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Abstract The unique reactivity of allenes has led to their emergence
as valuable coupling partners in transition-metal-mediated C-H activa-
tion reactions. On the other hand, due to its high abundance and high
Lewis acidity, cobalt is garnering widespread interest as a useful catalyst
for C-H activation. Here, we summarize cobalt-catalyzed C-H activa-
tions involving allenes as coupling partners and then describe our stud-
ies on Co(lll)-catalyzed C-8 dienylation of quinoline N-oxides with al-
lenes bearing a leaving group at the a-position for realizing a

dienylation protocol.

Key words cobalt catalysis, C-H activation, allenes, dienylation, quin-

olines

1 Introduction

1.1 Allenes in C-H Activation

The unique reactivity of allenes has led to an outburst in
their popularity as valuable building blocks in various ele-
gant synthetic transformations.! Their versatility allows
them to participate in a variety of reactions, such as cyclo-
additions, cyclizations, and nucleophilic and electrophilic
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additions, as well as noble-metal-catalyzed carbocycliza-
tions.>? Along these lines, allenes have also been extensive-
ly studied as coupling partners in transition-metal-cata-
lyzed C-H functionalization reactions.* The carbometalla-
tion of an allene with an organometallic intermediate R-M
(formed after C-H activation) depends on both the stereo-
electronic properties of substituents present on the allene
and on the nature of the metal M. The prospect of chemo-

© 2021. Thieme. All rights reserved. Synlett 2021, 32, 1169-1178
Georg Thieme Verlag KG, RiidigerstraRe 14, 70469 Stuttgart, Germany

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



1170

Synlett R. K. Shukla et al.

and regioselective formation of two disparate carbometa-  with allenes (Scheme 1) makes their study both challenging
lated intermediates M-alkenyl (Int-A) or M-mn-allyl (Int-B) and intriguing. These intermediates, being highly reactive,
(through either 3,2-insertion or 2,1-insertion, respectively) undergo various transformations such as annulation, pro-

Cp*Co(lll)-catalyzed C-H functionalization with allenes

a. Cheng's work: [5+1] annulation reaction of allenes with 2-vinylphenols
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d. Ellman's work: three-component reaction of thiophenamides, allenes, and NIS
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Scheme 2 Cp*Co(lll)-catalyzed C-H functionalizations with allenes
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tonation, reductive elimination, or B-hydride elimination,
furnishing structurally variant frameworks. In 2009,
Krische and co-workers reported the first application of al-
lenes as coupling partners in C-H activation reactions in
the presence of an Ir(Ill) catalyst.> Subsequently, Cramer
and co-workers developed Rh(I)-catalyzed C-H functional-
ization reactions with allenes.® Although elegant, these
methods suffer from the requirement of rare and expensive
noble-metal catalysts.” This motivated various research
groups to develop C-H transformations of allenes by using
inexpensive metal catalysts such as Ru,%, Ni,” Mn,'° Fe,!! or
C0‘12—21

1.2 Cobalt(lll)-Catalyzed C-H Activation with Al-
lenes

In 2013, Kanai and Matsunaga and their co-workers
made notable inroads toward replacing expensive noble-
metal catalysts [Cp*Rh(III) or Cp*Ir(Ill)] (Cp* = pentamethyl-
cyclopenta-1,3-diene) with inexpensive Earth-abundant
first-row Co(Ill) salts.2? Consequently, cobalt-catalyzed C-H
activations have found a niche in synthetic chemistry, ow-
ing to the general abundance and high Lewis acidity of co-
balt.22b The first report of the use of allenes in cobalt-cata-
lyzed C-H activation was disclosed by Cheng and co-work-
ers in 2016. They demonstrated a Cp*Co(lIll)-catalyzed
vinylic C-H activation of 2-vinylphenols with allenes to-

Co(ll)-mediated C-H functionalization with allenes

a. Our work: [4+2] annulation of all with ber
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c. Cheng's work: [4+2] annulation of allenes with benzamides
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Scheme 3 Cobalt(ll)-mediated C-H functionalizations with allenes
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Ackermann's work: cobaltaelectrocatalyzed [4+2] annulation of allenes with benzamide
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Scheme 4 Cobaltaelectrocatalyzed [4+2]-annulations of allenes with benzamides. RVC = reticulated vitreous carbon.

ward the synthesis of 2H-chromenes through an oxidative
[5+1]-cyclization in which the allene acted as a one-carbon
coupling partner (Scheme 2a).!? Later, in 2018, the same
group reported Cp*Co(lll)-catalyzed [3+3]-' and [4+1]-an-
nulation' reactions in which the allene acted as a three- or
one-carbon annulation partner, respectively (Schemes 2b
and 2c). All these reactions proceed through a Co-m-allyl
intermediate (Int-B; M = Co) formed by 2,1-migratory in-
sertion of the allene with the organocobalt species.

In 2017, Boerth and Ellman revealed a controlled cobalt-
catalyzed three-component reaction of allenes with N-io-
dosuccinimide (NIS).'> The iodination product was obtained
by countering electropositive iodine with a Co-alkenyl in-
termediate (Int-A, M = Co) formed by 3,2-migratory inser-
tion of the allene. Later, Ackermann and co-workers
demonstrated an elegant Cp*Co(Ill)-catalyzed hydroaryla-

a) Chemistry of allene leaving group

Stabilized carbon nucleophiles

&'//ﬁ/ LG

R Nu

Nonstabilized nucleophiles

b) Our approach: Co(lll)-catalyzed dienylation of quinoline N-oxides
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Scheme 5 Chemistry of the allene leaving group

tion of allenes through protonation of a Co-alkenyl inter-
mediate (Int-A, M = Co0).16

1.3 Cobalt(ll)-Mediated C-H Activation with Allenes

In 2005, Daugulis and co-workers demonstrated the ap-
plication of bidentate auxiliaries [8-aminoquinoline, pico-
linamide, or (pyridin-2-ylmethyl)amine] in Pd-catalyzed C-
H activation reactions.?*> The formation of tridentate dian-
ionic pincer-type complex with the metal center translates
into versatility of these directing groups. Subsequently, in
2014, the same group demonstrated the use of bidentate
auxiliaries (8-aminoquinoline or picolinic acid) in Co(II)-
mediated C-H functionalization reactions.?* The formation
of catalytically viable Co(Ill) with the bidentate directing
group from cheap and readily available Co(Il) was the main
highlight of this work. Shortly thereafter, our group devel-
oped an efficient Co(Il)-mediated C-H activation and annu-
lation reaction of allenes facilitated by 8-aminoquinoline as
an auxiliary at room temperature (Scheme 3a).'” Inde-
pendently, Rao and Cheng also described Co(II)-catalyzed
allene annulation reactions with 8-aminoquinoline ben-
zamides (Schemes 3b and 3c).'82P Because of the impor-
tance of Co(Il) as a catalyst and the unique reactivity of
strained m-systems, our group subsequently demonstrated
a Co(II)-catalyzed aryl C-H activation/intermolecular annu-
lation of sulfonamides (Scheme 3d), phosphoramides, and
benzamides by employing various m-systems such as al-
lenes, methylenecyclopropanes, or diynes.2> More recently,
Zhai et al. reported an elegant Co(Il)-catalyzed allene tri-
functionalization with molecular oxygen employing 2-(1-
methylhydrazinyl)pyridine as an auxiliary (Scheme 3e).'?

Recent years have seen the emergence of electrochemis-
try as an effective alternative in synthetic chemistry, by-
passing the need for stoichiometric oxidants. On this basis,
the Ackermann group recently developed an electrocatalyt-
ic cobalt-catalyzed pyridyl N-oxide-directed annulation re-
action with allenes (Scheme 4a).2° Subsequently, they also
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disclosed an electrocatalytic cobalt-catalyzed annulation
reaction with allenes by using 2-(1-methylhydrazinyl)pyri-
dine as a directing group (Scheme 4b).?!

2 Cobalt(lll)-Catalyzed C-8 Dienylation of
Quinoline N-Oxides with Allenes

2.1 Background

As mentioned above, allenes were previously tested in a
variety of Co-catalyzed C-H activation reactions. However,
the use of allenes bearing leaving groups at the a-position
as convenient coupling partners in C-H activation was
much less explored. In nucleophilic substitution reactions,
these allenes typically show two distinct reactivities based
on the nature of the nucleophile. Stabilized carbon nucleo-
philes in the presence of metal catalysts furnish substituted
allenes through outer-sphere nucleophilic attack (Scheme
5a).26 However, complementary reactivity has been docu-
mented in reactions with nonstabilized nucleophiles, lead-
ing to substituted dienes and proceeding through an inner-
sphere mechanism.?” The importance of dienes as key

A o
T S
.
NG T N0 ome
|
1 O 2

building blocks in organic synthesis encouraged us to study
the reactivity of organocobalt species generated by C-H ac-
tivation with allenes bearing leaving groups to realize an ef-
ficient dienylation.?® After C-H activation, selective 2,3-mi-
gratory insertion of allenes with a hetero-aryl-cobalt(III)
intermediate leads to a key Co-c-allyl intermediate that, af-
ter B-elimination, affords the corresponding dienylated
quinolines. With this synthetic design in mind, we devel-
oped a protocol wherein allenyl carbonates efficiently re-
acted with quinoline N-oxides to furnish C-8 dienylated
quinolines under cobalt(IIl) catalysis (Scheme 5b).

2.2 Optimization and Scope

Quinoline N-oxide (1a) and allenes having various leav-
ing groups in the a-position were chosen as model sub-
strates to test the facile Co-catalyzed C-8 dienylation. As ex-
pected, the choice of the leaving group was found to be cru-
cial, and carbonates were most favorable. After extensive
optimization studies, the best results were obtained by em-
ploying 10 mol% of Cp*Co(CO)I, and 30 mol% of NaOPiv in
2,2,2-trifluoroethanol (TFE) at 90 °C. The addition of 30
mol% of NaF was found to be crucial for achieving the de-
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NaOPiv (30 mol%)

NaF (30 mol%)
TFE, 90°C, 12 h
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Scheme 6 Dienylation of various quinoline N-oxides
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sired transformation (Scheme 6).28 It is also worth men-
tioning that the efficacy of the transformation was consid-
erably inferior when Rh(IIl) or Ru(Il)-salts were tested in
place of Co(IIl), indicating the unique reactivity of Cp*Co(III)
salts in the transformation.

A variety of C-8 dienylated quinoline N-oxides were
synthesized under the standard reaction conditions. As
shown in Scheme 6, the reactivity of diversely substituted
quinoline N-oxides was studied. To our delight, the reaction
accommodated a variety of substituents, including elec-
tron-withdrawing or electron-donating groups in the 2-, 3-,
4-, 6-, or 7-positions of the quinoline moiety, and it deliv-
ered the corresponding products 3a-n in moderate to good
yields (45-91%). We were pleased to observe that the pro-

tocol could be extended to benzo[f]quinoline N-oxide and
quinoxaline N-oxide, giving the corresponding dienylated
products 30 and 3p in yields of 75 and 65%, respectively.

Subsequently, the scope of the allenyl carbonates 2 was
also studied (Scheme 7). A variety of allenes bearing ali-
phatic or aromatic substituents afforded the corresponding
dienes effortlessly in moderate to good yields. The protocol
also permitted late-stage modification of complex bioactive
molecules such as L-menthol and cholesterol by employing
the corresponding allenyl carbonates.

Sequential Pd-catalyzed C2 C-H functionalization fol-
lowed by Co-catalyzed C8 C-H functionalization permitted
expedite syntheses of diversely substituted quinoline-N-o0x-
ides from simple quinoline N-oxides. A palladium-catalyzed
radical C-2 alkylation was carried out in the first step and

A R2 [Cp*Co(CO)l3] (10 mol%)
Ri< PR ‘&-'I\.\)\ NaOPiv (30 mol%)
N S LG
I NaF (30 mol%)
1 © ) TFE, 90 °C, 12 h
MeO
X MeO. N MeO
e
l?l ’?/ :/ ,},‘/
N\ o o o~ Ph fon
Me™ SN n-Hex/\ N NN ~ X
3q, 75% 3r, 81% Et 35, 70% 3t, 75%
MeO.
X MeO x
~
¥ e ﬁ*
- |
W o 0o o
Ph” N X ol XN A \ RS
o8 FH Br/
3u, 74% 3v, 65% 3w, 62%2 3x, 69%*
| AN AN
= -
N W
o _
X %
3y, 64%2 F 32 60%° 3aa, 53%" 3ab, 69%"
(

L Late-Stage Modifications

—

3ac, 65%°

L-Menthol

3ad, 60%"

Cholesterol

aLG=Boc,PLG=Ac

Scheme 7 Allene scope for dienylation. LG = leaving group.
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a) Sequential C(2)-H and C(8)-H bond functionalization
H

MeO . ‘ MeO
Pd(OAc); (10 mol%)
L
’T‘ TBHP (3 equiv)
o- TBAB (1 equiv)
100 °C, 8 h
1e
MeO. X
/ (0)

5a, 74%

Scheme 8 Sequential C-2 and C-8 functionalization

XX YT
R—:/ ___ [Cp*Co(COl,] (10 mol%) R— P
2. o— ; o i
.z ’? Cy/— NaOPiv (30 mol%) ) v
o TFE, 90 °C, 12 h NN ©
1, 1.0 equiv 6, 1.2 equiv 7
tB =
-Bu
A
~
pZ H 'f‘
'? 1 Cy o
o 1
N H Co
7a, 50% 7b, 55% ' +ia Co-orally
o~

Scheme 9 Co(lll)-catalyzed C-8 alkenylation

the resulting products 4 were used in subsequent C-8 die-
nylations under standard reaction conditions with 2a to af-
ford the difunctionalized quinoline N-oxides 5 in good
yields (Scheme 8).

Consequently, selective C-8 alkenylation of quinoline N-
oxides was demonstrated in moderate yields under the
standard conditions by using allenes devoid of leaving
groups (Scheme 9). The formation of the branched alkenes
7 with allenes devoid of leaving group indicates that the or-
ganocobalt intermediate undergoes a 2,1-migratory inser-
tion leading to a Co-o-allyl intermediate.

The dienylated quinoline N-oxides 3 were then shown
to undergo a variety of synthetic transformations (Scheme
10). The N-oxide bond was selectively cleaved by using PCl,.
A clean switch of the N-oxide oxy functionality to the a-
carbon was observed when quinoline N-oxide 3b was treat-
ed with acetic anhydride to furnish a-acetoxy-substituted
quinaldine 9. To our delight, 2-triazolyl quinolines 11 were
obtained in excellent yields by reaction with N-sulfonyl tri-
azoles 10 under metal-free conditions.?® Furthermore, die-
nylated quinolines 8 and 11, obtained by reduction or tri-
azolylation, respectively, were tested in a Diels-Alder reac-
tion and in catalytic hydrogenation (Scheme 10b).

X MeO X
2
O e
| - Standard conditions l_
O O
/D
5
MeO. x
s
o
NN

2.3 Mechanistic Studies

To shed light on the reaction mechanism, a series of pre-
liminary mechanistic experiments were performed. Deute-
rium-labeling experiments were carried out under the op-
timized reaction conditions to examine the incorporation
of deuterium at the C(8)-H position of quinoline N-oxide
(Scheme 11). No deuterium/hydrogen scrambling occurred
at the C(8) position in the presence or absence of an allene.
This experiment suggests that the C-H bond-cleavage step
might be irreversible.

Subsequently, kinetic studies were undertaken in which
a competitive isotope effect (ky/kp) of 1.34 was observed
when a 1:1 mixture of 1a and its 8-deuterated analogue
[D]-1a was treated with the allene 2a under the standard
conditions (Scheme 12a), whereas two parallel reactions
with 1a and [D]-1a in the presence of the allene 2a, showed
a kinetic isotopic value (ky/kp) of 1.29 (Scheme 12b). These
results implied that C-H bond cleavage is not involved in
the rate-limiting step.

3 Conclusion

In conclusion, we have summarized the application of
allenes as useful reaction partners in both Co(Ill)-catalyzed
and Co(Il)-mediated C-H activation reactions for realizing
divergent transformations leading to structurally variant
frameworks. By judicious choice of the C-H activation sub-
strate and the leaving group on the allene, a practical and
efficient C8-dienylation of quinoline N-oxide was demon-
strated by using 10 mol% of Cp*Co(III) as a catalyst. The op-
erationally simple conditions tolerate a wide array of func-
tional groups on both reaction partners. Preliminary deu-
teration and kinetic studies have given key information on
the mechanism. We expect that the versatile reactivity of
allenes will find more applications in metal-catalyzed C-H
activation reactions.
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a) Further functionalizations of quinoline N-oxides

R
§ R
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A g D R=2-Me N
8a,62% R=H 9, 96%
8b, 69% R = 4-Me 3
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I e S O
N= ¢ \
N N & b
R=H, 11a, 95% b |
R = Me, 11b, 86% )

CCDC 1584970 ¢

b) Further functionalizations of quinolines

N~ “R? R', R2=H, 12a, 90%

toluene, 80 °C, 12 h

’
R! N R O A

P Et0,C—==—CO,Et R
N ‘ R'=Me, R2= gNWMe
8aand 11a CO,Et ,‘\‘\

=N
COREt 12b, 86%
R
— _N
Pd/C (20 mol%) NT N7y
H,, EtOAC, 1t, 8 h
11a 13, 95%
Me Me
Scheme 10 Gram-scale further functionalization. The X-ray structure is that of 11b.
a) H/D exchange study
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N NaOPiv (30 mol%) =
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Funding Information 1a 1a

no H/D exchange

We would like to thank the Science and Engineering Research Board
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Kinetic studies

c) Competitive isotope effect

>

L

I
H o~ o}
1a

.

o S o
| T 2a

*
oy
D O
[D}-1a

d) Parallel kinetic-isotope effect

X 0}

.
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|
HD O 2a
1a/[D]-1a

Scheme 12 Kinetic studies
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