am. Chem. Soc. 2014, 136, 12209.

[9] Selected reviews: (a) D. O’'Hagan, Nat. Prod. Rep. 1997, 14, 637; (b) B.
Happ, A. Winter, M. D. Hager, U. S. Schubert, Chem. Soc. Rev. 2012, 41,
2222; (c) Y. Huo, H. Zeng, Acc. Chem. Res. 2016, 49, 922. (d) A.-Y. Guan, C.-
L. Liu, X.-F. Sun, Y. Xie, M.-A. Wang, Bioorg. Med. Chem. 2016, 24, 342.

[10] Addition of a sp®> C-H bond to a C=C double bond in an enantioselective
fashion is usually much more difficult than that of a sp® C-H bond. For
examples, see: (a) S. Murarka, |. Deb, C. Zhang, D. Seidel, J. Am. Chem. Soc.
2009, 7317, 13226; (b) Y. K. Kang, S. M. Kim, D. Y. Kim, J. Am. Chem. Soc.
2010, 732, 11847; (c) G. Zi, F. Zhang, H. Song, Chem. Commun. 2010, 46,
6296; (d) F. Zhang, H. Song, G. Zi, Dalton Trans. 2011, 40, 1547; (e) Q. Li, Z.-
X. Yu, Angew. Chem. Int. Ed. 2011, 50, 2144; Angew. Chem. 2011, 123, 2192
(f) S. Pan, K. Endo, T. Shibata, Org. Lett. 2011, 13, 4692; (g) A. L.
Reznichenko, K. C. Hultzsch, J. Am. Chem. Soc. 2012, 134, 3300; (h) S. Pan,
Y. Matsuo, K. Endo, T. Shibata, Tetrahedron 2012, 68, 9009; (i) Y.-k. Tahara,
M. Michino, M. Ito, K. S. Kanyiva, T. Shibata, Chem. Commun. 2015, 51,
16660.

[11] When 2-methyl pyridine was used instead of 2,6-lutidine (1a) to react with
2a, the ortho sp2 (rather than sp3) C-H addition product was obtained, but the
yield and enantioselectivity were lower.

[12] When an excess molar amount of 2a was used in the reaction with 1a, the
cyclopropylation took place at both methyl groups of 1a, but the resulting
diastereoisomers, which have four chiral centers, were difficult to separate.
[13] J. (S.) Zhou, J. F. Hartwig J. Am. Chem. Soc. 2008, 130, 12220.

[14] B. Koning, A. Meetsma, R. M. Kellogg, J. Org. Chem. 1998, 63, 5533.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition 10.1002/anie.201705431

WILEY-VCH

C(sp’)-H Addition

COMMUNICATION

Y. Luo, H.-L. Teng, M. Nishiura, Z. Hou*

Page No. — Page No.

Asymmetric Yttrium-Catalyzed
C(sp®)-H Addition of 2-Methyl
Azaarenes to Cyclopropenes

The enantioselective C(sp®)-H bond addition of 2-methyl azaarenes such as 2-
methylpyridines to various substituted cyclopropenes and norbornenes has been
achieved for the first time by using a chiral half-sandwich yttrium catalyst. This
protocol afforded a series of chiral pyridylmethyl-functionalized cyclopropane and
norbornane derivatives in high yields, high enantioselectivity, and 100% atom-
efficiency.
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