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CONSPECTUS: Activation of inert chemical bonds, such as C—H, C—0, C—C, and so o. R
. . . . . —
on, is a very important area, to which has been drawn much attention by chemists for a O&!\g/
O

long time and which is viewed as one of the most ideal ways to produce valuable
chemicals. Under modern chemical bond activation logic, many conventionally viewed .
“inert” chemical bonds that were intact under traditional conditions can be reconsidered OM G @

as novel functionalities, which not only avoids the tedious synthetic procedures for ©)§° A
prefunctionalizations and the emission of undesirable wastes but also inspires chemists to

create novel synthetic strategies in completely different manners. ©/"t
Although activation of “inert” chemical bonds using stoichiometric amounts of transition
metals has been reported in the past, much more attractive and challenging catalytic
transformations began to blossom decades ago. Compared with the broad application of
late and noble transition metals in this field, the earth-abundant first-row transition-
metals, such as Fe, Co, and Ni, have become much more attractive, due to their obvious advantages, including high abundance on
earth, low price, low or no toxicity, and unique catalytic characteristics.

In this Account, we summarize our recent efforts toward Fe, Co, and Ni catalyzed “inert” chemical bond activation. Our research
first unveiled the unique catalytic ability of iron catalysts in C—O bond activation of both carboxylates and benzyl alcohols in the
presence of Grignard reagents. The benzylic C—H functionalization was also developed via Fe catalysis with different
nucleophiles, including both electron-rich arenes and 1-aryl-vinyl acetates. Cobalt catalysts also showed their uniqueness in both
aromatic C—H activation and C—O activation in the presence of Grignard reagents. We reported the first cobalt-catalyzed sp*
C—H activation/arylation and alkylation of benzo[h]quinoline and phenylpyridine, in which a new catalytic pathway via an
oxidative addition process was demonstrated to be much preferable. Another interesting discovery was the Co-catalyzed
magnesiation of benzylic alcohols in the presence of different Grignard reagents, which proceeded via Co-mediated selective C—
O bond activation. In C—O activation, Ni catalysts were found to be most powerful, showing the high efficacy in different kinds
of couplings starting form “inert” O-based electrophiles. In addition, Ni catalysts exhibited their power in C—H and C-C
activation, which have been proven by us and pioneers in this field. Notably, our developments indicated that the catalytic
efficacy in cross coupling between aryl bromides and arenes under mild conditions was not the privilege of several noble metals;
most of the transition metals exhibited credible catalytic ability, including Fe, Co, and Ni. We hope our studies inspire more
interest in the development of first row transition metal-catalyzed inert chemical bond functionalization.

O
Py

1. INTRODUCTION unreactive chemical bonds can be reconsidered as functionalities,
C—H C—0, and C—C bonds are the most fundamental inspiring chemists to revolutionize the chemical synthesis by
' : creating completely new synthetic strategies.”

structural units in organic compounds. The inertness of these -
In the past several decades, late and noble transition metals,

chemical bonds brings many disadvantages if chemists plan on
functionalizing them. Taking the transition metal-catalyzed
functionalization of arenes for example (Figure 1), in conven-
tional organic transformations, the inert C—H or C—O bond

which are usually not abundant on earth, played key roles in
“inert” bond activations. From an industrial point of view,
expensive prices and high toxicity limit their broad applications.

must be first converted to the corresponding activated C—X (X = Comparably, the first-row transition metals, such as Fe, Co, and
I, Br, Cl) or C—-OR (R = Tf Ts, Ms, etc.) functionalities, Ni, are much more abundant on earth, inexpensive, and more
lengthening the synthetic routes and invariably resulting in the environmentally friendly. For example, the natural abundance of
emission of wastes. Therefore, in modern chemistry, transition

metal-catalyzed highly selective C—H, C—-O, and C-C Received: September 19, 2014
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Figure 1. Inert chemical bond activation logic.

R=Tf, Ts etc

Fe, Ni, and Co on earth is about 32%, 1.8% and 0.88%,
respectively. On the other hand, the first row transition-metal
based catalysts usually display totally different or complementary
catalytic reactivities owing to their unique d-electron structures.
However, the investigation of first-row transition-metal catalyzed
“inert” bond activation was recently unveiled. In this Account, we
summarize our recent progress on Fe, Co, and Ni catalyzed
“inert” chemical bond activation.

2. Fe CATALYSIS

Fe is the most abundant transition metal on earth and plays
important roles in nature. Indeed, Fe was also one of the metals
early and successfully used in chemical synthesis. Although iron-
catalyzed organic transformations, including nucleophilic
additions, substitutions, reductions, oxidations, hydrogenations,
cycloadditions, isomerizations, and rearran§ements, as well as
polymerlzatlons, have been well studied,> its application in

“inert” chemical bond activation had been less investigated
compared with that of late transition-metals. Aiming at exploring
more environmentally friendly, practical, and conceptually novel
organic transformations, we explored the catalytic application of
Fe catalysis in C—O and C—H bond activations.

2.1. Fe-Catalyzed C—H Activation

Although much progress has been made in direct C—H
functionalization in the last decades, Fe has been rarely applied
in this field. To pursue more ideal catalytic processes, much effort
has been made to carry out the Fe-catalyzed C—H activation in
the past several years. Nakamura extensively investigated Fe-
catalyzed C—H activation and subsequent transformations and
did much elegant work.'*~"® In the past several years, stimulated
by Fe- catalyzed cross dehydrogenative coupling (CDC reac-
tion),”"? our studies were focused on direct functionalization of
benzylic C—H bonds. We demonstrated an unprecedented
oxidative cross-coupling of a benzylic sp> C—H bond and an sp*
C—H bond, in which two types of C—H bonds were transformed
in one reaction.”® FeCl, was found to be the optimal catalyst, and
2,3-dichloro-S5,6-dicyano-1,4-benzoquinone (DDQ) was the best
oxidant (Table 1). Other transition metal catalysts, such as
cobalt, nickel, copper, and palladium, did not accelerate the
reaction as remarkably as iron. Mechanistic studies indicated that
the reaction might proceed via a double single eletron transfer
(SET) process, followed by C—C bond formation via Friedel—
Crafts alkylation, and cleavage of the benzylic C—H bond was
involved in the rate-determining step (Scheme 1).

With the understanding of the pathway, we then explored C—
C bond formation through Fe-catalyzed benzylic sp> C—H
functionalization with 1-aryl-vinyl acetates as nucleophiles. Di-
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Table 1. Fe-Catalyzed Cross-Coupling of sp> C—H Bonds with
Arenes

FeCl, (10 mol%)

Ar! = ’ Arl —
TR H_@ DDQ (2.5 equiv.) 4
Ar? 7R DCE, 100°C, 36 h Ar? 7R
Ph Ph Ph
OMe OMe OMe
PH PH PH
94% CO,Me 70% Ac 61% CHO
Ph Ph R/
OMe OMe
PH PH OMe
0y C| 10/
95% 90% Br O \co,Me
Ph Ph R'=4-Me, 94% R'=4-Cl, 53%
o OMe o SMe  R'=3.Me,86% R'=4-F, 51%
R'=2-Me, 51% R'=4-CO,Et, 60%
0
%% | 86% COMe  pi_4ph 87% R'=4-Bu, 90%

Scheme 1. Proposed Mechanism of Fe-Catalyzed Cross-
Coupling of sp> C—H Bonds with Arenes

CO,Me

tert-butyl peroxide (DTBP) was indispensable for this reaction
(Table 2).*!

Table 2. Fe-Catalyzed Cross-Coupling of sp> C—H Bonds with
Alkenes

0,
FeCl, (10 mol%) 1 2
Arl OAc 2 Ar Ar
>_H . :( DTBP (1.2 equiv.) >_>L
R Ar? N,, 100 °C, 24 h R
0o
o) o)
Ar1>_>—Ph Ph Ph>_>~Ar2
PH 0.0 PH
Ar' =Ph, 74% Ar2 = 4-MeCgH,, 65%
Ar' = 4-FCgH,, 73% 77% O Ar? = 3-MeCgH,4, 68%
Ar' = 4-CICgH,, 63% Ph Ar? = 2-MeCgHy, 52%
Ar' = 4-PhCgHy, 77% Ar? = 4-MeOCgH,, 52%
Ar' = 4-MeOCgHy, 45% 0 Ar2 = 4-FCgH,, 69%
Ar' = 2-MeOCgH,, 13% Ar? = 4-BrCgH,, 70%
Ar' = 2-Nap, 69% 59% Ar? = 4-EtOOCCgHy, 59%

DOI: 10.1021/ar500345f
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2.2. Fe-Catalyzed C—O Activation

Initially, phenols and ketones must be transformed to active
sulfonates and phosphates to participate in coupling reactions.**
However, other common O-containing compounds, including
ethers, esters, carboxylates, and unpreactivated phenols and
alcohols, have rarely been used as coupling partners directly.
Undoubtedly, C—O activation to improve the reactivity of these
O-containing chemicals is highly appealing. However, due to the
inherent inertness of these C—O bonds, application of these
compounds via C—O bonds was very challenging.

With the advances in Fe catalysis, beautiful examples have been
demonstrated in traditional cross coupling reactions, especially
with sulfonates as electrophiles.”® As one of the major goals to
investigate the O-based electrophiles through C—O activation,
we also explored Fe catalysis in Kumada coupling with alkenyl
carboxylates.

In Fiirstner’s beautiful examples, highly reactive Fe’ (maybe
Fe?”) species generated in the presence of Grignard reagents can
catalyze the cross-coupling with various substrates.”* We
envisaged such an active species could play vital roles in cross
coupling of various O-based electrophiles. After extensive
investigation, we achieved the first Fe-catalyzed cross- coupllng
of alkenyl pivalates and alkenyl Grignard reagents A
combination of FeCl, and H,IMes proved to be highly efficient,
allowing the coupling reaction to proceed efficiently with 1.0 mol
% iron catalyst at 0 °C (Table 3). Under the reaction conditions,

Table 3. Fe-Catalyzed Selective C—O Activation of Alkenyl
Carboxylates

R! FeCl; (1 mol%) R!
) H,IMes'HCI (2 mol%)
RzJ\KOP'V + R-MgCl or LiCl (6.0 equiv.) sz\(R
R3 THF, 1 h R3
COOEt COOEt COOEt O’>
OMOM o.__0O o
: ® /
76% 74% 72%
COOEt "Hexyl
90% 65% 90%O

\ X
"Hexyl "Hexyl

70% (E/Z = 2:1)) 85% (E/Z = 2:1))

l "Hexyl

40%

aryl pivalates and aryl carbamates also showed good reactivity,
which lead to our further investigation. After this discovery, Garg
and others further extended this chemistry to aryl derivatives.”
Today, this chemistry has become a standard procedure to
synthesize polysubstituted olefins.

Among various C—O bonds, the two sp> C—O bonds in dialkyl
ethers are chemically and energetically similar and thus are more
challenging to differentiate. Kakiuchi and Kochi showed the
beauty to discriminate two sp> C—O bonds in Ru-catal ed cross
coupling by linking an N-containing group at one side.*® We first
reported the Fe-catalyzed alkylation of homobenzylic ethers
using Grignard reagents as a coupling partner (Table 4).*
Mechanistic investigation unveiled that the coupling might go
through a dehydroalkoxylation, carboferrocation, and proto-
nation sequence. The key carbometalation intermediate was
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Table 4. Fe-Catalyzed sp> C—O Activation of Homobenzylic

Ethers
OMe
O/\/ + RMgCl ——————  —~ » O/\,
’
MeO

FeF, (10 mol %)
PCy; (30 mol %)

o-xylene, 120 °C

72% 47%
R= "Bu, 63%
R = "Pentyl, 84% N Cy
R= "Hexyl, 75% \©/\/ " Q/\/
R = "Octyl, 75% 95%
R = Pr, 82% R'=H, 65%
R = Bu, 71% R'=2-Me, 67%
R = Bu, <5% R'=3-Ph, 62%
R =Me, <5% m R' = 4-Bu, 70%
R =Ph, <5%

further proven by quenching the reaction with different
electrophiles, which was also consistent with the addition
reaction reported by Nakamura et al.>® Notably, this observation
might offer an opportunity to develop new methodology to
pursue bifunctionalization of alkenes, especially styrene.

One of our major goals in C—O activation was to utilize
common alcohols as coupling partners. When we explore
benzylic alcohols in cross coupling with Grignard reagents via
Fe catalysis, only a trace amount of desired coupling product was
detected, while reductively deoxygenative toluene derivatives
were always observed. Although a similar reaction via late
transition-metal catalysts was reported,” " iron catalysts had
never shown such a catalytic ability. Indeed, various iron catalysts
exhibited good reactivity in the presence of "hexylMgCl. When
the iron catalyst was replaced with copper salts, very low
efficiency was observed, which excluded that the copper
contaminant catalyzed process. Many functional groups,
including C—F, C—OMe, and C—N, were tolerated (Scheme
2). It is important to note that detailed isotope-labeling
experiment investigation showed that the new introduced “H”
came from protic solvent. Beside protons, carbon-based
electrophiles (e.g., BnBr) were also used to trap the in situ
generated intermediate. These results strongly supported the
formation of BnMgX. Although formation of new Grignard
reagents via transition metal-catalyzed hydromagnesiation or
carbomagnesiation of alkynes and alkenes has been dis-
closed,*** to the best of our knowledge, this was the first
example of transition metal-catalyzed magnesiation of alcohol.

3. Co CATALYSIS

As neighbors in the periodic table, Co and Fe share some of
similar advantages (e.g., cheap, abundant, etc.). To some extent,
Co catalysts may exhibit a higher reactivity in many reactions. In
fact, some unique characteristics and 1nterest1ng modes of action
have made it very attractive recently.**">* However, compared
with Fe-catalyzed inert chemical bond activation, Co catalysis
lagged greatly.

3.1. Co-Catalyzed C—H Activation

Although transition metal-catalyzed C—H activation has made
great progress in the past two decades, catalytic direct C—H
transformation mediated by cobalt was very rare. In 2010,
Yoshikai and co-workers reported an elegant Co-catalyzed
directing group assisted C—H activation/alkenylation reaction.>”

DOI: 10.1021/ar500345f
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Scheme 2. Fe-Catalyzed Magnesiation of Benzylic Alcohol via
sp> C—O Bond Activation

[Fe]
R1©/\OH "HexyIMgCl R1©/\M9C| EtOH g1l X H
= + =

R' = H, alkyl, aryl, OMe, NMe,, F, etc.

temperature (Table S). Various benzo[h]quinolines and 2-
phenylpyridines with alkyl, aryl, free hydroxyl, sec- and tert-amine,
OTS, etc. were suitable substrates. Besides aryl Grignard
reagents, alkyl reagents were also applicable.

From the mechanistic studies, a proposed catalytic cycle is
shown in Scheme 3. In the presence of TMEDA and Grignard

"HexyIMgCl . .
FeBr, e Scheme 3. Proposed Catalytic Cycle of the Direct C—H/
Ar” Y OH Grignard Reagent Cross-coupling
n
He):}/IMgCI A~ Co(acac); + TMEDA
CgH1p + CaHig L Ar” "OMgCI
+CyoH RMgX
12 [(Lo)Fe(MgC)]
MgO + MgCl, |
o
A H N

W .

["HexylFe(MgCl)(L,)] [ArCH,Fe(MgCI)(L)] R
N | ‘R
["HexylFe(MgCI)(L,)] ey .
exylFel
oTEe [ACH,Fe(MgCl)(L,)] .
+
AFAMQJ\\_// ”\j "
N
l EtOH path b Rng aNes N \
°S
A H \ I CI

Inspired by the Fe catalyzed cross-coupling of C—H and
Grignard reagents,'”~"* we attempted to investigate cobalt as a
candidate to execute such chemistry.

Benzo[h]quinoline was initially selected as standard substrate
due to its directing ability and stability.*® Actually, direct
nucleophilic attack to pyridine derivatives at the 2-position by
Grignard reagents was a big challenge. By introducing a suitable
transition-metal catalyst and lowering the reaction temperature,
the reactivity of RMgBr can be reduced, thus reducing the
possibility of the undesired nucleophilic addition. The cross-
coupling reaction was successfully achieved with Co(acac); as a
catalyst in the presence of TMEDA (N,N,N’,N’-tetramethyle-
thylenediamine) and DCB (2,3-dichlorobutane) in THF at room

\—:\ CI

reagents, a catalytically active Co(I) species was generated, which
further underwent oxidative addition with benzo[h]quinoline to
generated a Co(II) intermediate. After reductive elimination, a
new Co(I) together with the byproduct RH was generated. The
newly formed Co(I) species was reoxidized to Co(III) by DCB
(2,3-dichlorobutane), which furnished the coupling product after
double transmetalations and subsequent reductive elimination.
Almost at the same time, Nakamura and co-workers reported
Co-catalyzed amide directed C—H activation/alkylation, where
they utilized alkyl chloride as coupling partner.*' Later on,

Table S. Co-Catalyzed Direct C—H/Grignard Reagent Cross-Coupling

R1 R1
S Co(acac); (10 mol%) Al
O TMEDA (1.0 equiv.)
\ D 4 Rmger __DCB (1.5 equiv) \_¢ N

N= THF, rt, 48 h N=
H R
HO HO TBSO
Ph

Ph
WaVWaW
L LD

R = Ph, 92% N=

R= 2-MeCSH4, 41% =2-H, 92% Ph

R = 3-MeCgH,, 93‘;&; R! = 2-Me, < 5% 82% 73% 56%
R = 4-MeCgHy, 75% R = 4-Ph, 76%

R=4-vinylCeHy, 82% 1= 5-Ph, 91%
R = 4-FCgH,, 76%

R' = 5-OMe, 85% 7\ VA
R= 4-CICel:4, 6%  R!=5.NHPh, 26% \ o -
2 - '\Eﬂteysii/k R' = 6-OMe, 77% Q N Ph Ph
= EL oA R' = 9-OMe, 51% = . .
R = "Hexyl, 40% Ph 77% 40% 38%

DOI: 10.1021/ar500345f
Acc. Chem. Res. 2015, 48, 886—896


http://dx.doi.org/10.1021/ar500345f

Accounts of Chemical Research

Nakamura and Yoshikai developed various different Co-
catalyzed alkylations using different alkylating reagents.**~*

3.2. Co-Catalyzed C—O Activation
Comparatively, Co catalysts have rarely been used to activate C—

O bonds. An early example of Co-catalyzed C—O cleavage was
reported by Chalk in 1970 (Scheme 4a).* In the presence of

Scheme 4. Co-Catalyzed C—O Activation

(a) Chalk et al. :
Ce

. —

Co(CO);

R
I:>OSiR3

RsSiH + Co,(CO)s— R3SCo(CO),

Co(CO); —= _ polymerization

S iy
[ l:/\o—(CHz)4OSiR3

(b) Gosmini et al. :

CoBr; (5 mol%) R
R X bpy (5 mol%)
/\ . @W n (10 equiv.) (g
OAc Z DMF/Py (15:2) 7
TFAA, 50 °C

(c) Our work:
1) CoCl, (10 mol%)

PCy3 (40 mol%)
on iPr,O/PhMe (1:3)
+ MHexyMgel __120°C,24h H
2) EtOH

R;SiH and Co,(CO)g, the in situ formed R;SiCo(CO),
promoted the ring-opening of tetrahydrofuran and the following
polymerization. Subsequently, Murai and co-workers demon-
strated a Co,(CO)g-catalyzed ring opening of THF to generate
aldehydes or vinyl silyl ethers in the presence of excess HSiEt,Me
and CO.Y

Another beautiful example was reported by Gosmini (Scheme
4b).** The reductive coupling of vinyl acetates and aryl halides
underwent smoothly under Co catalysis in the presence of Mn as
reductant. Low-valent Co®" was proposed to be active species
during this reaction.

During our studies in C—O activation, we also observed the
credible reactivity of Co catalysts in different transformations.
For example, the deoxygenative reduction of benzylic alcohol can
also be catalyzed by Co catalysts (Scheme 4c).” Although the
efficiency is not comparable to other metal catalysts, this result
implied the potential of cobalt catalysts in this field.

4. Ni CATALYSIS

Standing in the same d'° group, Ni ($1/g) is much cheaper than
Pd ($183/g) and Pt ($483/g). Both Pd and Pt exhibited “magic”
catalytic reactivity in both homogeneous and heterogeneous
catalysis. Compared with its counterparts in group 10, Ni might
be more attractive from the perspectives of not only economics
but also its unveiled unique characteristics. For example, Ni is
usually found not only in 0 and +2 but also +1 and +3 oxidation
states, while Pd is typically observed in 0 and +2 oxidation states
(in some cases +3 and +4), and Pt more readily accesses +4
oxidation states. On the other hand, different from the oxidative
insertion of Pd(0) to organohalides, the oxidative addition of
low-valent Ni (Ni(0) or Ni(I)) prefers the SET process. In
addition, owing to its smaller size located in the third row, Ni is
more nucleophilic. Therefore, Ni was found to be powerful in
inert C—0, C—H, and C—C activation.

890

4.1. Ni Catalysis in C—O Activation

As mentioned above, the initial work used O-based sulfonates
and phosphates as electrophiles in cross coupling. In these
coupling reactions, Pd catalyst was still a key player, although in
some cases Ni showed credible reactivity. After comprehensive
review of the literature in this field, it was found that Ni catalysts
showed remarkable reactivity, probably arising from the above-
mentioned uniqueness of the Ni element. In fact, Ni is now the
best metal to induce the C—O cleavage of various O-based
nucleophiles.

4.1.1. Ni-Catalyzed Etheric C—O Activation. As one of the
major organic compounds, ethers always showed extremely
inertness under common conditions and were rarely used as
starting materials. Ni-catalyzed Kumada—Tamao—Corriu cou-
pling w1th aryl/alkenyl ethers can be traced to 1979 by
Wenkert.* However, such an lmportant study was neglected
until Dankwardt picked it up in 2004.>° These important studies
unveiled the essence of Ni-catalyzed C—O activation. In this
field, Chatani and co-workers are major players in the activation
of aryl ethers and upgraded the reactions in this field.>' We
initiated the C—O bond activation of ethers in late 2004 and first
focused on the Ni-catalyzed methylation of aryl alkyl ethers since
both Wenkert and Dankwardt omitted the methylation in their
studies.*”°

After extensive screening of reaction conditions, it was found
that ligand sets had a great influence on the efﬁaency, and PCy;
proved to be the best choice (Scheme 5a),>> as was similar to the

Scheme §. Ni-Catalyzed Etheric C—O Activation

NiCl,(PCys), (5 mol %) Ve
_(j + MeMgBr _|
toluene, 80 °C, 20 min =
RZ
NiCly(dppf) (2 mol %)
O/k dppf (2 mol %) ©/k R
+ RMgBr ———=——/_» R1O
toluene =
R® = Me, 80%
R3 = Et, 73% gl [ Ve
Me R3= 'Bu, 79% Z
R3 = TMS, 76% R®=Me,
R3 = Ph, 75% R" = 4-F-CgHy, 92%
= 4-OMe-CgHg, 89%
= 4-OH-CgH,, 70%
= 4-Ph, 99%
=3-Ph, 91%
46% 5% =4-Ph, 86%
H H H
96% 51% 20%

Dankwardt’s results. The magic role of PCy; toward Ni catalysis
probably arose from the match of both electronic and steric
properties of PCy; with the Ni center. Unfortunately, other alkyl
Grignard reagents could not be utilized as nucleophile.

Later on, we first successfully developed the Ni-catalyzed
alkylation of benzyl alkyl ethers with alkyl Grignard reagents
(Scheme 5b).>® Here dppf gave the best results. Different benzyl
alkyl ethers with many functional groups tolerated gave the
desired alkylated products in good to excellent yields. Later on,
Jarvo and Watson developed the stereoselective version of this

DOI: 10.1021/ar500345f
Acc. Chem. Res. 2015, 48, 886—896
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Scheme 6. Rational Design of Selective C—O Activation of Carboxylate

(0]
>—a|ky Ni(0) >—a|kyl Ar reductive
Ar=0 irreversible Ni=O transmetallation Ni=Ar _elimination Ar=—Ar"
oxidative addition Af Al
(desired process) derised product
reversible
Ni(0)|| oxidative addtion
(undesired process)
O,
&—alk I A'M Iky! PR reductive
ArO=Ni transmetallation Ar —Ni decarbonylation Ar—N;j elimination alkyl—AT

-CO

more stable

underised product

transformatlon, highly extending the potential application of this
method.>*

4.1.2. Ni-Catalyzed Esteric C—O Activation. Due to the
lability of the acyl C—O bond, carboxylates, though readily
available, have rarely been used as coupling partners to date,
except allylic and benzylic carboxylates. Murai and Kakiuki
reported beautiful examples via Ru catalysis through a directing
strategy.”” In 2009, Garg and our group simultaneously reported
the first example of aryl carboxylates with aryl boronic acid
derivatives.*>® As reported, a competitive oxidative addition of
Ni(0) occurs reversibly at the acyl C—O bond and potentially at
the aryl C—O bond. In Yamamoto’s studies, the former case
terminated the catalytic cycle by formation of stable alkyl—Ni
species through decarbonylation (Scheme 6).>° In our design,
enhancement of the transmetalation of the aryl—Ni species and
inhibition of the decarbonylation of the acyl-Ni complex were
essential, which can be tuned by a proper ligand set. This
suspensmn was further proved by DFT calculation by Liu and co-
workers.®

With rational design, 2-naphthyl acetate was selected as model
substrate to explore Ni-catalyzed cross coupling. Actually,
coupling proceeded smoothly when N1C12(PCy3)2 was used as
catalyst and K5PO, as base (Scheme 7a).>® It was noteworthy

Scheme 7. Ni-Catalyzed Selective C—O Activation of Aryl
Carboxylates

(@)

Ar
! NiCly(PCy3), (cat.)
2 2(PCy3)2
O R o0 kPO, Hy0 (0.88 equiv.) A
Rl + i i 374 RI-L
% o Ar/B‘O’B\Ar dioxane, 110 °C N~
R' = carbonyl, ester, OH, etc
= alkyl, Aryl, OAc, etc
(b) R Ar NiCly(PCys3); (4 mol%) R!
_B. i
RZJ\KOR“ . Q 9 K3POy4, qu (1.0 equllv.) RZJ\(Ar
_B._B._, toluene/dioxane (1:1),
R3 Ar O Ar 110 °C R®
(c)
NICl(PCya), (5 mol%) XA

+ Ar—2ZnCl
THF/DMA

that the critical amount of water was essential, which was
considered to improve the reactivity of boron reagents while it
did not enhance the hydrolysis of the esters.

Although the cross-coupling reaction of phenyl acetate failed
under the above reaction conditions, steric hindered phenyl
pivalates are suitable. These results were supported by Garg.®
This system can be further extended to vinyl acetate via Ni
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catalysis, thus highly expanding its potential applications
(Scheme 7b).*

In the above-mentioned reaction, fairly harsh reaction
conditions such as high temperature and high catalyst loading
are required, thus limiting their potential applications. Therefore,
more active organozmc reagents were applied to allow milder
reaction conditions.® Unfortunately, naphthyl acetate was not
suitable, and most of the starting material was hydrolyzed to
naphthol. It is understandable since arylzinc reagents are more
nucleophilic. By increasing the steric hindrance at carbonyl group
with pivalates, the desired products were obtained in good yield
under mild conditions (Scheme 7c).

The aforementioned reactions ran through a similar pathway
(Scheme 8). First, active catalyst species Ni(0) was generated in

Scheme 8. Tentative Mechanism of the Ni-Catalyzed Selective
C—O Activation of Aryl Carboxylates

Ni'Cl,L, R

o
reduction 0>:

Ni’Lz
reductive elimination) N‘atwe addition

the presence of organometallic reagents, followed by oxidative
addition to afford an aryl Ni(Il) intermediate. After ligand
exchange and transmetalation, the newly formed diaryl Ni(II)
intermediate underwent reductive elimination to furnish biaryls
and regenerate the Ni(0) catalyst.

As a continuation of sp* C—O activation of aryl and alkenyl
carboxylates, we moved to investigate Ni-catalyzed sp> C—O
activation. The successful cross-coupling of a-pivaloxyl ketones
and aryl boromc acids or boroxmes was developed via Ni-
catalyzed sp> C—O activation.”® In comparison, the coupling of
a-pivaloxyl ketones with boronic acid derivatives needed relative
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high catalyst loading (10%) and strong base (NaO'Bu) (Scheme
9). A tentative mechanism involving a Ni(0)/Ni(II) catalytic
cycle was proposed as shown in Scheme 10.

Scheme 9. Ni-Catalyzed sp®> C—O Activation of a-Pivaloxyl
Ketones

o . Ni(PCy2),Cl, (10 mol %) Q A
N OPiv (ArBO);  NaO'Bu (2.0 eq.) B r
R'T * or ArB(OH),” PhMe/DMF 21)  R'<__

R' = alkyl, aryl, alkoxyl, F, etc
Ar=

Me(F) Me(F)

H (Me/F/OMe)

Scheme 10. Proposed Mechanism of the Ni-Catalyzed sp®> C—
O Activation of a-Pivaloxyl Ketones

Ni'"Cl,L,
) .
Ar (0] reduction OPiv
Ar' 0
Ni°Lz Ar'

reductive elimination, oxidative addition

\ L
Ar

/OMe
PivO-B_

OMe

ligand exchange

4.1.3. Ni-Catalyzed C—O Activation of Aryl/Alkenyl
Carbamates. In Garg’s studies, the corresponding carbamates
were more stable and good alternatives for cross coupling with
arylboronic acids.” Later on, Snieckus’s investigation gave further
support for Ni catalysis.** Notably, ethyl carbamate was also a
directing group for directed orthometalation Directed ortho
metalation (DoM) to carry out further transformations. We also
planned to extend the Ni-catalyzed cross-coupling of aryl/alkenyl
carbamates with boroxines almost at the same time as Garg and
Snieckus.”** The coupling of N,N-dimethylamino-substituted
phenylcarbamates with phenylboroxine underwent smoothly
when 5 mol % NiCl,(PCy;), was used (Table 6).°°

4.1.4. Ni-Catalyzed C—O Bond Activation of Pheno-
lates. Direct cleavage of the C—O bond of phenols is quite ideal
in organic transformations. However, the intrinsic properties of
phenol hampered such a design, for example, (1) high bond
dissociation energy of C—OH or C—OM indicated the difficulty
of direct cleavage of the C—O bond and (2) phenolate also acts as
good ligand to bind the metals, further impeding the cleavage of
the C—O bond. In Wenkert’s studies, little product was produced
by cross- couphng of magnesium naphthoxide and Grignard
reagents,*°® However, they also claimed it was impossible to
promote the efficiency of such transformations.
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Table 6. Ni-Catalyzed Selective sp> C—O Activation of Aryl/
Alkenyl Carbamates

NiCl,(PCy3), (5 mol%)

Ar

é PCy3 (10 mol%)
- OCONMe, Q’ \9 K3CO3, H,0 ' ,\(Ar
g j + Ar/B\Q/B\Ar dioxane, 110 °C d

Ph

Ph Ph /
eO Me;,N

Ph

70% 62% 65% 80 /o
: ,Ph /@ Ph @, Ph
Ac MeOOC
85% 78% 85% 85%

We envisioned that the metal ion in the naphtholate might act
as an electron-withdrawing group by coordination to change the
electronic features of the phenolic C—O bond. Thus, we
transformed 2-naphthol to magnesium naphtholate. The crystal
structure of 2-NaphOMgBr showed that it existed as a dimer, and
the length of the C—O bond of magnesium naphtholate was the
same as that of naphthol, demonstrating at least that the
formation of the magnesium slat did not strengthen the C—O
bonds and providing the potential for the C—O transformation.

In fact, 2-NaphOMgBr and (2-NaphO)Mg showed higher
reactivity in cross couphng mth Grignard reagents beyond
sodium and potassium salts.”” The combination of NiF, and
PCyj, in a mixture of toluene and diisopropyl ether proved to be
optimal (Table 7).

Table 7. Ni-Catalyzed C—O Activation of Magnesium
Naphtholates

NiF3 (10 mol%)
PCy3 (40 mol%)

+ MeMgBr + ArMgHBr toluene/’PrZO (3:1)

Ar = Ph, 89%
Ar = 3-MeC6H4, 86%

120°C, 24 h
Ar = 2-MeC6H4, 88%

NMe,
“/‘ ‘ ~ 7'%
Ar = 2,4,6-triMeC6H2, 67%

OBu

8

TMS
92%

joos

67%

86%

92%
OTBS

&

80% 89%

In comparison, organoboronic acid derivatives are much better
electron deficient Lewis acids to some extent. Thus, ideally, the
formation of aryl borate could better activate the C—O bond of
phenolate while simultaneously activating the C—B bond by the
formation of borate, thus called “mutual activation” (Scheme
11). The advantage of this concept is that both coupling partners
activate each other, thus avoiding the need for preactivation and
the addition of extra base as traditional activation models.

To demonstrate our design, various 2-naphtholates with
different metal ions and phenylboroxine were subjected to the
nickel catalyst system. It was found that although magnesium
naphtholate gave no desired product, and lithium, potassium,
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Scheme 11. Rational Design of the New Mutual Activation
Concept

A: Traditional activation models:

2
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OR ORL> activation

B: Novel mutual activation model:
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T \
F OR M
activation

and zinc naphtholates only give trace amounts of coupling
product, sodium naphtholate showed good reactivity. It was
worth noting that addition of weak Lewis acid BEt; highly
promoted the transformation. Further screening indicated that
coré;bination of [Ni(cod),] and PCy, was the best choice (Table
8).

Table 8. Ni-Catalyzed C—O Activation of Sodium
Naphtholates

el (ArBO) (Nl POy N
R ¥ 3 NaH, BEt, R'T _

o-xylene/THF, 110 °C

o R A OO
-0

Ar = Ph, 82%

Ar = 4-'BuCgH,, 90% 68% 82%
Ar = 4-Me,NCgH,, 80%
MeOQ
Ar = 4-CF3CgHy, 43% Q ¢
Ar = 3-OMeCgH,, 81% Q O Bu Q O Bu
Ar = 2-MeCgHy, 80%
64 S50 88% 18%

After detailed mechanistic studies, our proposed mutual
activation model was strongly supported via a pathway involving
a Lewis acid assisted Lewis acid effect as shown in Figure 2B,
which was demonstrated by both ''B NMR spectrum and X-ray
structure of key intermediate.

4.1.5. Ni-Catalyzed C—O Activation of Benzylic Alco-
hols. As mentioned, benzylic alcohol can be reduced via Fe
catalysis. Ni also showed credible reactivity.” To our interest, in
the presence of aryl, methyl, or benzyl Grignard reagents, the
coupling reaction took place with Ni catalysts in high efficacy
(Table 9).” However, with Fe and Co as catalysts, the efficiency
was dramatically decreased although the desired product was
observed in some cases.

Table 9. Ni-Catalyzed sp> C—O Bond Activation of Benzylic
Alcohols

MeMgBr (1.2 equiv.)
NiCl,(PCy3), (10 mol%)

A OH PCy3 (20 mol%) A R
| R |
R'T _ + RMgBI/Cl g S Toluene (1 - 3) R'T _
60°C, 24 h
- Ph Ph o
N
S
O C OO )
R = Ph, 80% 76% 56% 50%
R = 4-1BUC4H,, 40% Ph Ph
R = 4-Me,NCgH,, 65%
R = 4-OMeCgH,, 68% O OO
R = 3-OMeCgHy, 81% Q Q Ve
? = 2B-M:-7A;FCGH4, 62% 9% 80%
=bn, (
R = Me, 68%2 Ph
CONC 0 -0
@ Ph
89% 61% 48%

4.2. Ni-Catalyzed C—C Activation

When we studied the Suzuki—Miyaura type coupling with aryl
carboxylates as electrophiles,”® we found that the CN group
could not survive and some of the unexpected cross coupling
product according to the Ar—CN cleavage was isolated,
indicating that C—CN bond could be a potential partner in
Suzuki—Miyaura coupling. Indeed, the Ni-catalyzed C—CN
cleavage and their application have been well studied.'”'!
Hiyama and Nakao made the significant contributions in this
field.” However, the cross coupling reaction based on such a C—
C cleavage remained elusive. After extensive investigation, it was
found that the cross-coupling of aryl nitriles and boronic esters
proceeded well when t-BuOK was used as base and CuF, as an
additive. Various nitriles and a wide range of boronic esters were
subject to these reaction conditions, givin§ desired products in
moderate to good yields (Scheme 12a).”” Due to the relative
inertness of C—CN, selective and sequential cross-couplings are
easily achieved, practical potential application of which was
demonstrated in the synthesis of polyarenes (Scheme 12b).

5. CONCLUSION AND PERSPECTIVE

In the past 10 years, we have devoted ourselves in the field of
inert bond activation. This Account mainly examined our recent
efforts on the Fe-, Co-, and Ni-catalyzed C—O, C—H, and C—C
bond activations. Starting from ethers, carboxylates, carbamates,
and naphthol and benzyl alcohols, we intensively studied the
catalytic ability of earth abundant transition metals, including Fe,
Co, and Nj, in C—O activation of these compounds. With the
different features of Fe and Co, we also tested their catalytic
ability in oxidative coupling of aryl and benzyl C—H bonds with
different nucleophiles. Occasionally, we also tested the catalytic

A) Direct activation of the C-O bond

g ]°
|

O-B-Et' @
o= "

Figure 2. Possible Role of Et;B in the Mutual Activation.

B) Mutual activation model

Et;B.
ews, QR |° ToR 9
O-B-Ph @ O-B-Ph @
OR Na OR Na
or
893 DOI: 10.1021/ar500345f
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Scheme 12. Ni-Catalyzed C—C Bond Activation of Aryl Nitriles

(a)

PCy3

t-BuOK (4.0 equiv.

NiCl,(PCys), (10 mol%)

(20 mol%)

N CN 1
R—,A} + R'—BX;

CuF;, (1.5 equiv.)

1

N R
) R Ar
=

dioxane 110 °C

R = OMe, COOMe, .
CONMePh, Ph R" = alkenyl, aryl
Ar = pyridine up to 82%
. 0
B(OH B
"Bu O Me
_— -9
Cl OMe Pd-catalysis OMe  pij_catalysis
"Bu 86%
61% Nl-catalysts 8%
ability of Ni catalysts in cleavage of Ar—CN and the following Biographies

Suzuki—Miyaura coupling. These studies broadly extended the
catalytic ability of these earth abundant, cheap, easily available,
and lower toxicity or nontoxic (but not least) transition metals.
With these developments, we also expand the electrophiles from
O-based leaving group to C-based leaving group in cross
coupling reactions, as well as the ideal cross dehydrogenative
arylations (CDA) from two different types of C—H bonds. From
the current studies, the miscellaneous catalytic abilities of Fe, Co,
and Ni have been demonstrated. They have also shown their
magic abilities and power in other fields, for example, aliphatic
C—H transformations. With their intrinsic features different from
the broadly used late transition-metal catalysts, it is just the start
for the application of these metals in catalysis, which will have
broad applications in old catalytic systems, new transformations,
and heterogeneous catalysis. Designing new ligand sets to fit for
their features, discovering their new transformations, and
unveiling the relationship between their structures and their
reactivity are highly needed. Undoubtedly, development of more
efficient and robust catalyst systems is highly desirable. We
believe that the blossoming of the field of earth abundant
transition-metal catalysis will promote the life of the human
being with the release of the burden of chemical production.
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