(D BEILSTEIN JOURNAL OF ORCANIC CHEMISTRY

Cobalt catalysis

Edited by Shigeki Matsunaga




Imprint

Beilstein Journal of Organic Chemistry
www.bjoc.org

ISSN 1860-5397

Email: journals-support@beilstein-institut.de

The Beilstein Journal of Organic Chemistry is
published by the Beilstein-Institut zur Férderung
der Chemischen Wissenschaften.

Beilstein-Institut zur Férderung der
Chemischen Wissenschaften
Trakehner Stral3e 7-9

60487 Frankfurt am Main
Germany

www.beilstein-institut.de

The copyright to this document as a whole,
which is published in the Beilstein Journal of
Organic Chemistry, is held by the Beilstein-
Institut zur Férderung der Chemischen
Wissenschaften. The copyright to the individual
articles in this document is held by the respective
authors, subject to a Creative Commons
Attribution license.



(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Cobalt-catalyzed directed C—H alkenylation of pivalophenone
N-H imine with alkenyl phosphates

Wengang Xu and Naohiko Yoshikai"

Full Research Paper

Address:

Division of Chemistry and Biological Chemistry, School of Physical
and Mathematical Sciences, Nanyang Technological University,

Singapore 637371, Singapore

Email:
Naohiko Yoshikai" - nyoshikai@ntu.edu.sg

* Corresponding author

Keywords:
alkenylation; C—C bond formation; C—H activation; cobalt; imine

Abstract

Beilstein J. Org. Chem. 2018, 14, 709-715.
doi:10.3762/bjoc.14.60

Received: 16 January 2018
Accepted: 14 March 2018
Published: 28 March 2018

This article is part of the thematic issue "Cobalt catalysis".

Guest Editor: S. Matsunaga

© 2018 Xu and Yoshikai; licensee Beilstein-Institut.
License and terms: see end of document.

A cobalt-N-heterocyclic carbene (NHC) catalyst efficiently promotes an ortho C—H alkenylation reaction of pivalophenone N—H

imine with an alkenyl phosphate. The reaction tolerates various substituted pivalophenone N—H imines as well as cyclic and acyclic

alkenyl phosphates.

Introduction

Transition-metal-catalyzed, directing group-assisted arene C—H
activation reactions have been extensively studied over the last
few decades to offer a broad array of atom and step-economical
methods for the synthesis of functionalized aromatic com-
pounds [1-6]. Among various C—H transformations, the intro-
duction of alkenyl groups into the ortho position of functionali-
zed arenes has attracted significant attention because of the syn-
thetic versatility of alkenyl groups. The C—H alkenylation has
been achieved most extensively by way of the dehydrogenative
Heck-type reaction of olefins [7-9]. Meanwhile, the hydroaryl-
ation of alkynes has also been explored as an alternative ap-
proach for C—H alkenylation [10]. Despite the significant
progress made, each of these C—H alkenylation manifolds has
some critical limitations. For example, the dehydrogenative
Heck reaction is often limited to activated monosubstituted

alkenes (e.g., acrylates), and is challenging with unactivated and
multisubstituted alkenes [11]. The hydroarylation of alkynes
does not allow for the introduction of cycloalkenyl groups
because of the unavailability of the corresponding alkynes. In
light of such limitations, a coupling between arene substrates
and alkenyl electrophiles would offer a complementary ap-
proach for the C—H alkenylation [12]. In particular, C—H
alkenylations by way of alkenyl C—O bond cleavage has at-
tracted much attention because of the ready accessibility of the
corresponding alkenyl electrophiles (e.g., acetate, phosphate)
from ketones [13-17].

Over the last several years, we and others have developed a

series of directed arene C—H functionalization reactions with

organic electrophiles under low-valent cobalt catalysis [18-21].
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In particular, our group and the Ackermann group have inde-
pendently demonstrated that the combination of a cobalt—N-
heterocyclic carbene (NHC) catalyst and a Grignard reagent
allows for the arene C—H functionalization with organic halides
and pseudohalides under the assistance of nitrogen directing
groups [17,22-27]. In this connection, Ackermann developed a
mild and efficient C—H alkenylation of N-pyrimidylindoles and
pyrroles with alkenyl acetates using a cobalt—-NHC catalyst
(Scheme 1a) [17]. The same catalytic system also promoted the
alkenylation using alkenyl carbamates, carbonates, and phos-
phates. More recently, we have achieved an N-arylimine-
directed arene C—H alkenylation reaction with alkenyl phos-
phates using a different cobalt-NHC catalyst (Scheme 1b) [28].
Meanwhile, we have also demonstrated that pivaloyl N-H
imine serves as a powerful directing group for cobalt-catalyzed
arene C—H functionalization reactions such as the hydroaryl-
ation of alkenes and alkylation/arylation using organic halides
[29,30]. These previous studies have prompted us to expand the
scope of cobalt catalysis for the C—H alkenylation and thus to
develop an ortho C—H alkenylation reaction of pivalophenone
N-H imine with alkenyl phosphates using a new cobalt-NHC
catalyst, which is reported herein (Scheme 1c). The present
alkenylation features a mild reaction temperature and displays
applicability to a variety of substituted pivalophenone N-H
imines and alkenyl phosphates. It should be emphasized that
pivalophenone N-H imines and related bulky N-H imines can

be readily prepared from the corresponding aryl nitriles and

a) Ackermann [17]
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organolithium or Grignard reagents, while analogous N-substi-
tuted imines are nontrivial to synthesize because of sluggish ke-
tone/amine condensation. As such, the present reaction would

complement the N-arylimine-directed alkenylation.

Results and Discussion

The present study commenced with screening of the reaction
conditions for the coupling between pivalophenone N—H imine
1a and cyclohexenyl phosphate 2a (Table 1). Thus, the reaction
was performed in the presence of CoBr, (10 mol %), ligand
(10-20 mol %), and -BuCH,MgBr (2 equiv) in THF at room
temperature. While monodentate phosphines such as PPhj and
PCys were entirely ineffective (Table 1, entries 1 and 2),
common bulky NHC precursors such as 1,3-bis(2,4,6-trimethyl-
phenyl)imidazolium chloride (IMes-HCI) and 1,3-bis(2,6-diiso-
propylphenyl)imidazolium chloride (IPr-HCI) promoted the
coupling reaction to afford the desired alkenylation product 3aa
albeit in moderate yields (Table 1, entries 3 and 4). No signifi-
cant improvement was observed using the saturated analogues
of IMes-HCI and IPr-HCI (Table 1, entries 5 and 6) or the 2,6-
diethylphenyl analogue (IEt-HCI, Table 1, entry 7). Further-
more, the NHC precursor featuring a cyclohexane backbone and
2,6-diethylphenyl groups (L1-HBr), which proved to be the
optimal ligand for the C—H arylation of pivalophenone N-H
imine as well as for the C—H alkenylation of N-arylimine
(Scheme 1a, b) [28,29], was not particularly effective for the
present reaction (Table 1, entry 8). To our delight, we observed

R? iPr iPr
mH Col, (10 mol %) N/ —_
N R2 IPr-HCI (10 mol %) N_ N
ju Aco— CyMgCl (2 equiv) N R N
N 1 N _cr
) ) DMPU, 23 °C N7 iPr = iPr
= ' \i) IPr-HCI
b) Yoshikai [28]
CoBr; (10 mol %) _PMP ( \
N-FMP L1-HBr (10 mol %) N Et \/_\/ Et
I 1 R? t-BuCH ,MgBr (2.5 equiv) N Nt
Me (iPro), PO~ Me N
R TMEDA g2 B
THF, 40 °C, 12 h ~ R Et B Et
R L1-HBr
c) this work
CoBr; (10 mol %)
NH L2-HBr (10 mol %) NH iPr iPr
(|)| R2  t-BUCH,MgBr (2.0 equiv) N By W
t-Bu (EtO)zPO\(/‘ ( N
R THF, 1t, 12 h ANA R o
R’I iPr iPr
L2-HCI

Scheme 1: Cobalt-NHC-catalyzed C—H alkenylation reactions with alkenyl electrophiles.
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Table 1: Optimization of reaction conditions.?

Beilstein J. Org. Chem. 2018, 14, 709-715.

CoBr; (10 mol %) NH

NH (o) ligand (10-20 mol %)
(Eto)2lgo t-BuCH,MgBr (2 equiv) t-Bu
t-Bu *
THF, 1t, 12 h ‘
1a 2a

3aa

N
& N" +
R? . cr ; R2 R2
R R -
 Brg C'

IMes-HCI (RT = R? = Me) o
IPrHCI (R" = iPr, R2 = H) 2::\3":’38%11 i_PrRZR_Z ':'E’H)) L1-HBr L2:HCI
IEtHCI (RT = Et, R? = H) ’
entry ligand (mol %) yield (%)°
1 PPh; (20) 0
2 PCys (20) 0
3 IMes-HCI (10) 29
4 IPr-HCI (10) 53
5 SIMes-HCI (10) 40
6 SIPr-HCI (10) 46
7 IEtHCI (10) 38
8 L1-HBr (10) 37
9 L2-HCI (10) 88°

aThe reaction was performed using 0.2 mmol of 1a and 0.3 mmol (1.5 equiv) of 2a. PDetermined by GC using n-tridecane as an internal standard.

Clsolated yield.

a remarkable improvement in the reaction efficiency using the
benzofused analogue of IPr-HCI (L2-HCI), affording 3aa in
88% yield without any trace of a dialkenylation product
(Table 1, entry 9). It should be noted that, unlike the C—H aryl-
ation of pivalophenone N-H imine and the C—H alkenylation of
N-arylimine (Scheme 1a, b), the addition of TMEDA was not
necessary to achieve high reaction efficiency, while the reason
for this remains unclear. Note also that the present reaction
could employ the relatively inexpensive diethyl phosphate,
whereas, in the N-arylimine-directed alkenylation, the use of
diisopropyl phosphate was necessary to achieve higher and
more reproducible yields (cf. Scheme 1b) [28].

With the optimized reaction conditions in hand, we explored the
scope of the present alkenylation reaction. First, various substi-
tuted pivalophenone N—H imines were subjected to the reaction
with 2a (Scheme 2). Pivalophenone N-H imines bearing a
series of para-substituents all participated in the alkenylation
reaction to afford the desired products 3ba—ga in good yields.
The reaction of m-methyl-substituted imine took place preferen-

tially at the less hindered position to afford 3ha as the major
isomer with a moderate regioselectivity of 3:1. By contrast,
imines bearing m-methoxy, m-fluoro, or a 3,4-methylenedioxy
group underwent exclusive alkenylation at the proximity of the
functional group to afford the products 3ia—ka in good yields.
As was also observed in previously reported cobalt-catalyzed
ortho C-H functionalization reactions [22,23,28,29], this regio-
selectivity may be ascribed to the role of the oxygen or fluorine
atom as a secondary directing group to have an electrostatic
interaction with the cobalt center during the C—H activation. For
compound 3ja, an increased acidity of the ortho position of the
fluorine atom could have also contributed to the observed regio-
selectivity [31]. Curiously, the reaction of 2-naphthylimine
resulted in the preferential alkenylation of the more hindered
1-position rather than the 3-position, with a regioselectivity of
4:1 (see 3la).

Next, the reaction of the parent pivalophenone N-H imine 1a

with different alkenyl phosphates was explored (Scheme 3).
The reaction of cyclopentenyl phosphate proceeded smoothly to
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CoBr; (10 mol %)

NH o L2:HCI (10 mol %) NH
i t-BuCH »MgBr (2 equiv) A t-Bu
AN 1py + (E0)PO R_:/ D
R THF, t, 12 h
1b-I1 2a 3ba—la
NH NH NH NH
O t-Bu O t-Bu O t-Bu O t-Bu
Me ‘ Ph ‘ MeO ‘ F3CO ‘
3ba, 85% 3ca, 86% 3da, 83% 3ea, 79%
NH NH NH NH
M
O t-Bu O t-Bu © O t-Bu O t-Bu
Me,N F
OMe
3fa, 82% 3ga, 81% 3ha, 76% (rr = 3:1) 3ia, 79%
NH NH NH
t-Bu t-Bu

3ja, 79% 3ka, 84%

3la, 82% (rr = 4:1)2

Scheme 2: Reaction of substituted pivalophenone N-H imines with 2a. @The major regioisomer is shown (rr = regioisomer ratio).

CoBr; (10 mol %)
L2-HCI (10 mol %)

i ® t-BUCH,MgBr (2 equi
-bu r equiv
By * (EtO)zPO\(\I 2MgBr (2 equiv)
..+ THF,t,12h
1a 2bj
NH NH NH NH
O t-Bu O t-Bu O t-Bu t-Bu
0 @ CJ g
3ab, 85% 3ac, 79% 3ad, 86% 3ae, 82% (E/Z > 10:1)2
NH
NH NH NH
t-Bu -
t-Bu t-Bu t-Bu
g _ o
. 9
3ag (R = t-Bu), 84% 3ai, 88% 3aj, 90% (E/Z = 4:1)°

3af, 78% (E/Z = 4:1)P
3ah (R = Ph), 85%

Scheme 3: Reaction of 1a with various alkenyl phosphates. 2A mixture of E- and Z-alkenyl phosphate (ca. 1:1) was used. PZ-rich alkenyl phosphate

(ZIE = ca. 9:1) was used. °E-alkenyl phosphate was used.
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afford the desired product 3ab in a high yield of 85%. This is in
a sharp contrast to the poor reactivity of the analogous diiso-
propyl phosphate in the N-PMP imine-directed alkenylation
(12% yield). Other cycloalkenyl phosphates with larger ring
sizes also efficiently underwent the C—H alkenylation to afford
the respective products 3ac—af in good yields. Notably, the
cyclodecenylated product 3ae was obtained in an E-rich form
from an E/Z mixture (1:1) of the starting alkenyl phosphate,
demonstrating the £/Z isomerization during the C—C-bond for-
mation. The E/Z isomerization was also observed for the
conversion of cyclododecenyl phosphate (E/Z = 9:1) to the
product 3af (E/Z = 3:1). Expectedly, 4-substituted cyclohex-
enyl phosphates reacted smoothly to afford the desired prod-
ucts 3ag and 3ah. Furthermore, a 6-methyl group on the cyclo-
hexenyl phosphate did not interfere with the reaction (see 3ai).
Finally an acyclic alkenyl phosphate derived from 4-heptanone
(E isomer) was also amenable to the alkenylation reaction,
affording the product 3aj with an E/Z ratio of 4:1.

In our previous study on the C—H alkylation and arylation of
pivalophenone N-H imines, we demonstrated that the pivaloyl
imine readily undergoes fragmentation into a cyano group via
an iminyl radical under peroxide photolysis or copper-cata-
lyzed aerobic conditions [29]. Under the same peroxide photo-
lysis conditions (#~-BuOO#-Bu with UV (254 nm) irradiation),
the ortho-alkenylated imine 3aa underwent a C—N bond-

t-Bu
N,MgX

_m,  * MgX(OR)

3-MgX
RMgX

Scheme 5: Proposed catalytic cycle (R = -BuCHy, R' = P(O)(OEt),).

R'O_,_~
\’/\ .
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forming cyclization to afford the spirocyclic imine 4 in 81%
yield (Scheme 4). The reaction likely involves the initial forma-
tion of an iminyl radical from 3aa and a ferz-butoxyl radical and

its intramolecular addition to the cyclohexenyl group.

NH t-Bu
O t-Bu hv (254 nm) N

3aa

t-BuOOt-Bu, 12 h
4,81%

Scheme 4: The cyclization of o-alkenylpivalophenone N—H imine.

On the basis of our previous studies on the N-arylimine-directed
C-H alkenylation and the N-H imine-directed C—H alkylation/
arylation [28,29], we are tempted to propose the catalytic cycle
illustrated in Scheme 5. An alkylcobalt species A, generated
from the cobalt precatalyst and the Grignard reagent, would
undergo cyclometalation of magnesium alkylidene amide
1-MgX, generated from imine 1 and the Grignard reagent, to
give a cobaltacycle species B while liberating an alkane R—H.
The species B would then undergo a single-electron transfer
(SET) to the alkenyl phosphate 2 to generate a pair of an
oxidized cobaltacycle B" and a radical anion 2°~. This would be

followed by the elimination of a phosphate anion and imme-

t-Bu
(\ N/ng
[Co]-R Z
1-MgX
A
R-H
t-Bu
E\ N,ng
/
7N [Col
B
t-Bu
N/ng R'OW/M%
/+
[Col* g+ 2
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diate recombination of the cobalt center and the alkenyl radical
to give a diorganocobalt intermediate C. The C—C-bond rota-
tion of the radical anion 2°~ or the transiently formed alkenyl
radical might be responsible for the stereochemical mutation of
the C=C bond observed in some cases. The reductive elimina-
tion of C and subsequent transmetalation with the Grignard
reagent would furnish the alkenylation product 3-MgX and
regenerate the species A. While the relationship between the
ligand and the catalytic activity remains unclear, we speculate
that a strong c-donating ability of NHC ligands would facilitate
the SET step among others.

Conclusion

In summary, we have developed an ortho C—H alkenylation
reaction of pivalophenone N-H imines with alkenyl phosphates
using a cobalt-NHC catalyst. The reaction takes place smoothly
at room temperature and is applicable to a variety of substituted
pivalophenone N—H imines and alkenyl phosphates. The NHC
ligand architecture proved to have a significant impact on the
efficiency of the present C—H/electrophile coupling. We antici-
pate that the elaboration of NHC ligands would also be instru-
mental to the improvement of other C—H activation and related
transformations promoted by low-valent cobalt complexes [32-
40].

Experimental

Typical procedure: Cobalt-catalyzed alkenylation of pivalo-
phenone N-H imine 1a with alkenyl phosphate 2a. A 10 mL
Schlenk tube equipped with a magnetic stirring bar was charged
with L2-HC1 (9.5 mg, 0.020 mmol), CoBr, (4.4 mg,
0.020 mmol), and THF (0.30 mL). The resulting solution was
cooled in an ice bath, followed by the addition of
t-BuCH,MgBr (2.0 M in THF, 0.20 mL, 0.40 mmol). After stir-
ring for 30 min, 2,2-dimethyl-1-phenylpropan-1-imine (1a,
33 mg, 0.20 mmol) and cyclohex-1-en-1-yl diethyl phosphate
(2a, 70 mg, 0.30 mmol) were added. The resulting mixture was
warmed to room temperature, stirred for 12 h, and then filtered
through a short silica-gel column, which was washed with ethyl
acetate (5 mL). The filtrate was concentrated under reduced
pressure. Silica gel chromatography (eluent: hexane/EtOAc/
NEt3 50:1:1) of the crude product afforded the desired alkenyla-
tion product as a colorless oil (43 mg, 88%).

Supporting Information

Supporting Information File 1

Experimental details and characterization data of new
compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-60-S1.pdf]
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The cobalt/chromium-catalyzed three-component coupling of aryl iodides, allenes, and aldehydes has been developed to afford

multi-substituted homoallylic alcohols in a diastereoselective manner. Control experiments for understanding the reaction mecha-

nism reveal that the cobalt catalyst is involved in the oxidative addition and carbometalation steps in the reaction, whereas the

chromium salt generates highly nucleophilic allylchromium intermediates from allylcobalt species, without the loss of stereochemi-

cal information, to allow the addition to aldehydes.

Introduction

Carbon—carbon bond formation is the fundamental and central
transformation of synthetic organic chemistry. The elaboration
and extension of a carbon framework via a series of carbon—car-
bon bond-forming reactions are extremely important for medici-
nal chemistry and agrochemical and natural product synthesis.
In these bond formations, organometallics play an essential role
because they possess various reactivities depending on the
central metal ions that they own. For example, carbon has
strong nucleophilicity when bonded to metals with low electro-
negativity, as demonstrated in the reaction of organolithium,
organomagnesium, organozinc, and organochromium A, to
facilitate addition reactions of appropriate carbon electrophiles

such as aldehydes (Scheme 1, top) [1]. In contrast, n-electro-
philic carbon-connected late transition metals B facilitate the
carbometalation of carbon—carbon multiple bonds, leading to
multi-substituted carbon frameworks (Scheme 1, bottom) [2,3].
The nucleophilic and n-electrophilic organometallic intermedi-

ates are used properly in their favorable circumstances.

Transmetalation is one of the most vital elemental processes
used to drastically change the reactivity of organometallics, in-
volving a wide range of transition metal-catalyzed reactions.
For example, transmetalation between an organonickel (or

organocobalt) complex and chromium salt results in the forma-
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Scheme 1: Nucleophilic and mr-electrophilic characters of organometallics

tion of a highly nucleophilic organochromium species, which
enables efficient addition to aldehydes to give substituted sec-
ondary alcohols, as demonstrated in the Nozaki—Hiyama—Kishi
(NHK) reaction (Scheme 2) [4-9]. Although the catalyst combi-
nation allows the use of organic halides as carbon nucleophiles,
a multicomponent coupling reaction using a similar catalyst

combination has had limited success [10-12].

We have recently demonstrated the high n-electron affinity of
an organocobalt species that enabled a variety of alkyne func-
tionalization reactions to proceed via carbocobaltation
(Scheme 3) [13-15]. Furthermore, a combination of the cobalt
and chromium catalyst could be applied to alkynyl iodoarene
cyclization/borylation to form cyclized vinylboronic esters, in
which transmetalation between the generated vinylcobalt and
chromium salt was a critical step (Scheme 4) [16]. As part of
our continuing work on the cobalt-catalyzed functionalization
of carbon—carbon unsaturated bonds, a three-component cou-
pling method is herein reported for the direct synthesis of highly

Beilstein J. Org. Chem. 2018, 14, 1413-1420.
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depending on the central metals.

diastereoselective multi-substituted homoallyl alcohols employ-

ing a cobalt/chromium hybrid catalyst (Scheme 5).

Results and Discussion

Initially, suitable reaction conditions were investigated for the
three-component coupling reaction between iodobenzene (1a),
5-phenylpenta-1,2-diene (2a), and 4-methylbenzaldehyde (3a)
in the presence of CoBr; (10 mol %), CrCl3 (20 mol %), and
manganese powder (2.0 equiv), using trimethylsilyl chloride
(TMSCI, 1.2 equiv) as a trapping reagent [7]. These results are
summarized in Table 1. The absence of a ligand afforded the
homoallyl alcohol 4a in 25% yield as a syn/anti (80:20) mix-
ture of diastereomers, the ratio of which was determined by the
coupling constant between the two protons at the C1- and
C2-positions of 4a; a coupling value of 3J = ca. 5.0 Hz indicat-
ed the syn-form, and a coupling value of 3J = ca. 8.0 Hz indicat-
ed the anti-form (Table 1, entry 1) [17]. The addition of PPh3
(20 mol %) resulted in an increase in the product yield to 45%

with a similarly diastereomer ratio (Table 1, entry 2). The use of

0 Nicat, or ‘Cocqt, H* OH
Rx e I A
H™ R @i or @ar/TMSCIMR - O F7 RTR'
Scheme 2: Ni/Cr or Co/Cr-catalyzed NHK reaction.
R™
. annulation R"
carbocobaltation
R" _ R =Ar R™
Cocat, [ Co._ _R"
Rex o+ | Mn. 25°C I R
n, | rPoRe
R B bisbenzylation

Scheme 3: Functionalization of alkynes via carbocobaltation.

v X
A
r Rlll

R = CHAr

1414



Beilstein J. Org. Chem. 2018, 14, 1413-1420.

R™ \ v
Y. A
|\ N Cocat/ @cat. | _
= + MeOBpin > X
I | | Zn reductant Me
PinB
Cocat. transmetalation
B r’" - 5 |°"« MeOBpin | — @hat,
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Scheme 4: Cyclization/borylation of alkynyl iodoarenes using the Co/Cr catalyst.

R

Ar—I| + +
r l\%

R'CHO

Ar OH

Cocat./@cat.

Mn, TMSCI R

Scheme 5: Three-component coupling of aryl iodides, arenes, and aldehydes using Co/Cr catalyst (this work).

the chromium catalyst, Mn reductant, and TMSCI was crucial
for the coupling (Table 1, entries 3—5). Thus, the removal of
CrClj resulted in the formation of a trace amount of 4a with the
complete consumption of allene 2a, whereas most of iodoarene
1a and aldehyde 3a remained unreacted after the reaction was
completed (Table 1, entry 3). Using a Zn reductant instead of
Mn resulted in a negligible amount of coupling product
(Table 1, entry 4), wherein 1a was completely consumed [18].
Reaction conditions without the use of TMSCI produced 4a in a
catalytic amount (Table 1, entry 5). Other ligands were also

Table 1: Screening of the reaction conditions.?

O
|
— AN
Ph-I + ph/\/\,% + | N
1a 2a =
3a
entry ligand (x mol %) Cr catalyst
1 none CrCl3
2 PPh3 (20) CrCl3
3 PPh3 (20) none
4¢ PPh3 (20) CrCl3
5d PPhs (20) CrCl3
6 dppe (10) CrCl3
7 dppb (10) CrCl3
8 dppf (10) CrCl3
9 xantphos (10) CrCl3

tested (Table 1, entries 5-12), and after the screening of several
phosphines and pyridine-type ligands, the latter ligands were
found to be the most effective for use in the coupling reaction.
Consequently, we found that iminopyridine L3 was the best
choice of ligand, and when used, it resulted in the three-compo-
nent product 4a being obtained in 69% yield with a diastereose-
lectivity ratio of 92:8 (Table 1, entry 13). Additionally,
preformed CoBry(L3) gave a similar result (Table 1, entry 14).
During the transformation, the chromium catalyst ligands inhib-
ited the reaction (Table 1, entries 15-17). Also, the reaction was

CoBr; (10 mol %)
ligand (x mol %)

Ph H
CrCl3 (20 mol %) ) ?
1
Mn (2.0 equiv) Ph
TMSCI (1.2 equiv)
MeCN, 5°C, 12 h 4a

then TBAF, 25°C, 2 h

NMR yield (%) isomer ratio®

25 80:20
45 85:15
5 82:18
trace -

18 86:14
8 91:9
trace -
trace -
trace -

1415



Table 1: Screening of the reaction conditions.? (continued)

10 2,2-bpy (10) CrCl3

11 L1 (10) CrCl3

12 L2 (10) CrCl3

13 L3 (10) CrCl3

14¢ - CrCl3

15 L3 (10) CrCl3(bpy)
16 L3 (10) CrCl3(L3)
17 L3 (10) Cr(salen)Cl

Beilstein J. Org. Chem. 2018, 14, 1413-1420.

45 92:8
52 93.7
64 91:9
69 92:8
65 91:9
48 94:6
24 92:8
21 91:9

aReaction conditions: 1a (0.25 mmol), 2a (0.38 mmol), and 3a (0.25 mmol). PThe ratio (syn:anti) was determined from the "H NMR of the crude prod-
uct. ©Zn was used instead of Mn. dWithout the presence of TMSCI. €CoBr,(L3) was used instead of CoBr.

highly dependent on the solvent used; for example, dimethyl-
formamide (DMF), tetrahydrofuran (THF), 1,4-dioxane, and
toluene did not result in any formation of 4a.

With the optimized conditions in hand, the use of aldehydes in
the Co/Cr-catalyzed three-component coupling reaction was
explored, as shown in Scheme 6. Electron-rich and electron-
deficient aryl aldehydes, as well as 2-furylaldehyde, were well
tolerated in the reaction, leading to the formation of the corre-

F 0
Ph—I + //\L +
H R'

Ph
1a 2a 3

iPr, —N N=
/N o
_ \ /1N
N N O ¢co
L3 iPr C

r(salen)ClI

sponding homoallylic alcohols with similar diastereomer ratios
(4a—f). Additionally, alkyl aldehydes were also successfully
used in the coupling reaction, albeit resulting in slightly lower
yields (4g, 4g’, 4g” and 4h). Next, the generality of the reac-
tion was investigated using aryl iodides (Scheme 7) and allenes
(Scheme 8). Although aryl bromides and chlorides did not
participate in the coupling, a diverse set of functional groups
such as methoxy (4j), halogens (4k and 41), trifluoromethyl
(4m), cyano (4n), and ester (40) substituents at the para-posi-

CoBry (10 mol % )
L3 (10 mol % )

Ph  OH
CrCl3 (20 mol %)
. R'
Mn (2.0 equiv
(2.0 equiv) Ph

TMSCI (1.2 equiv)
MeCN, 5°C, 18 h 4
then TBAF, 25°C, 2 h

Ph  OH Ph

S S,

4a, 68% [92:8] 4b, 45% [85:15]

Ph OH Ph OH

4e, 40% [93:7] 4f, 25% [92:8]

Ph OH
pfjkﬂl
Cl

4c, 70% [92:8]

Ph  OH
4d, 60% [99:1]

Ph OH Ph OH

O

4g (n = 4), 40% [81:19]
4g’ (n =7), 40% [93:7]
4g” (n = 11), 45% [84:16]

Ph

4h, 28% [>99:1]

Scheme 6: Screening of aldehydes in the Co/Cr-catalyzed three-component coupling reaction. All yields are determined after isolation. The values in
brackets indicate the diastereomer ratio of the syn and anti products, determined from "H NMR spectra.
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CoBr; (10 mol %)
L3 (10 mol %) Ar

Ar - OH
P 0 CrCls (20 mol %)
A=l 7 ¥ 4-CICeH
Ph H™ 4-CICgH, Mn (2.0 equiv) 614
TMSCI (1.2 equiv) Ph
1 2a 3d MeCN, 5°C, 12 h 4
then TBAF, 25°C, 2 h
© OMe Cl F
OH
4-CICgHy4
Ph | | |
4i, 70% [92:8] 4j, 51% [81:29] 4k, 76% [90:10] 41, 79% [87:13]
CF3 CN CO,Me
I | | |
4m, 65% [85:15] 4n, 65% [85:15] 40, 47% [88:12] 4p, 58% [88:12]
NC\© F\© Fac\© /©
I | | |
4q, 53% [85:15] 4r, 78% [91:9] 4s, 58% [84:16] 4t, 60% [99:1]

Scheme 7: Screening of aryl iodides in the Co/Cr-catalyzed three-component coupling reaction. All yields are determined after isolation. The values in
brackets indicate the diastereomer ratio of the syn and anti products, determined from 'H NMR spectra.

CoBr; (10 mol %)
L3 (10 mol %) Ph

OH
O CrCl3 (20 mol %)
A~ 8
Ph—l + 7R+ - 4-CICgH,4
H” ™4-CICgH,4 Mn (2.0 equiv)
TMSCI (1.2 equiv) R
1a 2 3c MeCN, 5°C, 12 h
then TBAF, 25°C, 2 h
Ph oH | |
J\4-(:|C6H4 /\j . /‘j ’
’ TIPSO PhthN
4u (n = 6), 70% [98:2] 4v, 56% [92:8] 4w, 45% [85:15]
4w’ (n = 11), 60% [98:2]

Scheme 8: Screening of allenes in the Co/Cr-catalyzed three-component coupling reaction. All yields are determined after isolation. The values in
brackets indicate the diastereomer ratio of the syn and anti products, determined from '"H NMR.

tion of the phenyl ring were successfully used in the reaction, allenes; it was also used with heteroatom-containing functional-
giving rise to the desired coupling products in good yields ized allenes to afford the syn-homoallylic alcohols 4u, 4u’ and
(47-79%). The homoallylic alcohols 4p—t were formed with a 4w in reasonably good yields (Scheme 8).

high degree of syn-selectivity because of meta- and ortho-

substituted aryl iodides also being well tolerated in the reaction. During the investigation of allenes, it was observed that, when

The protocol was not only limited to the coupling of simple oxygen substituents were present at the allenyl position, cou-
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pling products with reversed diastereoselectivity were obtained
(Scheme 9). Thus, treatment of 4-benzyloxybuta-1,2-diene (5)
with 1 and 3a under identical reaction conditions mainly
afforded the anti-configured homoallylic alcohols 7-10 in
46—65% yield. A similar reversed diastereoselectivity was ob-
served in the coupling reaction of silyloxy allene 6, leading to
11 in 46% yield (anti/syn = 73:27).

A stoichiometric reaction using phenylchromium(II or III)
reagents, generated from the reaction of CrCl, or CrCls(thf),
with phenyllithium [19,20], in the presence of allene 2a and
aldehyde 3¢ provided diarylmethanes in 78-85% yields without
the visible consumption of allene 2a (Scheme 10, reaction 1).
Furthermore, in the absence of the CrClj catalyst, allene 2a was
utterly consumed, whereas most of iodide 1a and aldehyde 3d
were recovered unreacted (Scheme 10, reaction 2). These
results indicate that the arylcobalt, rather than the arylchromium
intermediate, promoted the allene carbometalation. Additional-
ly, it is thought that the vinylcobalt generated was converted to

vinylchromium, which would be inactive in the oligomeriza-

Beilstein J. Org. Chem. 2018, 14, 1413-1420.

tion, but is a highly nucleophilic species. According to these
findings, the reversed diastereoselectivity in Scheme 9 might be
due to stereoelectronic effects [21,22]. Thus, the 6*(C-O) bond
stabilizes the forming 6(Co—C) bond in the transition state C of
the carbocobaltation step (Scheme 11), facilitating the further
selective formation of the branched allylcobalt species D which
could be converted into the thermodynamically more stable (£)-
allylcobalt species E because of the flexible C(vinyl)-C(allyl)
single bond. The generated compound E then undergoes trans-
metalation with the chromium salt to give the (£)-allyl-
chromium species F. In contrast, the carbometalation of a
simple allene produces (Z)-allylcobalt species E' and the corre-
sponding (Z)-allylchromium product F’ would be provided
through a transition state such as C’, in which the cobalt center
is connected to a less sterically hindered terminal allene carbon
[23].

On the basis of these results, a plausible catalytic cycle for the
cobalt/chromium-catalyzed three-component coupling reaction

is shown in Scheme 12. The three-component coupling starts

OR
4./\/
RO =BnO: 5 CoBr; (10 mol %)
-=TBSO: 6 L3 (10 mol %) AT OH
CrCls (20 mol %) )\/v\
Ar—| + + " S4-MeCgHy
Mn (2.0 equiv £
Ar=Ph: 1a o s (12 eguiv) RO™
=4-MeOCgHy: 1b H” “4-MeC<H, MeCN,5°C, 18h
=4-FCgHq: 1d 67 then TBAF, 25°C,2h Ar,RO = Ph,BnO: 7, 46% [87:13]
= 3-NCCgHy: 1i 3a

= 4-MeOCgH, BnO: 8, 50% [86:14]
= 4-FCgH,4 BnO: 9, 47% [83:17]

= 3-NCCgH,4 BnO: 10, 65% [78:22]
= Ph,HO: 11, 46% [73:27]2

Scheme 9: Reversed diastereoselectivity using allenyl ethers 5 and 6. 24-chlorobenzaldehyde was used instead of 3a.

allene 2a (1.5 equiv)

aldehyde 3¢ (1.0 equiv) OH
Ph—[Cr] P M
MeCN, 5°C, 12 h Ph™ ~4-CICgH4
78-85%
1a CoBr;, (10 mol %)
+ L3 (10 mol %)
no product (2)

2a (1.5 equiv)
+

Mn (2.0 equiv)

3d TMSCI (1.2 equiv)
MeCN, 5°C, 18 h

Scheme 10: Stoichiometric reaction of phenylchromium(ll or Ill) reagents (reaction 1) and the three-component coupling without CrCl3 catalyst (reac-

tion 2).
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Ar= [Co} " Ar Ar  OR Ar  OR
>: }(’ [Col [CO]N [C_ 1cn
\ T B e oM
Ar—[Co] R=0R (o RO™ D E F
+ 6(Co-C)—c*(C-0) thermally stable
interaction
AN R#OR
Z /ﬁ [Co]—Ar Ar
2 R [Co]\ [Cr] [Crla H
(Z) oo 2)
R
F!
Scheme 11: The origin of the diastereoselectivity in the present three-component coupling.
X
MniCl  Mn H, R
Ar
[Col (Col [crl
Ar—I
| R J
1 v[Cr]
1/2 MnCl,
1/2 Mn
oo,
G\Ar o I Ar O[Cr]
)
%v R
R M TMSCI RL
R/\-\
2 O ArOTMS
R' — 4
R M
Scheme 12: Plausible reaction mechanism of the three-component coupling.
with the oxidative addition of an aryl iodide 1 to a low-valent Conclusion

cobalt species to form an arylcobalt species G that reacts with
an allene 2 to stereoselectively generate an allylcobalt H via
carbocobaltation. Rapid transmetalation between H and the
chromium salt [8,9] triggers the transfer of the cobalt allyl
group to the chromium to afford I and the highly nucleophilic
allylchromium species J, which retains the same stereochemi-
cal information on the olefinic moiety as that of H. The
allylchromium species J reacts with the aldehyde 3 at the y-po-
sition of the allyl metal unit via a cyclic six-membered transi-
tion state K to give the chromium alkoxide L [24]. Finally, the
Cr-O bond is cleaved by TMSCI, generating the active
chromium salt for the transmetalation and the silyl ether M, the
desilylation of which with a fluoride anion results in the forma-

tion of a homoallylic alcohol 4.

The cobalt/chromium-catalyzed three-component coupling reac-
tion of aryl iodides, allenes, and aldehydes to produce highly
substituted homoallylic alcohols in a diastereoselective manner
has been demonstrated. In the coupling reaction, two catalysts
played individual roles; the cobalt catalyst activated aryl iodides
to form arylcobalt species, which then performed allene carbo-
cobaltation to form stereo-defined substituted (Z)-allylcobalt
intermediates. The chromium catalyst transformed the gener-
ated allylcobalt intermediates into highly nucleophilic
allylchromium species, without the isomerization of the olefinic
moiety, via transmetalation between the generated allylcobalt
intermediate and the chromium salt. Moreover, it was found
that an oxygen atom present at the allenyl position resulted in a

reversed diastereoselectivity of the homoallylic alcohol prod-
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ucts; thus, the allene carbocobaltation regioselectivity could be
controlled by the stereoelectronic interaction between the
forming 6(C—Co) bond and a neighboring ¢*(C—0O) bond.
Further mechanistic studies and expansion of the substrate
scope, including synthetic applications of this three-component
coupling, are currently in progress.

Supporting Information

Supporting Information File 1
Experimental part.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-118-S1.pdf]

ORCID® iDs

Kimihiro Komeyama - https://orcid.org/0000-0001-7111-2112
Itaru Osaka - https://orcid.org/0000-0002-9879-2098

References

1. Takai, K. Bull. Chem. Soc. Jpn. 2015, 88, 1511.
doi:10.1246/bcsj.20150170

2. Flynn, A. B.; Ogilvie, W. W. Chem. Rev. 2007, 107, 4698.
doi:10.1021/cr050051k

3. Tamaru, Y. Modern Organonickel Chemistry; Wiley-VCH: Weinheim,
Germany, 2005.

4. Okude, Y.; Hirano, S.; Hiyama, T.; Nozaki, H. J. Am. Chem. Soc. 1977,
99, 3179. doi:10.1021/ja00451a061

5. Jin, H.; Uenishi, J.; Christ, W. J.; Kishi, Y. J. Am. Chem. Soc. 1986,
108, 5644. doi:10.1021/ja00278a057

6. Takai, K.; Tagashira, M.; Kuroda, T.; Oshima, K.; Utimoto, K;
Nozaki, H. J. Am. Chem. Soc. 1986, 108, 6048.
doi:10.1021/ja00279a068

7. Fdrstner, A.; Shi, N. J. Am. Chem. Soc. 1996, 118, 12349.
doi:10.1021/ja9625236

8. Takai, K.; Nitta, K.; Fujimura, O.; Utimoto, K. J. Org. Chem. 1989, 54,
4732. doi:10.1021/jo00281a004

9. Usanov, D. L.; Yamamoto, H. Angew. Chem., Int. Ed. 2010, 49, 8169.
doi:10.1002/anie.201002751

10. Takai, K.; Matsukawa, N.; Takahashi, A.; Fujii, T.
Angew. Chem., Int. Ed. 1998, 37, 152.
doi:10.1002/(SICI)1521-3773(19980202)37:1/2<152::AID-ANIE152>3.0
.C0O;2-8

11.Takai, K.; Toratsu, C. J. Org. Chem. 1998, 63, 6450.
doi:10.1021/jo9814086

12.Xiong, Y.; Zhang, G. J. Am. Chem. Soc. 2018, 140, 2735.
doi:10.1021/jacs.7b12760

13.Komeyama, K.; Kashihara, T.; Takaki, K. Tetrahedron Lett. 2013, 54,
5659. doi:10.1016/j.tetlet.2013.07.133

14. Komeyama, K.; Okamoto, Y.; Takaki, K. Angew. Chem., Int. Ed. 2014,
53, 11325. doi:10.1002/anie.201406807

15. Komeyama, K.; Asakura, R.; Fukuoka, H.; Takaki, K. Tetrahedron Lett.
2015, 56, 1735. doi:10.1016/j.tetlet.2015.02.101

16.Komeyama, K:; Kiguchi, S.; Takaki, K. Chem. Commun. 2016, 52,
7009. doi:10.1039/c6cc03086f

Beilstein J. Org. Chem. 2018, 14, 1413-1420.

17.Hopkins, C. D.; Malinakova, H. C. Org. Lett. 2004, 6, 2221.
doi:10.1021/010492795
18.Fillon, H.; Gosmini, C.; Périchon, J. J. Am. Chem. Soc. 2003, 125,
3867. doi:10.1021/ja0289494
19.Daly, J. J.; Sneeden, R. P. A;; Zeiss, H. H. J. Am. Chem. Soc. 1966,
88, 4287. doi:10.1021/ja00970a049
20.Kanno, K.-i.; Liu, Y.; lesato, A.; Nakajima, K.; Takahashi, T. Org. Lett.
2005, 7, 5453. doi:10.1021/0l052214x
21.lto, H.; Ito, S.; Sasaki, Y.; Matsuura, K.; Sawamura, M.
J. Am. Chem. Soc. 2007, 129, 14856. doi:10.1021/ja0766340
22.0hmiya, H.; Makida, Y.; Li, D.; Tanabe, M.; Sawamura, M.
J. Am. Chem. Soc. 2010, 132, 879. doi:10.1021/ja9092264
23.Yoshida, Y.; Murakami, K.; Yorimitsu, H.; Oshima, K.
J. Am. Chem. Soc. 2010, 132, 8878. doi:10.1021/ja102303s
24.Hiyama, T.; Kimura, K.; Nozaki, H. Tetrahedron Lett. 1981, 22, 1037.
doi:10.1016/S0040-4039(01)82859-8

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.14.118

1420


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-118-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-118-S1.pdf
https://orcid.org/0000-0001-7111-2112
https://orcid.org/0000-0002-9879-2098
https://doi.org/10.1246%2Fbcsj.20150170
https://doi.org/10.1021%2Fcr050051k
https://doi.org/10.1021%2Fja00451a061
https://doi.org/10.1021%2Fja00278a057
https://doi.org/10.1021%2Fja00279a068
https://doi.org/10.1021%2Fja9625236
https://doi.org/10.1021%2Fjo00281a004
https://doi.org/10.1002%2Fanie.201002751
https://doi.org/10.1002%2F%28SICI%291521-3773%2819980202%2937%3A1%2F2%3C152%3A%3AAID-ANIE152%3E3.0.CO%3B2-8
https://doi.org/10.1002%2F%28SICI%291521-3773%2819980202%2937%3A1%2F2%3C152%3A%3AAID-ANIE152%3E3.0.CO%3B2-8
https://doi.org/10.1021%2Fjo9814086
https://doi.org/10.1021%2Fjacs.7b12760
https://doi.org/10.1016%2Fj.tetlet.2013.07.133
https://doi.org/10.1002%2Fanie.201406807
https://doi.org/10.1016%2Fj.tetlet.2015.02.101
https://doi.org/10.1039%2Fc6cc03086f
https://doi.org/10.1021%2Fol0492795
https://doi.org/10.1021%2Fja0289494
https://doi.org/10.1021%2Fja00970a049
https://doi.org/10.1021%2Fol052214x
https://doi.org/10.1021%2Fja076634o
https://doi.org/10.1021%2Fja9092264
https://doi.org/10.1021%2Fja102303s
https://doi.org/10.1016%2FS0040-4039%2801%2982859-8
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.14.118

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Thiocarbonyl-enabled ferrocene C-H nitrogenation by
cobalt(lll) catalysis: thermal and mechanochemical

Santhivardhana Reddy Yetra¥, Zhigao Shent, Hui Wang and Lutz Ackermann’$

Full Research Paper

Address:

Institut fir Organische und Biomolekulare Chemie,
Georg-August-Universitat Géttingen, Tammannstralle 2, 37077
Gottingen, Germany

Email:
Lutz Ackermann” - Lutz.Ackermann@chemie.uni-goettingen.de

* Corresponding author  f Equal contributors
§ http://www.org.chemie.uni-goettingen.de/ackermann/

Keywords:
amidation; C—H activation; cobalt; ferrocene; mechanochemistry

Abstract

Beilstein J. Org. Chem. 2018, 14, 1546-1553.
doi:10.3762/bjoc.14.131

Received: 14 May 2018

Accepted: 15 June 2018

Published: 25 June 2018

This article is part of the thematic issue "Cobalt catalysis".

Guest Editor: S. Matsunaga

© 2018 Yetra et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Versatile C—H amidations of synthetically useful ferrocenes were accomplished by weakly-coordinating thiocarbonyl-assisted

cobalt catalysis. Thus, carboxylates enabled ferrocene C—H nitrogenations with dioxazolones, featuring ample substrate scope and

robust functional group tolerance. Mechanistic studies provided strong support for a facile organometallic C—H activation manifold.

Introduction

C—H activation has surfaced as a transformative tool in molecu-
lar sciences [1-9]. While major advances have been accom-
plished with precious 4d transition metals, recent focus has
shifted towards more sustainable base metals [10-17], with con-
siderable progress by earth-abundant cobalt catalysts [18-22]. In
this context, well-defined cyclopentadienyl-derived cobalt(IIT)
complexes have proven instrumental for enabling a wealth of
C-H transformations [23-41], prominently featuring transfor-
mative C—H nitrogenations [42,43] in an atom- and step-eco-
nomical fashion [44-59]. Within our program on cobalt-cata-

lyzed C-H activation [60-68], we have now devised

C-H nitrogenations assisted by weakly-coordinating [69] thio-
carbonyls [70,71], allowing the direct C—H activation on substi-
tuted ferrocenes [72-93] — key structural motifs of powerful
transition metal catalyst ligands and organocatalysts (Figure 1)
[94-97]. During the preparation of this article, the use of
strongly-coordinating, difficult to remove directing groups has
been reported [70,71]. In sharp contrast, notable features of our
approach include (i) cobalt-catalyzed C—H amidations of thio-
carbonylferrocenes by weak coordination, (ii) thermal and
mechanochemical [98-100] cobalt-catalyzed ferrocene

C—H nitrogenations, (iii) versatile access to synthetically useful
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Figure 1: Selected ferrocene-based ligands and organocatalysts.

aminoketones, and (iv) key mechanistic insights on facile
C-H cobaltation.

Results and Discussion

We initiated our studies by probing various reaction conditions
for the envisioned C—H amidation of ferrocene 1a (Table 1).
Among a variety of ligands, N-heterocyclic carbenes and phos-
phines provided unsatisfactory results (Table 1, entries 1-3),

Table 1: Thiocarbonyl-assisted C-H nitrogenation of ferrocene 1a.2

while the product 3aa was formed when using amino acid de-
rivatives, albeit as of yet in a racemic fashion (Table 1, entries
4-7). Yet, optimal catalytic performance was realized with
1-AdCO,H (Table 1, entries 8 and 9) [101-104], particularly
when using DCE as the solvent (Table 1, entries 9-12). A
control experiment verified the essential nature of the cobalt
catalyst (Table 1, entry 13). In contrast to the thiocarbonyl-
assisted C—H amidation, the corresponding ketone failed thus

LB [Cp*Co(CH3CN)3][SbFg] tpu
fe} p COo(LH3LN)3 612
=5 2 ik s
ligand (30 mol %
Fe + (37 ,O igan ( mo o) Fe 7]/Ph
=N solvent, 80 °C, 12 h 0
<& o <o
1a 2a 3aa
Entry Solvent Ligand Yield (%)
1 DCE - -
2 DCE IMes-HCI -
3 DCE PPh3 -
4 DCE Boc-Leu-OH 40
5 DCE Boc-Val-OH 55
6 DCE Boc-Pro-OH 30
7 DCE Boc-Ala-OH 62
8 DCE MesCOoH 80
9 DCE 1-AdCO,H 84
10 1,4-dioxane 1-AdCO,H 75
11 toluene 1-AdCO,H 79
12 GVL 1-AdCO5H 35
13 DCE 1-AdCOH b

aReaction conditions: 1a (0.13 mmol), 2a (0.15 mmol), ligand (30 mol %), [Co] (5.0 mol %), solvent (1.0 mL). PReaction performed in the absence of

[Cp*Co(CH3CN)3][SbFgo. Yields of isolated product.
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far to deliver the desired product, under otherwise identical
reaction conditions.

With the optimized reaction conditions in hand, we
explored the robustness of the cobalt-catalyzed ferrocene
C-H amidation with a variety of 1,4,2-dioxazol-5-ones 2
(Scheme 1). Hence, the chemoselectivity of the cobalt catalyst

Beilstein J. Org. Chem. 2018, 14, 1546-1553.

was reflected by fully tolerating sensitive electrophilic
functional groups, including amido, chloro, bromo and nitro
substituents in the para-, meta- and even the more congested
ortho-position.

The versatile cobalt-catalyzed C—H amidation was not limited
to mono-substituted ferrocenes 1 (Scheme 2). Indeed, the

t-Bu [Cp*Co(CH3CN)3][SbFel t-Bu
i (5.0 mol %) =
T~y S 1-AdCO,H (30 mol %) T SNHS
Fe + Q0 Fe 7]/Ar
@ ):N DCE, 80 °C, 12 h z
Ar
1a 2 3
t-Bu t-Bu t-Bu
@/§ @/§
T ~NHS T SNH S Me ==SnuS OMe
Fe Fe Fe
=N & o 0
3aa: 84% 3ab: 77% 3ac: 64%

t-Bu t-Bu t-Bu
: NI-;]S/Q/CFS l NH7]S/©/CI i NI;/i@/Br
Fe Fe Fe
& o 0 & o

3ad: 79% 3ae: 77% 3af: 61%
t-Bu t-Bu cl t-Bu
| “NHS | “NHS | “NHS NO2
Fe Fe Fe
&> O yed & o &> o
3ag: 66% 3ah: 73% 3ai: 80%
Scheme 1: Scope of substituted dioxazolones 2.
:Ar t-Bu [Cp*Co(CH3CN)3][SbFgl, Ar t-Bu
i (5.0 mol %) =
S _ o, S
Ny , 00 1-AdCO,H (30 mol %) | “NHB>
Fe N Fe
=N DCE, 80 °C, 12 h
Ph
1 2a Ar = 4-MeCgH,4 (3ba):  53%

Scheme 2: C-H Amidation of arylated ferrocenes 1.

Ar = 4-MeOCgHy4 (3ca): 60%
Ar =4-F3CCgH,4 (3da): 51%
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arylated ferrocenes 1b—d were identified as viable substrates
likewise.

Moreover, differently substituted thiocarbonyls 1 were found to
be amenable within the cobalt-catalyzed C—H amidation mani-
fold by weak-coordination (Scheme 3).

Given the versatility of the cobalt-catalyzed C—H nitrogenation,
we became intrigued to delineating its mode of action. To this
end, C—H amidations in the presence of isotopically labelled
co-solvents led to a significant H/D scrambling in proximity to
the thiocarbonyl group. These findings are indicative of a re-
versible, thus facile organometallic C—H cobaltation regime
(Scheme 4).

Next, intermolecular competition experiments revealed that

electron-rich arylated thiocarbonylferrocene 1 reacted preferen-

Beilstein J. Org. Chem. 2018, 14, 1546-1553.

tially, which can be rationalized with a base-assisted internal
electrophilic substitution (BIES) [24,105] C-H cobaltation
mechanism. In addition, the electron-rich amidating reagent 2¢

was found to be inherently more reactive (Scheme 5).

As to further late-stage manipulation of the thus-obtained prod-
ucts, the amidated thiocarbonylferrocene 3aa could be easily
transformed into the corresponding synthetically useful
aminoketone 4aa (Scheme 6), illustrating the unique synthetic
utility of our strategy.

Mechanochemical molecular synthesis has attracted recent
renewed attention as an attractive alternative for facilitating sus-
tainable organic syntheses [106]. Thus, we were delighted to
observe that the mechanochemical C—H nitrogenations proved
likewise viable by thiocarbonyl assistance in an effective
manner (Scheme 7).

Me Me Me Me
[Cp*Co(CH3CN)3][SbF¢l,
R o) (5.0 mol %) R
' s I 1-AdCO,H (30 mol %) == s
H + OO NHBz
Fe 7 Fe
/EN DCE, 80 °C, 12 h
@ Ph @
1 2a R=H (3aa): 84%
R =Me (3ea): 81%
Scheme 3: Thiocarbonyl-assisted C—H amidation.
87% D
H tBu [Cp*Co(CH3CN)3][SbFgl,  Hp t-Bu
5.0 mol %)
— (
= S 1-AdCO,H (30 mol %) = DS
Fe Fe
DCEICD,0D (09101) by AN
80°C,12h 87% D
1a [D],-1a: 92%
12% D 8%D
i /
/ Bz, /H/Ii,)
u [CP*Co(CHsCN)g] [SbFgl,  H/D  t-Bu N tBu

(5.0 mol %)

t-B
=% R
S
Fe ', Q0

1-AdCO,H (30 mol %) M;Qs @?ﬁs

@ ' Ph):NI

1a 2a

80°C,3h

Scheme 4: H/D Exchange reactions.

DCE/CD30D (0.9/0.1)

[Dl,-1a: 60% [Dl,-3aa: 34%
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ATH  t-Bu o [Cp*Co(CH3CN)3][SbFél t-Bu Ar t-Bu
H (5.0 mol %) Q/&
@?&s o)ko 1-AdCO,H (30 mol %) I
+ ! NHBz + NHBz
Fe e DCE, 80 °C, 1 h Fe Fe
Ar = 4-MeOCgH, @
1al1c 2a 3aa:15% 3ca: 21%
R ¢Hs CFs
@PITY o [Cp*Co(CH3CN)3][SbFg], © t-Bu @ t-Bu
- (5.0 mol %)
& S o)ko 1-AdCO,H (30 mol %) S S
| "H T, , | “NHBz | - | “NHBz
Fe )=N DCE, 80 °C, 1 h Fe Fe
FS=N Ph T <Gt
1b/1d 2a 3ba:24% 3da: 18%
t-Bu
I NHS OMe
Fe
& o
t-Bu i [CP"CO(CH;CN)SI[SbFel, 3ac: 59%
(5.0 mol %)
T o 0 1-AdCO,H (30 mol %)
+ =N +
Fe DCE, 80 °C, 1 h
t-Bu
1a F3;C/MeO 2¢/2d ﬂ®8 CF,
| ~NH
Fe
<& o
3ad: 30%
Scheme 5: Intermolecular competition experiments.
Conclusion
t-Bu t-Bu In conclusion, we have reported on the unprecedented cobalt-
@O catalyzed C—H nitrogenation of ferrocenes by weakly-coordi-
F'e NHBz Ag2CO;3 (1.0 equiv) Fl o NHBz nating thiocarbonyls. The carboxylate-assisted cobalt catalysis
CH,Cl;, 23 °C, 6 h @ was characterized by high functional group tolerance and ample
substrate scope. Mechanistic studies provided evidence for a
3aa 4aa: 97%

Scheme 6: Synthesis of aminoketone 4aa.

facile C—H activation. The C—H amidation was achieved in a
thermal fashion as well as by means of mechanochemistry, pro-

viding access to synthetically meaningful aminoketones.
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t-Bu [Cp*Co(CH3CN);3][SbFg]2 t-Bu
@/§ o (5.0 mol %) @/§
T~y S o o 1-AdCO,H (30 mol %) T SNHS
Fe + ; — Fe 7]/Ar
/EN ball milling (30 Hz)
Ar under air, 99 min O
1a 2 3
t-Bu t-Bu t-Bu
-
Me CF
[ NH S | SNH® | NH® 3
Fe Fe Fe
0 > 0 0
3aa: 69% 3ab: 61% 3ad: 52%
t-Bu t-Bu t-Bu cl
=\ o R
T “NH S T “NHS T “NH S
Fe Fe Fe
<D 0 IS <& o
3ae: 47% 3af: 50% 3ah: 56%
Scheme 7: Mechanochemical ferrocene C—H nitrogenation.
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A cationic cobalt catalyst efficiently promoted the reaction of N-alkoxycarbonyloxyanilines at 30 °C, affording the corresponding

ortho-aminophenols in good to high yields. As reported previously, our mechanistic studies including oxygen-18 labelling experi-

ments indicate that the rearrangement of the alkoxycarbonyloxy group proceeds in [1,3]-manner. In this article, we discuss the

overall picture of the cobalt-catalysed [1,3]-rearrangement reaction including details of the reaction conditions and substrate scope.

Introduction

The 2-aminophenol moiety is ubiquitously found as a core
structure of biologically active compounds, such as tigecycline
[1], iguratimod [2], and phosalone (Scheme 1) [3]. The scaf-
folds have also been frequently utilized as synthetic intermedi-
ates not only in pharmaceutical chemistry but also in materials
science. Thus, it is of great importance to efficiently synthesize
functionalized 2-aminophenols under mild reaction conditions
in a regioselective manner. Among numerous methods, the
[3,3]-rearrangement of O-acyl-N-arylhydroxylamines 1 driven
by cleavage of the N-O bond is an ideal approach to selectively
synthesize O-protected 2-aminophenols 2 while maintaining the

oxidation state during the transformation (Scheme 2a) [4-11].
However, there is a significant drawback, these [3,3]-rearrange-
ments of carboxylic acyloxy and alkoxylcarbonyloxy groups
generally require long heating times at elevated reaction tem-
peratures (>140 °C) or microwave irradiation (Scheme 2a). In
contrast, N-sulfonyloxyanilines are known to readily undergo
the [3,3]-rearrangement during the preparation of the starting
material below —20 °C due to the strongly electron-with-
drawing nature of the sulfonyl group (Scheme 2b) [12]. Accord-
ingly, we envisioned that appropriate Lewis acidic metal cata-

lysts would promote the rearrangement reaction of stable
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N-acyloxyanilines to afford readily deprotectable 2-acyloxyani-
lines under much milder reaction conditions with high func-
tional group tolerance. Based on this concept, we disclosed that
cationic cobalt catalysts efficiently promote the reaction of
O-alkoxylcarbonyl-N-arylhydroxylamines 1 at 30 °C, affording
the corresponding 2-aminophenol derivatives 2 in good to high
yields [13]. Our mechanistic studies revealed that the rearrange-
ment of the alkoxycarbonyloxy group proceeded in an unprece-
dented [1,3]-manner (Scheme 2c). In this article, we describe
the overall picture of the intriguing [1,3]-rearrangement reac-
tion, particularly the detail of the reaction, which were not suffi-
ciently discussed in our preliminary communication.

OH O
tigecycline

MsHN
@;g\ ‘@’ \/S S

EtO OEt

|gurat|mod phosalone

Scheme 1: ortho-Aminophenol derivatives.
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Results and Discussion

At the beginning of this investigation, N, O-di(methoxy-
carbonyl)hydroxylaniline (1a) was treated with catalytic
amounts of several copper salts in 1,2-dichloroethane (DCE) at
60 °C (Table 1, entries 1-7), according to our previous copper-
catalysed cascade reaction involving rearrangement via N-O
bond cleavage [14]. While divalent copper acetate and copper
chloride did not show any catalytic activities (Table 1, entries 1
and 2), more Lewis acidic copper complexes, such as
[Cu(MeCN)4](PFg);, and [Cu(OTf)], toluene, afforded the cor-
responding 2-aminophenol derivative 2a (Table 1, entries 3 and
4). Moreover, a cationic copper catalyst generated from CuCl,
and two equivalents of AgSbF¢ was effective to afford 2a in
good yield (Table 1, entry 5), even at 30 °C (Table 1, entry 8).
The use of a ligand, such as 1,10-phenanthroline (phen) and
1,3-bis(diphenylphosphino)propane (dppp), totally diminished
the activity of cationic cobalt catalyst (Table 1, entries 6 and 7).
Among metal chlorides examined, CoCl, exhibited the best cat-
alytic activity at 30 °C, affording the corresponding 2a in 68%
yield (Table 1, entry 9), as reported previously [13]. A divalent
cationic zinc catalyst also promoted the present reaction, albeit
with lower chemical yield than Co(II) (Table 1, entries 10 and
11), while the use of Fe(Il) and Pd(II) resulted in low chemical
yield due to the formation of the para-isomer 3a (Table 1,
entries 12 and 13). Indeed the para-isomer 3a was obtained as a
major product when the reaction of 1a was conducted using
trivalent metal salts, such as FeCl;y and RuCls, and tetravalent
salts, such as ZrCly, as a catalyst (Table 1, entries 15-18). Al-
though we quite recently disclosed that cationic NHC-copper

A (>140 °C)

R' or

R'

microwave irradiation NHO

(a)
[3,3]-rearrangement OJ\R

R’
NH

OSO,R

N\o cationic Co catalyst o)
g X, ©
O)\OR unprecedented o~ “OR
[1,3]-rearrangement
1 present work 2

Scheme 2: Rearrangement of N-acyloxyanilines.
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Table 1: Catalytic activity.

Beilstein J. Org. Chem. 2018, 14, 1972-1979.

(IDOQMe QOgMe (IJOZMe
Ej/N\ o [catalyst] @NHO . o /©/NH
7 O)\OMe DCEZ(‘?'S M) O)J\OMe MeOJ\O

1a 2a 3a
entry catalyst (mol %) temp. (°C) 2a (%)? 3a (%)? 1a (%)?
1 CuCl, (10) 60 <1 <1 >99
2 Cu(OAc), (10) 60 <1 <1 >99
3 [Cu(MeCN),](PFg) (10) 60 5 <1 75
4 [Cu(OTH)]o-CgH5CH3 (10) 60 50 4 23
5 CuCl, (10), AgSbFg (20) 60 52 <1 14
6 CuCl, (10), AgSbFg (20), phen (20) 60 <1 <1 >99
7 CuCl, (10), AgSbFg (20), dppp (20) 60 <1 <1 80
8b CuCl, (10), AgSbFg (20) 30 57 10 <1
gb CoCl, (10), AgSbFg (20) 30 63 (68) <3 <1
10P ZnCly (10), AgSbFg (20) 30 54 8 <1
11 ZnCly (10), AgSbFg (10) 30 54 8 1
12P PdCl, (10), AgSbFg (20) 30 24 7 <1
13b FeCl, (10), AgSbFg (20) 30 32 21 1
14b FeCls (10), AgSbFg (30) 30 22 26 <1
15b RuCl; (10), AgSbFg (30) 30 18 35 <1
16 RuCl3 (10), AgSbFg (20) 30 21 35 <1
17 IrCl3 (10), AgSbFg (30) 30 15 37 <1
18 ZrCly (10), AgSbFg (40) 30 16 28 <1
19 IPrCuBr (10), AgSbFg (10) 30 <1 <1 12
20 AgSbFg (10) 60 53 17 7
21b AgSbFg (10) 30 <3 <3 80
22b CoCly (10) 30 <1 <1 90
23 TfOH (10) 30 5 6 74
24 (PhO),P(0)OH 30 <1 <1 90
25P CoCly (10), AgNTf, (20) 30 50 1 3
26 CoCly (10), AgPFg (20) 30 <1 <1 98
27b CoCl, (10), AgOTf (20) 30 <1 <1 97
28 CoCl, (10), AgSbFg (10) 30 53 3 <1
29 CoCl, (5), AgSbFg (10) 30 59 2 <1

aYields were determined by "H NMR using CH,Br5 as an internal standard. Isolated yield in parenthesis. PReported in the Supporting Information of

our previous paper [13], except for yields of recovered 1a.

catalysts efficiently promoted the [1,3]-alkoxy rearrangement of
N-alkoxyaniline [15], the cationic NHC-Cu catalyst generated
from IPrCuBr and AgSbF¢ was totally inefficient for the present
reaction; 1a was decomposed under the reaction conditions
(Table 1, entry 19). Whereas AgSbF¢ promoted the reaction at
60 °C (Table 1, entry 20), the catalytic activity was diminished
at 30 °C (Table 1, entry 21). Neutral CoCl, did not promote the
present reaction (Table 1, entry 22). Brensted acids, such as tri-
fluoromethanesulfonic acid and diphenylphosphoric acid, were
much less active (Table 1, entries 23 and 24). The kind of the
counteranion significantly affected the reaction efficiency;

hexafluoroantimonate and bis(trifluoromethanesulfonyl)imidate
were efficient (Table 1, entries 9 and 25), while the use of hexa-
fluorophosphate and trifluoromethanesulfonate did not promote
the reaction at all (Table 1, entries 26 and 27). The use of an
equal amount of AgSbFg to CoCl; resulted in slightly decreas-
ing the chemical yield (Table 1, entry 28).

Next solvent and concentration effects were examined as sum-
marized in Table 2. 1,2-Dichloroethane (DCE) gave the best
result (Table 2, entry 1), as described previously [13]. Other
halogen solvents, such as CHCl3, CH,Cl,, and PhCl, ethereal

1974



Table 2: Solvent and concentration effects.

CI)OQMe 10 mol % CoCl,

N\O 20 mol % AgSbFg
©/OéI\OMe [solvent]

24 h
1a

entry solvent concentration (M)
1b DCE 0.5

20 CHCl3 0.5

3b CH,Cly 0.5

4b PhCI 0.5

5b toluene 0.5

o Et,0 0.5

7 MTBE 0.5

8 THF 0.5

9 CH3CN 0.5

10 DMF 0.5

11 MeOH 0.5

12 DCE 1.0

13P DCE 0.25

14b.c DCE 0.05
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CO,Me

2a 3a

2a (%)? 3a (%)? 1a (%)?2
63 3 <1
49 7 19
40 2 <1
39 2 25
43 1 11
38 <1 1
49 1 4
<1 <1 >99
<1 <1 98
<1 <1 >99
4 <1 81
51 2 <1
72 3 <1
53 9 11

aYjelds were determined by 'H NMR using CH,Br as an internal standard. PReported in the Supporting Information of our previous paper (ref. [13]),

except for yields of recovered 1a. °For 5 days.

solvent, such as Et,O and fert-butyl methyl ether (MTBE), and
toluene were less efficient (Table 2, entries 2—7), while the use
of polar solvents, such as tetrahydrofuran (THF), acetonitrile,
and N,N-dimethylformamide (DMF), resulted in quantitative
recovery of the starting material 1a (Table 2, entries §—10). A
protic solvent, such as methanol, was ineffective (Table 2, entry
11). Slight dilution of the reaction solution (0.25 M) improved
the chemical yield (Table 2, entry 12).

As mentioned previously [13], carbamate-type groups, such as
methoxycarbonyl, Alloc and Cbz were tolerated as a protective
group on the nitrogen atom, affording the desired products 2 in
good yields (Table 3, entries 1-3). The reaction of 1e having a
2,2,2-trichloroethoxycarbonyl (Troc) group, however, resulted
in decomposing 1e (Table 3, entry 4). The use of aroyl groups
gave the desired product in good yields (Table 3, entries 5-7),
while the acetyl group required a prolonged reaction time
(Table 3, entry 8). Substrate 1j having a tosyl group on the
nitrogen resulted in decomposition of 1j (Table 3, entry 9). The
alkoxycarbonyl groups, such as Cbz, methoxycarbonyl, and
2-chloroethoxy groups, were employed as good migrating
groups (Table 3, entries 7-11), while 1m having a Boc group on
the oxygen atom did not give the desired product, due to de-
composition of 1m (Table 3, entry 12). It is noteworthy that the
substrate having a highly electron-withdrawing Troc group on

the oxygen atom was readily isomerized to the ortho-amino-
phenol derivative under its preparing conditions in the absence
of the cationic cobalt catalyst. In sharp contrast to alkoxycar-
bonyloxy groups, acyloxy groups, such as the benzoyloxy
group, were not migrated to the ortho-position, resulting in
decomposing the starting material (Table 3, entry 13), as

mentioned previously [13].

The reaction was applied to 1o—ab having various substituents
at the para-position, as summarized in Table 4. As reported pre-
viously [13], reactive functional groups, such as bromo, iodo,
and alkynyl groups were tolerated, affording the desired prod-
ucts in good to high yields (Table 4, entries 5—7). The substrate
1v having a methoxycarbonyl group afforded 2v in good yield,
while cyano and acetyl groups interrupted the present reaction
presumably due to deactivation of the catalyst, recovering the
starting materials quantitatively (Table 4, entries 9 and 10).
Notably, our catalytic conditions successfully promoted the re-
arrangement of 1y’, having a highly electron-deficient
p-trifluromethylphenyl group, which have not been employed in
the thermal [3,3]-rearrangement reaction, when using a
p-nitrobenzyloxycarbonyl group in place of Cbz as the
migrating group (Table 4, entry 11). In addition, compatibility
of the protective group on the oxygen atom was tested (Table 4,

entries 12—-14), since it is expected that the cationic cobalt
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Table 3: Substituent effect at the hydroxylamine moiety.2

entry

1C
2C
3C
4
50
60
7C
80
9
10¢
11
12
13¢

1b
1c
1d
1e
1f
19
1h
1i
1j
1k
11
1m
1n

OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OBn
O-CH,CH,CI
O-tBu
Ph

10 mol % CoCl,
o) 20 mol % AgSbFg

DCE, 30 °C

R2

Cbz

Alloc

Boc

Troc
p-MeOCgH4C(O)
Bz
p-F3CCgH4C(O)
Ac

Ts

Bz

Bz

Bz

Bz

Beilstein J. Org. Chem. 2018, 14, 1972-1979.

NH(§<2

LA,

2
time (h) 2
5 2b
4 2c
6 2d
18 -
2 2f
3 2g
24 2h
120 2i
1" -
2 2k
2 2
10 -
120 -

yield (%)P

64
45
64
<1
609
75
61
44
<1
82
56
<1

<1

aThe reactions of 1 (0.4 mmol) were conducted in the presence of 10 mol % CoCl, and 20 mol % of AgSbFg in DCE (1.6 mL) at 30 °C. PIsolated yield.

CPreviously reported in [13]. 9"H NMR yield using dibromomethane as an internal standard.

Table 4: Co-catalyzed reaction of N-alkoxycarbonyloxyanilines 10—ab.2

entry

1C
20
30
4¢
5C
6C
7C
80
9
10
11¢
12
13
14

10
1p
1q
1r

1s
1t

1u
1v
1w
1x
1y
1z
1aa
1ab

TMSC=C
COzMe

Ac

CN

CF3
BzO(CHy),
TBSO(CH,),
MOM(CHa),

10 mol % CoCl,
20 mol % AgSbFg

DCE, 30 °C

R1

Bn
Bn
Bn
Me
Bn
Bn
Bn
Bn
Bn
Bn
p-OzNC6H4CH2
Bn
Bn
Bn

?z
NH
o8
R O)J\OR1
2

time (h)

[ O R GG XY

15
>120
>120
48
72
14
14

2

20
2p
2q
2r
2s
2t

2u
2v

2y
2z
2aa
2ab

]

yield (%)P

74
664
88
79
86
77
62
84d
<1€
<1¢
769
5099
64
59

aThe reactions of 1 (0.4 mmol) were conducted in the presence of 10 mol % CoCl, and 20 mol % of AgSbFg in DCE (1.6 mL) at 30 °C. PIsolated yield.
CPreviously reported in [13]. 9TH NMR vyield using dibromomethane as an internal standard. See Supporting Information File 1 for details. The starting
material was quantitatively recovered. fYield brsm (28% of 1y’ was recovered). dlsolation of 2z was unsuccessful due to contamination by insepa-

rable byproducts (see Supporting Information File 1).
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would make the protective group labile as well as the protec-
tive group would deactivate the cationic cobalt catalyst. As
results, tert-butyldimethylsilyl (TBS) and methoxymethyl
(MOM) groups were tolerated under the cationic cobalt-cata-
lyzed reaction conditions to afford the desired product in good
yields (Table 4, entries 13 and 14). The reaction using a benzoyl
group was sluggish, affording the desired product 2z in moder-
ate yield with formation of inseparable byproducts (Table 4,
entry 12). Thus, the use of silyl- and acetal-type protective
groups is suitable for the present reaction.

As reported previously [13], the fact that the present rearrange-
ment reaction proceeds in a [1,3]-manner was confirmed by a
crossover experiment and oxygen-18 labeling experiments. That
is, the reaction of a 1:1 mixture of equally-reactive substrates
1h and 1r under the standard reaction conditions afforded only
the products 2h and 2r derived from the starting materials
(Scheme 3a). Thus, we confirmed that the present reaction
proceeds in an intramolecular manner. Next, 18-oxygen-
labelling experiments were conducted using substrate 1h-130,
of which the oxygen-18 content at the hydroxylamine oxygen
atom was 62% [16,17]. The reaction of 1h-'80 in the presence
of the cationic cobalt catalyst at 30 °C followed by hydrogena-

Beilstein J. Org. Chem. 2018, 14, 1972-1979.

tive cleavage of the Cbz group afforded the phenol 4h-180, of
which the oxygen-18 content was 64% (Scheme 3b). The result
clearly indicates that the rearrangement of the CbzO group in
the presence of cationic cobalt catalysts proceeds in a concerted
[1,3]-manner [18-24]. In addition, the reaction of 1h-!130 (23%
180) in the absence of the cationic cobalt catalyst at 140 °C fol-
lowed by hydrogenative deprotection afforded 4h, of which the
oxygen-18 content was less than 2% (Scheme 3c). Therefore,
we concluded that the cationic cobalt catalyst not only made the
reaction much milder than the thermally-induced reaction but
also changed the rearrangement mode to an unprecedented
[1,3]-manner. In addition, intermolecular and intramolecular
competitive experiments using deuterium-labelled substrates
resulted in no kinetic effect (Scheme 4). These results suggest
that the C—O bond would form prior to cleavage of the C—H
bond in the [1,3]-rearrangement reaction.

Due to the fact that the reaction of 1a in the presence of tri- and
tetravalent cationic metal catalysts afforded the para-isomer 3a
as a major product (Table 1, entries 14—-18), the reaction of
ortho-aminophenol derivative 2a in the presence of catalytic
amounts of RuCly and AgSbF¢ was conducted. However, the
para-isomer 3a was not afforded; 73% of 2a was recovered

Bz Bz 0.04 mmol CoCl,
N N. 0.08 mmol AgSbF, NHBz NHBz
Sy oco,en 0COMe 9P
| + + (a)
Z cl DCE (1.6 mL) 0OCO,Bn cl 0CO,Me
30°C,2h
1h 1r 2h 2r
0.2 mmol 0.2 mmol 0.18 mmol 0.18 mmol
(no crossover products)
Bz Bz
Bz O cat. CoCl, l\i : IIBZ H, IIBZ
N L AgSbFg N NH Pd/C NH
Qrtotom S Lo 5 U e~ LR o O
— Co2* n
o, Co e 0" “0Bn 53% O°*H
o on
1h-%0 concerted [1 ?:C]O ° 2h-1°0 4n-0
629 180 o* L , | .
% 120 (O%) 79% yield 64% 150
Ha
Bz O w/o Co catalyst Bz Pd/C Bz
N NH_, -, NH
~0* “OBn . 0 (c)
xylene, 140 °C )]\ 49% vyield
5 h, quant 0~ “OBn OH
1h-180 2h-"80' 4h
23% 80 <2% 80

Scheme 3: Mechanistic studies, reported in [13].
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(Scheme 5a). The result indicates that the para-isomer 3a was
not formed through the ortho-isomer 2a. It is assumed that 3a
was furnished through direct C—O bond formation at the para-
position through ionic cleavage of the N—O bond by cationic

10 mol % CoCl,

Beilstein J. Org. Chem. 2018, 14, 1972-1979.

Ru(III) as a much stronger Lewis acid, while it is also possible
that the second migration of the alkoxycarbonyloxy group from
ortho to para occurs prior to proton transfer (Scheme 5b) [25].
Further mechanistic studies are underway in our laboratory.

H ﬁOZMe 20 mol % AgSbFg H/D NHCOMe
~0CO,Me 2 (a)
DCE, 30 °C
D 4h OCO,Me
1a-d 2a-d
(89% D) (45% D)
CO,Me D COMe 0.04 mmol CoCl,
' D N 0.08 mmol AgSbF
N. .08 mmol AgSbFg
@/ OCOQMG + OCOzMe
D D DCE, 30 °C
D 0.5h
1a 1a-ds 90% conversion
(0.2 mmol) (0.2 mmol)
D
NHCO;Me D NHCO,Me recovery of SM
@: + + 0.04 mmol (b)
0OCO,Me D OCO,Me 1a/1a-d5 = 1:1
D
2a 23-d5
68%
2a/2a-ds = 1:1
Scheme 4: Competitive experiments, reported in [13].
10 mol % RuCl3
NHCO,Me 30 mol % AgSbFe NHCO,Me 2a (@)
7 > 73% recovery
OCOzMe DCE. 30 °C MeOQCO
3a
2a not found
CO,Me
Ru3+ N qone
T onie @ " — N o
ionic Rug H
cleavage OCOzMe MeO,CO
COMe ]
N Rud*
el N
[1,3] 0r [3,3] e [1,3] or [3,3]

Scheme 5: Mechanism for rearrangement to the para-position.
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Conclusion

The cationic cobalt catalysts enabled the rearrangement reac-
tion of N-alkoxycarbonyloxyanilines to proceed under much
milder reaction conditions, expanding the substrate scope to
more electron-deficient anilines. More importantly, the cobalt
catalyst changes the mode of the rearrangement to an unprece-
dented [1,3]-manner.

Experimental

To a mixture of 1k (138.9 mg, 0.4 mmol), CoCl; (5.2 mg,
0.04 mmol), and AgSbF¢ (27.5 mg, 0.08 mmol) under an argon
atmosphere in a pressure vial was added 1,2-dichloroethane
(1.6 mL). Then, the mixture was stirred at 30 °C for 2 hours.
After complete consumption of the starting material 1k, the
mixture was passed through a small pad of silica gel with ethyl
acetate. After removing the solvents in vacuo, the residue was
purified by flash silica gel column chromatography using
hexane/ethyl acetate (3:1) as eluent to obtain 2k (113.9 mg,
82%).

Supporting Information

Supporting Information File 1

General procedure and analytic data for obtained products.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-172-S1.pdf]
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We herein describe a cobalt/Xantphos-catalyzed regioselective addition of simple alkenes to acetophenone derivatives, affording

branched homoallylic alcohols in high yields with perfect branch selectivities. The intermediate of the reaction would be a nucleo-

philic allylcobalt(I) species generated via cleavage of the low reactive allylic C(sp*)—H bond of simple terminal alkenes.

Introduction

The cleavage of C—H bonds of unreactive hydrocarbon fol-
lowed by functionalization should be an ideal method for con-
structing complex molecules without introduction of reactive
functionality in advance [1-9]. Since terminal alkenes including
a-olefins (CyHyy) are abundantly present in nature or are readily
accessible, they should be appropriate starting materials for
C—C bond forming reactions to create organic frameworks of
value-added compounds such as natural products, drugs, and
fine chemicals. There have been tremendous synthetic methods
involving catalytic C—C bond construction with the double bond
of terminal alkenes (e.g., Heck reaction, hydrometalation fol-
lowed by functionalization, carbometalation, and olefin metath-
esis) [10-13]. However, direct C—C bond formation of the
allylic C(sp®)-H bond adjacent to double bonds has remained

underdeveloped even though C-O bond formation of allylic
C(sp?)-H bonds was firmly established by using SeO, [14] or
Cr03/3,5-dimethylpyrazole [15] (ene-type allylic oxidation).
Although the most prominent work on catalytic allylic functio-
nalization studied thus far is considered to be a palladium-cata-
lyzed C—C bond formation using a stoichiometric amount of an
oxidant [16-22], the m-allylpalladium intermediate [23-25] is an
electrophilic species that exclusively reacts with nucleophiles.
Therefore, it would be a formidable challenge for the genera-
tion of a nucleophilic w-allylmetal complex that reacts with
electrophiles, triggered by allylic C(sp?)-H activation. To this
end, Schneider [26], Kanai [27], and we [28,29] reported in
2017 catalytic allylic C(sp®)-H activation of alkenes to react
carbonyl electrophiles such as imines, ketones, and CO, via
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nucleophilic allylmetal species (Figure 1). However, the sub-
strates employed have been restricted to allylarenes and 1,4-
enyne, and 1,4-diene derivatives and a-olefins were totally
unexplored. Therefore, the next challenge would be to use less
reactive a-olefins (pK, value of 1-propene = 43). In this paper,
we describe an allylic C(sp?)-H addition of a-olefins, mainly
1-undecene and their analogues, to ketone electrophiles.

Results and Discussion

We initially conducted screening of conditions using 1 equiv of
I-undecene (1a) and 3 equiv of acetophenone (2a) as starting
materials (Table 1). When the reaction was conducted at 60 °C
in DMA according to our previously established catalytic condi-
tions (Co(acac); (10 mol %), Xantphos (20 mol %), and AlMe3
(1.0 equiv)) [29], branched homoallylic alcohol 3aa was ob-
tained in only 23% yield with 1.6:1 diastereoselectivity
(Table 1, entry 1). In constant to the C(sp3)-H addition of ally-
larene to acetophenone that exhibited high linear selectivity
[29], perfect branch selectivity was observed using 1a as a sub-
strate. When the reaction temperature was raised, the yield of
3aa was improved to 45% yield at 90 °C (Table 1, entries 2 and
3). An increase in the amount of AlMej to 1.5 equiv further im-
proved the yield of 3aa to 54% yield (Table 1, entry 4). The
moderate yield was attributed to the generation of the olefin

Beilstein J. Org. Chem. 2018, 14, 2012-2017.

isomerization product derived from 1a (vide infra). We then
changed the equivalents of reagents 1a and 2a. Although the
yield of 3aa was decreased when the reaction was conducted
using a 1:1 ratio of 1a and 2a (Table 1, entry 5), the use of an
excess amount of 1a (3 equiv) greatly improved the yield to
70% (Table 1,
1-octadecene (1b) was subjected to the optimized reaction

entry 6: optimized conditions). When

conditions without adding 2a, internal olefins were exclusively
obtained (mixture of positional and geometric isomers) in 97%
yield. It was shown by '"H NMR analysis that the mixture
contained about 60% of 2-octadecene (£/Z mixture).

Having established the reaction conditions, we then screened
the scope and limitation of substituted acetophenone deriva-
tives using an excess amount of 1-undecene (1a, 3 equiv,
Figure 2). Electron-neutral and electron-donating substituents
such as H (2a), Me (2b), and OMe (2¢) at the para-position
efficiently promoted the allylic C(sp>)-H addition, in which the
reaction of 2a could be scaled-up (1 mmol) to afford 3aa in a
slightly higher yield (78%). Electron-withdrawing substituents
such as F (2d) and CO,Me (2e) also promoted the reaction with
similar levels without damaging the ester functionality. Further-
more, 2-naphtophenone (2f) and propiophenone (2g) were
tolerated well, affording branched products selectively in over

Schneider [26]
H N-TMPNHMDS (10 mol %) Nal N
A N.
+ " |— Pn PMP
NP ph”~H  dioxane, 25°C PR /\/\/Ph
nucleophilic 91% vield
b yie
Kanai [27]
H MesCu' (10 mol %) cull
O (s,S)-Ph-BPE (10 mol % " 7
/\/ + )k (5.5) ( ‘) Z|— pn Z
Z Ph THF, 30 °C =Z
Ph Ph
nucleophilic .
our previous works [28,29] 90% yield, 97% ee
H
A CO5H
R A Co(acac), (10 mol %) colL.| €O, R~ P
L Xantphos (20 mol %) | (1 atm) .
< up to 84% yield
H AlMez, DMA, 60°C | R
\\/\)\/ /\/\/\C(DzH
R e m el nucleophilic up to 78% vyield

H
L S
_ and/or Rmz

up to 85% yield (b/l = 92:8 to 0:100)

Figure 1: Precedent examples of catalytic allylic C(sp3)—H additions to carbonyl electrophiles.
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Table 1: Screening of reaction conditions.

Co(acac), (10 mol %)
Xantphos (20 mol %)

LI

H O php PPh OH
\/\/\/\)\/ * J\ - - o +*  CgH \ OH
Ph AlMe; (x equiv) CeHir” NF 8 17/\%
1a 2a DMA, 16 h 3aa not obtained
Entry 1a:2a Temp (°C) AlMejs (x equiv) 3aa (dr) (%)?2
1 1:3 60 1.0 23 (1.6:1)
2 1:3 80 1.0 44 (1.3:1)
3 1:3 90 1.0 45 (1.3:1)
4b 1:3 90 15 54 (1.3:1)
5 1:1 90 1.5 46 (1.2:1)
6 3:1 90 15 70° (1.3:1)

aYields were determined by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard. The diastereoselectivity (dr) was determined by
H NMR analysis. PThe olefin isomerization product was obtained in 32% yield. Isolated yield.

Co(acac), (10 mol %) R OH
H i Xantphos (20 mol %) Arj/\/
+
NN N N Ar” TR AlMe; (1.5 equiv) Z

CgH47
DMA, 90 °C, 16 h

1a (3 equiv) 2 (0.2 mmol) 3ax
©)J\ /(j)\ /©)J\ /Ej)k MeOzC/©)‘\
2a: 70% (78%°2) 2b: 76% (1.2:1) 2c: 53% (1.3:1) 2d:47% (1.1:1) 2e: 66% (1.4:1)
(dr =1.3:1)
| X
=
2f: 63% (1.4:1) 29:62% (1.2:1)

Figure 2: Substrate scope for acetophenone derivatives. ?Preparative scale synthesis using 1 mmol of 2a.

60% yield. However, p-CF3-acetophenone (18%), acetone  value of 1-propene = 43), it is noteworthy that thermal cleavage
(14%), cyclohexanone (29%), and benzophenone (25%) were  of allylic C(sp>)—H bonds is possible without using highly basic
not suitable substrates for C(sp®)—H addition of 1a (figures not  organolithium or organomagnesium reagents (Grignard
shown). reagents) that react with ketones rather than deprotonating the
allylic C(sp)-H bonds.

We next examined several a-olefins 1 (3 equiv) for allylic

C(sp®)-H addition to acetophenone (2a). Not only 1-undecene  Based on the observed perfect branch selectivity, we propose
(1a) but also 1-octadecene (1b) and 6-phenyl-1-hexene (1¢) the catalytic cycle of the C(sp®)-H addition of 1-undecene (1a)
were tolerable to afford the corresponding products in around to acetophenone (2a, Figure 4). First, methylcobalt(I) I should
70% yield with perfect branch selectivity (Figure 3). Although be generated from Co(acac),, Xantphos, and AlMej [28,29].
the allylic C(sp®)-H bond of o-olefins is weakly acidic (pK, Oxidative addition of the allylic C(sp>)~H bond to I would
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H )OK Xantphos (20 mol %) ph—H
+
RJ\/ Ph AlMe; (1.5 equiv) R NF
_ DMA, 90 °C, 16 h
1 (3 equiv) 2a 3xa
H H

\/\/\/\)\/
1a: 70% (dr =1.3:1)

Figure 3: Substrate scope for a-olefins.

P OH L@ ) OAMe:
= =
CBH17 C8H17
3aa

Phﬁ/\/
CgH4 7

7

<

&

Figure 4: A possible catalytic cycle.

proceed to afford n3-allylcobalt(III) intermediate II, which is
tautomerized to n'-allylcobalt(III) III by the assistance of the
oxygen atom in the Xantphos ligand [30]. When using a-olefin
as a substrate, the cobalt atom should be located at the terminal
position due to the avoidance of steric repulsion between the
bulky Xantphos ligand and an alkyl substitution (similar to the
case of nucleophilic n!-allylpalladium species [31-39]), where-
as the cobalt atom preferred to reside at the internal position
when allylarenes and 1,4-dienes were employed in our previous
studies [28,29]. Subsequently, reductive elimination of methane
from IIT would lead to a low-valent allylcobalt(I) species, and
then C—C bond formation of IV with 2a would proceed at the
y-position to produce cobalt alkoxide(I) V [28,29,31-39]. Trans-

1b: 74% (1.2:1)

L,Co'Me
I
AlMe,

H
)\/ Ph \/\)\/

1c: 67% (1.4:1)

H
=
CsH17)\/
1a
[
i
H/C|0\Me
CgH17
" \
L, L
Coll /Cg)"L

H Me H Me
Cus/\) — \/\/\/\)\/
AR ‘7{ Il e
Pha
= 0

metalation between V and AlMe3 would furnish branched alu-
minium alkoxide VI along with the regeneration of I. Alkoxide
VI is converted to homoallylic alcohol 3aa by usual work-up.

Conclusion

In conclusion, we have successfully developed a cobalt-cata-
lyzed nucleophilic addition of the C(sp)-H bond of simple
alkenes to ketones. This novel transformation could realize
perfect branch selectivity for all substrates. Much effort toward
the development of an asymmetric variant is ongoing. We are
also conducting computational analysis to explain the observed
perfect regioselectivity. These results will be reported in due

course.
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Experimental

Representative procedure: To an oven-dried test tube was
placed Co(acac); (5.2 mg, 20 pmol, 10 mol %) and Xantphos
(23.1 mg, 40 pmol, 20 mol %) in DMA (2 mL). The resulting
mixture was stirred at room temperature until the materials had
been completely dissolved. After the solution had been cooled
to 0 °C, it was stirred for 1 minute, and then AlMes3 (2 M in tol-
uene, 0.15 mL, 0.3 mmol, 1.5 equiv) was added. The dark green
solution was stirred for another 1 minute, and then alkene 1
(0.6 mmol, 3.0 equiv) was added followed by the addition of
ketone 2 (0.2 mmol, 1.0 equiv). The resulting mixture was
stirred at 90 °C for 16 h. After cooling the mixture to 0 °C, the
reaction was quenched by 1 M HCI aq and extracted with ethyl
acetate (3 times). The combined organic layer was washed with
brine and dried over Na;SOy. After the solids had been filtered
off, the solvent was removed under reduced pressure and the
residue was dried under vacuum to afford the crude mixture.
The approximate yield of 3 was determined at this stage using
1,1,2,2-tetrachloroethane (8 = 6.1 ppm in CDCl3, 2H) as an
internal standard. If the ketone remained, NaBH,4 was added to
convert it into the corresponding alcohol, which could be easily
separated from 3 by silica-gel column chromatography. It was
then purified by silica-gel column chromatography to afford the
products 3.

Supporting Information

Supporting Information File 1
Experimental details and characterization data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-176-S1.pdf]
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A cobalt-catalyzed C(sp?)-H alkoxylation of 1-naphthylamine derivatives has been disclosed, which represents an efficient ap-

proach to synthesize aryl ethers with broad functional group tolerance. It is noteworthy that secondary alcohols, such as hexafluoro-

isopropanol, isopropanol, isobutanol, and isopentanol, were well tolerated under the current catalytic system. Moreover, a series of

biologically relevant fluorine-aryl ethers were easily obtained under mild reaction conditions after the removal of the directing

group.

Introduction

Aryl ethers are common structural units present in many natural
products, functional materials, and pharmaceuticals [1]. Conse-
quently, a variety of strategies have emerged to access them, in-
cluding Pd-catalyzed and Cu-catalyzed coupling reactions

(Buchwald—Harting couplings and Ullmann reactions) [2-4].

However, these classic methods always possess some limita-
tions such as preactivated starting materials, poor regioselectivi-
ties, and tedious steps [5]. Therefore, it is desirable to develop
an effective strategy to achieve this transformation [6,7].

Over the past few decades, transition-metal-catalyzed C—H acti-
vation to form C-C or C-heteroatom bonds has attracted more

attention [8-13]. In particular, the formation of C—O bonds is

widely used in the syntheses of pharmaceuticals and functional
materials [14-17]. The direct hydroxylation [18,19] and
acetoxylation [20-22] have been developed rapidly in recent
years. By contrast, alkoxylation or phenoxylation confronts
great challenges because alkanols or phenols are easily con-
verted into the corresponding aldehydes, ketones, or carboxylic
acids [7,23-25]. Recently, GooBlen [26,27], Sanford [28], Song,
[29,30] and others [31-42] have successfully reported alkoxyla-
tion reactions with the auxiliary of directing groups. However,
the transition-metal-catalyzed C—H alkoxylation is still largely
limited to palladium- [28,33-40] or copper- [26,27,29,41,42]
catalyzed systems. Recently, the inexpensive cobalt catalysts

have received significant attention because of their unique and
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versatile activities in the C—H functionalizations [43-51]. In
2015, the cobalt-catalyzed alkoxylation of aromatic (and
olefinic) carboxamides with primary alcohols was first reported
by the Niu and Song group (Figure 1a) [30]. Successively,
Ackermann realized the electrochemical cobalt-catalyzed
alkoxylation via a similar process (Figure 1b) [32]. However,
cobalt-catalyzed directed coupling of arenes with secondary
alcohols has not been reported so far. Herein, we explored a
simple and facile protocol for cobalt-catalyzed picolinamide-
directed alkoxylation of 1-naphthylamine derivatives with alco-
hols (Figure 1c).

Results and Discussion

Initially, N-(naphthalen-1-yl)picolinamide (1a) and hexafluoro-
isopropanol (HFIP, 2a) were chosen as the model substrates to
optimize the alkoxylation reaction (Table 1, see more in Tables
S1-S5 in Supporting Information File 1). To our delight, the
desired product 3aa was obtained in 66% yield when using
Co(OACc),-4H,0 as catalyst and Ag,COj3 as oxidant (Table 1,
entry 1). Other cobalt salts such as CoF3 and CoF, were also
employed as metal catalysts for C8 alkoxylation of 1a, and
CoF, was proved to be the optimal catalyst, affording 3aa in
71% yield (Table 1, entries 2 and 3). Subsequently, various
bases such as Na,CO3, K,CO3, and Cs,CO3 were screened
(Table 1, entries 4-6), which indicated that Cs,CO3 was most
effective and the alkoxylated product 3aa could be isolated in

O fj
\+|
H o]

10) =
\+|
(\ NN + ROH
H —
P Z H (6]

NH N=

H

(@)

(b)

(C) R’I\___

N/

+
RZ

¢ inexpensive cobalt catalyst

¢ primary and secondary alcohols

Figure 1: Strategies for cobalt-catalyzed alkoxylation.
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82% yield. Next, the effect of oxidants on the reactivity was in-
vestigated, and Ag,CO3 showed a superior result compared
with alternative oxidants (Table 1, entries 6-8). Moreover, DCE
and HFIP as co-solvents demonstrated higher reactivity, result-
ing in a slightly increased yield in 84% (Table 1, entries 9-11).
Finally, variation of the reaction temperature did not promote
the reaction efficiency.

With the established alkoxylated protocol in hand, the substrate
scope of 1-naphthylamine derivatives was explored as shown in
Scheme 1. Halogenated naphthylamines could afford the target
products in 86—-88% yields (3ba—3ca). Nitro- (1d) and benzene-
sulfonyl- (1e) substituted naphthylamines were found to
proceed smoothly via this strategy (61-64%). In addition, a
disubstituted naphthylamine provided the alkoxylated product
in 47% yield (3fa). Moreover, a Boc amino group at C5 of the
substrate 1g was also compatible with the transformation
(33%). When a methoxy group was located at the C7 site of the
naphthylamine, sterically hindered product 3ha was obtained in
81%. Besides, some benzylamine derivatives (N-(1-phenyl-
ethyl)picolinamide and N-benzhydrylpicolinamide) were
attempted. However, no desired product could be detected.

Next, the substrate scope of alcohols was investigated. As
shown in Scheme 2, both primary and secondary alcohols were
compatible with the slightly modified optimized conditions. A

o'y

0
Sor
vy 340

\ 7

[Co]

primary alcohols

[Co]
RVC Pt*

primary alcohols
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+ good functional group tolerance

+ C8 selective alkoxylation
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Table 1: Optimization of the reaction conditions.?

o [Co] (20 mol %) Q
% base (1.0 equiv) [
O NH N= OH oxidant (1.0 equiv) O NH N=

+
O F3CJ\CF3 100 °C, air, 12 h O 0
>’CF3
FsC
1a 2a 3aa
entry catalyst base oxidant yield (%)

1 Co(OAc)24H,0 t-AmONa AgyCO3 66
2 CoF3 t-AmONa AgyCO3 60
3 CoFy t-AmONa AgoCO3 71
4 CoF» Na,CO3 Ag,CO3 58
5 CoF, K2003 AngO3 67
6 CoF» Cs,CO3 AgoCO3 82
7 CoF, Cs,CO3 AgNO3 11
8 COF2 052003 Agzo 32
9b COF2 C82CO3 A92C03 84
10¢ CoF, CSQCO3 AngO3 80
11d CoF, CspCO3 AgoCO3 77

aReaction conditions: 1a (0.2 mmol), 2a (1.0 mL), Co-catalyst (20 mol %), oxidant (1.0 equiv), base (1.0 equiv), 100 °C, air, 12 h. PDCE (1.0 mL) as

co-solvent. °PhCF3 (1.0 mL) as co-solvent. 9PhF (1.0 mL) as co-solvent. DCE = 1,2-dichloroethane.

le) CoF; (20 mol %) (0]
Rl/= y_(/} on Ag,CO; (10 equiv)  Rl— NH}

N\ / NH N + )\ Cs,CO3 (1.0 equiv) N\ /
FsC" "CFs DCE, 100 °C, air, 12 h 0
»—CF,
FsC
1a-h 2a 3

t t = v NM oS tgtah
>—CF >—CF >—CF3 Q O>—CF3

FaC
3ba, 88% 3ca, 86% 3da, 64% 3ea, 61%
o o)
@é NH N= / O NH N=
I
o) Boc
s e
>—CF3 >—<:F3 Y—CFj
OF;C
/ 3
3fa, 47% 3ga, 33% 3ha, 81%

Scheme 1: Reaction scope with respect to N-(naphthalen-1-yl)picolinamide derivatives. Reaction conditions: 1 (0.2 mmol), 2a (1.0 mL), CoF»,
(20 mol %), Ag2CO3 (1.0 equiv), Cs,CO3 (1.0 equiv), DCE (1.0 mL), 100 °C, air, 12 h.
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Scheme 2: Reaction scope with respect to alcohols. Reaction conditions: 1a (0.2 mmol), 2 (1.0 mL), CoF; (20 mol %), Ag2CO3 (1.0 equiv), Cs,CO3
(1.0 equiv), DCE (1.0 mL), 110 °C, air, 24 h. 22q or 2s (5.0 equiv). 48 h.

variety of fluoro-substituted alcohols 2a—e proceeded smoothly  provide the desired products in 54-84% yields (3af-ak). Also,
to afford the corresponding products in moderate to good yields  the branched alcohols 21, 2m, and 2n were employed to afford
(66-84%). Simple primary alkyl alcohols were well tolerated to  the corresponding products in 66—89% yields. Cyclopropyl-
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methanol (20), cyclohexylmethanol (2p), and adaman-
tanemethanol (2q) were compatible with the transformation
(45-56%). Moreover, an aliphatic ether and benzyl alcohol
were proved to be effective coupling partners to provide 3ar
and 3as in 68% and 70% yields, respectively. Compared with
Co-catalyzed alkoxylation of arenes with primary alcohols
[30,31], HFIP (2a), isopropanol (2t), isobutanol (2u), and
isopentanol (2v) could all proceed smoothly to deliver the
alkoxylated products in 58-89% yields. Furthermore, we
attempted some tertiary alcohols (ferz-butanol and 2-methyl-2-
butanol). However, no desired product could be detected.

In order to study the reaction mechanism, a series of control ex-
periments were carried out (Scheme 3, see more details in Sup-
porting Information File 1). In the absence of cobalt salt, no
product was obtained under the standard reaction conditions.
Under an argon atmosphere and without Ag,CO3, the product
was isolated in 12% yield when a stoichiometric amount of
CoF3 was introduced, whereas no product was obtained in the

Beilstein J. Org. Chem. 2018, 14, 2090-2097.

presence of CoF; (Scheme 3, reaction 1). These results imply

that the reaction should initiates from a Co'!

species. The addi-
tion of a radical quencher, benzoquinone (BQ), suppressed the
formation of product 3aa. When 2,2,6,6-tetramethyl-1-
piperidinyloxyl (TEMPO) or 2,6-di-tert-butyl-4-methylphenol
(BHT) was added under the standard reaction conditions, a sig-
nificantly reduced yield (39% or 23%) was obtained (Scheme 3,
reaction 2). These facts suggest that a radical approach may be
involved in the reaction. Moreover, in the parallel experiments,
a KIE value of 1.1 was observed between 1a or [D{]-1a with
2a, which indicates that Co-catalyzed C—H bond cleavage

should not be the rate determining step (Scheme 3, reaction 3).

On the basis of the above studies and previous literature
[30,31,46,47], a plausible reaction mechanism for cobalt-cata-
lyzed alkoxylation was proposed. As shown in Scheme 4,
initially, Co™X, could be oxidized to Co"X,OR in the pres-
ence of a silver salt and an alcohol. Based on the experiments
and the density functional theory calculations (DFT) [30,31],

O,

— Cs,CO3 (1.0 equiv =
NHN I 0% (100 N”N (1)
O F3;C~ "CFj3 DCE, 100 °C, air, 12 h O o

>_CF3
F5;C
1a 2a 3aa
w/o [Co] Ag,COs3 (1.0 equiv), air  n.r.
w/o [Ag] CoFj3 (1.0 equiv), Ar 12%
CoF5 (20 mol %), Ar n.r.
o CoF; (20 mol %) o
\>_(/i\> Ag,CO;3 (1.0 equiv) %
_ OH Cs,CO3 (1.0 equiv) T =
O NH N * A yN )
O F3C° "CFj3 DCE, 100 °C, air, 12 h o
»—CF,
F3C
1a 2a 3aa
BQ (1.0 equiv) n.r.
TEMPO (1.0 equiv) 39%
BHT (1.0 equiv) 23%
CoF; (20 mol %) o
A/ A7\ Ag>CO; (1.0 equiv) _ %

— — Cs,CO3 (1.0 equiv =
O NH N or O NH N 2CO0;3 ( quiv) \ NH N 3)
O O HFIP/DCE, 100 °C, air o

D kylkp =1.1
H/KD >—CF3
F3C

1a [Dq]1a

Scheme 3: Control experiments and mechanistic studies.
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CO”XZ

3aa, H*

Scheme 4: Proposed reaction mechanism.

the C—H activation most possibly proceeded via a single-elec-
tron transfer (SET) path compared to a concerted metalation-de-
protonation (CMD) path. Followed by an intermolecular SET
process, the cation-radical intermediate A was generated, which

coordinates with a Co!l!

species to provide the intermediate B.
Subsequently, the transfer of ligand OR from the coordinated
Co' to the naphthalene ring led to the formation of intermedi-
ate C. Finally, the alkoxylated product 3aa was released accom-
panied with the deprotonation and the Co'T species was trans-

formed into the Co!ll

species by re-oxidization.

The current alkoxylation methodology also exhibited potential
applications. When treated with NaOH at 80 °C, the picolinic
acid directing group could be easily removed, and the corre-
sponding 4 was obtained in 88% yield (Scheme 5).

Conclusion

In summary, a cobalt-catalyzed C8 alkoxylation of naphthyl-
amine derivatives with both primary and secondary alcohols
was developed. This protocol is characterized by mild reaction

conditions, broad substrate scope, and good functional group

Co''X,0R
SET

7\ —
NaOH, EtOH \ /N2

80 °C, air, 12 h 0
o \

3af 4, 88%
Scheme 5: Removal of the directing group.

tolerance. Moreover, the excellent compatibility of fluorine-
substituted alcohols (for instance, HFIP, trifluoroethanol, and
3-fluoropropanol etc.) shows that this strategy is highly valu-
able for the syntheses of biologically relevant fluorine-aryl
ethers after the removal of the directing group. The above
studies of the mechanism indicate that this reaction undergoes a
SET process and cobalt salt is the actual catalyst. Overall, this
protocol provides a new insight into the cobalt-catalyzed
alkoxylation of naphthylamine derivatives. Further exploration

of this strategy to aliphatic substrates is currently in progress.
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We show that cobalt bis(acetylacetonate) [Co(acac),], fert-butyl hydroperoxide (TBHP), and triethylsilane (Et3SiH) constitute an
inexpensive, general, and practical reagent combination to initiate a broad range of Markovnikov-selective alkene hydrofunctional-

ization reactions. These transformations are believed to proceed by cobalt-mediated hydrogen atom transfer (HAT) to the alkene

substrate, followed by interception of the resulting alkyl radical intermediate with a SOMOphile. In addition, we report the

first reductive couplings of unactivated alkenes and aryldiazonium salts by an HAT pathway. The simplicity and generality of the

Co(acac),-TBHP-Et;3SiH reagent combination suggests it as a useful starting point to develop HAT reactions in complex settings.

Introduction

Many powerful methods to effect alkene hydrogenation [1-4]
and Markovnikov-selective hydroheterofunctionalization (H-X
addition, X = O [5-9], I [3], Br [3], Se [3], S [8-10], C1[8,11], F
[12,13], and N [8,14-17]) by metal-mediated hydrogen atom
transfer (HAT) [18-21] are now known. Additionally, methods
to achieve carbon—carbon bond formation to alkenes by HAT
have been developed (e.g., reductive coupling [22-28], formal
hydromethylation [29], cycloisomerization [8,30,31], hydrooxi-

mation [32], hydroheteroarylation [28,33-35], hydroarylation
[36-38], and cross-coupling [37]). Many of these transformat-
ions have found applications in synthesis [6,39-47]. Although
mechanistically-complex [28] the outcome of these reactions
can be rationalized as initiating by HAT to the alkene, to form
the kinetically- and thermodynamically-favored alkyl radical
intermediate, which may be in equilibrium with the correspond-

ing metal alkyl complex. This radical then undergoes addition
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to a second reagent (SOMOphile) to form the functionalized
product (Scheme 1).

) .~ SOMOphile

I

" MFH —

’/,"

H H

Scheme 1: General mechanism of alkene hydrofunctionalization via
HAT.

A wide range of manganese, cobalt, or iron-based complexes
containing diverse supporting ligands have found use in these
reactions. To the best of our knowledge, the iron oxalate—sodi-
um borohydride system, introduced by Boger and co-workers
[8], is the only reagent combination shown to accommodate a
broad range of SOMOphiles. However, the cobalt—salen com-
plexes that are commonly employed [10,11,13,15,16,30-
32,36,37,48] contain many different ligand architectures [21],
and often need to be prepared by multistep sequences. Here we
report a uniform set of reaction conditions to achieve a broad
range of HAT hydrofunctionalization reactions using the simple
reagents cobalt acetoacetonate [Co(acac),], fert-butyl hydroper-
oxide (TBHP), and triethylsilane (Et3SiH). The practicality and
generality of this system should motivate its application in syn-
thesis.

Results and Discussion

In 2014, we reported the reduction of alkenyl halides (e.g., 1,
Scheme 2) utilizing Co(acac),, TBHP, and two reductants, tri-
ethylsilane and 1,4-dihydrobenzene (DHB) [2]. Mechanistic
studies showed that Et3SiH participates in the formation of a
cobalt hydride intermediate that delivers a hydrogen atom to the
less-substituted position of the alkene. The resulting alkyl
radical is believed to abstract a second hydrogen atom from
DHB to generate the reduced product [2]. This mechanism
separates the alkyl radical formation and functionalization steps
by employing two different reagents. Accordingly, we investi-
gated the application of this system in other HAT reactions. In

Beilstein J. Org. Chem. 2018, 14, 2259-2265.

these studies, methallyl p-methoxybenzoate (3a) was used as
substrate (Table 1).

Under our standard reduction conditions, alkene 3a was trans-
formed to isobutyl p-methoxybenzoate (4a) in 86% yield (entry
1, Table 1). Inspired by the methods of Boger [12] and Hiroya
[13], a number of fluorination reagents were examined to
achieve hydrofluorination. Although no product was observed
using SelectFluor®, diethylaminosulfur trifluoride (DAST), or
tosyl fluoride (see Supporting Information File 1, Table S1,
entries 2—4), N-fluorobenzenesulfonimide (NFSI) provided the
desired hydrofluorination product 4b in 36% yield (Table 1,
entry 2). Carreira and co-workers reported the first hydrochlori-
nation reaction via a cobalt-catalyzed HAT process [11]. By
utilizing p-toluenesulfonyl chloride (TsCl) and p-toluene-
sulfonyl bromide (TsBr) under our conditions, the desired
hydrochlorination and hydrobromination products 4¢ and 4d
were obtained in 92% and 95% yields, respectively [3] (Table I,
entries 3 and 4). To our knowledge, the formation of 4d repre-
sents the first Markovnikov-selective alkene hydrobromination
by an HAT pathway. Attempts to extend this reaction to
hydroiodination using related reagents, p-toluenesulfonyl
iodide, N-iodosuccinimide, or molecular iodine failed to
provide the expected product (see Supporting Information
File 1, Table S1, entries 9-11) [3]. Surprisingly, diiodomethane,
possessed the desired reactivity and the hydroiodination prod-
uct 4e was isolated in 89% yield (Table 1, entry 5) [3]. Ethyl
iodoacetate, iodoacetonitrile, and 1,2-diiodoethane were also
effective, but the yields of 4e and conversion of 3a were lower
(see Supporting Information File 1, Table S1, entries 13—15).
Mukaiyama and co-workers’ pioneering Markonikov-selective
alkene hydration reaction [5,49-54] proceeds using dioxygen as
the oxygen atom source. Exposure of the alkene 3a to similar
conditions provided the tertiary alcohol 4f in 69% yield
(Table 1, entry 6). Inspired by Girijavallabhan and co-workers’
report [10], we were able to trap the tertiary alkyl radical with
S-phenyl benzene thiosulfonate (PhSO,SPh, Table 1, entry 7)
and Se-phenyl 4-methylbenzenesulfonoselenoate (TsSePh,
Table 1, entry 8) [3] to afford the corresponding products 4g
and 4h in 96% and 89% yields, respectively. Carreira and
co-workers reported the hydroazidation of alkenes using
cobalt-salen complexes as hydrogen atom transfer agents and
para-toluenesulfonyl azide as an azide source [16,48,55]. After

Et;SiH, DHB

Co(acac),, TBHP,

PMPCO; (acac),
Cl n-PrOH, air,
1 62%

Scheme 2: Reduction of the alkenyl chloride 1 by HAT.

H
PMPCOZ/\(C 3

24°C Cl
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Table 1: Markovnikov Hydrofunctionalization of 3a.2

Co(acac),, TBHP

DHB (x equiv), Et3SiH (y equiv) FGCH
PMPCOM SOMOphile (z equiv) PMPCOZ/\‘/ 3
CHg3 solvent, 24 °C CHs
3a 4a—-m, 7a
entry X y SOMOphile z solvent product yieldP
H CH
3
1 5.00 5.00 - - n-propanol PMPCO{\’/ 86%
CHj
4a
F CH
3
2 250 10.0 NFSI 2.50 CHCly PMPCO3 36%
CH3
4b
¢! CH
3
3 250 10.0 TsCl 2.50 n-propanol PMPCOZ/\L/H 92%
3
4c
BrCH
3
4 3.75 10.0 TsBr 2.50 n-propanol PMPCOZ/\CL/H 95%
3
4d
|
CHj3
5 3.75 10.0 CHsl» 15.0 CH,Cl, PMPCOZ/\L/H 89%
3
4e
OH
CH3
6 10.0 10.0 (0]} - n-propanol PMPCOZ/\*/ 69%
CH3
4f
_Ph
CH3
7 250 10.0 PhSO,SPh 2.50 n-propanol F’MPCON/ 96%
CH3
4g
_Ph
SecH
3
8 250 10.0 TsSePh 2.50 n-propanol PMPCOZ/\*/ 89%
CH3
4h
N3
CH3
9 1.00 10.0 p-ABSA 5.00 CH3CN PMPCOZ/\CL/H 79%
3
4i
PMP

N+
10 0 625 HsCO 150  CHqCly PMPCO/\{/CH3 92%
2

BF4~ CH;
5a 7a
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Table 1: Markovnikov Hydrofunctionalization of 3a.2 (continued)

N(OBn)

11 375 10.0

PhO,S™ "CN
6a

N(OBn)

12 375 10.0

PhO,S” “H
6b

13 0 500

14 0 5.00

2.50

2.50

5.00

1.00

Beilstein J. Org. Chem. 2018, 14, 2259-2265.

(I)Bn
NS L CN
n-propanol PMPCOZ/\T/CHs 60%
CHj
4
(I)Bn
NS H
n-propanol PMPCO&CHS 48%
CHs
4k
N
| ~N
S 66%
CHyCI CH 4.7:1
2z PMPCO3 s b
CHs
41
CH4CN 50%

aFor detailed reaction conditions, see Supporting Information File 1. Plsolated yields after purification by flash-column chromatography. °rr = ratio of

regioisomers.

careful optimization of the azidation reagent (p-acetamido-
benzenesulfonyl azide (p-ABSA)) and additive equivalents (see
Supporting Information File 1, Table S1, entries 19-28), the
tertiary alkyl azide 4i was obtained in 79% yield (Table 1,
entry 9).

To broaden the scope of C-N coupling process via HAT, we in-
vestigated other nitrogen-containing SOMOphiles in the HAT
reaction. Employing 4-methoxyphenyldiazonium tetrafluoro-
borate (5a) in our HAT conditions, the alkyl aryl azo product 7a
was obtained in 92% yield (Table 1, entry 10). Due to the
importance of azo compounds in synthetic organic chemistry,
industrial dyes, and medicinal chemistry [56,57], we investigat-
ed the scope of this transformation (Scheme 3). By varying the
alkene substitution pattern, we determined that the coupling of
tertiary radicals is more efficient than secondary radicals. For
example, methallyl p-methoxybenzoate (3a) and prenyl
p-methoxybenzoate (3¢, not shown) afforded the azo com-
pounds 7a and 7¢ in 92% and 91% yields, respectively. By
comparison the yield of the azo product using allyl p-methoxy-
benzoate (3b, now shown) as substrate was somewhat lower

(77%). Diazonium salts bearing substituents with different

steric and electronic properties were examined. These experi-
ments revealed that this coupling is compatible with a broad
range of functional groups and aryl substitution patterns (7d—j,
52-97%). The naphthylazo derivative 7k was obtained in 69%
yield using 1-naphthyldiazonium tetrafluoroborate. However,
aryldiazonium salts bearing nitro substituents were not compati-
ble with this HAT coupling. For example, the use of p-nitroben-
zendiazonium tetrafluoroborate failed to provide the expected
coupling product 71. This may be due to alternative reaction

pathways involving reduction of the nitro substituent [17].

Additional carbon—carbon bond formation strategies were also
examined using the Co(acac), HAT system. Sulfonyl oximes 6a
and 6b [32] afforded the carbon—carbon coupled products 4j
and 4k in 60% and 48% yields, respectively (Table 1, entries 11
and 12, respectively). Recently, our laboratory reported a
formal intermolecular hydroheteroarylation using N-methoxy
heteroarenium salts by Co(acac),-mediated HAT [33,34]. In the
original reports, 36 discrete unactivated alkenes were coupled
with 38 different heteroarenium salts under mild conditions
[33,34]. A representative example comprises the coupling of

methallyl p-methoxybenzoate (3a) with N-methoxypyridinium
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N2+ H
: = ,"'-1;:\' Co(acac),, TBHP, Et3SiH -
e R \r(
; X CH,Cl,, argon, 24 °C N~
1
- Ar
BF4 52-97%
3a-c 5a-j Ta-l
OCHs OCHj3 OCHjs
N N N
N eH N” N”
PCO 3
PMPCO; Y PMPCOZ\)\CH3 PMPCOMCH3
CHs CHs
7a, 92%:2 7b, 77% 7c, 91%
F CF3 Br
N N N
N e N e N eH
PMPCO; PMPCO; 3 PMPCO;
CH; CHj CHs
7d, 82% 7e, 71% 7f, 65%
CO,CHj
PhO
CH3
N N N
H CH CH
PMPCO3 Chs PMPCO3 3 PMPCO3 3
CH; CHj CH;
79, 52% 7h, 97% 7i, 7%
, ______________ ~
0\ ! NOz |
o) ! !
90 ' '
! |
! |
! |
N N : N |
CH CH ! CHsz
PMPCOZ PMPCOZ ' PMPCO; |
CHj, CHj t CH3 K
7i, 81% 7k, 69% 71, 0%

Scheme 3: Substrate scope of alkyl-aryl azo compound synthesis via HAT. Conditions: alkene (0.250 mmol), diazonium salt (1.50 equiv), Co(acac),
(1.00 equiv), TBHP (1.00 equiv), Et3SiH (6.25 equiv), CH2Cl, (0.2 M), argon, 15—-120 min. All yields are isolated yields after flash-column chromatog-

raphy. @Reaction conducted on 1.00 mmol scale.
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methyl sulfate (6¢) to form the hydropyridylation product 41 in

66% vyield and as a 4.7:1 ratio of regioisomers (Table 1,

entry 13). We also demonstrated that the alkyl radical

generated from the HAT process can be trapped by (n°-

benzene)manganese tricarbonyl hexafluorophosphate (6d) to

provide the reductive coupling product 4m in 50% yield
(Table 1, entry 14).

Conclusion

In summary, we have demonstrated that under a consistent set
of conditions, the Co(acac),—~TBHP-Et3SiH system effects a
diverse array of Markovnikov-selective hydrofunctionalization

reactions of unactivated alkenes (H-X addition, X = H, F, ClI,

Br, 1, O, S, Se, N, and C). We have also reported the first reduc-

tive coupling reactions of alkenes and aryldiazonium salts under

HAT conditions. These transformations proceed in high regio-

selectivity and efficiency. Further efforts will focus on

expanding the alkene scope and exploring the site-selectivity in

polyene substrates.

Supporting Information

Supporting Information File 1

Detailed experimental procedures and characterization data
for all new compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-201-S1.pdf]
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As an earth-abundant first-row transition metal, cobalt catalysts offer a broad range of economical methods for organic transformat-

ions via C—H activation. One of the transformations is the addition of C—H to C—X multiple bonds to afford alkylation, alkenation,

amidation, and cyclization products using low- or high-valent cobalt catalysts. This hydroarylation is an efficient approach to build

new C—C bonds in a 100% atom-economical manner. In this review, the recent developments of Co-catalyzed hydroarylation reac-

tions and their mechanistic studies are summarized.

Introduction

For the last three decades, atom-economical synthetic ap-
proaches have played a substantial role in organic synthesis
owing to the necessity of green chemistry for the modern
universe [1-3]. In this context, catalytic C—H functionalization
has been acknowledged as an atom- and step-economical
process [4-6]. A wide range of transition metal-catalyzed non-
directed or directing group assisted C—H activation methodolo-
gies have been developed to build new C—X (X = carbon or
heteroatom) bonds [7-10] and they offer efficient routes to the
synthesis of natural products, materials, agrochemicals,
polymers, and pharmaceuticals [11-15]. Specifically, the
first-row transition metal catalysts, which are less expensive
and more environmentally benign, have attracted significant

attention in recent years [16-27]. As a member of the first-row

transition metals, cobalt complexes are known to be extensive-
ly involved in homogeneous catalysis, in particular, C-H activa-

tion.

In 1941, Kharasch and Fields applied a cobalt salt as the cata-
lyst for the homocoupling of Grignard reagents [28]. After
15 years, Murahashi discovered a cobalt-catalyzed chelation-
assisted ortho C—H carbonylation of azobenzene and imines
as the preliminary example of directing group assisted C—H ac-
tivation reactions (Scheme 1) [29,30]. Following to these
pioneering works, the groups of Kochi [31], Kisch [32], Klein
[33,34], and Brookhart [35] have made their crucial contribu-
tions in the cobalt-mediated/catalyzed C—H functionalization.

In recent years, Yoshikai [36], Kanai/Matsunaga [37], and

2266


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:chcheng@mx.nthu.edu.tw
https://doi.org/10.3762%2Fbjoc.14.202

X
AN X\~N/Ph cat. Co,COg ‘N-Ph
| _ CO (150-200 atm)
H 190-230 °C, 2-6 h o}
X=C,N X=C, NH

Scheme 1: Cobalt-catalyzed C—H carbonylation.

Daugulis [38] introduced different cobalt systems, which played
a significant portion in C—H activation by its unique reactivity
as an alternative to third-row noble metal catalysts [16,17,20-
25]. Nakamura [39], Ackermann [40], and Glorius [41] also
involved in cobalt-catalyzed C—H functionalization. Of these
reactions, alkylation, alkenation, amidation, and cyclization of
arenes with the relevant coupling partners are an economical
and straightforward approach for the synthesis of diverse alkyls,
alkenes, amides and cyclic compounds.

A simple addition of a “inert” C—H bond to multiple bonds
(hydroarylation) is a 100% atom economical process to build
fundamental alkyls and alkenes (Scheme 2) [42-45]. It is an
efficient alternative to C—H alkylation reactions with alkyl
halides where one equivalent of salt waste was released, and
dehydrogenative Heck coupling with alkenes for the synthesis
of alkenes, which required a stoichiometric amount of oxidant.
Herein, we wish to review the cobalt-catalyzed hydroarylation

of alkynes, alkenes, allenes, enynes, imines, and isocyanates.

Beilstein J. Org. Chem. 2018, 14, 2266-2288.

Ar, H + alkylation

Ar—H + R!-—X-R2 ™, >:x « alkenation
ANRAN e

0% waste R R2  « amidation

0% oxidant

Scheme 2: Hydroarylation by C—H activation.

These reactions usually proceed via either an oxidative addition
of Ar—H to a low-valent cobalt to form A1 intermediate or a
C—H activation with high-valent cobalt to give A2 via deproton-
ation, followed by migratory insertion and reductive elimina-
tion or protonation (Scheme 3). We believe that this review will
be helpful to the researchers for their future research on hydro-

arylation using earth-abundant metal catalysts.

Review

1. Hydroarylation of alkynes

1.1 Low-valent cobalt-catalyzed hydroarylation of
alkynes

Hydroarylation of alkynes is an efficient method to synthesize
aromatic alkenes in a highly atom-economical way [44]. In
1994, Kisch and co-workers developed the first cobalt-cata-
lyzed hydroarylation of alkynes with azobenzenes 1 to synthe-
size dialkenated products 2 (Scheme 4) [32]. The reaction
resulted in an anti-addition of the C—H bond with alkynes using
the cobalt(l) catalysts CoH(N;)(PPh3s); or CoH3(PPh3)3 under

neat reaction conditions.

At A .
owd?_’:_:\;i _H _insertion_ [Co] r H oo ‘?Ucm,
add! [C°]\Ar RI-=X-R? =X —Minatjo,,
A1 R" R?
[Co] Ar, H
Ar—H =X
co'l R1 ‘RZ
Ar, co'l atiof
lico insertio >7X/ prot”
Ar RI-=X-R2 |1 R?
A2 R R
Scheme 3: Pathways for cobalt-catalyzed hydroarylations.
R‘I R1
Ph
H 7-33 mol % Ph™ ™
R N CoH(N,)(PPh R N
SN R'+ Ph—=—Ph [neat(8§)‘(’C 23;3] SN R
H 1a R=R'= CH, 70-80% | Ph
R 1 1b,R=CI,R'"=H R 2
Ph

1c,R=F,R'=H

Scheme 4: Co-catalyzed hydroarylation of alkynes with azobenzenes.
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After fifteen years, Yoshikai and co-workers developed a low-
valent cobalt system for C—H functionalization [16,36]. Thus,
the reaction of 2-aryl pyridines 3 with internal alkynes in the
presence of 10 mol % CoBry, 20 mol % PMePh,, and 1 equiv of
MeMgCl as a reductant yielded ortho alkenated products 4 with
high regio- and stereoselectivities (Scheme 5) [36]. The found
intermolecular kinetic isotope effect (KIE) of ky/kp = 2.1 and
H/D crossover studies strongly suggest that the reaction
proceeds through an oxidative addition of a C—H bond to low-
valent cobalt followed by alkyne insertion and reductive elimi-
nation. Furthermore, the new C—C bond formation occurred at
the less-hindered carbon of the unsymmetrical alkynes, which
causes the high regioselectivity.

Later, they proved that the hydroarylation reaction was also
feasible with benzoxazoles 5 to form alkenated products 6 using
CoBry, bis[(2-diphenylphosphino)phenyl] ether (DPEphos),
Grignard reagent, and pyridine as an additive (Scheme 6) [46].
Similarly, benzothiazoles also efficiently underwent hydro-
heteroarylation by using suitable ligands [47]. The reaction was
successfully extended to indoles and benzimidazoles 7 bearing a
removable 2-pyrimidyl (2-pym) directing group with alkynes at

Beilstein J. Org. Chem. 2018, 14, 2266-2288.

10 mol %CoBr, |

N R’ N
7 20 mol % PMePh, 7 R
M Tl Toomer% MeMgCl R
| Ar R2 THF,100°C,12h @
=
3 4
N A
| _N | \ | N
Pr Pr _N Z% Me
Pre_ — . _Pr Pr S iPr
ST Pr
R 42% OMe
R = OMe; 80%
' 729
R = CF3; 73% %

Scheme 5: Co-catalyzed hydroarylation of alkynes with
2-arylpyridines.

ambient temperature (Scheme 7) [48]. These reactions resemble
the Ni(0)-catalyzed hydroheteroarylation reaction [49].

In addition, imines 9 and 11 bearing a p-methoxyphenyl (PMP)
group were also treated with internal alkynes in the presence of

10 mol % CoBr,
10 mol % DPEphos

e

227 N
Ty we=
N

THF, 20 °C, 12 h

2
, 40 mol % Pyridine_ =" N\>_(R
Me3S|CH2MgCI LI\\_ X R?
6

5 X=0,S
N Pr
R NP | \>_( N Pr
y AERY | \>—(
O Pr e S Pr
R=Me; 77% CN g2y 90%
R = Cl: 85% b b

Scheme 6: Co-catalyzed addition of azoles to alkynes.

10 mol % CoBr,
10 mol % pyphos

— 2

X R

X
I
V\ N
R )
7 —

t-BuCH,MgCl L,
THF,20°C, 12h R

R P
T
N Pr

2-\pym

7 N Pr
R2 ©[ \>_(/7
N Pr

2-pym 2-pym
R=F;87% R'=¢t-Bu, R?=nBu; 57% o
R = OMe; 89% R'=Ph, R2 = Ph; 96% 82%
R =CN; 75% R' = SiMe3, R? = Me; 81%

Scheme 7: Co-catalyzed addition of indoles to alkynes.
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a cobalt catalyst generated from CoBr,, P(3-CICgHy)3, and
t-BuCH,MgBr at room temperature to give trisubstituted
alkenes 10 and 12 in good yields (Scheme 8) [50,51]. The reac-
tion featured a broad scope of alkynes and imines. The ortho
alkenated imines could be further transformed into useful prod-
ucts, such as aminoindanols and benzofulvenes under hydroly-
sis conditions. Based on the mechanistic studies, a possible
reaction mechanism for the hydroarylation reaction was pro-
posed in Scheme 9. The reaction begins with the generation of
an ambiguous low-valent cobalt catalyst from the reaction of
CoBry, ligand and Grignard reagent, which gives the alkane and
MgX, as the by-products. Then, coordination of the alkyne with
the cobalt catalyst afforded B1 and the oxidative addition of
C-H gave the cobalt complex B2. Intramolecular insertion of
the Co—H bond into the alkyne and subsequent reductive elimi-
nation of the less-hindered alkenyl carbon with aryl group in B3
provides the desired alkene 10 and regenerates the active cobalt
catalyst for the next cycle.

Beilstein J. Org. Chem. 2018, 14, 2266-2288.

CoX,lL
\NIPMP 2 RMgX
A R, R-R, 2 MgX,
10 R y [Co] NSR — R,
r]
“N-PMP R—==R,
(Col B1
_PMP
jﬁ .
“N-PMP JH
[CO] Rg
H
B2 /
R

Scheme 9: A plausible pathway for Co-catalyzed hydroarylation of
alkynes.

R 5 mol % CoBry
_ \N,PMP 10 mol % P(3-CICgHy)3 R | X
+
a) RE | | 80% Pyridine N ZOR1
. H R2 50 mol % t-BuCH,MgBr 10 R2
PMP = p-methoxyphenyl THF, 20°C.12h
\NJPMP \N“'PMP o \NJPMP e}
R Z “pr Z "Ph | R ~ P
=~ Pr Ph
Pr Me

R = OMe; 80% (83:17)
R = CF3; 76% (87:13)
R = Ph; 83% (86:14)
The E/Z ratio is shown in parentheses

52% (80:20)

Pr

R = OMe; 76% (91:9)
30% (51:49)

R = CF3; 64% (88:12)
R =Ph; 73% (90:10)

R! 5 mol % CoBr, H
_PMP 20 mol % P(3-MeCgH =
b) _ | SN . ’ | o P( 6Ha)3 “ X
R 50 mol % iPrMgBr NN
H R? THF, 1t, 12 h f2
1 12
R H OMe H OMe H
0 NPMP
Z "Ph ZPh Z “Ph Z > n-Pr
Ph n-Pr
R = Ph; 88%
R = OMe: 90°% 78% R = OMe; 76% 94%
& IV R = Br; 59%%
R = CF3; 68%%

Scheme 8: Co-catalyzed hydroarylation of alkynes with imines.
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In 2015, Petit’s group developed a hydroarylation reaction of
internal alkynes with imines using a low-valent cobalt catalyst
without reductant or additives (Scheme 10) [52]. The reaction
afforded alkenes 13 in excellent yields with anti-selectivity. The
alkene product originally should be syn-13, but it rearranged to
anti-13 at the high reaction temperature likely catalyzed by the
cobalt complex. Moreover, the found intermolecular KIE of 1.4
and density functional theory (DFT) calculations strongly
suggest that the reaction proceeds through concerted hydrogen
transfer by an oxidative pathway, reductive elimination, and

subsequent isomerization.

1.2 Co(lll)-catalyzed hydroarylation of alkynes

In 2013, Kanai/Matsunaga and co-workers developed an air-
stable Co(III)Cp* catalyst as an economical alternative to
Cp*Rh(III) for C-H functionalization [37]. The Co(III) catalyst
was applied for the hydroarylation of alkynes with indoles 14 to
form alkenes 15 with linear selectivity (Scheme 11) [53]. The
reaction features a broad substrate scope including a variety of
indoles, terminal and internal alkynes, mild reaction conditions
and inexpensive catalyst. The reaction proceeds through an
amide-assisted C—H metalation followed by alkyne insertion
and protonation [54]. The reaction also acknowledged that the

Beilstein J. Org. Chem. 2018, 14, 2266-2288.

Co(III) species possess unique nucleophilic reactivity com-
pared with the Rh(III) species for the annulation reaction. The
hydroarylation reaction further extended to pyrroles for selec-
tive monoalkenylation using [Cp*Co(CH3CN)3](SbFg), as the
catalyst [55].

In contrast, branched-selective hydroarylation of terminal
alkynes was achieved by Li et al. The addition of arenes 7 to
propargyl alcohols, protected propargyl amines, and silyl
alkynes in the presence of CoCp*(CO)I, catalyst gave
uncommon branched-selective products 16 in good yields with
reasonable selectivity (Scheme 12) [56]. DFT calculations indi-
cated that the regioselectivity of silyl alkynes was controlled by
its steric effect in the protonolysis step, whereas the electronic
nature of propargyl alcohols and amines played a key role in the
selectivity control during the insertion. Moreover, the control
experiments and DFT calculations show that HOPiv played a
crucial role in both the C—H activation and the protonolysis
step.

In 2016, Yu and co-workers developed a hydroarylation of
alkynes with different arenes including phenylpyridines, pyra-
zole, and 6-arylpurines 17 using 5 mol % Cp*Co(CO)I,,

R Sy-PMP
_ \N,PMP 5 mol % Co(PMej3),
R_\ | toluene, MW, 170 °C
H R2 30 min
13 R2

\ _PMP \ _PMP \ _PMP
t-Bu

85% 96% Ph 90%

Scheme 10: Co-catalyzed anti-selective C—H addition to alkynes.

R 5 mol % R2
@ [CoCP*(CoHe)I(PFe)2 W
N+ || 10 mol % KOAc N R
0 DCE (0.5 M)
— 2 —
N R 80°C, 20 h N
15\
Ph Et Ph
N N Et N H
o )=~o0
\ \ \
90% (rr = 17:1) 93% 68% (rr = >30:1)

Scheme 11: Co(lll)-catalyzed hydroarylation of alkynes with indoles.
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5 mol %

LY e, w0,
N . 6 - N R

v 1+ 1.0 equiv HOPiv 2-ovm
Zpym  RU3RE  12h by
7 16
R' = OH; 82% 74 |
©:\>—< | R'=0Ph; 63% (5.7:1)° AcN
R 1= . 0, .4\a !
ab| ratio = NHTs; 71% (4.5:1) 44%

Scheme 12: Co(lll)-catalyzed branch-selective hydroarylation of alkynes.

10 mol % AgSbFg, and 0.5 equiv PivOH in DCE (Scheme 13)
[57]. The reaction proceeded efficiently with various alkynes to
give alkenes 18, however, the reaction was limited to terminal
alkynes. Additionally, they applied this methodology to design
a mitochondria-targeted imaging dye from electron-with-
drawing formyl-substituted indoles and alkynes.

Later, Maji’s group reported an N-tert-butyl amide-directed
mono- and di-alkenylation reactions using a cobalt catalyst
(Scheme 14) [58]. The reaction was also applied for the prepa-
ration of m-conjugated alkenes by four-fold C—H activation,
which was found to be fluorescence active. The KIE studies
provided ky/kp of 2.8 and 2.6 through intermolecular and intra-

5 mol %
CoCp*(CO)l, R
H R! 10 mol % AgSbFg R
X + — X
| Ar ’ | 0.5 equiv PivOH
= DCE, 60 °C,5h

17

18

= Ph: 86%
R1 =n-Bu; 93% /5%

Scheme 13: Co(lll)-catalyzed hydroarylation of terminal alkynes with arenes.

Ph
A NN\W
ST
N —
XX
@NS\ Ph N

99% 92%

H O R! 5 mol % CoCp*(CO)l»
N _t-Bu 15 mol % AgBF,4 N~ ~t-Bu N _t-Bu
N+l T mol % Cu(OAC),"H,0 H
H R2 DCE, 100-120 °C, 12-16 h /
19 20a R’
0 o)
N/l‘-Bu N/t-Bu
t-Bu H H
/ Ph Z >CO,Me Z “Ph
/ Ph Me

63% + 19% (20a) 82%

Scheme 14: Co(lll)-catalyzed hydroarylation of alkynes with amides.

68% (rr = 5:1) 58% (rr = 5.2:1)
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molecular experiments, respectively. These results strongly
suggest that the C—H activation may be involved in the rate-
limiting step. It is noteworthy that the reaction is limited to
internal alkynes.

Recently, Sundararaju and co-workers developed a Co-cata-
lyzed hydroarylation reaction of alkynes with phenylpyrazoles
21 (Scheme 15) [59]. The reaction exhibited tolerance toward a
variety of functionalities on arenes as well as alkynes. The iso-
lated cationic cobalt intermediate (C3) and the mechanistic
studies strongly indicate that the reaction proceeds through
C—H activation via concerted metallation-deprotonation (CMD)
to form cobaltacycle C1. Subsequently, alkyne coordination

(C2) and migratory insertion of alkyne provide alkenyl interme-

Beilstein J. Org. Chem. 2018, 14, 2266-2288.

diate C3. Finally, protonolysis gives the desired alkene product
22 and regenerates the active cobalt(IIl) catalyst for the next
cycle.

2. Hydroarylation of alkenes

2.1 Low-valent cobalt-catalyzed hydroarylation of
alkenes

As alkynes efficiently participated in low-valent cobalt-cata-
lyzed hydroarylations (section 1.1), Nakamura and co-workers
developed an analogous hydroarylation reaction of alkenes [39].
Thus, the reaction of amides 23 with alkenes in the presence of
10 mol % Co(acac)s, 1.5 equiv CyMgCl, and 6.0 equiv DMPU
provided C-H alkylated products 24 in good yields with high
linear selectivity (Scheme 16).

5 mol %
\ \
{ N Ph CoCp*(CO)l; U\
N 10 mol % AgSbFg N" Ph
et T Il 20 mol % NaoPiv X Ph
R TFE,60°C,6h R+
_ Ph
21 22
+
—PivOHl [CoCP*(CONOPMI X~ piyon
Ph o+ SHFE
Y . / \\ SoF6 [ N- CO’CO
NN\ P \ ad

4
Q Ce Ph
R [ sbFe /
Z P

ij//z»lvh

c1
\
i \N R=H;97%
N°  Ph R = Me; 97%
R « _Ph R=CF3 36% X
R = CO,Et; 93%
Co,Et %%
Scheme 15: Co(lll)-catalyzed C—H alkenylation of arenes.
O
(0] 10 mol % Co(acac)s

1.5 equiv CyMgCl =z -

= N q / yMg 2 H
R— | H 6.0 equiv DMPU ]
NNH Et,0,25°C, 12 h R

23 24
% O n-CgHiz
O
N N~ 7
jee! e
Ph Ph ™S HN—
n-CgHq7
56% (I:b = 69:31) 98% 83%

Scheme 16: Co-catalyzed alkylation of substituted benzamides with alkenes.
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Later, Yoshikai’s group reported a ligand-controlled hydroaryl-
ation of styrenes with 2-phenylpyridines 3 in the presence of
CoBr;-IMes and CoBr;-PCyj catalysts to synthesize linear and
branched selective products 25 and 26, respectively, in good
yields with high selectivity control (Scheme 17) [60]. It is note-
worthy that the electronic nature of the substrates also con-
trolled the addition selectivity; electron-withdrawing group
(CF3 and F) substituted arenes 3 favored branched addition
product 26 in both catalytic systems.

Similarly, imines 9 were employed for the hydroarylation reac-
tion to form linear or branched addition products by tuning
ligands and additives. Thus, the reaction of imines 9 with vinyl-
silanes as well as alkyl alkenes gave linear addition products
27a,b under mild reaction conditions (Scheme 18a,b) [61]. The
addition of indoles to vinylsilanes also succeeded in a similar
manner [62]. When styrenes were employed for the hydroaryl-
ation with imines 9, the reaction required 4.0 equiv of
2-methoxypyridine as the additive in the presence of CoBry
[bis(2,4-dimethoxyphenyl)(phenyl)phosphine] and CyMgBr to
afford linear-selective products 27¢ (Scheme 18c) [63].

Recently, N-H imines 9d has also become an efficient directing
group for the hydroarylation reaction. The addition of N-H
imines 9d to vinylsilanes or alkyl alkenes was achieved using a
low-valent cobalt catalyst to form alkylated products 27d
(Scheme 19) [64]. The N—H imines overcame substrate scope
limitation from previous reports with N-aryl and N-alkylimines.
Moreover, multiple C—H alkylation was also succeeded with
benzophenone imines in high yields with linear selectivity
under the mild reaction conditions.

In contrast, the addition of ketimines 9 to styrenes gave
branched selective alkylation products 28 in the presence of the
catalyst system CoBr,/P(4-FCgHy)3 and CyMgBr (Scheme 20a)

10 mol % CoBr;
10 mol % IMes*HCI
XN Ph 100 mol % t-BuCH,MgBr
| THF, 60 °C, 12 h

Beilstein J. Org. Chem. 2018, 14, 2266-2288.

[65]. In a similar manner, aldimines 9 also reacted with styrenes
to give branched-selective alkyls 28a under modified reaction
conditions (Scheme 20b) [66]. Moreover, the Co-catalyzed
hydroarylation of styrene with ketimine or aldimine proceeded
without Grignard reagent using Mg metal as the reductant [67].
Recently, N-H imines 9d were also employed for the hydro-
arylation reaction with styrenes, giving a branched-selective
hydroarylation product in good yields [68].

Based on the mechanistic studies and DFT calculations [69], a
plausible mechanism for the cobalt-catalyzed ligand-controlled
hydroarylation of alkenes was proposed in Scheme 21. The
reaction begins with the generation of low-valent cobalt from
CoBr;, ligand, and Grignard reagent. Then, imine 9 assisted an
ortho C—H metallation by oxidative addition and provides
Co—H intermediate D1. Coordination of alkene with D1 and
insertion of the alkene to Co—H gives intermediate D3 or D3’,
which is converted into product 27 or 28 and low-valent cobalt
by reductive elimination.

Indoles also efficiently participated in intra- and intermolecular
hydroarylation reactions to access useful organic skeletons [70-
73]. Thus, the reaction of indole bearing an aldimine and
homoallyl group 29 in the presence of CoBr;, SIMes-HCI and
Me3SiCH,MgCl gave dihydropyrroloindoles 30, whereas the
IPr-HCI ligand provided tetrahydropyridoindoles 31 in reason-
able regioselectivity (Scheme 22) [70]. Remarkably, the regio-
selectivity of the reaction is not only controlled by the steric
effect of NHC ligand, but also depends on the olefin tether in
29. Recently, Petit and co-workers also developed an intra- and
intermolecular hydroarylation of indoles using Co(PMejs)4 as
the catalyst under Grignard-free conditions [72].

In 2015, an asymmetric hydroarylation of styrenes with indoles
was reported by Yoshikai and co-workers (Scheme 23) [73].

X
10 mol % CoBr, | _N

10 mol % PCys Ph

Ph 80 mol % Me3SiCH,MgCI AN
THF, 60 °C, 12 h
o
R
26

R = 4-OMe; 74% (2:98)
R = 4-NMey; 53% (1:99)
R = 3-OMe; 58% (7:93)
R = 4-F; 82% (14:86)
R = 4-CF3; 81% (85:15)
R = 2-Me; 81% (1:99)

b:l ratio in parentheses

R = 4-OMe; 82% (96:4)
R = 4-NMey; 46% (99:1)
R = 3-OMe; 67% (99:1)
R = 4-F; 83% (85:15)

R = 4-CF3; 31% (79:21)
R = 2-Me; N.R.

Scheme 17: Co-catalyzed switchable hydroarylation of styrenes with 2-aryl pyridines.
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P 5 mol % CoBr,
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/' X, - PMP | 5 mol % 1,10-phenanthroline H*
3) § | SiR's 40 mol % t-BUCH,MgBr 1
¥ °H THF, 1t, 6 h SiR3
R o9 R 27a
R = Me; 74%
R o R = CI; 58% R's = Mes; 92%
R =CF3; 41% 0 R'; = Me,Ph; 93%
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9 27b
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5 _ \N . t 10 mol % PR3 H
S | Ar 50 mol % CyMgBr
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9 THF, 40 °C, 24 h
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R Ph

R = H; 91% (97:3)
R = Me; 85% (90:10)
R = Ph; 79% (93:7)
R = OMe; 84% (94:6)
R = F; 87% (92:8)

R = SMe; 41% (92:8)

R1

R' = 4-MeCgHy,; 88% (98:2)
R' = 4-PhCgHa; 72% (75:25)
R' = 3-MeCgH,4; 90% (96:4)
R = 2-OMeCgHy4; 71% (99:1)
R = 2-FCgHy4; 90% (99:1)

I:b ratio is shown within parentheses

Scheme 18: Co-catalyzed linear-selective hydroarylation of alkenes with imines.

Among varies N-protected indoles, N-Boc indoles 32 in the
presence of Co(acac)s and phosphoramidite ligand L afforded
alkylated products 33 in high yields and enantioselectivity. A
wide range of indoles and styrenes were well tolerated to form
the corresponding alkyl products 33 in a branched selective

manner.

2

91% (92:8)

OMe

OMe

OMe

2.2 Co(lll)-catalyzed hydroarylation of alkenes

In 2013, Kanai/Matsunaga and co-workers reported a hydro-
arylation reaction of activated alkenes with phenyl pyridines 3
in the presence of the air-stable [Co(III)Cp*(benzene)](PF¢),
catalyst, giving hydroarylation products 37 in good yields

In addition to the directing group strategies, remote C4-selec-
tive alkylation of pyridines [74] was also feasible with alkenes

(Scheme 25) [37]. The reaction proceeds through directed ortho
C-H metallation to form five-membered cobaltacycle E1 and
alkene insertion to give complex E2. Protonation then provides
product 37 and an active Co(IlI) catalyst for the next cycle.

as Kanai et al. reported (Scheme 24a) [75]. The addition of

pyridine (34) to alkenes in the presence of 1 mol % CoBry,
20 mol % BEt3, and LiBEt3H as a hydride source provided
branched-selective products 35a with styrenes, while alkylal-
kenes resulted in linear-selective products 35b. Similarly,
quinolines 34a also underwent hydroarylation reaction with
styrene to give C4-selective alkylated products 36 in good

regioselectivity (Scheme 24b) [76].

Terminal alkenes were also applied in hydroarylation reaction
as Sundararaju and co-workers demonstrated (Scheme 26a)
[77]. Likewise, Whiteoak’s group reported a cobalt-catalyzed
hydroarylation of terminal alkenes with amides 39 [78]. The
reaction of vinyl ketones with amides provided alkylated prod-
uct 40, whereas acrolein resulted in biologically useful

azepinones in good yields (Scheme 26b).
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Scheme 19: Co-catalyzed linearly-selective hydroarylation of alkenes with N—H imines.
5 mol % CoBr,
S\ -PMP || 10 mol % P(A-FCeHa)s H*
a) ~ N +
R | Ar 50 mol % CyMgBr
X-"H THF, rt, 12-24 h
9 28 Ar
(¢] R=H,R"=H; 90% (0]
R = OMe, R" = H; 90%
B R=F,R' = H; 86% O O
Pz R R =H, R'= OMe; 75%
= 1-F-
R R=H,R"=F; 55% 83% OJ
R=H, R'=TMS; 70%
H
10 mol % CoBr,
0 - =
> \N/PMP . m 20 mol % P(p-Tol); QR+ R ] (6]
b) R | Ar  Me3SiCH,MgBr X
H THF, 40°C,12h
9 28a Ar
R H o}
R = Me; 80% Ph
O R=Ph; 77% SiMe3
R = SiMes; 42%
Ph
Ph 89% 35%

Scheme 20: Co-catalyzed branched-selective hydroarylation of alkenes with imines.

N-Pyrimidylindole is a highly reactive arene in cobalt-cata-

lyzed C—H functionalizations. In this context, Li and co-workers
developed an addition reaction of indoles 7 with activated
alkenes using a cobalt(IIl) catalyst (Scheme 27) [79]. The reac-
tion tolerated a wide range of alkenes including vinyl aldehyde,

ketones, and divinyl ketones and a variety of arenes to give
C2-alkylation products 41 in good yields.

Similarly, alkylalkenes were subjected to hydroarylation with
indoles by Ackermann et al. [80]. The addition of indoles 42
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Scheme 21: Mechanism of Co-catalyzed hydroarylation of alkenes.
PMP
H. O 10 mol % CoBr, _N 10 mol % CoBr, H. 0
H* 10 mol % SIMes-HCI 10 mol % IPr-HCI H*
AN - = N\ S - — J AN
\ 100 mol % Me3SiCH,MgCl | | 100 mol % Me3SiCH,MgCl \ N
o/ N THF, rt, 12 h RN THF, rt, 12 h S
R = R 31
30 29
R =H; 84% (30:31 = 8:1) R =H; 63% (30:31 = 1:5)
R = 5-OMe; 56% (30:31 = 5.2:1) R =5-OMe; 45% (30:31 = 1:2.2)
R =6-F; 82% (30:31 = 9:1) R =6-F; 71% (30:31 = 1:2.5)
R =7-Me; 62% (30:31 = 4.1:1) R =7-Me; 59% (30:31 = 1:2.3)
Scheme 22: Co-catalyzed intramolecular hydroarylation of indoles.
10 mol % Co(acac)s CHO
20 mol % L HY =~ N §
75 mol % Me3SiCH,MgClI . |
X N Ar
THF, rt, 12 h R Boc
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Scheme 23: Co-catalyzed asymmetric hydroarylation of alkenes with indoles.
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N 2 mol % Co(OAc), N | Ny
LN 1.4 equiv pyridine N
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Ph 0.4 equiv BuLi
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Scheme 24: Co-catalyzed hydroarylation of alkenes with heteroarenes.

X
_N

5 mol %

R = 6-OMe; 95% (b:l = >20:1)
R = 2-Me; 70% (b:l = >20:1)

|
.
1 \ H
R
=

3

0O

% [CoCp*(benzene)](PFg)>
ﬁ THF, 100 °C, 24 h

ooy, —

37

X
| jN i | N i
Me
Ph
R = OMe; 70%
78% R = Cl: 76%

Scheme 25: Co(lll)-catalyzed hydroarylation of activated alkenes with 2-phenyl pyridines.

into alkylalkenes in the presence of 10 mol % CoCp*(CO)I5,
20 mol % AgSbFg at 120 °C gave linear-selective products 43,
whereas additional 1.0 equiv 1-AdCO,H at 50 °C resulted in
predominantly branched-selective products 44 (Scheme 28).
The reaction features switchable regioselectivity, a broad scope,
and an inexpensive catalyst. Moreover, DFT calculations and
mechanistic studies revealed that the switchable regioselectivi-
ty was driven by a change in mechanism from linear ligand-to-
ligand hydrogen transfer to branched base-assisted internal elec-
trophilic-type substitution.

In addition to activated and unactivated alkylalkenes, vinyl-
cyclopropanes also underwent hydroarylation reactions with
indoles 42 via C—H/C—C activation (Scheme 29a) [81]. The
reaction afforded allylated products 45 in high stereoselectiv-
ities. DFT calculations and mechanistic studies strongly indi-
cate that the reaction proceeds through the generation of com-
plex F1 by pyridine-directed C—H activation. Subsequently,
alkene insertion with F1 and C—C activation of F2 give interme-
diate F3. Finally, protonolysis provides the desired product 45
and an active Co(III)Cp*. Due to the low activation energy, the
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I '\ 10 mol % CoCp*(CO)l, '\
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\ 2
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® R = H; 82% Q J< o )\
X N R = Ph; 78% N NN
| H o R=CFy72% H ool JJ H o
R R = OMe; 86%
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Scheme 26: Co(lll)-catalyzed C—H alkylation of arenes.

2.5-10 mol %
CoCp*(CO)I,
R_mH o 5-20 mol % AgSbFg
X N * ﬁm 2.0 equiv KOPiv
2-pym TFE, 70 °C, 16 h
(0]
]
R! ( I \\/ / <_
2 pym 2 pym 2N\ m Ph
R = H; 89% R1 = Me; 74% Py
R = OMe; 83% = Cy; 48% 62%
R=F; 97% R! = 4F-CgHy; 38%

Scheme 27: Co(lll)-catalyzed C2-alkylation of indoles.

thermodynamically less stable Z diastereomer is preferred in the
reaction, which is in contrast to the thodium(I1I)-catalyzed reac-
tion [82]. Later, Li and co-workers developed a cobalt-cata-
lyzed hydroarylation of 2-vinyloxiranes with indoles 7 to form
C2-allylated products 46, albeit in low stereoselectivity
(Scheme 29b) [83]. Similarly, Cheng et al. reported a hydroaryl-
ation reaction of arenes 7 with a bicyclic alkene to form ring-
opening products 47 via C—H/C-O activation (Scheme 29c)
[84]. The product 47 was further converted into the C—H naph-
thylation product in the presence of an acid.

Maleimides turned out to be an efficient coupling partner in
C-H functionalization to synthesize biologically useful succin-
imides in highly atom-economical manner. Thus, Li et al. de-
veloped a cobalt-catalyzed hydroarylation of maleimides and
maleate esters with arenes 48 (Scheme 30) [85]. A variety of
arenes including indoles, 2-arylpyridines, 6-arylpurine, and
vinyl pyridines were employed to give alkylated products 49 in
good to moderate yields. As well, Prabhu and co-workers also
reported a Co-catalyzed hydroarylation reaction of maleimides
with indoles [86].

2278



Beilstein J. Org. Chem. 2018, 14, 2266-2288.

= A\ Alk 10 mol % = A 10 mol % CoCp*(CO)Il» = A
R— | CoCp*(CO)l,  R— | H Ak 20 mol % AgSbFs R |
NN 20 mol%AgSbF, > N+ ] - NN Ak
o) 0 AgSDFg \ 1.0 equiv 1-AdCO,H o
43 2PV DCE, 120 °C, 20 h 42 2Py DCE, 50 °C, 20 h 4a P
R i . R -
\ 1 N R‘l \
N ! N nHex \
\ N 1 \ 2-py N
2-py 2 ! 2-py 24
R = H: 82% L | R=H;80%(95:5) R = Bn82% (99:1) b
R = OMo: 749 R =Bn; 85% ' R=0Me; 69% (94:6) R'=n-CisHyr; 76% (95:5)  78% (94:6)
BN R'=n-C13Ha7; 79% | R = F; 85% (96:4) R' = n-Bu; 68% (96:4)
R=NOg; 42% R' = n-Bu; 65% |

b:l ratio is shown within parentheses

Scheme 28: Co(lll)-catalyzed switchable hydroarylation of alkyl alkenes with indoles.
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Scheme 29: Co(lll)-catalyzed C2-allylation of indoles.
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Scheme 30: Co(lll)-catalyzed ortho C—H alkylation of arenes with maleimides.
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Scheme 31: Co(lll)-catalyzed hydroarylation of maleimides with arenes.
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The hydroarylation of maleimides was further demonstrated
with different arenes (Scheme 31). Thus, azobenzenes 1 were
subjected to alkylation reaction with maleimides to form a
variety of succinimides 50 in good yields (Scheme 31a) [87].
Likewise, oximes 51 [88] were also efficient participated in the
hydroarylation of maleimides (Scheme 31b).

3. Hydroarylation of allenes

An allene is an exceptional functional group in organic synthe-
sis due to its cumulative double bonds [89,90]. In this context,
Ackermann and co-workers developed a coupling reaction of
arenes 53 with allenes to give hydroarylation products 54
(Scheme 32) [91]. The merits of the reaction are broad scope in-
cluding a variety of arenes and allenes, and high atom economy.
Based on the mechanistic studies and DFT calculations, a plau-
sible mechanism was proposed. The reaction starts with
the generation of the active cobalt(IIl) species G1 from

Beilstein J. Org. Chem. 2018, 14, 2266-2288.

[Cp*Col»(CO)], AgSbFg, and arene 53. Subsequently, C—H
metallation of G1 by ligand-to-ligand hydrogen transfer
provides cobaltacycle G2 and an allene insertion gives interme-
diate G3. Protonation and isomerization generate cobalt com-
plex G4, which is converted into alkenated product 54 by ligand
exchange.

4. Hydroarylation of enynes

Catalytic cyclization of 1,n-enynes has become as an attractive
tool for the preparation of cyclic adducts with a variety of func-
tionalities in a one-pot process [92]. As the cyclization of 1,n-
enynes with organometallics is well-known, the addition of an
inert C—H bond to 1,n-enynes further enhances the economy of
cyclization process. Thus, Cheng and co-workers reported a
cobalt-catalyzed hydroarylative cyclization of 1,n-enynes with
carbonyl compounds 55 to form a wide range of functionalized
dihydrofurans and pyrrolidines 56 in good yields (Scheme 33a)

Het 5 mol % CoCp*(CO)l, Het R2
R?  10-15 mol % AgSbFg

P , NOR!
1 1,4-dioxane or 1,2-DCE
R 100-120 °C, 20 h

53 54
t-Bu | AN \
A
( N/ Vs AN t-Bu
Z N
2-33ym A n-Pent X
94% F 43% 64%
Mechanism CoCp*(CO)I,
53, AgSbFg
—Agl, -CO
H N-N
¥
N I
[/ \N‘ HN‘N
. * ©
N\ CP
Co
G,
p* t-Bu
Gy __
N Co - _:< 5
n-Bu
53
[53+H]*

Scheme 32: Co(lll)-catalyzed hydroarylation of allenes with arenes.
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5 mol % dppp "
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2
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0 5 5
EtO
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2
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H . =
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55a

N 56a,83%

Scheme 33: Co-catalyzed hydroarylative cyclization of enynes with carbonyl compounds.

[93]. By tuning the diphosphine ligands, the reaction was ex-
tended to aromatic aldehyde 55a, where slightly electron-defi-
cient ethylene diphosphine ligand delivered hydroarylation
product 56a, but a mild electron-rich ligand resulted in hydro-
acylation product (Scheme 33b) [94].

A plausible mechanism for the hydroarylative cyclization of
enynes was shown in Scheme 34. The reaction begins with the
reduction of Co(II) to Co(I) by Zn dust. The enyne compound

R
0
H Ph
Ph
N If J/
X 56 X
)/ﬂ C?(I)
M
_ Zn
S Co(ll) Ph— -

H Co . !
Ph
\ SaYs
/%f k O\‘A \‘/// H1
X H3 Ph\@ R
: o
H2 55

X

Scheme 34: Mechanism for the Co-catalyzed hydroarylative cycliza-
tion of enynes with carbonyl compounds.

underwent oxidative addition with Co(I) to form bicyclic cobal-
tacycle H1. After the reversible coordination of arene 55 with
H1 to generate intermediate H2, ortho C—H cobaltation
provides complex H3, which changed into product 56 and Co(I)
catalyst by reductive elimination of H3.

5. Hydroarylation of C=X (X = N, O) bonds

5.1 Low-valent cobalt-catalyzed hydroarylation of
C=Xbonds

Transition-metal-catalyzed addition of C—H bond to polar &
bonds such as imines, isocyanates and carbonyls is one of the
efficient methods to incorporate heteroatoms in organic mole-
cules [45]. Yoshikai et al. developed an addition reaction of
arylpyridines 3 to imines using low-valent cobalt catalyst gener-
ated from CoCl,, IPr-HCL, and #~-BuMgBr (Scheme 35) [95].
The reaction tolerated a wide range of arylpyridines and
aldimines, giving diarylmethylamines 57 in good yields. The
reaction possibly proceeds through the formation of neopentyl-
cobalt ([Co]-R), which undergoes oxidative addition with
arylpyridine to generate I1. Then, elimination of neopentane
(R-H) by reductive elimination gives cobaltacycle I12. Nucleo-
philic addition of I2 to imines, followed by transmetallation
with a Grignard reagent and protonation provide the desired
hydroarylation product 57.

In addition to imines, aziridines were also amenable to the

cobalt-catalyzed hydroarylation reaction (Scheme 36) [96].
Treatment of 2-phenylpyridines 3 with varies aryl-substituted
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Scheme 35: Co-catalyzed addition of 2-arylpyridines to aromatic aldimines.
R—'/\ 2 5mol % CoCl,  R-F b
! Ar ! 2
2N 0 5mol % IPr-HCI N NHAr
+ .
N H Ar1A 1.8 equiv t-BuCH,MgBr N Ar!
R'% THF, rt, 24 h R'v
o -
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| >
NHPh NHPh _N
Ar'

= Me; 54%
= CF3; 35%

R = Me; 67%
R = Ph; 53%

Scheme 36: Co-catalyzed addition of 2-arylpyridines to aziridines.

aziridines gave 1,1-diarylethane derivatives 58 in a highly
regioselective manner. It is noteworthy that nucleophilic addi-
tion took place selectively at the more hindered C-2 position of
aziridines, which results in high regioselectivity.

5.2 Cobalt(lll)-catalyzed hydroarylation of C=X
bonds

As the Co(IIT)Cp* catalyst acts an efficient air-stable catalyst
for hydroarylation of the C=C bond, it would also provide a
user-friendly method for C=X bonds. Thus, imines were em-

ployed for hydroarylation reaction with 2-phenylpyridines 3 in

NHAr2

Ar' = Ph, Ar? = 4-FCgHg; 67%
Ar! = 4-OMeCgH,, Ar? = Ph; 63%

the presence of [CoCp*(benzene)](PF¢), catalyst by Kanai/
Matsunaga and co-workers (Scheme 37a) [37]. The reaction
afforded diarylmethylamines 59 in good to moderate yields,
however, the imines used was limited to aldimines. Similarly,
indoles 7 also efficiently underwent the hydroarylation reaction
with various substituted aldimines to provide C-2 alkylated
indoles 60 (Scheme 37b) [97].

In 2016, Wang’s group demonstrated that ketenimines partici-

pated in hydroarylation reaction with arenes 7 in the presence of
CoCp*(CO)I, and AgNTf, (Scheme 38) [98]. The reaction

2283



Beilstein J. Org. Chem. 2018, 14, 2266-2288.

X
| 10 mol % | \\ 0

[Co''Cp*(benzene)](PFs),

kR DCE (2.0 M), 100 °C, 12 h

LR

59
R = Ph; 80%
R = 2-naphthyl; 79%
R = 2-thienyl; 69%
R = 2-furyl; 66%

5 mol % 9 J
[Co"'Cp*(benzene)](PFe), |\ A HN‘§@

X
mH A0S,
b) R// N + m

o S
10 mol % KOAc A ~N )
; ] -
Zpym RY DCE, 100 °C, 12 h R N
pym
' 60
(0]
I /
m‘zN S_(j R1 Ph; 83% | X \ HN-§ g |
= p-CF 3CgHy4; 93% _ o)
N -
2-p m R1 2-thienyl; 58% 2"{ N p-CICgH4
' Py 89%

Scheme 37: Co(lll)-catalyzed hydroarylation of imines with arenes.
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Scheme 38: Co(lll)-catalyzed addition of arenes to ketenimines.

tolerated various pyrimidine containing arenes, such as indole,
phenyl, and pyrrole with different ketenimines to form
enaminylation products 61. Subsequently, the hydroarylation
products 61 were further converted into bioactive pyrrolo[1,2-
alindoles by sodium ethoxide-promoted cyclization.

The three-component coupling also becomes viable through a
Co(Ill)-catalyzed hydroarylation strategy as Ellman and
co-workers demonstrated (Scheme 39) [99]. The reaction of

N
2-pym
l\{H
4-ClICgH4
37%

Ph =
EtO,C

arene 21 with vinyl ketones and aldehydes in the presence of
[CoCp*(CgHg)1[B(CgF5)4]> and LiOAc gave alcohol products
62 with high diastereoselectivity at ambient reaction conditions.
The unique nature of cobalt was well presented by its superior
reactivity and diastereoselectivity and it outmatched the
rhodium catalyst. Different pyrazole derivatives with a wide
range of aldehydes or imines were participated well in the reac-
tion, affording the addition products 62 in good yields. The cat-
alytic cycle starts with the coordination of active cobalt catalyst
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Scheme 39: Co(lll)-catalyzed three-component coupling.

with arene 21 followed by C—H activation to give five-mem-
bered cobaltacycle J1. Insertion of the alkene with J1 forms
cobalt enolate J2, which converts into J3 by the addition of
aldehyde via a chair transition state in a diastereoselective
manner. Finally, protonolysis affords product 62 and regener-
ates the active Co(III)Cp* catalyst for the next cycle. Later,
Li et al. reported a Co(IlI)-catalyzed hydroarylation of glyoxy-
late with pyrimidine containing indoles and pyrroles 7 to
provide products 63 with high productivity (Scheme 40) [79].

Similar to the imine, isocyanate is also an efficient electrophile
for hydroarylation of C=N bond. It provides a high atom- and
step-economical method for the preparation of aromatic, vinyl,
and heterocyclic amides. Thus, Ackermann and co-workers de-

veloped an inexpensive cobalt-catalyzed hydroarylation of iso-

CF3

_S.
o

77% (87:13 dr)
65% (>94:6 dr)

cyanates with (hetero)arenes 64 (Scheme 41) [100]. The reac-
tion can tolerate a broad range of arenes and isocyanates, pro-
viding amide products 65 with notable site selectivity. The
found inter- and intramolecular KIEs (ky/kp) of 1.4 shows that
the C—H activation may not be the rate the determining step.
Moreover, competition experiments indicate that the reaction
favors electron-rich arenes 64 and electron-deficient isocya-
nates. Ellman’s group also reported a similar C—H amidation
reaction of aryl pyrazoles 64 with isocyanates in the presence of
[CoCp*(CgHg)](PF¢), and KOAc [101].

Conclusion
Hydroarylation is an emerging methodology in organic synthe-
sis, because it is a highly atom-, step-, and redox-economical

and simple reaction compared to traditional synthetic methods
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Scheme 40: Co(lll)-catalyzed hydroarylation of aldehydes.
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Scheme 41: Co(lll)-catalyzed addition of arenes to isocyanates.

to construct new C—C bonds. Among the first-row transition
metals, both low- and high-valent cobalt catalysts have played a
substantial role in these hydroarylation reactions providing an
economical alternative to the precious metal-catalyzed reac-
tions and also showed distinct selectivity in some cases. Switch-
able regioselective hydroarylation of styrene using low-valent
cobalt catalyst and Co(III)-catalyzed hydroarylation of alkylal-
kenes with indoles are remarkable examples in this manner. A
wide range of C—H bonds has been successfully added to
alkynes, alkenes, imines etc. to build alkyls, alkenes, alcohols,
amides, and cyclic skeletons with excellent efficacy. Consid-
ering the importance of green processes for the ever-growing
universe, economical and waste-free hydroarylation strategy
will continue to draw great attention in the field of organic syn-
thesis.
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Traditional, established palladium cross-coupling procedures are widely applied in complex molecule synthesis; however, there is a

significant disadvantage in the requirement for pre-functionalised substrates (commonly halides/triflates). Direct C—H activation

protocols provide the opportunity for a novel approach to synthesis, although this field is still in its relative infancy and often trans-

ferability between substrate classes remains unresolved and limitations not fully understood. This study focuses on the translation of

an established Cp*Co(III)-catalysed alkylation of benzamides to related acetanilides using 3-buten-2-one as coupling partner. The

developed procedure provides a wide substrate scope in terms of substituted acetanilides, although the optimised conditions were

found to be more forcing than those for the corresponding benzamide substrates. Interestingly, density functional theory (DFT)

studies reveal that the major impediment in the mechanism is not the C—H activation step, but instead and unexpectedly, effective

competition with more stable compounds (resting states) not involved in the catalytic cycle.

Introduction

Controlled functionalisation of ubiquitous C—H bonds has been
identified as one of the key challenges in modern day chemical
research [1-3], providing the potential to access complex chemi-
cal structures more efficiently. In this context, transition metal

catalysis is seen as a potential solution, building on the tradi-

tional and well-established palladium-catalysed cross-coupling
protocols [4]. Whilst second and third row transition metals are
well applied in cross-coupling protocols through C-H activa-
tion under mild conditions [5], the drive to use first row metals

continues to provide an exciting challenge [6]. The interest in
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the application of these first-row transition metals stems from
their low cost, ready availability and often wider reactivity
profiles. One particular example which is currently attracting
significant interest is cobalt, a metal which has found many ap-
plications in C—H functionalisation through exploitation of its
diverse mechanisms [7]. Since 2013, the cobalt pre-catalysts,
[Cp*Co(CgHg)1(PF¢), and [Cp*Co(CO)I,], have been success-
fully applied in a number of diverse C—H functionalisation
protocols [8-12]. Whilst many of these protocols are very
elegant, few examples are able to be applied to the full range of
substrates and this presents one of the limitations to date com-
pared with traditional palladium cross-coupling which is
diversely applicable. Of interest to us are the readily available
benzamide substrates, which are an interesting class of com-
pounds as the amide moiety has been exploited as a common
directing group [13] and countless pharmaceutical and agro-
chemical compounds contain these moieties. If the amide is
reversed in the benzamide, the resulting compounds are
acetanilides, which have been utilised far less as substrates in

Beilstein J. Org. Chem. 2018, 14, 2366-2374.

C-H functionalisation protocols [13], although a few examples
do exist using the [Cp*Co(CO)I,] pre-catalyst [14-17].
Cp*Co(IlI)-catalysed C—H alkylation of unactivated aromatic
C-H bonds with o,B-unsaturated ketones has been previously
reported by ourselves (Scheme 1a) [18] and others [19,20].
Given our example focusing on the functionalisation of benz-
amides we wondered if the previously developed protocol could
be directly transferred successfully to acetanilides, therefore
further expanding the applicability of the developed methodolo-
gy. The expected product from this reaction has previously been
obtained through a C—H functionalisation approach in 43%
yield from the Cp*Rh(III)-catalysed coupling of allylic alco-
hols with acetanilide through a redox-active mechanism
(Scheme 1b) [21], thus requiring stoichiometric oxidant
(Cu(OAc),), whereas the new protocol described in this report
is intended to provide a more attractive redox-neutral alterna-
tive, obviating the requirement for addition of terminal oxidant
(Scheme 1c). Herein, our results from this study will be re-
ported and the difficulties of this translation will be explained

(a) our previous work coupling 3-buten-2-one to benzamides:

[Cp*Co(CO)l,] (10 mol %)
AgSbFg (20 mol %)
CsOAc (20 mol %)

(0]
R @)
S,
L
H

CHCI3, 80 °C, 18 h
"oxidant free conditions"

Y

upto 90 %

Hamilton and Whiteoak [18]

(b) previous report demonstrating coupling of allylic alcohols to acetanilide:

[CP*RhCly, (2.0 mol %) §
H AgSbFg (10 mol %) g
N\[( N OH Cu(OAC)yH,0 (2.0 equiv) o
o \)\ >
H t-BUOH, 120 °C, 16 h 20
43 %
Jiang [21]

(c) this work:

[Cp*Co(CO)l,] catalysis
"oxidant free conditions" P (0]

H
AN . o
R—'\;[HE( S

up to 67%

Scheme 1: (a) Our previously reported Cp*Co(lll) redox-neutral coupling of 3-buten-2-one to benzamides, (b) previous oxidative alkylation of
acetanilide through the coupling of allylic alcohols under Cp*Rh(lll) catalysis, and (c) the Cp*Co(lll) redox-neutral coupling described in this work.
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through a DFT study of the mechanism, which will also be

directly compared with the use of benzamides as substrates.

Results and Discussion

Initial investigations into the Cp*Co(IlI)-catalysed coupling of
acetanilide (1a) with 3-buten-2-one, using the optimised condi-
tions for the same coupling previously reported with benz-
amides, provided poor yields (18%; Scheme 2a). Subsequent
reaction condition optimisation led to the inclusion of an in-
creased catalyst loading (20 mol %) and change of solvent/base,
which resulted in a synthetically useful yield of the coupling
product 2a (58%; Scheme 2b). This need for increased catalyst
loading was also previously reported by Kanai and Matsunaga
for the alkenylation of acetanilide with ethyl acrylate under
Cp*Co(III) catalysis [14]. To the best of our knowledge, this is
the first time that 3-buten-2-one has been successfully coupled
to acetanilide through metal-mediated C—H functionalisation
and provides a redox-neutral alternative, with enhanced yield, to
the Cp*Rh(11I)-catalysed coupling of allylic alcohols reported
by Jiang and co-workers which requires the inclusion of

2.0 equivalents of Cu(OAc); for the same products [21].

With the optimised conditions in hand, the potential scope/limi-
tations of the catalytic protocol were studied (Scheme 3). Pleas-
ingly, acetanilides with both electron-donating (1b—d) and elec-
tron-withdrawing substituents (1e—g) could be converted in

yields of between 39-67%. The lower yields of some of these

(a) initial conditions
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conversions highlight the challenging nature of this coupling.
Thereafter, regioselectivity was studied by the inclusion of a
range of meta-substituted acetanilides (1h—m). In most cases
the products were obtained in a regioselective manner with sub-
stitution at the least hindered C—H bond. This regioselectivity
has been observed previously in Cp*Co(Ill)-catalysis using
benzamides as substrates by ourselves and others [14,18,22-24].
There are, however, two notable examples which should be
commented upon; as we and others have previously observed,
the meta-fluoro substituted compound favours functionalisation
at the most hindered C—H bond, furnishing 21. Whilst the meta-
methoxy-substituted acetanilide provided an unexpected insepa-
rable mixture of the products derived from functionalisation of
the least/most hindered C—H bond (2ma and 2mb; combined
yield of 44%) and a isolable amount (18%) of doubly function-
alised product (functionalisation of least and most hindered
C-H bonds), 2mec. Neither acetanilides with either methyl or
fluoro substituents in the ortho-position (1n and 1o, respective-
ly) could be successfully converted under the optimised condi-
tions, with only traces of the products observed in the crude
reaction mixtures. Increasing the steric bulk on the carbonyl
from methyl to fert-butyl did not affect the obtained yield (2p).

In an effort to further understand the reaction mechanism
involved in the C—H functionalisation of acetanilide substrates
with 3-buten-2-one, we employed DFT calculations (Figure 1)
using M06 level of theory which has been previously success-

0 N
N o :
+
H \)J\
H [Cp*Co(CO)l,] (10 mol %) _0
AgSbFg (20 mol %) 82%
CsOAc (20 mol %)
CHCl3, 80 °C, 18 h i §
H 3 , \H/
Nm/ . o) o
@ o A
H -0
1a 2a: 18%
(b) optimised conditions
[Cp*Co(CO)l5] (20 mol %) §
H o AgSbFg (40 mol %) g
+ NaOAc (40 mol %) o
CLy - A :
H 1,2-DCE, 80 °C, 24 h -0
1a 2a: 58%

Scheme 2: Summary of reaction conditions optimisation.
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[Cp*Co(CO)l3] (20 mol %)
AgSbFg (40 mol %)
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H
N le) NaOAc (40 mol %)
| \ -
R @/ RN
Z H 1,2-DCE, 80 °C, 24 h
1x
N N N N
(e} (0] (0] o (e} Br
|
| | |
(e} (o) (0]
2a: 58% 2b: 61% 2¢:67%
H
Br N
2h: 59% 2i: 55% 2k: 48% 21: 52%
F
— H H H
0 N N Nmk
'
g g
O o) (e}
+ o”?
| o | |
0 | | 0 (6}
2ma + 2mb (63:37): 44% 2mc: 18% 2n: trace 20: trace 2p: 63%

Scheme 3: Substrate scope of Cp*Co(lll)-catalysed coupling of 3-buten-2-one with functionalised acetanilides. All reactions carried out on a 1.0 mmol

scale with isolated yields reported.

fully applied for cobalt-catalysed C—H functionalisation reac-
tions [25,26]. Previous studies from our group have already dis-
cussed the O- vs N-binding of benzamide substrates to the
[Cp*Co(IIT)OAc]* catalyst [18]. In line with this benzamide
functionalisation mechanism, the acetanilide coordinates to the
cobalt centre through the ketone oxygen to form Int 1. This
allows for reasonably close proximity of the Cgp-H proton for
internal abstraction by the acetate group. The C—H activation
step has an energy span barrier of 17.8 kcal mol™!, leading to
the formation of the 6-membered organometallic cobaltacycle
(Int 25.0n) With an associated acetic acid. This barrier is
approximately 3.5 kcal mol™! lower in energy than the related
benzamide C—H activation step, this in itself is an interesting
result as it might logically be thought that C—H activation at the
d-position would be less favourable compared to the y-position.
Substitution of the acetic acid for 3-buten-2-one is energetical-
ly unfavourable (=9 kcal mol™!), which differs significantly
from the benzamide functionalisation example, where the sub-

stitution if favoured (Figure 2). The carbon—carbon bond forma-

tion step, functionalisation of the aromatic ring, proceeds with a
low barrier (3.4 kcal mol™!) leading to an 8-membered cobalta-
cycle. As with the previous study the tautomerization to the
metallo—enol structure is an important step in the reaction, inter-
estingly the 8- to 10-membered ring tautomerization is energeti-
cally less hindered than the 7- to 9-membered benzamide equiv-
alent. This energy difference could be influenced by the
ordering of the reaction steps, with the addition of an acetic acid
group to either the keto or enol form (benzamide or acetanilide
respectively). Addition of the acetic acid group to the
acetanilide keto intermediate (Int 3ye¢one) Was calculated but
proved to be less favourable than the initial tautomerization.
Protonation of the unsaturated pB-carbon position formed the
highly stable Int 5, which dissociates to form the observed
product and regenerate the cationic active catalyst species
[Cp*Co(IIN)OAc]". The less than 0.5 kcal mol™! energy differ-
ence between the C—H activation and C—C bond formation steps
makes identification of the rate limiting step difficult by DFT
calculations alone, however, parallel kinetic isotope effect
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4.0
Int 3enol

<

[Cp*Co(lll)AcOT*

-18.7
Int5

Figure 1: Mechanistic pathway for Cp*Co(lll)-catalysed alkylation of acetanilide with 3-buten-2-one obtained from DFT studies; Int A is the direct
interaction between the cationic [Cp*Co(ll)AcO]* species and the 3-buten-2-one coupling partner.

Tsc-C
10.5
R &
[Cp*Co(ll)AcO]* T Int2
, /x' ’,r' ketone Ts c-C
l," ’,*' :,—1 24
Rotade 2.6
— RS 2
2.8
RS 1
© ¢ . " 6.8
e nt2
-7.7 ketone
RS 2

-12.5
Int1

Figure 2: Comparison between energies during the Cp*Co(lll)-catalysed coupling of 3-buten-2-one with acetanilide (black line) and benzamide (blue
line); RS 1 is the direct interaction between the cationic [Cp*Co(Il)AcO]* species and the 3-buten-2-one coupling partner and RS 2 is the interaction
of the metallocycle intermediate with a second acetanilide.
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(KIE) experiments do suggest that the C—H activation step is
not rate limiting (KIE = 1.3), which is not inconsistent with the

calculated mechanism.

As demonstrated in this work, experimentally functionalisation
of the acetanilide with 3-buten-2-one requires significantly
harsher reaction conditions compared to the equivalent benz-
amide functionalisation. From initial comparison of the two free
energy surfaces these results are difficult to interpret. Although
the barriers for the acetanilide reaction are greater, no one
barrier is significantly large enough to account for harsher
conditions. One interesting difference between the two mecha-
nisms is the different energy requirements for the addition of
the ketone group and the 3-buten-2-one (Figure 2). The ender-
gonic ligand exchange between acetic acid and ketone, for the
acetanilide reaction, is clearly a differentiating step in the reac-
tion. Coupled with a more energetically favourable resting state
(RS2), resulting from addition of another substrate molecule to
the initial metallocycle, the conversion is more challenging and
therefore requires harsher reaction conditions. This competitive
binding (Int 2gypstrate VS RS 2) is similar to that proposed by
Bergman and Ellman for Cp*Rh(III)-catalysed arylation of
imines [27]. Additionally RS 1, resulting from binding of the
3-buten-2-one to the active catalyst, for the acetanilide reaction
is energetically more competitive compared to the benzamide
reaction where both the ketone and substrate binding are prefer-
able. The inclusion of a number of competitive intermediates/
resting states on the potential energy surface goes some way to
account for the observed differential experimental conditions
for the two, different, yet related classes of substrate. This reac-

Beilstein J. Org. Chem. 2018, 14, 2366-2374.

tant limitation from RS 1 is not observed in the benzamide reac-
tion due to the exergonic nature of the ligand exchange
(Figure 2). Although RS 2 is energetically more favourable,
compared to Int 2ketone, the energy difference of only
0.9 kcal mol™! would lead to facile ligand exchange. Struc-
turally the main difference between the acetanilide and benz-
amide intermediates is the 6- vs 5-membered cobaltacycle ring.
Understanding the influence this difference has on the binding
strength of the functionalising group (3-buten-2-one in this ex-
ample) is an important step in understanding why some reac-
tions catalysed by [Cp*Co(III)OAc]" are more successful than
others. To probe this phenomenon in more detail we performed
quantum theory of atoms in molecules (QTAIM) analysis using
Multiwtn software [28] of the two intermediate structures, iden-
tifying the relevant parameters at the bond critical points (bcp)
of interest. QTAIM analysis has been used previously in the
field of transition metal organometallic complexes to under-
stand ligand binding [29-31].

Analysis of the relative structural parameters for the two com-
plexes (Table 1 and Figure 3) highlights an increase in bond
lengths for the ketone substrate bound to the cobalt with the
acetanilide ligand. The implied stronger cobalt to ketone inter-
action with the benzamide ligand is also confirmed with the
QTAIM bcp parameters (Co'Cy and Co-Cp); the increased elec-
tron density (p) and the greater negative terms for H(r) and V(r)
all suggest a stronger bonding interaction. The decreased elec-
tron density at the Co'Cg bep suggests greater donation of elec-
tron density to the cobalt, this is confirmed by the increase in
electron density at the three centred bcp (Co-Cy=Cp). The slight

Table 1: QTAIM and structural parameters for Int 2yet0ne With the acetanilide and benzamide substrates.

acetanilide P Vzp
Co-Cq 0.0777 0.1924
Co-Cp 0.0792 0.1851
CuCg 0.3038 -0.8028
Co-Cy=Cpg 0.0769 0.2423
Co-O 0.0859 0.4713
Co-Ciig 0.1147 0.1385
benzamide P Vzp
Co-Cq 0.0829 0.1950
Co-Cp 0.0839 0.1906
CuCg 0.3012 -0.7910
Co-Cy=Cpg 0.0815 0.2600
Co-O 0.0853 0.4346
Co-Cjg 0.1222 0.1489

QTAIM properties

H(r) V(r) bond (A)
-0.0225 -0.0931 213
-0.0241 -0.0945 2.10
-0.3106 -0.4205 1.40
-0.0199 -0.1003 2.00
-0.0167 -0.1512 1.95
-0.0504 -0.1355 1.97
H(r) V(r) bond (A)
-0.0261 -0.1001 2.09
-0.0271 -0.1018 2.08
-0.3061 -0.4145 1.41
-0.0221 -0.1092 1.96
-0.0185 -0.1458 1.96
-0.0565 -0.1502 1.94
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Figure 3: Comparative visualisation of bcp for Int 2yetone With the acetanilide (left) and benzamide substrates (right).

asymmetric binding of the ketone is highlighted with shorter
bond lengths and greater p and H(r) and V(r) parameters for
Co-Cp, this asymmetry is more pronounced for the acetanilide
complex. The reason for the stronger binding of the ketone sub-
strate to the Co-benzamide complex can be explained by the
significant differences observed for the cobaltacycle ligand
binding. The 5-membered cobaltacycle (with benzamide as the
ligand) shows a significantly stronger cobalt—carbon interaction
(Co-Cjjg) coupled with a decrease in the ionic nature of the
Co-O interaction (positive Vzp term) suggesting better orbital
overlap for the 5-membered ring. The stronger binding to the
benzamide ligand makes the cobalt centre more electron defi-
cient, facilitating greater alkene m-electron donation and there-
fore a stronger interaction with the substrate. The combination
of these two stabilising interactions reduces the relative energy
of the benzamide complex with respect to the acetanilide com-
plex.

In order to experimentally exemplify the preference in reactivi-
ty between the acetanilide and benzamide substrates, the
acetanilide containing two aromatic moieties (1q) was subject-
ed to the optimised reaction conditions (Scheme 4). The DFT

[Cp*Co(CO)Il5] (20 mol %)
AgSbFg (40 mol %)
NaOAc (40 mol %)

studies suggested that selectivity should be observed between
the two aromatic rings, in favour of the benzamide-type C-H
functionalisation. In agreement with this proposal the reaction
outcome demonstrates that the acetanilide environment is more
challenging to convert than the corresponding benzamide envi-
ronment. Indeed, the purified reaction product predominantly
contains the benzamide substituted product 3q, with traces of
impurity which is proposed to be the acetanilide product (for the
spectra see Supporting Information File 1). The exact regiose-
lectivity of the major product was confirmed through the corre-
lation between the carbonyl C atom and the single ortho-hydro-
gen atom on the newly substituted aromatic ring (see Support-

ing Information File 1 for all correlation spectra).

Conclusion

In summary, the translation to acetanilides of a previously suc-
cessful Cp*Co(Ill)-catalysed alkylation of benzamides with
3-buten-2-one has been attempted. It has been found that this
reaction is extremely challenging under these original condi-
tions and that in order to obtain synthetically useful yields a sig-
nificant increase in catalyst loading (20 mol %) is required. The
optimised protocol is able to successfully provide coupling

1 ]

I

1q

1,2-DCE, 80 °C, 24 h

=H°

3q:63% O

Scheme 4: Competitive experiment between coupling to acetanilide (ring A) or benzamide (ring B). 2Major product 3q obtained after purification with

inseparable traces of proposed acetanilide coupling product.
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products starting from a range of substituted acetanilides. The
DFT studies on the mechanism demonstrate that in comparison
to the previously reported benzamide example, the key step of
co-ordination of the unsaturated coupling partner to the organo-
metallic intermediate is significantly less favourable, thus a
number of resting states of the catalyst become energetically
more accessible, providing the reason for the requirement of
more forcing conditions. Overall, this study provides an exam-
ple of the challenges that need to be overcome when attempting
to directly transfer an established protocol to even a related sub-
strate class.

Experimental

Typical reaction protocol for alkylation: The experimental
alkylation procedure is similar to that as described in [18]. A
screw top vial, under air, was charged with acetanilide sub-
strate (1.0 mmol), [Cp*Co(CO)I,] (20 mol %, 0.20 mmol,
95.2 mg), AgSbFg (40 mol %, 0.4 mmol, 137.4 mg), NaOAc
(40 mol %, 0.4 mmol, 16.4 mg), 3-buten-2-one (1.5 equiv,
1.5 mmol, 105 mg) and 1,2-DCE (8.0 mL). The vial was sealed,
and the reaction mixture heated to 80 °C with stirring for
24 hours. After this period, the solvent was removed under
reduced pressure and the crude product purified by column
chromatography (ethyl acetate/petroleum ether; 80:20 in most
cases). For full characterisation data of all products obtained,

see Supporting Information File 1.

Computational details: All DFT calculations undertaken using
the ORCA 3.03 computational software [32]. Optimisations
were performed at the BP86-D3BJ/def2-TZVP level of theory
[33-39] and final single point energies and solvation correc-
tions calculated at M06/def2-TZVP [38-41]. Frequencies calcu-
lations approximated the ZPE correction and entropic contribu-
tions to the free energy term as well as confirming all interme-
diate were true with no imaginary modes and all transition
states had the correct critical frequency of decomposition
(imaginary mode). Solvation correction was implemented with
the COSMO [42] model for CH,Cl,. Graphical visualisation
using Gabedit 2.4.8 [43] and Avogadro 1.2.0 [44] programs. For
full computational details see Supporting Information File 1.
QTAIM analysis was performed with Multiwfn software [28].

Supporting Information

Supporting Information File 1

Experimental details and analytical data of new compounds
including their original 'H and '3C and COSY spectra and
data for all structures obtained from the DFT study.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-212-S1.pdf]
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Carbon dioxide (CO,) is one of the most important materials as renewable chemical feedstock. In this review, the Co- and Rh-cata-

lyzed transformation of CO, via carbon—carbon bond-forming reactions is summarized. Combinations of metals (cobalt or

rhodium), substrates, and reducing agents realize efficient carboxylation reactions using CO,. The carboxylation of propargyl

acetates and alkenyl triflates using cobalt complexes as well as the cobalt-catalyzed reductive carboxylation of a,B-unsaturated

nitriles and carboxyamides in the presence of Et,Zn proceed. A Co complex has been demonstrated to act as an efficient catalyst in

the carboxylation of allylic C(sp*)—H bonds. Employing zinc as the reductant, carboxyzincation and the four-component coupling

reaction between alkyne, acrylates, CO,, and zinc occur efficiently. Rh complexes also catalyze the carboxylation of arylboronic

esters, C(sp?)—H carboxylation of aromatic compounds, and hydrocarboxylation of styrene derivatives. The Rh-catalyzed

[2 + 2 + 2] cycloaddition of diynes and CO, proceeds to afford pyrones.

Introduction

Carbon dioxide (CO5) is one of the most important materials as
renewable feedstock [1-4]. However, the thermodynamic and
kinetic stability of CO, sometimes limits its utility. Classically,
harsh reaction conditions such as high temperature and high
pressure of CO, were required. To overcome these problems,
the use of transition-metal catalysts has been considered as a
fundamental and reliable method. In the last decade, consider-
able attention has been focused on the development of the cata-

lytic fixation of CO; via carbon—carbon (C—C) bond formation

using a variety of organic compounds as starting materials
[5-20]. A key factor for the successful catalytic fixation of CO,
is the carbon—metal bond formation when transition metals are
used as the catalyst. In addition, the choice of suitable reducing
agents is also crucial for realizing effective carboxylation reac-
tions.

In this review, the Co- and Rh-catalyzed transformations of

CO; via C—C bond-forming reactions are summarized. First, we
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describe Co-catalyzed carboxylation reactions, including the
carboxylation of propargyl acetates and alkenyl triflates. Then,
the Co-catalyzed reductive carboxylation of a,B-unsaturated
nitriles and carboxyamides is addressed. In addition, a Co cata-
lyst can catalyze the allylic C(sp®)-H carboxylation of allyl-
arenes when a suitable ligand is used. In the presence of zinc
powder, the Co-catalyzed carboxyzincation of alkynes and the
four-component coupling reaction between alkyne, acrylates,
CO,, and zinc proceed in an efficient manner. Visible-light-
driven hydrocarboxylation reactions are shown. We also sum-
marize carboxylation reactions catalyzed by rhodium that is a
homologous element of cobalt. Carboxylations of arylboronic
esters are described. Rh complexes are also effective catalysts
in C(sp?)-H carboxylation reactions. Employing Et;Zn or
visible light, the Rh-catalyzed hydrocarboxylation of styrene
derivatives has been achieved. Furthermore, the formation of
pyrones from diynes and CO, can be effectively catalyzed by
Rh complexes.

Review

Cobalt catalysts

Carboxylation of propargyl acetates

Allyl and propargyl electrophiles, such as halides and esters, are
well known as efficient reagents in transition-metal-catalyzed
C—C bond-forming reactions [21-23]. In particular, the carboxy-
lation of allyl esters with CO; has been catalyzed by Pd or Ni
under electrochemical reaction conditions [24,25]. For catalytic
reactions using reducing agents, Martin reported Ni-catalyzed
regiodivergent carboxylation of allyl acetates in the presence of
Mn as the reductant [26]. Mita and Sato found that Pd-cata-
lyzed carboxylation of allylic alcohols proceeded using EtyZn
as the reducing agent [27]. The carboxylation of propargyl chlo-

CO5 (1 atm, closed)
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ride was reported as one of the examples concerning the Ni-cat-
alyzed carboxylation of benzyl chlorides [28].

We have found that Co complexes can catalyze the carboxyla-
tion of propargyl acetates with CO, using Mn powder as the
reducing agent [29]. Thus, the carboxylation of a propargyl
acetate 1a was performed in the presence of Col,(phen) (phen =
1,10-phenanthroline) and Mn powder (3.0 equiv) in N,N-
dimethylacetamide (DMA) under an atmospheric pressure of
CO; at room temperature (Scheme 1). Under optimized reac-
tion conditions, the carboxylated product 2a-Me was obtained
in 83% yield after derivatization to the corresponding methyl
ester. In the absence of the Co catalyst, 2a-Me was not ob-
tained. Moreover, Mn powder proved to be essential for the
carboxylation to proceed. Using Col,(bpy) (bpy = 2,2'-bipyri-
dine) as the catalyst afforded 2a-Me in 76% yield, whereas
Col,(PPh3), and Coly(dppe) (dppe = 1,2-bis(diphenylphos-
phino)ethane) suppressed the carboxylation.

The carboxylation of various propargyl acetates containing the
trimethylsilyl (TMS) group as the R! group proceeded under the
optimal reaction conditions, affording the corresponding
carboxylic acids 2b—e in good-to-high yields (Scheme 2).
Notably, the ester and chloro functionalities in 2b and 2¢, re-
spectively, were compatible with the reaction conditions. For
the carboxylation of tertiary-alcohol-derived acetates to the cor-
responding carboxylic acids 2d,e, Coly(bpy) was found to be an
effective catalyst. The yields of product 2 decreased when less
bulky substituents (R!) were used. Thus, 1f (R! = tert-butyl-
dimethylsilyl) afforded the corresponding product 2f in 88%
yield, whereas 1g (R! = #-Bu) and 1h (R! = Cy) afforded 2g and
2h in 57% and 26% yields, respectively.

Me  Coly(phen) (5.0 mol %) 1) HCl aq Me
TMS— - TMS—
OAc Mn (3.0 equiv) 2) TMSCHN, COOMe
1a DMA, rt, 20 h Et,0/MeOH 2a-Me
GC yield (%)
under optimal reaction conditions: 83
without Co catalyst: 0
without Mn powder: 0
Coly(bpy) as catayst 76
Coly(PPhs3), as catayst 23
Coly(dppe), as catayst 0
T T o o PhaP__~
77N\ / \ PPh,
ppe

phen

Scheme 1: Optimization of the Co-catalyzed carboxylation of 1a.
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R? CO, (1 atm)
2
R3 Coly(phen) (5 mol %) HCl aq R 5
RI-=L - R1‘k: R
OAc Mn (3.0 equiv) COOH
1 DMA, rt, 20 h 5
isolated yield
Me (CH5)4COOMe (CH»)4ClI
TMS— TMS—— TMS—
COOH COOH COOH
82% (2a) 65% (2b) 85% (2c)
MeM Me
Tmsgk: ¢ Ivs—= TBS—=
COOH COOH COOH
71% (2d)? 80% (2e)? 88% (2f)
Me Me
t-Bu—— Cy——=
COOH COOH
57% (29) 26% (2h)
aColy(bpy) (5.0 mol %) was used as the catalyst
/ \

phen

Scheme 2: Co-catalyzed carboxylation of propargyl acetates 1.

Scheme 3 presents a plausible reaction mechanism for this
transformation. Accordingly, a Co(]) catalytic species A is first
generated by the reduction of Co(Il) with Mn. Secondly, the ox-
idative addition of the C—O bond in 1 occurs, affording Co(III)

R2
R3
172 R1:—k

R3

intermediate B (step a) [30]. Next, the propargyl Co(III) species
B is reduced by Mn, producing the corresponding propargyl
Co(II) intermediate C (step b). Subsequently, the nucleophilic
Co species C reacts with CO,, which provides carboxylate

CoXsl,

COOMn* F

R2
R3
R1—k:
CoXL,,
1/2 Mn(0) step d
R2

1/2 Mn(0)
1/2 Mn(1l)

1 OAc

step a

R1:—F§R3

Rl—
p COOCOXL, CoXL,
AcO g
step ¢ step b 1/2 Mn(0)
R2 3
R
1_—
R-—=—X 1/2 Mn(ll)
CO, c CoXL,

Scheme 3: Plausible reaction mechanism for the Co-catalyzed carboxylation of propargyl acetates 1.
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Co(Il) intermediate D (step c). Finally, the reduction of D with
Mn affords the corresponding carboxylate, regenerating the

Co(I) catalytic species A (step d).

Carboxylation of alkenyl and aryl triflates

The catalytic carboxylation of aryl halides and pseudohalides
using CO, is an important reaction to yield benzoic acid deriva-
tives. In 2009, Martin reported the Pd-catalyzed carboxylation
of aryl bromides using ZnEt; as the reductant [31]. In 2012, we
first reported the Ni-catalyzed carboxylation of aryl chlorides
and vinyl chlorides using Mn powder as the suitable reductant
[32]. These reactions can be performed under mild conditions,
i.e., an atmospheric pressure of CO, at room temperature.

We also reported the Co-catalyzed carboxylation of alkenyl and
aryl trifluoromethanesulfonates (triflates) as substrates [33]. As
a model reaction (Scheme 4), alkenyl triflate 3a was selected as
the substrate, and the carboxylation of 3a was performed using
Mn powder (1.5 equiv) as the reductant in DMA as the solvent
under an atmospheric pressure of CO, at room temperature.
Employing Coly(Mejsphen) (Meyphen = 2,9-dimethyl-1,10-
phenanthroline) as the catalyst, 4a-Me was obtained in 86%
yield after esterification. Other bidentate ligands such as bpy,
phen, and dppe were not suitable for this reaction. Control ex-
periments revealed that both the Co catalyst and the Mn reduc-

tant were indispensable to the reaction.

The carboxylation of diverse alkenyl triflates was also exam-
ined. As a result, the desired carboxylic acids 4a—k were ob-

CO; (1 atm)
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tained in good-to-high yields, as shown in Scheme 5. Notably,
the ester and p-toluenesulfonate functionalities in 4c and 4d, re-
spectively, were tolerated. An indole-functionalized substrate 3f
was converted into its corresponding carboxylic acid 4f. Conju-
gated alkenyl triflates 3g—i were also subjected to the reaction,
and the desired carboxylic acids 4g—i were obtained in moder-
ate-to-high yields. Furthermore, the seven-membered cyclic
substrate 3j that was derived from cycloheptanone afforded its
corresponding conjugated carboxylic acid 4j in 75% yield. The
alkenyl triflate 3k prepared from the corresponding aldehyde
was also carboxylated, and its corresponding product 4k was
obtained in moderate yield.

The catalyst Coly(Meyphen) was also effective with sterically
hindered aryl triflates: the carboxylation of mesityl triflate (5)
at 40 °C proceeded successfully, affording 6 in 77% yield
(Scheme 6)

Carboxylation of a,B-unsaturated nitriles and esters
a,B-Unsaturated carbonyl compounds are good substrates for
conjugate additions that use a catalytic amount of a metal com-
plex and a stoichiometric amount of reductant, as exemplified
by the reductive aldol reaction of a,B-unsaturated nitriles cata-
lyzed by cobalt using phenylsilane as the reductant [34].

Yamada found that the reductive carboxylation of a,B-unsatu-
rated compounds with CO, proceeded in the presence of Co
catalysts and reductants (Scheme 7) [35,36]. When the reaction
of 5-phenylpent-2-enenitrile (7a) was performed in the pres-

COOMe
O/OTf Coly(Meyphen) (5.0 mol %) 1) HCl aq Q/
Ph Mn (1.5 equiv) 2) TMSCHN, Ph 4a-M
3a DMA, rt, 20 h Et,0/MeOH a-ifle
GC yield (%)
under optimal reaction conditions: 86
without Co catalyst: 0
without Mn powder: 0
Coly(phen) as catayst 76
Coly(bpy) as catayst 23
Coly(PPh3), as catayst
Coly(dppe), as catayst
N, PhoP~ppn,
N N dppe

bpy

R = H: phen
R = Me: Meyphen

Scheme 4: Optimization of the Co-catalyzed carboxylation of 3a.
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Coly(Mephen) (5.0 mol %)
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~~_-COOH
HClag Y

Mn (1.5 equiv)
3 DMA, rt, 20 h

‘4

/©/COOH
R

(;[COOH
,N 7

COOH
79% (R = Ph, 4a) 70% (4e) ‘
74% (R = t-Bu, 4b)
76% (R = COOEt, 4c) 83% (4f)
67% (R = 4-TsOCgHy, 4d)
COOH

COOH
@COOH O/\ COOH

78% ( 4g) 53% (R =H, 4h) 75% (4j) 43% (4k)
45% (R = ClI, 4i)
Scheme 5: Co-catalyzed carboxylation of vinyl triflates 3.
Me CO, (1 atm) Me
OTf  CoCly(Megphen) (5.0 mol %)  HClaq COOH
Mn (1.5 equiv)
M M
Me Me  pma, 40°C, 20 h € e
5 7% (6)
Scheme 6: Co-catalyzed carboxylation of a sterically hindered aryl triflate 5.
CO, COOR
Ph_~ N cat. Co(acac), Ph
7 reducing agent (2.0 equiv) CN
a
THF, 20 °C R=H:8a
R = Me: 8a-Me
reducing amount of Co(acac), CO, pressure yield (%)
agent (mol %) (MPa)

Et,Zn 5 0.1 99 (8a-Me)
Et,Zn 5 1.0 87 (8a-Me)
EtoZn 100 1.3 62 (8a)
Et,AICI 100 1.3 26 (8a)
Et;B 100 1.0 10 (8a)

Scheme 7: Optimization of the Co-catalyzed carboxylation of 7a.

ence of catalytic Co(acac), and with Et,Zn as the reductant, the
carboxylation proceeded to yield 8a-Me after its derivatization
to the corresponding methyl ester. In these reactions, the selec-
tion of the reductant is crucial: other reductants such as EtpAIC1
and Et3B yielded the corresponding product in low yields even
after using a stoichiometric amount of Co(acac); at high pres-
sure.

Under the optimal reaction conditions with the Co(acac),/Et,Zn
system, various a,B-unsaturated nitriles were carboxylated to
the corresponding products, which were isolated as methyl
esters (Scheme 8). Thus, compound 7 bearing alkyl, ether, ester,
and halide substituents exhibited good reactivity. Cinnamoni-
trile afforded 8f-Me in 81% yield using 10 mol % of catalyst.
a-Phenyl-substituted o,B-unsaturated nitrile also reacted with
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TMSCHN, COOMe

CO5 (1 atm)
R\/\CN Co(acac); (5 mol %)
7 Et,Zn (2.0 equiv)

THF, 20 °C

CN
8-Me

CN

99% (8a-Me)

EtOOC\©\/\/CSOMe
CN

85% (8d-Me)
(1.0 MPa CO»)

COOMe

Ph PN

CN
81% (8f-Me)

Me0\©\/\j\(30Me
CN

98% (8b-Me)

Ph
66% (8g-Me)

COOMe

RGPS

99% (8c-Me)

CN

COOMe
CN

99% (8e-Me)

NC COOMe

COOMe

CN

91% (8h-Me)

<10mo|%cat> <10mol%cat> (15mo|%cat>

4 equiv EtyZn

4 equiv EtyZn

8 equiv EtyZn

Scheme 8: Scope of the reductive carboxylation of a,3-unsaturated nitriles 7.

CO,, affording the carboxylated product 8g-Me in good yield.
In addition, compound 8h-Me was obtained from the reaction
of a-cyano-substituted dihydronaphthalene 7h with CO, in the
presence of 15 mol % of catalyst and 8 equiv of Et,Zn.

The Co(acac),/EtyZn system can also be applied to carboxylate
o,B-unsaturated carboxamides 9 (Scheme 9). By using
10 mol % of Co(acac), and 4 equiv of Et,Zn, N-methylanilide
derivatives 9a—f were smoothly converted into the correspond-
ing products 10a—f in high yields. Trifluoromethyl and chloro
substituents were tolerated in these reactions, judging by the
formation of products 10c-Me and 10d-Me. With regard to
other amide groups, morpholides 9g—i could be used and
benzylmethylamide- and diethylamide-bearing substrates,
which afforded the corresponding products 10j-Me and
10k-Me, albeit with moderate yields.

Allylic C(sp®)-H bond carboxylation

The development of methods for the catalytic carboxylation of
less reactive C—H bonds with CO; is crucial regarding both
C-H activation and CO, fixation processes. Mita and Sato re-
ported a cobalt-catalyzed allylic C—H carboxylation of allyl-
arenes (Scheme 10), in which 1-allyl-4-phenylbenzene (11a)
was reacted with CO, (1 atm) in the presence of AlMej
(3 equiv) using catalytic amounts of a Co precursor and ligands

[37]. The catalytic system comprising Co(acac), and Xantphos
(4,5-bis(diphenylphosphino)-9,9-dimethylxanthene) afforded
the corresponding carboxylated product 12a-Me in an NMR
yield of 71% after CH,N, treatment. In the reaction mixture,
olefin isomers were also generated in 20% yield. The ligands
were found to have a strong influence in yields and selectivity.
Thus, the use of DPEphos (2,2'-bis(diphenylphosphino)di-
phenyl ether), dppf (1,1'-bis(diphenylphosphino)ferrocene),
dppp (1,3-bis(diphenylphosphino)propane), and bpy as ligands
afforded the olefin isomerization product as the major product.
Further screening of the reaction conditions revealed that the
amount of AlMej was critical: the product yield increased with
decreasing AlMej to 1.5 equiv. The concentration of 11a also
affected the efficiency of the reaction, and the isomerization of
olefins could be suppressed at lower concentrations of 11a,
affording the desired 12a-Me in 58% yield. With the addition of
1 equiv of CsF, the carboxylation was further accelerated to
give 12a-Me in 71% yield.

Using optimized reaction conditions, the substrate scope was
examined (Scheme 11). Allylbenzene was converted into its
corresponding carboxylated product 12a in an isolated 68%
yield, and various functionalized allylarenes bearing
trifluoromethyl (11b) and alkoxy (11c¢,d) substituents were
tolerated. The selectivity of the reaction was demonstrated with
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CO5 (1 atm) COOM
e
R. . _NR'R2 __Cofacac), (10 mol %) TMSCHN, R \)ﬁfNRw
\/Y Et,Zn (4.0 equiv)
0 THF, 20 °C o
9 10-Me
Os_-OMe OMe
©\/\ N:Me
Ph
(0]
99% (10a-Me) 88% (10b Me) 98% (10c-Me)
Cl Os_-OMe
Me
Ph I(
(0]
67% (10d-Me) 80% (10e-Me) 20% (10f-Me
Cl O+_OMe
fe) OMle/\O (@) OM]/\O K\O
N\) N\) N\)
(0] ()
92% (10g-Me) 68% (10h-Me) 75% (10i-Me)
o OMe (@) OMe
Et
,Me N7
N\Bn \Et
o) O
64% (10j-Me) 62% (10k-Me)

Scheme 9: Scope of the carboxylation of a,B-unsaturated carboxamides 9.

CO5 (1 atm)
H Co(acac), (10 mol %)
0,
_ Xantphos (20 mol %) AN COOMe , N
AlMes (3 equiv) TMSCHN, Ph Ph
Ph 1a DMA (0.2 M), 60 °C, 12 h 12a-Me 13a
NMR vyield (%)
12a-Me 13a
under the reaction conditions: 32 41
DPEphos as ligand 0 77
dppf as ligand 0 9
dppp as catayst 0 86
bpy as catayst 0 90
AlMes (1.5 equiv) 45 31
AlMes (1.5 equiv), 0.05 M in DMA 58 14
AlMej (1.5 equiv), 0.05 M in DMA 71 20

CsF (1 equiv)

PPh; PPh; PPh, PPh, @—PPhQ PhP PPhy
xantphos DPEphos dppf dppp

Scheme 10: Optimization of the Co-catalyzed carboxylation of 11a.
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Co(acac);, (10 mol %)
Xantphos (20 mol %)

AlMe; (1.5 equiv)
CsF (1 equiv)
DMA (0.05 M)
60 °C,12h

H
% %
R— |
N
11

= A COOH
R— |
NS
12

[::r/\V/\COOH /[::TAQy/\COOH
F3;C

65% (12b)

68% (12a)

<O©/\/\COOH (I\/\ COOH
e} Ph

69% (12d)

MeOOC

63% (12g)

Scheme 11: Scope of the carboxylation of allylarenes 11.

substrates 11g and 11h containing ester and ketone moieties, re-
spectively, which are generally more reactive toward nucleo-
philes than CO,.

Notably, the Co-catalyst system was found to be applicable for
the carboxylation of 1,3-diene derivatives 14 with CO,

63% (12e)

eO\Q/MCOOH

78% (12c)

41% (12f)

\{(©/\/\COOH

77% (12h)

COOH

(Scheme 12), which afforded various hexa-3,5-dienoic acid de-
rivatives. Diene 14a was converted into the corresponding
carboxylic acid 15a in good yield. In addition, 1,4-dienes
having cyclohexenyl and geminal diphenyl substituents (14b
and 14c¢) produced their corresponding linear carboxylic acids
15b and 15¢ in 78% and 57% yields, respectively. Substrate 14e

CO; (1 atm)
H Co(acac); (10 mol %)
Xantphos (20 mol %) H*
W AR
R AlMe; (1.5 equiv) R COOH
14 CsF (1 equiv) 15
DMA (0.05 M)
60 °C,12h
6\/\/4 COOH OMCoOH WCOOH
COOEt Ph
75% 78% (15b) 57% (15c)
(15a, E/Z =90:10)
OEt
A MeOQO
X COOH X COOMe
MeO \
EtOOC o

68% (15d, E/Z = 55:45)
from 14d (E/Z = 50:50)

Scheme 12: Scope of the carboxylation of 1,4-diene derivatives 14.

41% (15e-Me)
(after esterification)
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containing a bicyclo[2.2.2]octane framework with ketone and
dimethyl ketal moieties was also converted and the correspond-
ing product was isolated as the methyl ester 15e-Me after esteri-
fication.

For the Co-catalyzed C(sp>)-H carboxylation of allylarenes, a
mechanism shown in Scheme 13 can be envisaged. The process
starts with the generation of a low-valent methyl-Co(I) species
A by the reaction of the Co(II) complex with AlMe3. The C-C
double bond of the substrate then coordinates to the metal, and

=
R™X""COOAIMe, RN
LCo'—Me
A
AlMe;, step d step a
I
/COIII
R7X"cooco'L H | e
D S—
R/\B/
stepc L step b
|
Co
Co, RJ:% CH,4

Scheme 13: Plausible reaction mechanism for the Co-catalyzed
C(sp3)—H carboxylation of allylarenes.
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the subsequent cleavage of the adjacent allylic C—H bond
affords n3-allyl-Co(III) species B (step a). Subsequently, the re-
ductive elimination of methane from B yields the low-valent
allyl-Co(I) species C (step b). Then, C—C bond formation at the
y-position occurs via a reaction with CO,, affording the carbox-
ylate Co species D (step c). Finally, a linear carboxylated prod-
uct is obtained by the transmetalation between D and AlMes,
with the concomitant regeneration of methyl-Co(I) A (step d).

Carboxyzincation of alkynes

The good reactivity and high functional-group compatibility of
organozinc compounds render them as important reagents in
organic synthesis [38,39]. For their preparation, direct and use-
ful methods such as the transition-metal-catalyzed carbozinc-
ation of alkynes that affords stereodefined alkenylzinc com-
pounds have been developed. To date, a variety of organozinc
reagents (RZnX and RyZn: R = aryl, alkyl, alkenyl, alkynyl,
allyl, and benzyl groups) have been used in these reactions, and
the corresponding alkenylzinc compounds can be prepared.

In this context, we reported the first carboxyzincation of
alkynes using CO, and Zn metal powder in the presence of a
cobalt complex as the catalyst (Scheme 14) [40]. 5-Decyne
(16a) was treated with Zn powder (1.5 equiv) in the presence of
Col,(dppf) (10 mol %), Zn(OAc); (10 mol %), and Et4NI
(10 mol %) in a mixture of CH3CN and DMF (v/v = 10:1)
under an atmospheric pressure of CO, at 40 °C. When the reac-
tion mixture was quenched with D,O (>99% D), deuterated
17a-D was obtained in a 'H NMR yield of 80% with excellent
deuterium incorporation ratio (94%) at the p-position. Al-

CO, (1 atm)
Coly(dppf) (10 mol %) Zn* D,0 D
n-Bu—=—n-Bu Zn powder (1.5 equiv) n-Bu)\(COO_ then; HCl aq n-BU)\(COOH
16a Zn(OAc), (10 mol %) n-Bu n-Bu
Et4NI (10 mol %) 17a-D
CH3CN/DMF, 40 °C
NMR yield (%)
under optimal reaction conditions: 86
without Co catalyst: 0
without Zn(OAc),: 53
without Et4NI 43
Coly(dppe) as catayst <5
Coly(bpy) as catayst 0
= FPhe = = Ph,P
Fe NN 2" PPh,
>—pph, bpy dppe
dppf

Scheme 14: Optimization of the Co-catalyzed carboxyzincation of 16a.
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though Zn(OAc), and Et4NI were not indispensable for the
reaction to proceed, these two additives caused an increased
product yield. In contrast, the reaction did not occur in the
absence of the catalyst. The use of the dppf ligand also proved
to be essential, because other ligands such as dppe and bpy were
not effective in the reaction.

After the reaction with 4-octyne (17b) under the aforemen-
tioned conditions, the reactions with I, and (PhSe), produced
17b-I and 17b-Se in good yields (Scheme 15). Notably, 16b
was successfully subjected to the Pd-catalyzed Negishi cou-
pling with aryl bromide, affording the corresponding sterically
congested alkene 17b-Ar in 56% yield after two steps. The
Negishi coupling with benzyl chloride and the Cu-catalyzed
allylation of allyl bromide also afforded the corresponding
products 17b-Bn and 17b-Allyl, respectively, in good yields.

The reaction successfully proceeded even with unsymmetrical
internal alkynes. For instance, 1-(1-naphthyl)-1-hexyne (16c)
afforded 17¢c-D in 82% yield with excellent regioselectivity
(Scheme 16). Thienyl-substituted alkynes such as 16d and 16e
selectively furnished 17d-D, 17d-Allyl, and 17e-D. Unsymmet-
rical internal alkynes bearing 4-Me,NC¢Hy4 and 4-MeOCgHy
moieties (16f and 16g) afforded 17f-D, 17g-D, and 17g-Ar
regioselectively after treatment with D,O or aryl iodide/Pd cata-
Lyst.

A possible reaction mechanism for the carboxyzincation reac-
tion is displayed in Scheme 17. First, the Co(II) precursor is

COOH

H

17b| |
68% \2
standard
rea(.:t]on Zn*
conditions
Pr—= r X _COO~
Pr
16b Pr
COOEt
Br

cat. CuCN-LiCl,

EtOOC\n/\%\ .
Pr

17b-Allyl

54%

Scheme 15: Derivatization of the carboxyzincated product.
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reduced to Co(I) (A) in the presence of metallic Zn. The oxida-
tive cyclization of A with alkyne 16 and CO, affords cobalta-
cycle B (step a). Next, the transmetalation between B and the
Zn(II) species occurs, which affords the alkenylzinc intermedi-
ate C (step b) [41], which is then reduced with Zn powder,
thereby giving the carboxyzincated product and regenerating
Co(I) species A (step c).

We also achieved the four-component coupling of alkynes 16,
acrylates 18, CO,, and Zn metal, as depicted in Scheme 18 [40].
As a model reaction, the reaction using diphenylacetylene
(16h), butyl acrylate (18a), CO,, and Zn was performed. After
treatment with H>O and allyl bromide, the corresponding prod-
ucts 19a-H and 19a-Allyl were obtained in high yields. Chloro
and trifluoromethyl functionalities were well tolerated under the
reaction conditions, and 19b-Me and 19¢c-Me were obtained in
55% and 57% yields, respectively. The reaction of unsymmetri-
cal 1-phenyl-1-hexyne with 18a afforded 19d-H and 19d-Et
regioselectively. In addition, an alkyne with a thiophene ring
regioselectively produced the desired product 19e-Me after
methylation with Mel. It is noteworthy that an alkynoate was
also converted into the corresponding product 19f-Me in good
yield. Methyl, ethyl, and tert-butyl acrylates 18b, 18¢, and 18d,
respectively, also afforded the corresponding products. The
product of the reaction with acrylamide 18e was also obtained.

Scheme 19 shows a plausible reaction mechanism for this four-
component coupling reaction. In a similar manner to that de-
scribed for the carboxyzincation, the reduction of the Co(II)

PhSe COOH
17b Se
(PhSe), 77%
COOEt
EtOOC
cat. Pd(PPhg),
Pr X COOH

Pr
/©/\C' 17b-Ar
NC 56%

cat. Pd(PPhs)s

COOH GOOH
P = Pr
Pr
NC 17b-Bn
57%
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CO5 (1 atm) E
R g2 CoXy(dppf) (10 mol %) 1) electrophile (E) RH\(COOH
16 Zn powder (1.5 equiv) R 2) HCl aq R2
Et4NI, Zn(OAc),
CH;CN/DMF
D
COOH COOH COOH COOMe
I
n- n-Bu Me,N
82% (17c-D) 75% (17d-D) 52% (17e-D) 69% (17f-D
OAc
COOEt
COOH COOH
N COOH
e n-B N COOH
= n-Bu

73% (17¢-) 48% (17d-Allyl)

Scheme 16: Co-catalyzed carboxyzincation of alkynes 16.

Co''X,(dppf)

1/2 Zn
Zn*
R? \ O 112 ZnX2
R2 0 *tznX, Co—X R!——R2
(X =1, OAc) CO,
2e” A
Zn step ¢ step a
X
ZnX ,  Col
R2  0—Co''X, R2 0
C B
step b

ZnX2

Scheme 17: Plausible reaction mechanism for the Co-catalyzed
carboxyzincation of alkynes 16.

precursor to Co(I) species A in the presence of Zn metal acti-

vates the catalytic cycle. Next, the oxidative cyclization of A,

alkyne 16, and acrylate 18 proceeds regioselectively, and cobal-
tacycle B is formed (step a) [42]. Then, the insertion of CO,
into the Co—C(sp3) bond occurs, and the seven-membered Co

intermediate C is obtained (step b). The transmetalation of C

66% (17g-) 53% (17g-Ar)

with the Zn(II) species proceeds then to afford the alkenylzinc
species D (step c). The subsequent two-electron reduction of D
with Zn metal occurs, and the alkenylzinc intermediate E is
subsequently obtained, along with the regeneration of Co(I)
species A (step d). After 1,4-migration of zinc in E, product 19
is obtained (step e).

Visible-light-driven hydrocarboxylation of alkynes
The Use of photoenergy to organic synthesis is of importance,
since the highly reactive intermediate can be generated by pho-
tochemical reaction such as electron transfer and energy transfer
[43-45]. Among them, light-energy-driven CO, fixation reac-
tions via C—C bond formation are promising in terms of mimic-
king photosynthesis. In 2015, Murakami et al. found the direct
carboxylation reaction with CO, under photo-irradiation reac-
tion conditions [46]. Jamison et al. also reported the synthesis of
a-amino acid derivatives using amine and CO, [47]. Iwasawa
disclosed the Pd-catalyzed carboxylation of aryl halides using
CO;, in the presence of an Ir photo-redox catalyst under visible-
light irradiation conditions [48].

Zhao and Wu reported the visible-light-driven hydrocarboxyla-
tion of alkynes in the presence of a Co catalyst [49]. The reac-
tion of alkynes was carried out using CoBry/dcype (dcype =
bis(dicyclohexylphosphino)ethane) as catalysts in the presence
of [Ir(ppy)(dtbpy)](PF¢) and iPr,NEt as photoredox catalyst and
a sacrificial reagent, respectively, in acetonitrile under an
atmospheric pressure of CO, (Scheme 20). 1-Phenyl-1-propyne
(16n) afforded hydrocarboxylated products as a mixture of
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o oo CO5 (1 atm)
R'——R Coly(dppf) (10 mol %) R Zn{ COOH |1) electrophile (E) R E_ COOH
16
. Zn powder (1.5 equiv) WCOORB) 2) HCl aq WEWG
BusNI (20 mol %) R2 R2
P 4
7 EWG  7p(0Ac), (20 mol %) 19
18 CH3CN, 25 °C
H. COOH COOH Me_ COOH Me_ COOH
‘>_><COOBU Ph COOBU COOBuU COOBuU
F3C
85% (19a-H) 74% (19a-Allyl) FsC
cl 55% (19b-Me) 57% (19c-Me)
E. COOH S Me_ COOH Me,_ COOH
\ COOBuU \ COOBu
Bu Bu H11Cs
E = H, 70% (19d-H)
Et, 55% (19d-Et) 50% (19e-Me) 65% (19f-Me)
COOH COOH COOH LN e
‘>_><COOMe ‘>_><c00Et ‘>_><COOt-Bu VCONMEZ
Ph
47% (19a-Me-Me) 62% (19a-Me-Et) 74% (19a-Me-Bu) 63% (19a-Me-amide)

Scheme 18: Co-catalyzed four-component coupling of alkynes 16, acrylates 18, CO», and zinc.
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\ COOR3 . \ COOR3 112 ZnX; H 16
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Scheme 19: Proposed reaction mechanism for the Co-catalyzed four-component coupling.
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CO; (1 atm)
CoBry/dcpye (10 mol %) H
0,
o [Ir(ppy)2(dtbpy)](PFe) (1 mol %) o K\(COOH
16 iProNEt (3 equiv), ZnBr, (1 equiv) R2
CH3CN, blue LED, rt 20
COOH

70% (20a'/20a/20a" = 1:3.5:7.1)

o /yCOOH

Pr
63% (20b)

Scheme 20: Visible-light-driven hydrocarboxylation of alkynes.
regio- and stereoisomers. 4-Octyne (16b) afforded the product

20b in good yield. Other unsymmetrical internal alkynes were
converted to the corresponding products regioselectively.

COCH

CgHi7 Ph
529% (20c)

50% (20d)

The same protocol could be expanded to the synthesis of
y-hydroxybutenolides by using arylalkynes bearing ortho-esters
of the aromatic ring (Scheme 21) [49]. Various alkynes 21 were

Rt CO2(1atm) OH
y CoBry/dcpye (10 mol %) rR27Q
R? [Ir(ppy)2(dtbpy)I(PFs) (1 mol %) X0
o)\\o iProNEt (3 equiv), ZnBr, (1 equiv) (/ OHR1
CH5CN, blue LED, rt
21 22

OH OH
Me—T©, Me—T©, Me—T©,
X (6] N (6] MeOC X (6]
M ; -B
OH"® oH™BY oH ™!

70% (22a)

70% (22d)

MEOZC

71% (22g)

73% (22b)

Me Q
MeO,C O MeO =0
n-Bu

67% (22e)

71% (22¢)

50% (22f)

65% (22h)

Scheme 21: Visible-light-driven synthesis of y-hydroxybutenolides from ortho-ester-substituted aryl alkynes.
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converted to the corresponding products in moderate-to-good
yields. Notably, ketone (22¢) and ester (22d,g) functionalities
were tolerated in the reaction. A bulky ester moiety took part in
the reaction and the corresponding product 22h was obtained in
good yield.

Furthermore, the same group discovered the one-pot synthesis
of coumarin derivatives via hydrocarboxylation/alkene isomeri-
zation/cyclization reactions (Scheme 22) [49]. A key of the
sequential reactions is a use of aromatic alkynes bearing a
momo-protected hydroxy group at the ortho position on the aro-
matic ring (23). The corresponding coumarin derivatives were
obtained in moderate-to-good yields. Notably, ketone (24e),
ester (24d) moieties were tolerated in the reaction. In addition,
2-quinolones (24f and 24g) were obtained using alkynes bear-
ing a Boc protected carbamate in place of the MOM protected
ether.

Scheme 23 shows a plausible reaction mechanism for these
reactions. First, the Co(II) precursor is reduced to Co(I) A by
the aid of an Ir photoredox catalyst and an amine under irradia-
tion. The oxidative cyclization of A with 23 and CO, affords
cobaltacycle B (step a). Next, the protonation of B affords an
intermediate C (step b). Finally, two-electron reduction of
Co(III) in C occurs and Co(I) species A regenerates (step c).
ZnBr; may facilitate the step. Under the irradiation conditions,
an E-isomer with aryl moiety can undergo a reversible isomeri-
zation to form the corresponding Z-isomer. Acid-mediated
cyclization affords a coumarin derivative.

R CO,(1atm)

Beilstein J. Org. Chem. 2018, 14, 2435-2460.

Rhodium catalysts

Carboxylation of aryl and alkenylboronic esters

Aryl and alkenylboronic acids or their esters are of interest in
organic synthesis because they are commonly used for C—C
bond-forming reactions such as Pd-catalyzed Suzuki—Miyaura
coupling reactions [50-53].

Iwasawa et al. reported the Rh-catalyzed carboxylation of aryl-
boronic esters using CO, (Scheme 24) [54]. The reaction of 25a
was performed using a catalytic amount of [Rh(OH)(cod)], and
1,3-bis(diphenylphosphino)propane (dppp) in the presence of
CsF as a base in 1,4-dioxane at 60 °C. Under these reaction
conditions, the desired carboxylated product 26a was obtained
in 75% yield. A variety of arylboronic esters (25b—i) were
converted into the corresponding carboxylic acids 26b—i in
good-to-high yields. It is noteworthy that ketone, ester, and
nitrile functionalities in 26d, 26e, and 26f, respectively,
were tolerated in the reaction. Sterically hindered substrates
could be subjected to the reaction, and 26g was obtained
from 25g. Moreover, a substrate having a heteroaromatic
ring (25i) was converted into its corresponding carboxylic acid
26i.

Alkenylboronic esters 27 were also converted into the
corresponding o,B-unsaturated carboxylic acids 28 using
[RhCl(nbd)], (nbd = norbornadiene) as a catalytic precursor
(Scheme 25) [54]. When an alkyl-substituted substrate was ex-
amined, the p-methoxy-substituted dppp derivative was found
to be the suitable ligand.

TsOH (6 equiv)

“ = CoBr,/dcpye (10 mol %)
( [Ir(ppy)2(dtbpy)I(PFg) (1 mol %)
I~y Y
23 X iPr,NEt (3 equiv), ZnBr, (1 equiv)
X-Y = OMON CH3CN, blue LED, rt
or NHBoc

blue LED
MeOH/CH3CN, rt

COC
X" S0

24

(O] o” "0 o~ o

70% (24c)

73% (24a) 45% (24b)

CO,Me

MeOQC\C(\In- Bu
o” "0

62% (24d)

NS0 NS0
SIS H H

72% (24e)

70% (24f)

58% (24g)

Scheme 22: One-pot synthesis of coumarines and 2-quinolones via hydrocarboxylation/alkyne isomerization/cyclization.
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Scheme 23: Proposed reaction mechanism for the Co-catalyzed carboxylative cyclization of ortho-substituted aromatic alkynes.
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1,4-dioxane, 60 °C 26
COOH /©/COOH O/COOH
©/ MeO FsC
75% (26a) 95% (26b) 76% (26¢)
COOH /©/COOH \/©/COOH
§/©/ MeOOC NG
74% (26d) 67% (26e) 49% (26f)
with (p MeO)dppp with (p-MeO)dppp with (p-MeO)dppp
COOH COOH COOH
g ¥
OMe S
77% (269) 82% (26h) 64% (26i)

with (p-MeO)dppp

ArzP/\/\PArz Ar = Ph: dppp
Ar = p-MeOCgHy: (p-MeO)dppp

Scheme 24: Rh-catalyzed carboxylation of arylboronic esters 25.
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[RhCI(nbd)], (5 mol %)
dppp (10 mol %)

H+

o CsF (3 equiv)

27 1,4-dioxane, 60 °C

Scheme 25: Rh-catalyzed carboxylation of alkenylboronic esters 27.

For this transformation, the reaction mechanism depicted in
Scheme 26 was proposed. The catalytic cycle is activated by the
generation of aryl-Rh intermediate A from the reaction of the
Rh(I) species with the corresponding arylboronic ester. Next,
the reaction of A with CO, proceeds with the concomitant gen-
eration of the corresponding carboxylate Rh species B (step a).
Finally, transmetalation between B and the arylboronic ester
affords the product, along with the aryl-Rh intermediate A (step
b)

L,-Rh-OH
Ar—B(nep)
HO-B(nep)
L/—Rh-Ar CO,
(nep)B-O A
%Ar
(¢}
step b step a
Ar—B(nep)
L7—Rh-O
Ar
o
B

Scheme 26: Plausible reaction mechanism for the Rh-catalyzed
carboxylation of arylboronic esters 25.

After this contribution, the Cu-catalyzed carboxylation of aryl
and alkenylboronic esters was independently reported by the
groups of Iwasawa and How [55,56].

Direct C(sp?)-H bond carboxylation

As described above, C—H carboxylations with CO,, particularly
C(sp?)-H carboxylation reactions, have attracted much research
interest. As a consequence, Nolan [57] and Hou [58] indepen-
dently reported Cu-catalyzed carboxylations using heteroarenes

as substrates, which occur at the relatively acidic C—H bond.

-\ COOH
28

R = Ph (28a): 69%

R = n-Hex (28b): 81%
with (p-MeQO)dppp

Regarding Rh as the catalyst, Iwasawa et al. first reported a
rhodium-catalyzed chelation-assisted C(sp?)—H carboxylation
using methylaluminum as a reducing reagent (Scheme 27) [59].
Subsequently, the reaction of 2-phenylpyridine (29a) was per-
formed using AIMe;(OMe) in DMA at 70 °C. Employing
[RhCl(coe)], (coe = cyclooctene) and P(Mes)s (P(Mes); =
tris(2,4,6-trimethylphenyl)phosphine) as the catalyst, the
carboxylated product 30a was obtained in 67% yield, along
with the formation of a methylated byproduct 31a. Other phos-
phine ligands such as PPhs, P(#-Bu)3, and PCy; afforded the
product in low-to-good yields.

Under the optimal reaction conditions using PCyj as the ligand,
various 2-pyridylarenes 29 were converted into the correspond-
ing products 30 (Scheme 28). Substrates bearing either electron-
donating or electron-withdrawing substituents at the aryl ring
afforded the corresponding products. Interestingly, a terminal
alkenyl group remained intact after the reaction (30d). Further-
more, substrates bearing naphthyl or furyl rings were carboxyl-
ated, and the corresponding products, 30e and 30f, respectively,
were obtained in good yields.

A plausible reaction mechanism for this Rh-catalyzed chelation-
assisted C(sp?)—H bond carboxylation is shown in Scheme 29.
First, a low-valent methyl-Rh(I) species A is generated by
transmetalation. Secondly, a pyridine ring in the substrate coor-
dinates to the Rh center, which prompts the cleavage of the
adjacent C—H bond, affording Rh(III) species B (step a). Subse-
quently, the reductive elimination of methane from B affords
the low-valent Rh(I) species C. Then, C—C bond formation with
CO; proceeds, and Rh carboxylate D is formed. Finally, the
carboxylated product is obtained by the transmetalation be-
tween D and AlMe,(OMe), and methyl-Rh(I) A is regenerated.

Later, Iwasawa et al. achieved the Rh-catalyzed direct carboxy-
lation of arenes without any directing group (Scheme 30)
[60,61]. The reactions proceeded using a catalytic amount of Rh
complex bearing dcype (decype = 1,2-bis(dicyclohexylphos-
phino)ethane) as the ligand and AlMe;(OEt) as a reducing agent
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CO5 (1 atm)
H  RhCl(coe)], (5 mol %) COOMe Me
phosphine (12 mol %) TMSCHN;
N N N
7/ N\, AlMe,(OMe) (2 equiv) 7\ 7\
— DMA, 70 °C — —
29a
30a yield (%)  31a yield (%)
P(Mes)3 67 13
PPhs 5 22
P(t-Bu) 35 17
PCys 73 21

P(Mes);

Scheme 27: Ligand effect on the Rh-catalyzed carboxylation of 2-phenylpyridine 29a.

CO, (1 atm)
RhCl(coe)], (5 mol %)
PCy3 (12 mol %)

AlMe,(OMe) (2 equiv)

DMA, 70 °C

H
7N
29

COOMe
TMSCHN,
N
72\
30

MeO2C

MeO
COOMe
N
7\

75% (30b)

CO COOMe
(e}
N
7 N\

66% (30e)

69% (30f)

COOMe COOMe
N
N\ 7\

51% (30c)

68% (30d)

\_/ COOMe
7N\
eO

M
73% (30g)

Scheme 28: Rh-catalyzed chelation-assisted C(sp2)-H bond carboxylation with CO».

in a mixture of DMA and 1,1,3,3-tetramethylurea (TMU) as a
solvent. Under the reaction conditions, benzene (32a) was con-
verted into benzoic acid (33a, TON: 37) at 85 °C. The mono-
substituted arenes such as toluene (32b), fluorobenzene (32¢),
and trifluoromethylbenzene (32d) afforded the corresponding
carboxylic acids 33b, 33¢, and 33d in good TON. o-Xylene
yielded its corresponding mixture of carboxylic acids 33e.
When 1,3-bis(trifluoromethyl)benzene (32f) was used as the

substrate at 145 °C, the corresponding carboxylic acid 33f was
site-selectively obtained in good TON. Benzofuran (32h) and
indole (32i) also gave the carboxylic acids, which were isolated
as their methyl esters.

Li and co-workers reported the Rh-catalyzed site-selective

C(sp?)-H carboxylation reaction using 2-arylphenols as the sub-
strates (Scheme 31) [62]. The desired reactions proceeded using
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Rh'CIL
(0]
AlMe,(OMe)
O~AMe(OMe) AICIMe(OMe)
N H
72\
_ LRh'—Me N
A 7\
AlMe;(OMe) step d step a
(0]
O-RhL
N
7\
D step c
CO, CHy

Scheme 29: Reaction mechanism for the Rh-catalyzed C(sp2)-H carboxylation of 2-pyridylarenes 29.

CO5 (1 atm)
— cat [RhCl(dcype)]» H* —
& H QCOOH
RN AlMe 5(OEt)q 5 R
32 DMA/TMU, 85-145 °C 33
B p p
X COOH " N Y « N Y " N Y
| P | —COOH | _—yCOOH | _~yCoOH
Me™ N7 F FsC
33a 33b 33c 33d
TON: 37 TON: 18 TON: 39 TON: 44
o/ply = o/Bly = alBly =
17:57:26 59:29:12 0:77:23
“ FsC COOH "
Me SN B AN B
| —COOCH | —COOH
4 4
Me CF3
33e 33f 33g
TON: 46 TON: 48 TON: 16
a/f =12:88 o/p =46:54
Me
o
/ COOMe ’/
Z 7 cooMe
33h 33i
TON: 12 TON: 21
a/f = 86:14
C 2P/\/PCy2

Scheme 30: Carboxylation of C(sp%)-H bond with COs.
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R
CO; (1 atm) o
Rhy(OAc), (5 mol %)
SPhos (10 mol %) R2_/ | o)
t-BuOK (4.5 equiv) X
DMF, 90 °C 35
=:g M 0/=:g \=:g /=:§
95% (35a) 96% (35b) 97% (35c) 66% (35d)
with PCy3
at 120 °C

F
QL O Meo MGOO
0 (0] (0] o
Cre O e S
MeO
© CF,

71% (35f)
at 120 °C

87% (35€)
with PCy3
at 100 °C

95% (35g)
at 100 °C

89% (35h)
at 120 °C

Cy,P OMe

eSe

Scheme 31: Carboxylation of C(sp%)-H bond with COs.

a Rhy(OAc)4/SPhos catalyst system and -BuOK as a base in
DMF. Under the optimal reaction conditions, the reaction with
2-phenylphenol (34a) afforded dibenzopyranone (35a) in 95%
yield. Other substituted 2-arylphenol derivatives (34b—h) were
converted to the corresponding dibenzopyranones (35b-h) in
good-to-high yields. Notably, sterically hindered substrates
(34d and 34f) were allowed by elevating the reaction tempera-

ture.

A plausible reaction mechanism is shown in Scheme 32. First, a
phenoxide 34” generated by the reaction of 2-arylphenol with
t-BuOK reacts with a Rh complex A to generate a Rh complex
B (step a). Then, chelation-assisted C—H bond activation
proceeds to generate a thodacycle C (step b). The reaction of C
with CO, affords an eight-membered rhodacycle intermediate D
(step c). Next, D is converted to the corresponding rhodium

complex E by ligand exchange with KOAc (step d). Possibly

OMe

another ligand exchange between E and KOAc regenerates the
Rh complex A (step e). The desired product (35) is obtained
after lactonization.

Hydrocarboxylation of arylalkenes

Hydrocarboxylation is an essential carboxylation reaction. To
date, transition-metal-catalyzed hydrocarboxylation reactions
using alkynes [63-66], alkenes [67,68], allenes [69-71] and 1,3-
dienes [72,73] have been reported. In this regard, Mikami et al.
reported the Rh-catalyzed hydrocarboxylation of styrene deriva-
tives depicted in Scheme 33 [74].
proceeded using [RhCl(cod)],
reducing agent in DMF at 0 °C. As a result, diverse styrene de-

The desired reaction
as a catalyst and EtyZn as a

rivatives 36a—f bearing an electron-withdrawing group were
converted into their corresponding carboxylic acids 37a—f in
moderate-to-high yields. Notably, the ester, ketone, and amide
functionalities of 37a, 37¢c, and 37d, respectively, were toler-
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Scheme 32: Reaction mechanism for the Rh-catalyzed C(sp2)-H carboxylation of 2-arylphenols 34.

CO5 (1 atm)

[RhCl(cod)], (5 mol %)

36 DMF, 0 °C

Et,Zn (1.2 equiv)

A

\

37

/@J\COOH
MeO,C iPrO,C

89% (37a)

J:::FJ\COOH
Et,NOC

59% (37d)

Scheme 33: Hydrocarboxylation of styrene derivatives with CO,.

ated in the reaction. However, substrates such as 4-methoxy-

styrene or styrene did not yield the desired products.

The same Rh-catalytic system proved to be applicable to the
carboxylation of o,B-unsaturated esters 38 (Scheme 34). A
variety of substrates 38a—f, including those containing an elec-
tron-donating substituent or benzyl-substituted esters, were con-
verted into their corresponding products 39a—f in good-to-high
yields.

N COOH
=

91% (37b)

63% (37e)

/@J\COOH
MeOC

89% (37¢)

COOH COOH

CO,Et COMe

73% (37f)

Notably, the asymmetric hydrocarboxylation was archived by
using a chiral bisphosphine as a ligand (Scheme 35).

Scheme 36 illustrates a plausible reaction mechanism
for this transformation. First, transmetalation between the
Rh(I) and Zn reagents generates ethyl-Rh(I) species A,
from which B-hydrogen elimination occurs to yield the
hydride-Rh intermediate B (step a). Subsequently, the
hydrorhodation of the C—C double bond occurs, affording an
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COR! CO2 (1 atm) R'OC COOH
R2 [RhCl(cod)], (5 mol %) R2
R3 Ety,Zn (1.2 equiv) R3
38 DMF, 0 °C 39

MeO,C COOH

oh

>99% (39a)

iPrO,C COOH

o

88% (39b)

t-BuO,C COOH

o

94% (39c)

MeO,C COOH EtO,C COOH MeO,C COOH
B "
7

MeO

99% (39d)

77% (39e) 82% (39f)

Scheme 34: Hydrocarboxylation of a,B-unsaturated esters with CO».

COzR

CO; (1 atm)
[Rh(COD)((S)-SEGPHOS)](SbF¢)
(10 mol %)

RO,C,_ COOH
AgSbFg (10 mol %) <

Et,Zn (1.2 equiv)

DMF, 0 °C

R =
Ph,P

PhaP !

60% vyield
1) 66% ee

(o)

(S)-Segphos

Scheme 35: Asymmetric hydrocarboxylation of a,B-unsaturated esters with CO,.

alkyl-Rh(I) species C (step b). Then, C—C bond formation with
CO, proceeds to give Rh carboxylate D (step c¢) Finally, the
carboxylated product is obtained by the transmetalation be-
tween D and Ety;Zn, with the concomitant regeneration of
ethyl-Rh(I) A (step d).

Visible light-driven hydrocarboxylation of alkenes

Iwasawa et al. reported the Rh-catalyzed hydrocarboxylation of
alkenes driven by visible-light irradiation conditions in the
presence of a photoredox catalyst (Scheme 37) [75]. A model
reaction using 4-cyanostyrene (40a) was carried out using
iPrNEt, as a sacrificial electron donor in the presence of
[Ru(bpy)3](PF¢), as a photoredox catalyst under visible-light ir-
radiation (425 nm). Employing Rh(PPh3)3H as a catalyst, the

desired hydrocarboxylated product 41a was obtained in 33%
yield along with the formation of reduced product 42a.
Rh(PPh3)3Cl and [Rh(PPh3),Cl], were not efficient while a use
of [Rh(P(4-CF3CgHy)3),Cl], afforded 41a in 54% yield.
Finally, an addition of Cs,CO3 dramatically reduced the by-
product and 41a was obtained in 67% yield.

Under the optimal reaction conditions, several substrates were
examined and the corresponding hydrocarboxylated products
were obtained in moderate yields (Scheme 38).

[2 + 2 + 2] Cycloaddition of diynes with CO»

The [2 + 2 + 2] cycloaddition of diynes with CO, is an impor-
tant reaction in the field of CO, fixation. In these reactions,
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Scheme 36: Proposed reaction mechanism for the Rh-catalyzed hydrocarboxylation of C—C double bonds with CO».

CO; (1 atm)
Rh cat (7 mol % [Rh])

COOH

| XX [Ru(bpy)s]l(PFe)2 (2 mol %) H* N
% iPr,NEt (4 equiv)
N
NC hv (425 nm) c NC
40a DMA, rt
Mayield (%) 42ayield (%)

Rh(PPh)sH 33 18
Rh(PPha)sCl 31 13
[Rh(PPh3),Cll, 21 16
[Rh(P(4-CF3CgH4)3)2Cll2 54 25
[Rh(P(4-CF3CgH4)3)2Cll2 67 1

+ Cs,CO3

Scheme 37: Visible-light-driven hydrocarboxylation with CO».

cyclic esters such as pyrones can be obtained, which are classi-
cally catalyzed by Ni complexes [76-78]. Tanaka et al. reported
that a Rh complex with a suitable bidentate ligand was an effi-
cient catalyst for the [2 + 2 + 2] cycloaddition reaction
(Scheme 39) [79]. The reaction of 43a was performed using
20 mol % [Rh(cod),;]BF,4 and a bidentate phosphine in 1,2-
dichloroethane at room temperature. Prior to the addition of
43a, the mixture of [Rh(cod),;]BF4 and phosphine was stirred
for 30 min. Then, 43a was added dropwise to the mixture over
10 min, and the resulting reaction mixture was further stirred
for 16 h. As ligands, SEGPHOS, BIPHEP, and DPPF were inef-
fective, but BINAP and Hg-BINAP afforded the product 44a in

moderate yields. Notably, the addition of 43a over 120 min im-
proved the yield even at low catalyst loadings (5 mol %). A
high (94%) yield was eventually obtained by reducing the
prestirring time to 5 min.

A variety of diynes having different tether units (43a—g) were
converted into the corresponding pyrones 44a—g in good-to-
high yields within 1 h (Scheme 40). Ester, ketone, and hydroxy
groups were tolerated in the reaction. In the case of an unsym-
metrical diyne bearing methyl and isopropyl groups (43g), a
mixture of regioisomers 44g + 44g’ was obtained in high yield

with high regioselectivity.
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COOH COOH
| X
=
PhOC MeO,C
37% (41b) 26% (41c)
COOH COOH
F3C
3 CeH130,C
40% (41e)
CF;
46% (41d)
Scheme 38: Visible-light-driven Rh-catalyzed hydrocarboxylation of C—C double bonds with CO5.
COQ (1 atm) Me
[Rh(cod),]BF, (520 mol %)
Ligand (5 mol %) MeO,C Z 0

MeO,C ——Me

CICH,CH,CI, rt, 16 h

MeO,C X0

Me
43a 44a
ligand loading prestirring  addition yield
(mol %)  time (min)  time (min) (%)
SEGPHOS 20 30 10 19
BIPHEP 20 30 10 9
DPPF 20 30 10 25
BINAP 20 30 10 41
Hg-BINAP 20 30 10 48
Hg-BINAP 5 30 10 18
Hg-BINAP 5 30 120 78
Hg-BINAP 5 5 120 94
L, CL,,,, (IO
O PPh, = ~PPh, PPh, PPh,
O C PPh, PPh, O ‘ PPh, ‘ ‘ PPh,
O
SEGPHOS BIPHEP BINAP Hs-BINAP

Scheme 39: Optimization of reaction conditions on the Rh-catalyzed [2 + 2 + 2] cycloaddition of diyne 42a and CO».

For this transformation, the reaction pathways depicted in
Scheme 41 can be envisaged. The Rh(I) species A reacts with a
diyne to afford rhodacycle B (step a). Then, the reaction of B
with CO; produces the seven-membered rhodium intermediate

C (step b), from which reductive elimination occurs to yield its
corresponding pyrone and the Rh(I) species A (step c). Alterna-
tively, the oxidative cyclization of A proceeds as one of the

C—C triple bonds of the diyne and CO; react regioselectively,
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Scheme 40: [2 + 2 + 2] Cycloaddition of diyne and CO».

R" R2 Rn

Scheme 41: Proposed reaction pathways for the Rh-catalyzed [2 + 2 + 2] cycloaddition of diyne and CO».

and rhodacycle D is subsequently formed (step d). Then, the
insertion of the alkyne into the Rh—C bond occurs to give
rhodacycle C (step e).

Conclusion
In this review, the Co- and Rh-catalyzed transformation of CO,
via carbon—carbon bond-forming reactions is summarized. Co

complexes can catalyze the carboxylation of propargyl acetates

and alkenyl triflates. The cobalt-catalyzed reductive carboxyla-
tion of a,B-unsaturated nitriles and carboxyamides proceeds
using Et,Zn. In addition, a cobalt complex proved to be an effi-
cient catalyst in the allylic C(sp®)-H carboxylation. In the pres-
ence of zinc as the reagent, carboxyzincation and the four-com-
ponent coupling reaction between alkyne, acrylates, CO,, and
zinc occur efficiently. Rh complexes also catalyze the carboxy-

lation of aryl and vinylboronic esters, the C(sp?)-H carboxyla-

2458



tion of aromatic compounds, and the hydrocarboxylation of
styrene derivatives. The Rh-catalyzed [2 + 2 + 2] cycloaddition
of diynes and CO, proceeds to afford pyrenes. Combinations of
metals (cobalt or rhodium), substrates, and reducing agents can
realize efficient carboxylation reactions using CO, under mild
reaction conditions. Furthermore, the development of novel
carboxylation reactions using clean reducing agents such as
non-metallic organic reductants such as amine, water, or hydro-

gen gas can be envisaged in the near future.
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Abstract

Cobalamins (B};) play various important roles in vivo. Most Bj,-dependent enzymes are divided into three main subfamilies:
adenosylcobalamin-dependent isomerases, methylcobalamin-dependent methyltransferases, and dehalogenases. Mimicking these
B, enzyme functions under non-enzymatic conditions offers good understanding of their elaborate reaction mechanisms. Further-
more, bio-inspiration offers a new approach to catalytic design for green and eco-friendly molecular transformations. As part of a
study based on vitamin B, derivatives including heptamethyl cobyrinate perchlorate, we describe biomimetic and bioinspired cata-
lytic reactions with B, enzyme functions. The reactions are classified according to the corresponding three B, enzyme subfami-
lies, with a focus on our recent development on electrochemical and photochemical catalytic systems. Other important reactions are
also described, with a focus on radical-involved reactions in terms of organic synthesis.

Review

1. Introduction

1-1. Redox and coordination chemistry of B4»

Cobalamins (B) are naturally occurring cobalt complexes with ~ lower axial ligand (Figure la) [6-8]. The cobalamin with an
unique structures that play various important roles in vivo [1-5].  upper ligand is termed vitamin B, (a cyanide group), methyl-
In B,, the cobalt center is coordinated by four equatorial cobalamin (a methyl group), and adenosylcobalamin (an

pyrroles of the corrin ring and 2,3-dimethylbenzimidazole as a  adenosyl group), respectively. The oxidation state of cobalt ions
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CN vitamin B4, (cyanocobalamin)

L= CHz methylcobalamin
Ado  coenzyme B4, (adenosylcobalamin)
HO OH
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O
g <\JQ
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’ )
photolysis ﬂ
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i )
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(organlc radical)
electrolysis v

(nucleophile)

Figure 1: (a) Structure and (b) reactivity of B1s.

in By, ranges from +1 to +3. Each oxidation state of cobal-
amins exhibits quite different ligand-accepting abilities and re-
activities. Cob(Ill)alamins strongly favor 6-coordination with
2,3-dimethylbenzimidazole in homogeneous solutions at
physiological pH (denoted as base-on form). In particular,
cob(Il)alamins with upper alkyl ligands are quite interesting
because of their structural relevance to methylcobalamin and
adenosylcobalamin (coenzyme Bj,) that serve as organometal-
lic cofactors in Bjp-dependent enzymes. The photolysis
(thermolysis) of alkylcob(Ill)alamins leads to the formation of
the corresponding alkyl radical and cob(II)alamin with
homolytic Co(III)-C bond cleavage (Figure 1b). This high
lability is attributed to a relatively weak Co(III)-C bond, as
exemplified by its bond dissociation energies of 30 kcal/mol in
coenzyme B, and 37 kcal/mol in methylcobalamin in base-on
forms [9]. Cob(Il)alamin favors 5-coordination in the homoge-
neous solutions at physiological pH [10]. It is paramagnetic and
has an unpaired electron in the axial dz? orbital. It acts as a high
efficient “radical trap” and reacts with alkyl radicals to yield
alkylcob(IlT)alamin (Figure 1b). Four-coordinated cob(I)alamin
has a paired electron in the axial dz2 orbital, resulting in high
nucleophilicity with a Pearson constant of 14 [11]. It is slightly
basic, with a pK, lower than 1 for the Co—H complex [12]. The

“supernucleophilic” cob(I)alamin is found in many enzymes
such as methionine synthetases, adenosyltransferases, and
reductive dehalogenases. In addition, the reactivity of
cob(I)alamin has been investigated using various electrophiles
such as alkyl halides [13], vinyl halides [14-16], aryl halides
[17,18] and epoxides [19,20] in homogeneous solutions
(Figure 1b).

1-2. Design of biomimetic and bioinspired

B2 catalytic systems

Schematic representations of B, enzymes and enzyme-involv-
ing systems are shown in Figure 2a. The remarkable in vivo and
in vitro characters of B}, are summarized as follows:

1. By, shows good accessibility to Co(I) species with a
redox potential (the Co(II)/Co(I) couple in the base-off
form) of =500 mV vs the standard hydrogen electrode
[21], because of the monoanionic corrin ligand.

2. Bjj is reduced to Co(I) species in the active center by
reductases in sustainable processes.

3. The partially n-conjugated system of the corrin ring is
less easy to be adducted by free radicals than those of
porphyrins.
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Figure 2: (a) Schematic representation of B4, enzyme-involving systems. (b) Construction of biomimetic and bioinspired catalytic systems by combin-

ing functional equivalents of B1, enzyme-involving systems as components.

4. By; is bound to a number of proteins and acts as a
module.

5. Different chemical functions of By, are exploited by
bound apoenzymes.

6. B, is recycled or reactivated in vivo as observed in
methyonine synthetases.

Understanding the mechanisms of B, enzyme reactions and the
role of By, is very important from the viewpoint of bioinor-
ganic and organometallic chemistry, organic syntheses, and
catalysts. Despite extensive research, reproducing B, enzyme
reactions in vitro had been difficult in homogenous solutions.

Construction of sustainable catalytic systems inspired by
B, enzymes is another important issue that must be addressed
for green chemistry. Due to the above-mentioned unique redox
and coordination chemistry, vitamin B, and its derivatives [22]
are used as effective homogenous catalysts in various organic
reactions [23-25], although an excess of chemical reductants are
often used to activate By, to the Co(I) species. Green catalytic
systems capable of activating B, have not been reported in the
literature, with the exception of electrocatalytic systems [26,27].

To achieve functional simulations of B, enzymes under non-
enzymatic conditions, our strategy is to fabricate the artificial
enzymes by combining a functional equivalent of By, and that
of an apoenzyme (Figure 2b). We have been exploring the
utility of hydrophobic B, model complexes, such as
heptamethyl cobyrinate perchlorate 1, that possess ester groups

in place of the peripheral seven-amide moieties [28,29]. 1 was
developed by Eschenmoser et al. as a model complex for the
total synthesis of vitamin By, [30]. Indeed, in the crystal struc-
ture, 1 maintained the same corrin framework as natural By,
[31]. We combined the hydrophobic By, derivatives with bilay-
er vesicles [32,33], a protein [34], organic polymers [35-40],
and metal organic frameworks (MOFs) [41]. Furthermore, to
construct green catalytic systems inspired by B, enzymes, we
combined the hydrophobic B, derivatives with a functional
equivalent of reductases. In the resultant catalytic systems, the
Co(I) species was generated through electron transfers from the
cathodes [42,43], semiconductors [44], or molecular photosen-
sitizers [45] to the By,. In this review, we summarize the
biomimetic and bioinspired catalytic reactions with B, en-
zyme functions, with a focus on our recent work on electro-

chemical and photochemical systems.

2. 1,2-Migrations of functional groups

Enzymes using radical species are models of good catalysts for
chemists because they efficiently mediate difficult organic reac-
tions under mild conditions [46-51]. In some catalysis mediated
by By, enzymes, the high reactivity of the adenosyl radical is
exploited for isomerization. The microenvironments provided
by the apoenzymes activate and cleave the Co(II)-C bond of
the By, coenzyme B, in a homolytic fashion to produce an
adenosyl radical [52,53]. In methylmalonyl-CoA mutase
(MMCM), the conversion from R-methylmalonyl-CoA to
succinyl-CoA (Scheme 1a) starts with hydrogen abstraction by
the adenosyl radical.
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(a)
COOH methylmalonyl- COOH
| CoA mutase |
H3C—C|)—H Hz?_CHQ
COS-CoA COS-CoA
®)  COCoHs _ CO,CoHs CO,CoHs
electrolysis | | H
Hz?—ﬁ:—CH3 — > H3C—C—CH; + H,C—C—CHj;
|
Br COQCQHs C02C2H5 C0202H5
reduced ester-migrated
product product
turnover
vs SCE number/h
1 -1.0V, hv 10% trace 1.6
1 2.0V 15% 80% 20

Scheme 1: (a) Carbon-skeleton rearrangement mediated by a coenzyme B1»-depenedent enzyme. (b) Electrochemical carbon-skeleton rearrange-

ment mediated by 1.

2-1. Electrochemical catalytic reactions

We deeply investigated the electrochemical catalytic reactions
mediated by 1 and related complexes and succeeded in the func-
tional simulations of MMCM-type 1,2-migration reactions [42].
For example, when 2,2-bis(ethoxycarbonyl)-1-bromopropane
was selected as a model substrate, the 1,2-migration of
carboylic ester (80%) and some simple reduction product (20%)
were obtained under controlled-potential electrolysis at —2.0 V
vs SCE in the presence of catalyst 1 in DMF (Scheme 1b) [54].
There were different ratios for the simple reduced product and
the ester-migrated product, depending on the reaction condi-
tions. Mechanistic investigations revealed that the formation of
the two-electron-reduced species of Co(III)-monoalkylated
complex of 1 was vital for carbon-skeleton rearrangement reac-

tions. It was also discovered that the 1,2-migration of the
carboxylic ester group proceeded via an anionic intermediate.
To clarify the migratory aptitude of the functional groups,
several kinds of substrates with an electron-withdrawing group
were utilized. The yields of the migrated products increased in
the order of CN < CO,R < COR [54]. For alkyl halides with
two carboxylic ester groups that differ in their bulkiness, the
yields of the migrated products are higher for the smaller ester
group [55].

Furthermore, we succeeded in tuning selectivity in the 1,2-
migration of a functional group mediated by 1 by controlling
the electrolysis potential (Scheme 2) [56]. The electrolysis of
diethyl 2-bromomethyl-2-phenylmalonate at —=2.0 V vs

CO,C,H;5 CO,C,H;5 Ph CO,CoH5 CO,C,H5
electrolysis | ] | H
H,C—C—FPh H;C—C—Ph + HZC—(|)H + H,C—C—Ph

Br CO,C,H5 CO,C,H;5 CO,C,H;5 CO,C,H5
reduced Ph-migrated ester-migrated
product product product

vs Ag/AgCl conversion product ratio

1 -1.0V, hv 10% 74% 24% 2%

1 -1.5V 15% 81% 17% 2%

1 2.0V 85% 32% 5% 63%

2b -09V 3% 98% 2% trace

2b -1.2V 10% 36% 1% 62%

Scheme 2: Electrochemical carbon-skeleton arrangements mediated by B42 model complexes.
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Ag/AgCl yielded carboxylic ester migrated product as the major
-1.0V
vs Ag/AgCl through light irradiation, as well as at =1.5 V vs

product. Conversely, the electrolysis of the substrate at

Ag/AgCl in the dark, yielded the simple reduced product and
the phenyl migrated product. The cathodic reactivity of the
monoalkylated complex of 1 was found to be critical to the
selectivity of the migrating group.

Interestingly, the electrochemical carbon-skeleton rearrange-
ment reactions were successfully mediated by simple B, model
complexes 2 (Figure 3). The imine/oxime-type square planar
ligands of cobalt complexes 2 are superior to porphyrin ligands
in terms of the model for the corrin framework of B1,; both the
imine/oxime-type and corrin ligands are monoanionic [57-60].
The imine/oxime-type cobalt complex 2 can be isolated in both
the monoalkylated and dialkylated forms [59,60]. This is in
contrast to 1; 1 cannot be dialkylated because of steric
hindrances [42]. The Co(Ill)-monoalkylated complex can be
electrochemically reduced to form Co(I) species and a Co(I1I)-
dialkylated complex through disproportionation. The resulting
Co(IIl)-dialkylated complex shows different electrochemical re-
activity. It can be electrochemically oxidized to form the
Co(IIl)-monoalkylated complex. These electrochemical reactiv-
ities are exemplified by those of the Co(III)-CHj; and
Co(III)~(CH3); complexes of compound 2a in Figure 3. In the
electrolysis, the reduction of the Co(Ill)-monoalkylated com-
plex and the oxidation of the Co(III)-dialkylated complex
proceeded at the cathode and anode, respectively [61]. These
processes were coupled to achieve the 1,2-migration of
functional groups. Further investigations with diethyl
2-bromomethyl-2-phenylmalonate as a substrate confirmed that

heptamethyl cobyrinate 1

CH3
monomethylated dimethylated

reduction active no formation
-1.32 vs SCE
in DMF/n-Bu4NBF4

imine/oxime-type Co complex 2
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the carboxylic ester-migrated product was formed via not a
radical, but a cationic intermediate that was generated by the
fragmentation to the monoalkylated complex at the anode
(Scheme 2).

2-2. Artificial enzyme-mediated reactions

A vesicle-type By, artificial enzyme was constructed by com-
bining bilayer vesicles composed of synthetic lipids and alky-
lated complexes of heptapropyl cobyrinate (Scheme 3) [32,33].
The alkylated B;; model complexes were introduced into the
vesicle in aqueous solutions through non-covalent hydrophobic
interactions and irradiated with a 500 W tungsten lamp to result
in the homolytic cleavage of the Co(IlI)-C bonds. The carbon-
skeleton rearrangements were achieved in the vesicle due to
cage effects in the apoenzyme model. Conversely, such reac-
tions hardly proceeded in homogenous solutions. The yields of
the migration products increased in order of CN ~ CO,C,Hjs <
COCHj3. A cyclophane-type By, artificial enzyme also medi-
ated similar carbon-skeleton rearrangements [32].

We developed another artificial enzyme composed of human
serum albumin (HSA) and heptapropyl cobyrinate [34]. It is
known that HSA acts as a carrier for in vivo hydrophobic mole-
cules. Hydrophobic B, model complexes were successfully in-
corporated into the HSA. The incorporated amounts increased
as the hydrophobicity of the Bj; model complexes increased.
The hydrophobicity can be varied through chemical modifica-
tion of the peripheral ester groups placed at the peripheral sites
of the corrin skeleton. The HSA microenvironments increased
the yield of the acetyl-migrated product compared with the
homogenous conditions of the methanol or benzene solutions

+ CH d B ,
o [T I I
/ | \
i éom / @ R'
CHj H
monomethylated dimethylated 2a: R = C3H;, R'= CyH;5

reduction active
-1.50 vs Ag/AgCl

in DMF/n-Bu4NCIOg4

for 2a

Figure 3: Key electrochemical reactivity of 1 and 2 in methylated forms.

oxidation active
0.73 vs Ag/AgCl

2b: R=R'=CHjs

2557



Beilstein J. Org. Chem. 2018, 14, 2553-2567.

€O:C2Hs h CO,CoHs CO,C,Hs
v
H
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Product Product
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+CH3 H ?H; /(CH2)15CH3
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7
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N s H /(CH2)15CH,
HyC—N—(CHy)s—¢ —N—C—C—N{_
&hy I I NeHaschs

Synthetic Lipid

Scheme 3: Carbon-skeleton arrangements mediated by B4,-vesicle artificial enzymes.

(Scheme 4). This increase resulted from the effects of suppres-
sion of molecular motion and the desolvation of the Bj; model
complex in HSA.

MOFs are a class of crystalline materials constructed from
metal connecting nodes and molecular building blocks [62-64].
To explore the utilities of the microenvironments provided by
MOF:s for By, catalytic reactions, a new MOF {Zn4Ru,(bpdc)y:
4NH,(CHj3),-9DMF},, (Hobpde = 4,4’-biphenyldicarboxylic
acid) was prepared by the reaction of Hobpdc, Ru(bpy),Cl,,
and a zinc source under solvothermal conditions (bpy = 2,2'-
bipyridine, Scheme 5) [41]. The molecular photosensitizer
[Ru(bpy);]*" was incorporated into the MOF through adsorp-
tion to form Ru@MOF, accompanied by a color change.
Furthermore, 1 was effectively immobilized on Ru@MOF, as
was confirmed through ESR measurements. The resultant

CO,C,H5
hv

CO,CoH;5

heterogeneous hybrid catalyst Bj,-Ru@MOF successfully
mediated the photochemical carbon-skeleton arrangement.
Previous studies had demonstrated that the hemolytic cleavage
of the Co(III)-C bond of the alkylated complex of 1 generated
Co(II) species and an alkyl radical intermediate A [54]. The
prolonged lifetime of the radical intermediate A could be provi-
ded by the channel of MOF, enabling conversion to the acetyl-
migrated radical B. The radicals A and B may abstract hydro-
gen radicals to form the reduced product and the acetyl-
migrated product, respectively. It was noticeable that the cata-
lytic cycle for 1,2-migration was constructed for the Bj;-
Ru@MOF system. This stands in contrast to the stoichiometric
reactions in the previous B, artificial enzymes. Furthermore,
the catalytic process of the Bi;-Ru@MOF system is visible-
light-driven through the use of [Ru(bpy)3]*" as an alternative to
reductases. This serves as a simplified analogy for the By, en-

CO,C,Hs5 CO,CyH5

H
HoC—C—CHy ———————  H;C—C—CH; + H,C—C—CH; + H,C—C—CHs

‘COCH3 COCH3 COCHg3 COCHg;
@ reduced acetyl-migrated ester-migrated
product product product
methanol 90% 10% trace
benzene 87% 13% trace
HSA 32% 68% trace

Scheme 4: Carbon-skeleton arrangements mediated by B12-HSA artificial enzymes.
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(a) COCH; COCH; C|OCH3
hv H
H,C—C—CH; —— » H3C—C—CH3z+ H,C—C—CHj3
I
Br C02C2H5 002C2H5 C0202H5
Reduced Acetyl-migrated
Product Product
Conversion Yield
B4>-RU@MOF 82% 13% 68%
B4o, Ru 54% 35% 7%
Ve ]2+ (C) C0202H5 COzC2H5
=N N4
N\ R“j A HQQ_C_CH:; _— H2C—C.;—CH3
/ ) p N_N . COCH3 COCH3
\=/ /) A B
. Biz2 Model
Complex1 l *H l *H

{Zn.Ru,(bpdc), 4NH,(CH,),-9DMF},

Reduced
Product

Acetyl-migrated
Product

Scheme 5: Photochemical carbon-skeleton arrangements mediated by B4,-Ru@MOF.

zyme-involving system (Figure 2a). The B,-Ru@MOF is the
best system for the functional simulation of MMCM among our
B, artificial enzymatic systems.

3. Methyl transfer reactions

The Bj,-dependent methionine synthase catalyzes the methyl
transfer reaction as shown in Scheme 6a. In the active center of
the enzyme, cob(I)alamin accepts the methyl group from
methyltetrahydrofolate (CH3-H4-folate) and the resultant
methylcobalamin donates it to homocysteine [65,66]. Construct-
ing the methyl transfer cycle under non-enzymatic conditions is
a challenging issue for chemists. Here, we describe model
studies of the methylation of B, derivatives and methyl
transfer from methylated B, derivatives. Zn?* ions were
considered as the essential cofactors in the enzymatic reactions
reported by many researchers [67-69].

3-1. Methyl transfer to thiols

Chemical reductants such as NaBHy or electrochemical reduc-
tion could provide Co(I) species, so that a-methylated and
B-methylated B, could be formed by the oxidative addition
reaction with a methyl donor. The supernucleophile Co(I)
species readily react with various methyl halides such as methyl
iodide to form a methyl—cobalt complex. Moreover, methanol
could also serve as a methyl donor after the activation of the
OH group by a Lewis acid such as Zn?* [70,71]. Thiols could

also mediate the methylation of 1 with methyl iodide or methyl
tosylate (TsOCHj3) as the methyl donor [72]. Kréutler et al.
found an equilibrium methyl transfer between methylcobal-
amin and the methylated complex of 1 resulting in
cob(Il)alamin and B-methyl heptamethyl cob(III)yrinate.
Such a thermal equilibration takes 16 days at room temperature
[73].

Keese et al. successfully constructed a complete methyl transfer
cycle from methylamines to 1-hexanethiol as an excellent bioin-
spired system. The use of Zn and ZnCl, in refluxing ethanol
was vital for the bioinspired methyl transfer [74]. Recently, we
developed a catalytic methyl transfer system for the first time
through electrolysis under non-enzymatic conditions. The
methyl transfer from TsOCHj to 1-octanethiol was mediated by
controlled-potential electrolysis at —1.0 V vs Ag/AgCl in the
presence of 1 at 50 °C (Scheme 6b) [75]. The Zn plate was used
as a sacrificial anode and the resultant Zn2" ions was vital for
the activation of 1-octanethiol [76]. A similar reaction was suc-
cessfully mediated by the imine/oxime-type cobalt complex 2a
using zinc powder [77].

3-2. Methyl transfer to inorganic arsenic for the
detoxification of arsenic
The wide utilization of inorganic arsenics causes large-scale

environmental pollution, resulting in very chronic diseases [78].
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Scheme 6: (a) Methyl transfer reaction mediated by B12-dependent methionine synthase. (b) Methyl transfer reaction from TsOCH3; to 1-octanthiol

mediated by 1.

However, it was known that the toxicity of organic arsenics is
generally much lower than inorganic ones. For example, the
acute toxicity of arsenobetaine (AB) is about one three-
hundredth that of arsenic trioxide [79]; trimethylarsine oxide
(TMAO) that is an intermediate in the synthesis of AB also has
lower toxicity than inorganic arsenics. Moreover, inorganic
arsenics could be converted to methylated arsenics via human
or animal metabolism involving a methyltransferase and a

reductase [80-82]. Thus, biomimetic transformation from inor-

ganic arsenics to organic arsenics via methyl transfer could be
an eco-friendly methodology for the detoxification of arsenic.
The B,-mimetic methyl transfer reaction for the detoxification
of inorganic arsenics has recently been developed. The highly
toxic Asp;O3 was transformed to AB via TMAO under mild
conditions, as shown in Scheme 7 [83,84]. High efficiency
transformation of As,O3 to TMAO was newly achieved with
methylated complex of 1 as a methyl donor and GSH as a
reductase model.

r
CO,Na OHz “CO,Na o) CHj
| | ICH,CO,~ |
A8203 +
. As As
iAs(lll "\ ™CH ~"\Y ™CH,COO0O~
h GSH Hi¢™ \ 7° GsH HiC 2
CH; CH;
TMAO AB

Scheme 7: Methyl transfer reaction for the detoxification of inorganic arsenics.
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The methyl transfer reaction to As,O3 was first examined at
37 °C in Tris—HCI buffer for 24 h. A methylated complex of 1
was proved to be more efficient than the naturally occurring
methylcobalamin [84]. More than 95% of As,O3 was con-
verted into methylarsonic acid (MMA, 67.8%), dimethylar-
sonic acid (DMA, 27.2%), and TMAO (0.1%) in the reaction of
1, whereas only 20% conversion of As,O3 was observed in the
reaction of methylcobalamin with lower methylated MMA
(17.2%) and DMA (2.8%) as products. When the reaction of the
methylated complex of 1 was performed at 100 °C in Tris—HCl
buffer for 2 h, As;O3 was methylated to TMAO with much as
99% yield [83]. Combined with the nearly quantitative conver-
sion of TMAO to AB in the presence of GSH and iodoacetic
acid in phosphoric acid—citric acid buffer at 37 °C, a safe
and eco-friendly detoxification of inorganic arsenics was de-
veloped via methyl transfer reactions mediated by biomimetic
vitamin By;.

4. Dehalogenation reactions
“Dehalorespiration” is also a model of good catalysts for

chemists because the anaerobic metabolism of microbes couples

Beilstein J. Org. Chem. 2018, 14, 2553-2567.

the dehalogenation of organic halides with energy conservation
[85]. In some electron transport chains, reductive dehaloge-
nases contain By, derivatives as cofactors [86]. The reductive
dehalogenase originating from the anaerobic bacteria,
Sulfurospiririllum multivorans, uses 1,1,2,2-tetrarchloroethene
as a terminal electron acceptor to be reduced to trichloroethene
(Scheme 8a) [87]. In electron transport chains, reductases
reduce the Co(Il) species of the By, cofactor to the Co(I)
species in the active site of reductive dehalogenases [88].
The Co(I) species is a key form for electron transfer to a sub-
strate.

4-1. Choice of alternatives to reductases

Although anaerobic microbes can be applied to remediation
technologies, the dehalogenation abilities of microbes are equal
to the intrinsic abilities of nature in principle. Chemical
methods are considered as efficient techniques to directly
degrade halogenated pollutants. Completely mimicking the
complicated dehalorespiration systems requires tedious efforts.
The concept of bioinspired chemistry would be an effective

methodology to design sustainable systems. To construct good

(a)
reductive
CI\ B /Cl dehalogenase CI\ — /H
Je=c( LTS
. ol cl Cl
Cl
o) H cl Cl Cl
0, O | (J
al ¢ c c
cl electrolysis
Cl Cl -1.4V vs Ag/AgClI bbb e
20% 19% ¢
| X 1
H Cl
N cl |
turnover
DDT number + o '
82 o N\F Cl
DDMU
6%

(E)-TTDB
25%

(2)-TTDB
12%

Scheme 8: (a) Dechlorination of 1,1,2,2-tetrarchloroethene mediated by a reductive dehalogenase. (b) Electrochemical dechlorination of DDT medi-

ated by 1.
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catalytic dehalogenation systems, the key process is the reduc-
tion of Co(Il) species of B, derivatives to the Co(I) species in
sustainable processes.

Electroorganic synthesis is considered an eco-friendly method
for synthetic organic chemistry [89-91]. Clean redox events be-
tween electrodes and substrates can be achieved without any
chemical redox reagents. The use of mediators enables energy
savings with mild applied potentials or small amounts of elec-
tricity. We constructed electrochemical catalytic systems for
dehalogenation of alkyl halides using 1. The electron transfer
from reductases to B, was replaced with that from the cath-
odes to B, derivatives [43].

Light-driven organic transformations attract great attention due
to their relevance to photosynthesis in nature as an ideal sustain-
able system [92-94]. In this context, we constructed light-driven
catalytic systems using 1 by replacing reductases with semicon-
ductor photosensitizers and molecular photosensitizers. For ex-
ample, we reported an ultraviolet-light-driven system using tita-
nium dioxide (TiO;) semiconductor [95-101]. The conductive
band electron of TiO; (E;eq = —0.5 V vs NHE in neutral water)
could reduce 1 to form Co(I) species upon irradiation with ultra-
violet (UV) light. We also reported a visible-light-driven system
with a molecular photosensitizer such as Ru(bpy);2"
[39,40,102,103], cyclometalated iridium(IIl) complexes [104],
and organic red dyes [105-107].

4-2. Dechlorination of DDT and related compounds

We developed an electrochemical catalytic system for the
dechlorination of 1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane
(DDT) that is one of the most problematic persistent organic
pollutants (POPs) [108]. The controlled-potential electrolysis of
DDT was performed at —1.4 V vs Ag/AgCl in the presence of 1
in DMF/n-BuyNC104. The DDT was converted to 1,1-bis(4-
chlorophenyl)-2,2-dichloroethane (DDD), 1,1-bis(4-chloro-
phenyl)-2,2-dichloroethylene (DDE), 1-chloro-2,2-bis(4-chloro-
phenyl)ethylene (DDMU), and 1,1,4,4-tetrakis(4-chlorophenyl)-
2,3-dichloro-2-butene (TTDB, E/Z) through dechlorination
(Scheme 8b) [109]. A turnover number of 82 based on 1 was
achieved. Mechanistic investigation revealed that the electro-
chemically generated Co(I) species of 1 participated in the
dechlorination. To recycle the catalyst, ionic liquids are promis-
ing solvents due to their excellent electronic conductivity and
nonvolatility. Thus, 1-butyl-3-methylimidazolium tetrafluoro-
borate ([bmim][BF4]) was utilized as the solvent in the dechlo-
rination of DDT [110]. During the extraction process, the prod-
uct and 1 were separated in the organic solvent and ionic liquid
layers, respectively. The ionic liquid layer could be recycled for
further reactions. More interestingly, the catalytic ability of 1

increased nearly four times the reaction using DMF as solvent.
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This was consistent with the Hughes—Ingold prediction of sol-

vent polarity effects on reaction rates [111].

We also developed a visible-light-driven catalytic system
for the dechlorination of DDT using 1 as catalyst and
[Ru(bpy)3]Cl, as photosensitizer [102]. The redox potential of
[Ru(bpy)3]Cl, for Ru(Il)/Ru(I) couple is —1.35 V vs SCE in
CH;3CN. Thus, 1 was reduced to the Co(I) species by the photo-
sensitizer in the presence of triethanolamine (TEOA) as sacrifi-
cial reductant on irradiation with a 500 W tungsten lamp in
ethanol. DDT was successfully converted to DDD, DDE, and
TTDB (E/Z). The recycled use of 1 and [Ru(bpy)3]Cl, was also
achieved using an ionic liquid as the reaction medium [103].
Recently, we have found that cyclometalated iridium(IIl) com-
plexes such as Irdfppy [112] are superior to [Ru(bpy)3]Cl, in
terms of their photosensitization abilities in visible-light-driven
B, catalytic systems (Scheme 9) [104]. This was probably due
to the gradual decomposition of [Ru(bpy);]Cl, under visible
light irradiation. This is consistent with the report by Yoon et al.
in which light irradiation to Ru(bpy)s2" resulted in rapid de-
composition during the photocatalytic reaction [113]. It was
remarkable that a significantly high turnover number based on 1
(10,880) was obtained in the prolonged reaction with Irdfppy.
Quenching experiments with time-resolved photoluminescence
spectroscopy revealed that the oxidative quenching of the
excited state of Irdfppy favorably proceeds over the reductive
quenching mechanism. The combination of 1 and Irdfppy offers
the best choice for the dechlorination of DDT among our light-
driven systems in terms of both catalytic activity and visible-
light harvesting.

In relation to the reactivity of 1 with DDT, interesting reactions
of trichlorinated organic compounds have recently been investi-
gated [100,114]. The B{,-TiO, hybrid catalyst converted
trichlorinated organic compounds into esters and amides by UV
light irradiation in the presence of oxygen, whereas dichlorostil-
benes (£ and Z forms) were formed under nitrogen atmosphere
from benzotrichloride [100]. It was noticeable that an oxygen
switch in dechlorination was successfully demonstrated. A
benzoyl chloride was identified as an intermediate of the esters
and amides. The aerobic electrolysis of trichlorinated organic
compounds was also mediated by 1 to yield esters and amides
[114]. These reactions are important in terms of fine chemical
production from trichlorinated organic compounds through easy

operations (i.e., in air at room temperature).

5. Radical-involved organic synthesis

B, derivatives can mediate various molecular transformations
in addition to the above three-type catalytic reactions. In partic-
ular, alkylated complexes can generate radicals through the

cleavage of the Co(III)-C bonds upon light irradiation, heating,
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Scheme 9: Visible-light-driven dechlorination of DDT using 1 in the presence of photosensitizers.

or electrochemical reduction. In addition, the corrin-ring of the
B, derivatives is tolerant to free radicals, as described above.
Thus, alkylated complexes have been used for radical-mediated
organic synthesis such as halide coupling, alkene coupling, and
addition to double bonds [7,26,27]. In particular, the Co(III)
form of 1 has recently been found to catalyze atom transfer
radical addition of alkyl halides to olefins (phenyl vinyl sulfone
and acrylates) in the presence of NaBH, [115]. In addition, a
new light-driven method for generating acyl radicals from 2-S-
pyridyl thioesters was developed through the use of vitamin By,
[116]. Furthermore, cobalester, an amphiphilic vitamin B, de-

rivative with six ester groups and a nucleotide loop, has recently

been developed to show good catalytic activity for C—C bond
forming reactions [117,118].

The above-mentioned visible-light-driven system composed
of 1, and Irdfppy system was used for radical-mediated
isomerization reactions. Visible-light irradiation of diethyl
2-bromomethyl-2-phenylmalonate produced the phenyl-
migrated product (Scheme 10) [104]. The product distribution
highly depended on the solvents. The yield of phenyl-migrated
products relative to those of simple reduced products signifi-
cantly increased in PhCN, a poor hydrogen radical donor sol-
vent, compared with those in EtOH and CH3CN. Similar phe-

CO,C5H;5 CO,CoH5 Ph CO,CoHs
1, Irdfppy, TEOA
H,C—C—FPh H;C—C—Ph + H,C—CH
hv, 12 hin PhCN
Br CO,C,Hs CO,C5H5 CO,C5H5
reduced Ph-migrated
product product
turnover number . .
based on 1 conversion product ratio
219 95% 23% 50%

Scheme 10: 1,2-Migration of a phenyl group mediated by the visible-light-driven catalytic system composed of 1 and Irdfppy.
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nyl migration was achieved in the UV-light-driven system of
the B1,-TiO, hybrid catalyst [96-98]. The involvement of a
radical species was confirmed by the spin-trapping technique
followed by the ESR measurements.

The B,-TiO; hybrid catalyst also mediated the ring-expansion
reactions of alicyclic ketones with carboxylic ester and
bromomethyl groups (Scheme 11) [96,98]. The products involv-
ing six-, seven-, and eight-membered rings were obtained
through isomerization with 1,2-migration of the ester groups.
The B1,-TiO; hybrid catalyst can be regarded as a good alterna-
tive for conventional radical-involved organic syntheses using
tin compounds.

Br B1,-TiO,
{ 7i hv in EtOH
) COREL hy oyt

ester-migrated product

turnover number

yield based on B4,
n=1 10h 80% 198
n=2 12h 77% 191
n=3 13h 80% 198

Scheme 11: Ring-expansion reactions mediated by the B4,-TiO»
hybrid catalyst with UV-light irradiation.

Recently, we discovered that the By, derivative 1 can mediate
trifluoromethylation and perfluoroalkylation of aromatic and
heteoaromatic compounds by means of electrolysis [119,120].
Introducing trifluoromethyl and perfluoroalkyl groups (Rf) into
organic compounds is an important target in organic synthesis
because the corresponding fluoroalkylated molecules have
received significant interest because of their metabolic stability
and superior electron-withdrawing and lipophilic properties
[121]. The controlled-potential electrolysis of cost-effective
fluoroalkylating reagents with carbon—iodine bonds Rl
(RF = CF3, n-C3F7, }’l-C4F9, n-C8F17, and ”‘C10F21) was carried
out at —0.80 V vs Ag/AgCl in the presence of 1 in methanol/
n-BuyNClOy4 to form Co(III)-Rg complexes with deiodination.
These complexes released Rg radicals on the Co(Ill)-bond
cleavage through visible-light irradiation. The resultant radicals
reacted with aromatic reagents to form the target products
through direct C—H functionalization (Scheme 12).

Conclusion
In this review, we described biomimetic and bioinspired catalyt-
ic reactions with B, enzyme functions, with a classification

into the corresponding three enzyme subfamilies. A variety of
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1 (1.0 mol %)

X H Rl (1 equiv per 1 h) B Re
RT _ methanol RT P
—-0.8 V vs Ag/AgCl, 9 h
hv (>420 nm)

OCHs OCHs
Re Re H3COI>:OCH3
H3CO OCH; HsCO Re
OCHs

Re = CF356%
n-CFy 84%
I’)-C4Fg 75%
n-CgF17 1%
n-C1oF 21 37%

Re = CF320%
n-CsF7 68%
n-C4Fg 75%
n-C 8F17 55%
n-C1oF 21 10%

HSCO:(;(CHS
HaCO Re

Rr 38%
RF = n-C3F7 56% Rr= n-C 3F7 68%

n-C4F9 59% I’)-C4Fg 70%
n-CgF17 47% n-C 8F17 33%

RF = n-C 3F7 70%
I’I-C4F9 69%
n-CgF17 48%

OCH,

OCHg3; CsF7

Re = n-CzF755%
n-C4Fg 49%
n-CgF17 35%

RF = n-C3F7 61%
n-C4Fg 56%
n-CgF17 44%

Scheme 12: Trifluoromethylation and perfluoroalkylation of aromatic
compounds achieved through electrolysis with catalyst 1.

B, enzymes mediate various molecular transformations, in
conjunction with other enzymes. Bound apoenzymes maximize
the potential ability of By, as a molecular catalyst. We concep-
tually broke up natural systems involving B, enzymes into
pieces and artificially assembled them again in a unique
fashion. The resultant biomimetic and bioinspired systems
provide new insights into designing catalytic systems in terms

of green and eco-friendly reactions.
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The alternating copolymerization of epoxides with cyclic anhydrides (CAs) is a highly diverse synthetic method for polyesters as

the polymers’ architectures and properties can be easily controlled depending on the combination of two monomers. Thus, a variety

of catalyst designs has been reported to prepare the desired copolymers efficiently. We herein report dinuclear cobalt—salen

complexes with a benzene ring as a linker and their activities in copolymerization reactions. The dinuclear cobalt complexes

showed a higher catalytic activity for the copolymerization of propylene oxide with phthalic anhydride than the corresponding

mononuclear cobalt—salen complex and achieved one of the highest turnover frequencies ever reported. A variety of epoxides and

CAs were also found to be copolymerized successfully by the dinuclear cobalt complex with a high catalytic activity.

Introduction

Aliphatic polyesters have received significant attention owing
to their good biocompatibility and biodegradability [1-4]. These
attractive features allow them to be applied in medical and eco-
logical materials as well as in commodity materials. The
conventional way of synthesizing polyesters is the step-growth
polymerization of diacids (or diacid derivatives) with diols. The
ready availability of structurally diverse diacids and diols
provides access to a wide range of polyesters. In this method, an
extremely high conversion of the carboxy and hydroxy groups

should be achieved for synthesizing high molecular weight

polyesters. However, there are some burdensome requisites,
such as a precise stoichiometric balance between the carboxy
and hydroxy groups and an efficient removal of small molecule
byproducts, for the high conversion. Another conventional
method for polyester synthesis is the chain-growth ring-opening
polymerization (ROP) of lactones and cyclic diesters [5-10]. In
contrast to the step-growth polymerization, the ROP does not
give any small molecule byproducts and proceeds under mild
conditions. In addition, high molecular weight polyesters with

narrow polydispersity can be prepared even at a low monomer

2779


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:k_nakano@cc.tuat.ac.jp
https://doi.org/10.3762%2Fbjoc.14.255

conversion. A variety of lactones and cyclic diesters, such as
g-caprolactone, B-propiolactone, lactic acid (LA), and glycolide
have been used for the ROP. However, the employable mono-
mers are rather limited, which restricts the range of polymer
properties.

In view of the aforementioned, the alternating copolymeriza-
tion of epoxides with cyclic anhydrides (CAs) is a promising al-
ternative for polyester synthesis [11,12]. A broad range of epox-
ides and CAs are readily available and can be copolymerized
through this method. Therefore, the polymer architectures and
properties can be easily controlled depending on the combina-
tion of the two monomers used. This copolymerization method
was first reported in 1960 where a tertiary amine was used as a
catalyst [13]. Since then, a range of polymerization catalysts in-
cluding alkyl metals and inorganic salts have been reported.
However, the development of the epoxide/CA copolymeriza-
tion was constricted until recently because of low catalytic ac-
tivity and poor control over the main chain sequence (forma-
tion of ether linkages through consecutive epoxide enchain-
ment) and molecular weight. In 2007, Coates and co-workers
reported that B-diiminate zinc complexes exhibited a high cata-
lytic activity for the epoxide/CA copolymerization [14]. The re-
sulting polyesters were found to possess completely alternating
structures with high molecular weight and relatively narrow
polydispersity. Following this report, a range of highly active
and/or selective catalysts has been developed based on well-
defined metal complexes such as metalloporphyrins and
metal-salen complexes [15-21]. In parallel to the development
of catalysts, new polyester materials also were prepared by em-
ploying unprecedented monomers or by the combination with
other polymerization methods [22-26].

Cooperative dinuclear metal catalysts have been considered as a

promising design for high activity and/or selectivity in organic
transformations including polymerizations [27-30]. This was
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Figure 1: Structures of cobalt—salen complexes 1-4.
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found to be true for the epoxide/CA copolymerization. In 2013,
Lu and co-workers reported that the dinuclear chromium—salan
complex showed a much higher catalytic activity than the corre-
sponding mononuclear chromium-salan complex in the copoly-
merization of epoxides with maleic anhydride (MA) [31].
Following this report, some dinuclear metal complexes have
been reported to demonstrate high and/or unique catalytic
performances in the epoxide/CA copolymerization [23,32-39].
Recently, we have reported the dinuclear cobalt—salen
complexes as catalysts for the copolymerization of epoxides
with carbon dioxide (CO,), affording superior catalytic activity
compared to the corresponding mononuclear cobalt—salen
complexes [40]. During the course of our study, the dinuclear
cobalt—salen complex (R,R,S,S)-1 was found to exhibit a high
catalytic activity for the alternating copolymerization of propy-
lene oxide (PO) with phthalic anhydride (PA, Figure 1). The ob-
served catalytic activity was much higher than that achieved by
using the mononuclear cobalt—salen complex. Although
mononuclear cobalt-salen complexes are known as one of the
most active catalysts for the epoxide/CA copolymerization [15],
there has been no report on the catalyst design based on dinu-
clear cobalt—salen complexes. This context prompted us to
explore the catalyst performance of the dinuclear cobalt—salen
complexes. Herein we report our further investigation on the
epoxide/CA copolymerization by using dinuclear cobalt—salen

complexes.

Results and Discussion
Synthesis of dinuclear cobalt-salen

complexes

In our previous preliminary investigation, we used the hetero-
chiral dinuclear cobalt—salen complex (R,R,S,S)-1 with fert-
butyl groups at the 5-positions of the salicylidene moieties and a
pentafluorobenzoate group as an axial ligand [40]. Recently, the
substituents at the 5-positions and the axial ligand of mononu-
clear cobalt—salen complexes were proven to have a great

/

tBu N/
tBu R o~

N/C° ‘j@

R)-3 (R = t-Bu, X = OCOC ¢Fs5)
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impact on the catalytic activity [15]. The electron-withdrawing
fluoro group at the 5-positions and a nitrate axial ligand gave
the most active catalyst for the PO/MA copolymerization. Ac-
cordingly, we designed the heterochiral dinuclear cobalt—salen
complex (R,R,S,S)-2 as well as the homochiral complex
(R,R,R,R)-2 with fluoro groups at the 5-positions and nitrate
axial ligands.

The heterochiral bis(salen) ligand precursor (R,R,S,S)-8 was
synthesized according to the procedure we have reported previ-
ously (Scheme 1) [40]. First, the reaction of bis(salicylalde-
hyde) 5 with (R,R)-half-salen 6, which was prepared from
(R,R)-1,2-cyclohexanediamine monohydrochloride and 3-tert-
butyl-5-fluoro-2-hydroxybenzaldehyde, gave monosalen (R,R)-
7 in 39% yield. Then, the obtained mono(salen) (R,R)-7 was
converted into the heterochiral bis(salen) ligand precursor
(R,R,S,S)-8 in 52% yield through the condensation with (S,S)-
half-salen 6. In addition, the homochiral bis(salen) ligand pre-
cursor (R,R,R,R)-8 was prepared by the reaction of bis(salicylal-
dehyde) 5 with two equivalents of (R,R)-half-salen 6 in
45% yield. Both, (R,R,S,S)-8 and (R,R,R,R)-8 were then treated
with cobalt(Il) nitrate and the following oxidation under air
afforded the corresponding dinuclear cobalt—salen complexes
(R,R,S,S)-2 and (R,R,R,R)-2, respectively.

Beilstein J. Org. Chem. 2018, 14, 2779-2788.

Copolymerization of propylene oxide with
phthalic anhydride

The catalysts’ performances were evaluated through the copoly-
merization of PO with PA (Table 1). For a convenient compari-
son of the different catalytic systems, the catalytic activity is
expressed in terms of turnover frequency [TOF, (mol of PA in-
corporated in the copolymer)-(mol of Co center) !-h™1]. First,
the copolymerization was conducted in the presence of the
homochiral dinuclear cobalt-salen complex (R,R,R,R)-1 and
[Ph3P=N=PPh3][OCOC¢xF;] ([PPN][OCOC¢Fs]) as the co-cata-
lyst at 30 °C for 1 h (Table 1, entry 1, [PO]/[PA]/[Co]
(= 2[(R,R,R,R)-1])/[co-catalyst] = 4,000:400:1:1). Since the
solubility of PA in PO at 30 °C is limited, a large excess of PO
over PA was used to maintain a homogeneous system. Under
these conditions, a high catalytic activity with a TOF of 299 h™!
was accomplished. A decrease in the amount of co-catalyst
resulted in a lower TOF (Table 1, entry 2) and the copolymeri-
zation did not proceed at all in the absence of co-catalyst
(Table 1, entry 3). Thus, one equivalent of a co-catalyst is
necessary for a high catalytic activity. A remarkably high TOF
0f 908 h™! was achieved at the higher copolymerization temper-
ature of 60 °C (Table 1, entry 4). This is one of the highest TOF
values ever reported for the metal-catalyzed PO/PA copolymer-
ization [41].

F
t-Bu (RF\’)G t-Bu (SS)6 ¢-Bu
t Bu Et3N t-Bu Et N
CH,CI 3 t Bu
2Lk CH,Cl,
t-Bu
5 (R,R)- — —
39% yleld / N F
(RR)-6 (2 equiv) y
EtsN, CH,Cl, CH;N  N= (/g,;/,s,_sl)&s
b yie
HO F
!,,/;L . 1) Co(NOs),6H,0
_
N N t-BU EtOH, CHCl,
= HO ) Co(NO3) o 2) air
o} OH B 1) Co(NO3)2:6H; .
/ig/‘\ o EtOH, CH,Cl, - (e - (RR,S,S)-2
o o 25 (RR.RR)-2 90% yield
t-Bu 88% yield
OH t-Bu
<N HO: i
S
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45% yield

Scheme 1: Synthesis of dinuclear cobalt—salen complexes (R,R,S,S)-2 and (R,R,R,R)-2.
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Table 1: Copolymerization of propylene oxide (PO) with phthalic anhydride (PA) using cobalt-salen complexes.?

2018, 14, 2779-2788.

0=O<_0 Co-salen complex O O
(,)>/ . co-catalyst Mo Oa/n
30°C,1h
PO PA
entry Co-salen complex co-catalyst TOFP (h™1) M, My, /Mg
1 (RR.RR)1 [PPN][OCOCgFs] 299 15,500 1.13
2d (RR,RR)1 [PPN]J[OCOCgFs] 132 7,800 1.13
3 (RR,R.R)1 0 _e _e
4f (RR,R.R)1 [PPN]J[OCOCgFs] 908 12,000 1.14
59 (RR.R.R)1 [PPN]J[OCOCFs] 149 7,700 1.18
6 (RR,S,S)-1 [PPN]J[OCOCqFs] 237 13,700 1.14
7 (RR)-3 [PPN][OCOCgFs] 203 11,400 1.14
89 (R,R)-3 [PPN][OCOCgFs] 50 € &
9 rac-3 [PPN]J[OCOCgFs] 207 13,600 1.16
10 (RR.R.R)-2 [PPN][NO3] 33 —e —e
1 (RR.R.R)-2 [PPN]J[OCOCFs] 31 —e —e
12 (RR,S,S)-2 [PPN][NO3] 12 —e —e
13 rac-4 [PPN][NO3] 107 5,400 1.25

aCopolymerization conditions: PO (20 mmol), PA (2.0 mmol), cobalt complex, and [PPN][OCOCgF 5] as co-catalyst at 30 °C for 1 h.
[POJ/[PA]/[Co)/[co-catalyst] = 4,000:400:1:1. PTurnover frequency (TOF) = (mol of PA incorporated in the copolymer)-(mol of Co center)‘1-h‘1 calcu-
lated based on the TH NMR spectrum of the polymerization mixture using phenanthrene as an internal standard. °Estimated by size-exclusion-chro-
matography analysis using a polystyrene standard. 9[PO}/[PA]/[Co]/[co-catalyst] = 4,000:400:1:0.5. ®Not determined because of no or low conversion

of PA. 60 °C for 15 min. S[POJ/[PA}/[Col/[co-catalyst] = 4,000:400:0.25:0.25.

As there were no detectable signal for ether linkages in the
'H NMR spectra of the obtained copolymers, the resulting
copolymers possess a completely alternating structure. The
regioselectivity in the ring-opening of PO was estimated by
analyzing the stereochemistry of the copolymer prepared from
enantiomerically pure (S)-PO. Because a ring opening at the
methine carbon results in both a regioerror and the inversion of
stereochemistry at the stereocenter, the enantiomeric excess (ee)
of the repeating unit in the copolymer should reflect the
regioregularity [15]. The ee of propylene glycol, which was ob-
tained after hydrolysis of the copolymer obtained with (S5)-PO
and PA, was found to be 88%, indicating a high level of
regioregularity. Molecular weight distributions are relatively
narrow, while a bimodal distribution was observed in the SEC
traces. The peak molecular weight of the higher molecular
weight portion was twice as large as that of the lower molecu-
lar weight portion. Accordingly, trace amounts of diacid in PA
and/or water contaminants would work as bifunctional chain-
transfer agents and gave twice the molecular weight of the
copolymer initiated by monofunctional pentafluorobenzoate
from (R,R,S,S)-1 and [PPN][OCOCgF5] [19]. The formation of
the alternating copolymers initiated by monofunctional penta-

fluorobenzoate and the bifunctional chain-transfer agents was

confirmed by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS, Figure 2).
Several series of signals with a regular interval of 206.1
(repeating unit) were observed in the lower mass range. The
m/z value of each signal of the major distribution corresponds
with [166.0 (C¢F5COO, initiating group) + 206.1n (repeating
unit) + 59.1 (CH,CHMeOH, terminal group) + 23.0 (Na* ion)].
Thus, the expected a-C¢FsCOO,n-OH-terminated copolymer
was obtained as a main product. As a minor distribution, the
a-C¢F5CO0,0-COOH-terminated copolymer was observed,
while the cyclic polyester via intramolecular transesterification
was not detected (Supporting Information File 1, Figure S14).
In a higher mass range, a series of signals for the copolymer
with hydroxy groups at both chain ends (the a-OH,»-OH-termi-
nated copolymer) was observed as the major distribution along
with the a-OH,w-COOH-terminated copolymer as the minor
distribution.

Next, we investigated the effect of linking two cobalt—salen
complexes on the catalytic activity. The heterochiral complex
(R,R,S,S)-1 demonstrated a much lower TOF of 237 h~! than
the homochiral one (R,R,R,R)-1 (Table 1, entry 6). Thereby, a

combination of the same absolute configuration of two salen
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Figure 2: MALDI-TOF mass spectrum of the PO/PA copolymer. The low molecular weight copolymer for MS analysis was prepared by using

(R,R,R,R)-1 at 30 °C for 15 min.

moieties was found to be favorable for a high catalytic activity.
Such dependence of the catalytic activity on the absolute con-
figuration contrasts with our previous observation in the
epoxide/CO, copolymerization where the heterochiral
(R,R,S,S)-1 showed a much higher catalytic activity than the
corresponding homochiral complex (R,R,R,R)-1 [40]. Both
mononuclear complexes (R,R)-3 and rac-3 demonstrated simi-
lar and relatively high TOFs of 203 and 207 h™!, respectively
(Table 1 entries 7 and 9). However, these TOFs are lower than
those obtained with the dinuclear complexes (R,R,R,R)-1 and
(R,R,S,S)-1. When the catalyst loading was reduced to one
fourth, the TOFs of the dinuclear complex (R,R,R,R)-1 and the
mononuclear complex (R,R)-3 fell to about one half and one
quarter, respectively (Table 1, entries 5 and 8). Thus, the dinu-
clear complex (R,R,R,R)-1 was found to be less affected by the
catalyst loading. It is unclear whether the copolymerization
proceeds via bimetallic propagation mechanism in the present
catalyst systems. Nevertheless, these results indicated that the
linking of two (or more) cobalt—salen complexes is a promising

design for highly active catalysts.

The effect of substituents on the salen moieties and the axial
ligands on the cobalt centers was also investigated. As
mentioned above, fluoro substituents at S-positions of the sali-
cylidene moieties and a nitrate axial ligand on the cobalt center
were reported to be an optimal combination for the PO/MA co-
polymerization with mononuclear cobalt—salen complexes [15].
Therefore, we expected that the dinuclear cobalt—salen
complexes (R,R,R,R)-2 and (R,R,S,S)-2 would give higher cata-
lytic activities than complexes 1. The homochiral and hetero-
chiral complexes 2 efficiently copolymerized PO with PA and
showed TOFs of 33 and 12 h™!, respectively, again demon-
strating dependence of the catalytic activity on the absolute con-
figuration (Table 1, entries 10 and 12). However, the TOFs
unexpectedly are much lower than those obtained by using
(R,R,R,R)-1 and (R,R,S,S)-1. This trend was also observed for
mononuclear complexes: the mononuclear complex rac-4 with
fluoro substituents at the S-positions and a nitrate axial ligand
gave a much lower TOF than rac-3 (Table 1, entry 13). In addi-
tion, the TOF obtained with (R,R,R,R)-2 and [PPN][OCOCgF5]
was almost identical to that with [PPN][NO3] (Table 1, entries
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11 and 10). Therefore, tert-butyl substituents and a pentafluo-
robenzoate axial ligand were found to be more suitable for the
PO/PA copolymerization. It should also be noted that the
linking of two complexes has a negative impact on catalytic ac-
tivity in the case of the cobalt—salen complex with a fluoro sub-
stituent and a nitrate axial ligand (Table 1, entries 10 and 13).

Monomer scope

In order to evaluate the copolymerization scope, the dinuclear
cobalt—salen complex (R,R,R,R)-1 and co-catalyst
[PPN][OCOCgFs] were employed for the copolymerization of
other epoxides with PA (Table 2). 1-Hexene oxide (HO), a ter-
minal epoxide with an expanded alkyl chain, can be copolymer-
ized at 30 °C to afford a completely alternating copolymer,
while the TOF (61 h™!) was much lower than that obtained for
the PO/PA copolymerization (Table 2, entry 1). A higher poly-
merization temperature improved the TOF up to 399 h™! and
almost complete conversion of PA was achieved within 1 h
(Table 2, entry 2). The copolymerization with cyclohexene
oxide (CHO), a common alicyclic epoxide in epoxide/CA copo-
lymerization, also gave the corresponding alternating
copolymer (Table 2, entries 3 and 4). The TOF of 244 h™! was
achieved at 60 °C, which was the highest one ever reported for
a CHO/PA copolymerization. The copolymerization of PO with

Table 2: Copolymerization of various epoxides and cyclic anhydrides.?

Beilstein J. Org. Chem. 2018, 14, 2779-2788.

other CAs was also tested to evaluate the scope. Cyclohexane
dicarboxylic anhydride (CHDA) was successfully converted
into the corresponding polyester with a TOF of 53 h™! (Table 2,
entry 5). The copolymerization with maleic anhydride (MA), a
common CA in the epoxide/CA copolymerization, took place
(Table 2, entries 6 and 7). However, the TOF was low even at a
higher temperature. The mononuclear cobalt—salen complex
with fluoro substituents at 5-positions of the salicylidene
moieties and a nitrate axial ligand on the cobalt center was re-
ported to be most active for PO/MA copolymerization [15].
Thus, we also applied complex (R,R,R,R)-2 with [PPN][NO3] as
co-catalyst in the copolymerization. As a result, the complex
was found to show a slightly higher activity compared with
(R,R,R,R)-1 although the TOF was much lower than that ob-
tained with the mononuclear complex (Table 2, entry 8).
Finally, we attempted the terpolymerization of PO, HO, and PA
(Scheme 2). Although equimolar amounts of PO and HO were
used, the obtained copolymer contained a larger amount of the
PO-derived repeating unit, reflecting a higher reactivity of PO.

Conclusion

We reported the alternating copolymerization of epoxides with
cyclic anhydrides using dinuclear cobalt—salen complexes with
a benzene linker. The substituents on the salen moieties, an

R’ o (R,R,R,R)-1 RZ O o
’>/R2 OUO [PPN][OCOCGFs] ﬁ)\ M( 3
+ (0]

o temperature, time R o

epoxide CA

epoxide: cyclic anhydride (CA):

N~ [>BU 00 0= _0 0= _o0
PO HO CHO
PA CHDA MA
entry monomer T (°C) time (h) [epoxide]/[CA)/[Co]/[co-catalyst] TOFP (h™1) M,° M/ Mp©

1 HO/PA 30 2 2,400:400:1:1 61 8,400 1.20
2 HO/PA 60 1 2,400:400:1:1 399 22,000 1.18
3 CHO/PA 30 2 2,800:400:1:1 20 500 1.97
4 CHO/PA 60 1 2,800:400:1:1 244 7,000 1.16
5 PO/CHDA 30 2 4,000:400:1:1 53 1,400 2.06
6 PO/MA 30 2 2,000:200:1:1 10 —d —d
7 PO/MA 60 15 2,000:200:1:1 39 —d —d
8e PO/MA 30 2 2,000:200:1:1 22 - —d

aCopolymerization conditions: epoxide, CA (2.0 mmol for entries 1-5; 1.0 mmol for entries 6-8), cobalt complex, [PPN][OCOCgFs] as a co-catalyst.
bTurnover frequency (TOF) = (mol of CA incorporated in the copolymer)-(mol of Co center)~!-h~" calculated based on the 'H NMR spectrum of the
polymerization mixture using phenanthrene as an internal standard. “Estimated by size-exclusion-chromatography analysis using a polystyrene stan-
dard. 9Not determined because of low conversion of MA. &(R,R,R,R)-2 and [PPN][NO3].
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o) o) o (R,R,R,R)1
B PPN][OCOCgF
N DB [PPN][ 6Fs]
0 0 30°C, 2 h
PO HO
PA

< [POJ/[HOJ/[PA/[Co]/[co-catalyst] >
= 1,600:1,600:400:1:1

Scheme 2: Terpolymerization of PO, HO, and PA with (R,R,R,R)-1.

axial ligand on the cobalt center, and a combination of the
absolute configuration of the two cobalt—salen moieties were
found to have a great impact on the catalytic activity. Through
these investigations, the homochiral dinuclear cobalt—salen
complex having fert-butyl substituents and a pentafluoroben-
zoate axial ligand was developed as a highly active catalyst.
Furthermore, the dinuclear cobalt—salen complex demonstrated
a higher catalytic activity than the corresponding mononuclear
cobalt-salen complex. These results indicate that the design
based on di- or multinuclear metal complexes is a promising
strategy for the development of highly active catalysts. Our
future studies will focus on the optimization of linker structures
as well as ligand structures for the epoxide/CA copolymeriza-
tion to achieve higher activity and/or selectivity.

Experimental

General procedures: All manipulations involving air and/or
moisture-sensitive compounds were carried out using standard
Schlenk techniques under argon. Analytical thin-layer chroma-
tography was performed on glass plates coated with 0.25 mm
230-400 mesh silica gel containing a fluorescence indicator.
Column chromatography was performed on silica gel (spherical
neutral, particle size: 63—-210 pm). Most of the reagents were
purchased from commercial suppliers, such as Sigma-Aldrich
Co. LLC, Tokyo Chemical Industry Co., Ltd., and Kanto Chem-
ical Co., Inc., and were used without further purification unless
otherwise specified. Commercially available anhydrous sol-
vents were used for air and/or moisture-sensitive reactions.
Epoxides for the polymerizations were dried over CaH, and
distilled under argon and cyclic anhydrides were purified by
sublimation. (R,R,S,S)- and (R,R,R,R)-1 [40], (R,R)- and rac-3
[42], rac-4 [15], 5 [40], [PPN][OCOC¢Fs] [42], and
[PPN][NOs3] [15] were prepared according to the literature.

NMR spectra were recorded in CDCl3 on a JEOL-ECX400
spectrometer ("H NMR at 400 MHz; 13C NMR at 101 MHz) or
a JEOL-ECA500 spectrometer (!°F NMR at 471 MHz). Chemi-
cal shifts are reported in ppm relative to the internal standard
signal (0 ppm for Me,Si in CDCl3) for 'H NMR and the sol-
vent signal (77.16 ppm for CDCl3) for !3C NMR. Data are
presented as follows: chemical shift, multiplicity (s = singlet,

Beilstein J. Org. Chem. 2018, 14, 2779-2788.

0 0 Bu O 0
OMO o)
/ m
n

conversion of PA: 76%
M,: 19,300, M,,/M: 1.16
IIm =72:28

e}

d = doublet, dd = doublet of doublets, m = multiplet and/or
multiple resonances), coupling constant in hertz (Hz),
and signal area integration in natural numbers. High
resolution mass spectra are taken with a Bruker Daltonics
micrOTOF-QII mass spectrometer by atmospheric pressure
chemical ionization—time-of-flight (APCI-TOF) method. Size-
exclusion-chromatography (SEC) analyses for evaluating mo-
lecular weights were carried with two columns (Shodex
KF-804L) using chloroform as an eluent at 40 °C at 1 mL/min.
The molecular weight was calibrated against standard poly-
styrene samples. The recycling preparative HPLC was per-
formed with YMC-GPC T-2000 and T-4000 columns (chloro-
form as an eluent). HPLC analysis for determining the ee was
carried out using a DAICEL CHIRALCEL® IA-3 column
(4.6 mm x 250 mm).

Synthesis of mono(salen) (R,R)-7: A Schlenk tube was
charged with (R,R)-1,2-cyclohexanediamine monohydrochlo-
ride (0.14 g, 0.93 mmol), 3-tert-butyl-5-fluoro-2-hydroxybenz-
aldehyde (0.18 g, 0.93 mmol), molecular sieves 4A, and dry
MeOH (1.5 mL) under argon. After stirring at room tempera-
ture for 50 min, the resulting solution was slowly transferred to
another Schlenk tube containing bis(salicylaldehyde) 5 (0.72 g,
1.4 mmol), Et3N (0.47 mL, 3.4 mmol) and dichloromethane
(7 mL). The reaction mixture was stirred at room temperature
for 18 h and the resulting suspension was filtered off with
dichloromethane. The filtrate was concentrated under reduced
pressure and the crude residue was purified by silica-gel column
chromatography (AcOEt/hexane/EtzN 1:5:0.12 as an eluent,
R¢0.30] to provide (R,R)-7 (0.36 g, 39% yield) as yellow solid:
TH NMR (400 MHz, CDCl3) § 11.73 (s, 1H), 9.75 (s, 1H), 8.24
(s, 1H), 8.19 (s, 1H), 7.99-7.92 (m, 2H), 7.71-7.67 (m, 2H),
7.29 (s, 2H), 7.04 (d, J = 2.7 Hz, 1H), 6.98 (dd, J = 11.0,
3.2 Hz, 1H), 6.90 (d, J=2.7 Hz, 1H), 6.70 (dd, J = 7.8, 3.2Hz,
1H), 3.40-3.28 (m, 2H), 2.00-1.88 (m, 4H), 1.76-1.68 (m, 2H),
1.52—1.45 (m, 2H), 1.36 (s, 9H), 1.32 (s, 18H); 13C NMR
(101 MHz, CDCl3) 6 196.5, 166.5, 166.3, 164.7, 159.3, 158.6,
156.5, 155.0 (d, Jo_g = 234.8 Hz), 142.6, 141.7, 140.4, 139.4
(d, Jc_r = 4.8 Hz), 139.1, 132.0, 131.9, 131.8, 131.7, 129.8,
129.6, 128.1, 128.0, 123.4, 122.9, 121.3, 120.2, 118.3, 118.1 (d,
Je_p = 7.7 Hz), 117.1 (d, Jc_g = 24.9 Hz), 114.2 (d,
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Jcr=22.0Hz),72.7,72.1, 35.1, 35.0, 33.2, 33.0, 29.23, 29.15,
29.0, 24.34, 24.29; 19F NMR (471 MHz, CDCl3) & —126.3;
HRMS-APCI" (m/z): [M + H]* calcd for C47H54FN,Og,
793.3859; found, 793.3859.

Synthesis of bis(salen) (R,R,S,S)-8: The crude product was ob-
tained from (S,S)-1,2-cyclohexanediamine monohydrochloride
(28 mg, 0.19 mmol), 3-tert-butyl-5-fluoro-2-hydroxybenzalde-
hyde (37 mg, 0.19 mmol), (R,R)-7 (0.13 g, 0.17 mmol), and
Et3N (0.11 mL, 0.79 mmol) according to the procedure de-
scribed for the synthesis of (R,R)-7. Purification by silica gel
column chromatography (AcOEt/hexane/Et3;N 1:5:0.12 as an
eluent, Ry 0.38) gave (R,R,S,S)-8 (95 mg, 52% yield) as yellow
solid: 'H NMR (400 MHz, CDCl3) & 8.24 (s, 2H), 8.17 (s, 2H),
7.93-7.89 (m, 2H), 7.67-7.62 (m, 2H), 7.01 (d, J= 2.7 Hz, 2H),
6.98 (dd, J=11.0, 3.2 Hz, 1H), 6.88 (d, J = 2.7 Hz, 2H), 6.70
(dd, J= 1.8, 2.7 Hz, 2H), 3.38-3.28 (m, 4H), 2.00-1.88 (m,
8H), 1.79-1.66 (m, 4H), 1.52—1.45 (m, 4H), 1.37 (s, 9H), 1.36
(s, 9H), 1.27 (s, 18H); 13C NMR (101 MHz, CDCl3) & 166.4,
164.8, 164.7 (d, Jc_g = 1.9 Hz), 158.5, 156.5, 155.0 (d,
Jop=234.8 Hz), 141.8, 139.4 (d, Jc_r = 5.8 Hz), 139.0, 131.9,
131.8, 129.6, 123.0, 121.4, 118.3, 118.1 (d, Jc_f = 7.7 H2z),
117.1 (d, Jo_g = 24.0 Hz), 114.2 (d, Jc_r = 22.0 Hz), 72.8, 72.0,
35.1, 35.0, 33.2, 33.0, 29.3, 29.1, 24.35, 24.29; 'F NMR
(471 MHz, CDCl3) 8 —126.3; HRMS-APCI" (m/z): [M + H]*
caled for Cg4H77F2N4Og*, 1067.5704; found, 1067.5697.

Synthesis of bis(salen) (R,R,R,R)-8: The crude product was
obtained from (R,R)-1,2-cyclohexanediamine monohydrochlo-
ride (0.10 g, 0.66 mmol), 3-tert-butyl-5-fluoro-2-hydroxybenz-
aldehyde (0.13 g, 0.66 mmol), bis(salicylaldehyde) 5 (0.15 g,
0.30 mmol), and Et3N (0.14 mL, 1.0 mmol) according to the
procedure described for the synthesis of (R,R)-7. Purification by
silica gel column chromatography (AcOEt/hexane/Et3N
1:5:0.12 as an eluent, Ry 0.38) gave (R,R,R,R)-8 (145 mg,
45% yield) as yellow solid: 'H NMR (400 MHz, CDCl3) & 8.24
(s, 2H), 8.17 (s, 2H), 7.93-7.89 (m, 2H), 7.68-7.63 (m, 2H),
7.01 (d, J= 3,2 Hz, 2H), 6.98 (dd, /= 11.0, 2.7 Hz, 1H), 6.88
(d, J=2.7 Hz, 2H), 6.70 (dd, J = 7.8, 3.2 Hz, 2H), 3.38-3.27
(m, 4H), 2.00-1.88 (m, 8H), 1.79-1.66 (m, 4H), 1.52—1.44 (m,
4H), 1.36 (s, 18H), 1.27 (s, 18H); 13C NMR (101 MHz, CDCl3)
8 166.5, 164.8, 164.7 (d, Jo_g = 2.9 Hz), 158.5, 156.5, 155.0 (d,
Jo_r =234.8 Hz), 141.8, 139.4 (d, Jc_r = 5.8 Hz), 139.0, 131.9,
131.8, 129.6, 123.0, 121.4, 118.3, 118.1 (d, Jc_f = 7.7 Hz),
117.1 (d, Jc_g = 24.0 Hz), 114.2 (d, Jc_r = 23.0 Hz), 72.8, 72.0,
35.1, 35.0, 33.2, 33.0, 29.2, 29.1, 24.34, 24.28; HRMS-APCI*
(m/z): [M + H]* calcd for Cg4H77F,N4Og*, 1067.5704; found,
1067.5702.

Synthesis of dinuclear Co—salen complex (R,R,S,S)-2: A
Schlenk tube was charged with Co(NO3),-6H,0 (52 mg,
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0.18 mmol). After stirring at 60 °C under reduced pressure for
1.5 h, EtOH (2.0 mL) was added. Another Schlenk tube was
charged with (R,R,S,S)-8 (88 mg, 80 pmol) and degassed
CH,Cl, (3.0 mL) added under argon. After the solution of
Co(NO3); was slowly added to the ligand solution, the result-
ing mixture was stirred at room temperature for 1 h, and then
opened to air. The reaction mixture was stirred at room temper-
ature for 13 h, filtered, and concentrated under reduced pres-
sure. The resulting residue was rinsed with pentane until the
filtrate was clear, and then dried at 60 °C under reduced pres-
sure to provide (R,R,S,S)-2 (94 mg, 90% yield for two steps) as
dark green powder: HRMS-APCI* (m/z): [M + H — 2(NO3)]*
caled for Cg4H73C0,FoN4Og™, 1181.4055; found, 1181.4054;
anal. caled for Cgq4H7,C0,F2NgO14 (%): C, 58.90; H, 5.56; N,
6.44; found: C, 55.84; H, 5.82; N, 5.33.

Synthesis of dinuclear Co—salen complex (R,R,R,R)-2: Com-
plex (R,R,R,R)-2 was obtained from Co(NO3),-6H,0 (35 mg,
0.12 mmol), (R,R,R,R)-8 (58 mg, 54 umol) as dark green
powder (62 mg, 88% yield for two steps) according to the pro-
cedure described for the synthesis of (R,R,S,S)-2:
HRMS-APCI" (m/z): [M + H — 2(NO3)]" calcd for
Cg4H73C0,F,N4Og™", 1181.4055; found, 1181.4055; anal. caled
for Cg4H77C0,F2NgO14 (%): C, 58.90; H, 5.56; N, 6.44; found:
C, 59.23; H, 5.93; N, 5.06.

Representative procedure for the copolymerization of
propylene oxide with phthalic anhydride (Table 1): A flame-
dried Schlenk tube was charged with the propylene oxide
(1.4 mL, 20 mmol), phthalic anhydride (296 mg, 2.0 mmol),
cobalt complex (5.0 umol of Co center), and co-catalyst
(5.0 pmol [PO]/[PA]/[Co]/[co-catalyst] = 4,000:400:1:1) under
argon. The reaction mixture was stirred at 30 °C for 1.0 h. The
polymerization mixture was diluted with CH,Cl,, and quenched
with several drops of MeOH/1 M HCI (50:50 vol %). Phenan-
threne as an internal standard was dissolved in the resulting
mixture, and a small aliquot of the mixture was taken out and
concentrated under reduced pressure. Then, the residue was
analyzed by 'H NMR spectroscopy and SEC to determine the
conversion of PA, TOF, molecular weight, and molecular
weight distribution.

The 'H NMR spectra of the obtained PO/PA [15], CHO/PA
[33], PO/CHDA [21], and PO/MA [15] copolymers were iden-
tical to those in the literatures.

Evaluation of regioregularity: The copolymerization of
(S)-PO and PA was carried out under standard conditions using
(R,R,R,R)-1. The reaction mixture was diluted with CH,Cl, and
quenched with several drops of MeOH/1 M HCI (50:50 vol %).
The resulting mixture was poured into an excess of MeOH to
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precipitate the copolymer. After the precipitation was repeated
two more times, the precipitate was collected and dried under

deduced pressure.

The obtained copolymer (ca. 150 mg) was dissolved in a mix-
ture of CH,Cl, (2.5 mL) and MeOH (7.5 mL), and NaOH
(100 mg) was added. After stirring at 60 °C for 25 h, the result-
ing suspension was neutralized with 4 M HCI (in cyclopentyl
methyl ether). The solvents were removed under reduced pres-
sure and Et,O (5 mL) was added to the resulting powder. After
stirring for 10 min, the slurry was filtrated off and the resulting
filtrate was concentrated under reduced pressure to give propy-
lene glycol.

A flame-dried flask was charged with the obtained propylene
glycol (26 mg, 0.34 mmol), 4-(dimethylamino)pyridine (8 mg,
0.07 mmol), trimethylamine (70 pL, 0.7 mmol), and CH,Cl,
(3.4 mL). Benzoyl chloride (39 uL, 0.34 mmol) was added
dropwise to the solution with stirring. After stirring at room
temperature for 25 min, the reaction mixture was poured into
water and extracted with CH,Cl,. The organic layer was
washed with 1 M HCI and brine and concentrated under
reduced pressure. The resulting crude product was purified by
the recycling preparative HPLC to give 2-hydroxypropyl
benzoate [43]. The ee of the benzoate was determined by
HPLC analysis using a DAICEL CHIRALCEL® IA-3 column
[tr = 12.65 min for the (S)-isomer and 14.50 min for the
(R)-isomer (flow rate: 1.0 mL; eluent: hexane/iPrOH 95:5)].

Supporting Information

Supporting Information File 1

NMR spectra of new compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-255-S1.pdf]
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