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ABSTRACT: A ligand-controlled and site-selective nickel catalyzed Suzuki-Miyaura cross-coupling reaction with aromatic esters
and alkyl organoboron reagents as coupling partners was developed. This methodology provides a facile route for C(sp’)-C(sp’)
bond formation in a straightforward fashion by successful suppression of the undesired B-hydride elimination process. By simply
switching the phosphorus ligand, the ester substrates are converted into the alkylated arenes and ketone products respectively. The
utility of this newly developed protocol was demonstrated by its wide substrate scope, broad functional group tolerance and appli-
cation in the synthesis of key intermediates for the synthesis of bioactive compounds. DFT studies on the oxidative addition step
helped rationalizing this intriguing reaction chemoselectivity: whereas nickel complexes with bidentate ligands favor the C(aryl)-C
bond cleavage in the oxidative addition step leading to the alkylated product via a decarbonylative process, nickel complexes with
mono-dentate phosphorus ligands favor activation of the C(acyl)-O bond, which later generates the ketone product.

Conventionally, halocarbon electrophiles are the most applied

B INTRODUCTION coupling partners in Suzuki-Miyaura reactions. However, the

corrosive halide-containing waste production does not meet
The discovery and development of transition metal catalyzed the modern synthetic chemistry expectations with the growing
cross-coupling reactions is one of the most successful chapters interest in environmentally friendly protocol development
in modern organic chemistry. Among the disclosed transfor- nowadays. In this context, aroyl compounds, due to their ubig-
mations, the Suzuki-Miyaura cross-coupling reaction has uitous nature, have received considerable attention to further
emerged as a powerful tool' to forge linkages between carbon complement organic halides as coupling partners in the realm
atoms. To date most coupling reactions show superior ability of transition metal catalyzed reactions.”” Early examples of
for the synthesis of non-symmetric biaryls via C(sp>)-C(sp’) using aroyl electrophiles in a decarbonylative manner focused
cross-coupling,” while the development of C(sp”)-C(sp’) bond on “active” species, such as acid chlorides,’ anhydrides,” or
formations is still more difficult to accomplish,™ and suffers twisted amides.” The concept of using naturally abundant and
from several undesired reaction pathways. For example, B- “non-activated” esters in decarbonylative cross-couplings is
hydride elimination and protodeboration’ plague the transfer still in its infancy,” perhaps due to the difficulty in finding a
of the alkyl residue from the organometallic reagent to the suitable catalyst for the activation of inert bonds.

organic framework, which makes the development of C(sp’)-
C(sp’) couplings a tedious exercise.

i
Y,
o
(0] mono-dentate + bi-dentate Alkvl
phosphorus ligand . o phosphorus ligand Y
Alkyl S-hydride containing
C(acyl)-O bond alkylborane reagent C(aryl)-C bond

activation + activation

nickel catalyst

Scheme 1. Ligand-Controlled Ni-Catalyzed Suzuki-Miyaura cross-coupling reaction: C(acyl)-O bond vs. C(aryl)-C bond
activation.
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Palladium catalysis has historically dominated the field of C-
halogen bond activation; however, first row transition metals,
such as nickel, were found to be more effective alternatives to
harness less reactive electrophiles.'’ For example, the electron-
rich nature renders nickel to be more reactive toward strong
bond activation, such as C-O bonds, in the oxidative addition
step. Furthermore, B-hydride elimination is a minor issue with
nickel compared with palladium due to the high energy barrier
of nickel-carbon bond rotation.""

Hence, the development of a nickel catalyzed Suzuki-Miyaura
decarbonylative cross-coupling variant'> with alkylboron
compounds and phenyl esters as cross-coupling partners
would enable an important advancement in the formation of
C(aryl)-C(alkyl) bonds (Scheme 1). On the other hand, alkyl
ketones are important motifs in many natural products and
pharmaceutical compounds. Besides, their propensity to un-
dergo further functional group interconversion makes them
valuable synthetic intermediates. Commonly used transition
metal catalyzed methods to synthesize ketones include: 1)
transition-metal-catalyzed carbonylation of organic halides
(RX) with CO; 2) nucleophilic addition of organometallics to
carboxylic acid derivatives. However, the manipulation of
toxic carbon monoxide under high pressure conditions limits
the carbonylation strategy and the overaddition of hard organ-
ometallic reagents to carboxylic acid derivatives often results
in the formation of undesired tertiary alcohols instead of ke-
tones."” Therefore, a user-friendly synthetic operation which
can produce solely ketone products is highly desired. Transi-
tion-metal-catalyzed Suzuki-Miyaura cross-coupling is an
ideal platform for such transformations'* and progress in acyl-
ation reactions was accomplished by using reactive acylating
reagents such as acid chlorides,15 acid anhydrides16 and thioe-
sters.'” In addition, amide C-N bond cleavage became a recent
topic;'® however, the reaction outcome is highly dependent on
the protecting group on the amide moiety. In contrast, the
activation of the acyl C-O bond of esters remains elusive.
Inspired by Yamamoto’s pioneering work in 1980," who
reported the C-O bond cleavage of esters with stoichiometric
amounts of Ni, Chatani’s activation of pyridyl esters and their
reaction with organoboron nucleophiles,” as well as Yamagu-
chi and Itami's report on the Ni catalyzed decarbonylative
coupling of azoles with aromatic esters’’ we questioned
whether a Suzuki-Miyaura coupling system could be extended
to simple and unactivated phenyl esters, suppressing the loss
of carbonyl moiety (CO) for the ketone formation.

The development of readily tunable and chemoselective trans-
formations in the presence of multiple possible reactive sites is
a challenge in modern organic synthesis. Transition metal
catalyzed reactions are effective in addressing this problem by
changes in the coordination geometry of the catalytic center
using diverse ligand effects. Herein, we describe a ligand
switchable Suzuki-Miyaura cross-coupling variant with ester
and alkyl organoboron components as coupling partners. This
newly developed methodology provides an unconventional
route for C(spz)-C(sp3) bond formation in a straightforward
fashion, which successfully suppresses the undesired B-
hydride elimination. Furthermore, the judicious choice of
different phosphorus ligands delivers the decarbonylative and
ketone products respectively (Scheme 1).*!

B RESULTS AND DISCUSSION

Guided by the theory mentioned above, survey coupling ex-
periments with phenyl benzofuran-2-carboxylate 1a and B-
alkyl-9-BBN 2a under Ni(cod), [cod = 1,5-cyclooctadiene]
catalysis were carried out and the results are summarized in
Table 1. Preliminary experiments were conducted with a series
of trialkyl-monodentate phosphine ligands, including PnBus;
and PCy; which resulted in a mixture of ketone A and decar-
bonylative product B (Table 1, entries 1-2). Carbene ligands
such as 1,3-bis(2,6-diisopropylphenyl)imidazolidin-2-ylidene
(SIPr) did not provide any trace of product (Table 1, entry 3).
Further evaluation of a range of bidentate phosphine complex-
es revealed the complete suppression of undesired ketone by-
product formation (Table 1, entries 4-5). The most competent
ligand was identified as dcype [1,2-bis (dicyclohex-
ylphosphino) ethane] providing the product in 75% yield (Ta-
ble 1, entry 5). Regarding the effect of different bases (Table
1, entries 5-7), the best result in terms of reactivity was ob-
tained with CsF as base (Table 1, entry 5). The base plays a
crucial role in the transmetalation step, where a higher free
bond enthalpy of the newly formed boron-base bond could
provide a better driving force for the transmetalation process.
Owing to the fact that boron-fluorine bonds are the strongest
single bonds (B-F bond is 146 kcal/mol),** the fluoride salt
shows superior ability among the others.

Table 1. Optimization of the nickel catalyzed decarbonyla-
tive C,,,-C,,; coupling’

@w)‘\ base (1.0 equiv) R
62 toluene, 150 °C, 16 h S
0]
2a: R= CH,PMP B

Ni(cod), (10 mol %) o
Ilgand A

Entry Ni cat. Ligand Base Yield® (%)
(Tequiv) A §
1 Ni(cod), P"Bu; CsF 5 14
2 Ni(cod), PCy; CsF 10 -
3 Ni(cod), SIPr CsF - -
4 Ni(cod), deypf CsF - 40
5 Ni(cod), dcype CsF - 75
6 Ni(cod), dcype Cs,CO; - 6
7 Ni(cod), deype K;PO, - 39
8 Ni(cod), deype - - 23
9¢ Ni(cod), deype CsF - 41
107 Ni(cod), deype CsF - 66
11 NiCl,/Zn deype CsF - 20
12 - dcype CsF - -
13 Ni(cod), deype CsF - 98(95)
14%¢ Ni(cod), deype CsF - 97(95)
e Do
i-Pr  i-Pr @PCyz
SIPr deypf decype
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“Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), Ni(cod), (10
mol %), ligand (40 mol %), base (1.0 equiv), toluene (1 ml), 150
°C, 16 h. "NMR yield, 1,3,5-(OMe);C¢H; as internal standard.
“Reaction in i-Pr,0. “deype (20 mol %). “Reaction performed for
72 h.”Yield of isolated product.

Interestingly, a base-free reaction still successfully delivered
the desired product, albeit with a much lower yield (Table 1,
23% vs. 75% yield, entry 8 vs. 5). Further optimization fo-
cused on solvent screening; switching the solvent from toluene
to diisopropyl ether, however, afforded a lower yield (Table 1,
entry 9). In situ generation of the Ni (0) catalyst from NiCl,
and zinc dust was evaluated; however, a significantly de-
creased reactivity was observed (Table 1, 20% vs. 75% yield,
entry 11 vs. 5). Control reactions showed that no product is
obtained in the absence of the nickel catalyst (Table 1, entry
12). Notably, extending the reaction time afforded the product
in better yield (Table 1, entry 5 vs. 13 and entry 10 vs. 14).

To further demonstrate the generality of this novel protocol,
we evaluated the scope of the nickel catalyzed Suzuki-
Miyaura cross-coupling reaction between esters and B-alkyl-9-
BBNs. As revealed in Table 2, a variety of ester substrates
with different electronic properties and substitution patterns
provided the corresponding decarbonylative products 3 with
excellent reactivity.

Table 2. Ester scope in the nickel catalyzed decarbonyla-
tive aryl-alkyl cross-coupling”

\L Ni(cod), (10 mol %)
dcype (20 mol %)

opPh Bf
CsF (1 equiv)
toluene, 150 °C, 65 h
2a: R= CH,PMP
©3f “
N

.

O, /% :
Y

U)E /%
Y

3a, 95% 3b, 82% 3¢, 67%
R R R
o S o
Ph
3d, 88% 3e, 83% 3f, 87%
R
Ph' N o o S
3g,63% 3h, 81% 3i, 81%
e0 F;C
3j, 82%° 3k, 37%° 31, 62%°

;
;

co

30, 73%” (53%°°)

R
. \p/\/
|
o

3p, 63%° 3q, 52%°9 3r, 43%°

tBu
3m, 84%°° 3n, 57%°°

?

“Reaction conditions: 1 (0.2 mmol), 2a (0.4 mmol), Ni(cod), (10
mol %), dcype (20 mol %), CsF (1.0 equiv) in toluene (0.2 M) at
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150 °C for 65 h, yield for isolated products. *deype (40 mol %)
was used. “Cs,CO; (2 equiv). “Reaction was stirred for 5 days.

Initially, esters incorporating a series of different heterocyclic
patterns, including benzofuran, benzothiophen and indole,
were tested and the corresponding products 3a-c were isolated
with high yields (95, 82, and 67% yield respectively). Switch-
ing to structurally simpler furan and thiophene based esters
still provided the products 3d-i with pleasing results. Further
efforts focused on non-heteroatom containing aromatic moie-
ties on the ester group. Substrates with non-substituted (1j),
electron-rich (1k, 1m) and -deficient (11) phenyl esters were
tested and participated ideally in this process, furnishing the
corresponding adducts 3j-m in moderate to good yields. In
addition, substrates with m-extended aromatic rings, including
biphenyl, 2-naphthyl and 1-naphthyl esters (1n-p) were also
studied and provided satisfying results. Lastly, the chemose-
lectivity between different esters was also investigated. Nota-
bly, only the phenyl-containing ester moieties had been re-
placed and delivered the corresponding substituted product 3r.

Table 3. Scope of organoborane in the nickel catalyzed
decarbonylative aryl-alkyl cross-coupling”

R

Q \\\ Ni(cod), (10 mol %)
S OPh . B dcype (20 mol %) w
0 i é CsF (1 equiv)
1a 2

toluene, 150 °C, 65 h

40
O«

3s: X=H, 84% 3w, 88%
3t: X = Me, 83%

~ SiMe,
B [¢]
0 3x, 72%

3u, 64%
oTBS ~ OMe
=~ \
W ! I
3v, 67% 3y, 81%

“Reaction conditions: 1a (0.2 mmol), 2 (0.4 mmol), Ni(cod), (10
mol %), dcype (20 mol %), CsF (1.0 equiv) in toluene (0.2 M) at
150 °C for 65 h, yield for isolated products.

After testing the tolerance with different ester precursors, our
efforts focused on applying various B-alkyl-9-BBNs 2 in this
newly developed Suzuki-Miyaura reaction. Different substitu-
tion patterns and electronic properties on the B-alkyl-9-BBNs
were evaluated to establish the reaction scope. As shown in
Table 3, all alkylborane reagents were well tolerated and the
decarbonylative products 3s-y were isolated in good yields.
Furthermore, the silyl and ester group containing alkylborane
nucleophiles were also suitable for the cross-coupling proto-
col, which features the possibility for further functional group
interconversion.

In addition to the in situ prepared B-alkyl-9-BBN nucleo-
philes, commercial available triethylborane (BEt;) has also
proved itself as an ideal alkylborane reagent for this demand-
ing transformation. A series of different esters with aromatic
and heteroatom containing aromatic moieties were employed
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in this reaction under the optimized conditions and the corre-
sponding products 5a-g were obtained in good yields (Table
4).

Table 4. Scope of the nickel catalyzed decarbonylative
aryl-alkyl cross-coupling: Triethylborane as organoborane
reagent’

Ni(cod), (10 mol %)

dcype (40 mol %)
CsF (1 equiv)

of
toluene, 150 °C, 48 h
Me
L0 OO o
(o) Me

5a, R=H:72% 5¢, 67% 5d, 39%
5b, R = OMe: 62%

Me Me \\ Me
Ph o
OPh o‘ Ph
5e, 36% 5f, 51% 5g, 47%

“Reaction conditions: 1 (0.2 mmol), 4a (0.4 mmol), Ni(cod)2 (10
mol %), dcype (40 mol %), CsF (1.0 equiv) in toluene (0.3 M) at
150 °C for 48 h, yield for isolated products.

Microwave irradiation has become a popular technique in
modern transition metal catalysis, not only because it provides
a highly efficient energy source, but also prevents the decom-
position of sensitive catalysts.23 Therefore, we became inter-
ested in a microwave-assisted procedure for our newly devel-
oped nickel catalyzed decarbonylative Csp’-Csp’ coupling.
When compared to the batch reaction, an enormous process
acceleration was observed (Table 5, entry 1 vs entry 2).

Table 5 Nickel catalyzed decarbonylative C,,,-C,,; cou-
plings: MW vs. Batch”

desired alkylated products 3a, 3j with 58% and 34% yields
respectively.

Table 6. Scope of the nickel catalyzed decarbonylative
aryl-alkyl cross-coupling with amides”
CsF (1 equiv)

‘)‘L ‘/\/@ R
f toluene, 150 °C, 65 h

2a: R = CH,PMP 3a, 3j

VAR ®
e ome ome

3a, 58% 3j, 34%°

Ni(cod), (10 mol %)
dcype (20 mol %)

“Reaction conditions: 6 (0.2 mmol), 2a (0.4 mmol), Ni(cod), (10
mol %), dcype (20 mol %), CsF (1.0 equiv) in toluene (0.2 M) at
150 °C for 65 h, NMR yield, 1,3,5-(OMe);C¢H; as internal stand-
ard. 160 °C, 120 h.

We next turned our attention to the development of a general
protocol for the ketone formation, which was isolated as a side
product in our initial studies. The ketone product can be ob-
tained from transmetallation with the B-alkyl-9-BBN without
CO extrusion. Based on this observation, we hypothesized that
the ketone might indeed become the sole product by varying
the reaction parameters. Our initial efforts focused on screen-
ing various ligands.

Table 7. Optimization of the nickel catalyzed Suzuki-
Miyaura cross-coupling reaction for ketone formation’

o]

R
Ni(cod), (10 mol %) OO A

Page 4 of 13

||gand (20 mol %)

+

o} Rl Ni(cod), (10 mol %)
~ oPh B dcype (20 mol %) ~ R
o) * CsF or Cs,CO3 C@Kw
toluene, 150 °C

1a 2a: R = CH,PMP 3a
Entry Conditions Time (h) Yield” (%)
1 MW 5 82
2 Batch 5 39
3¢ MW 5 64

“Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), Ni(cod), (10
mol %), dcype (20 mol %), CsF (1.0 equiv), toluene (1 ml).
’NMR yield, 1,3,5-(OMe);C¢H; as internal standard. “With
Cs,COj3 (2 equiv) as base.

Inspired by the successful development of nickel catalyzed
decarbonylative reactions with amide substrates reported inde-
pendently by Szostak and Shi last year,”* we also applied our
optimal reaction conditions to amides as substrates in this new
Suzuki-Miyaura cross-coupling reaction (Table 6). Within this
area, we were interested to forge linkages between C(sp’) and
C(sp’) atoms from un-activated amides which is challenging
and difficult to achieve. To our delight, the benzofuryl- and
phenyl-based amides were successfully transformed into the

“A 1

2a: R = CH,PMP

base (2 equiv)

toluene, T (°C), 10 h OO R
B

Entry  Ligand Base

T(C)  Yield® (%)

(2 equiv) A' B'
1 SIPr Cs,CO;5 110 - -
deype Cs,CO; 110 - -

3 deype Cs,CO; 150 - 32

4¢ deype Cs,CO; 150 - 42

504 deype Cs,CO; 150 - 53

6" deype Cs,CO; 150 - 61
7 PPh; Cs,CO;4 110 12 -
8 PCy; Cs,CO; 110 82 -
9 P"Bu, Cs,CO; 110 90 -
10 P"Bus, K5PO, 110 50 -
11 P"Bus, K,CO, 110 40 -
12 P"Bu, Na,CO; 110 81 -
13 P"Bu, Cs,CO; 110 62 -
14 P"Bu, Cs,CO;4 80 90 -
15 P"Bu, Cs,CO;4 40 75 -
168 P"Bus, Cs,CO;5 80 - -
17 - Cs,CO;5 80 - -
18 P"Bus, - 80 - -
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“Reaction conditions: 10 (0.2 mmol), 2a (0.4 mmol), Ni(cod), (10
mol %), ligand (20 mol %), base (2 equiv), toluene (1 ml). *Yield
after purification. “65 h. “deype (40 mol %). “Reaction in MW for
5 h./Reaction in i-Pr,0. éWithout Ni(cod),.

However, the carbene ligand, 1,3-bis (2,6-
diisopropylphenyl)imidazolidin-2-ylidene (SIPr), and the
bidentate phosphine ligand, 1,2-bis (dicyclohexyl-phosphino)
ethane (dcype), did not provide the desired ketone product
(Table 7, entries 1 and 2). In contrast, the corresponding de-
carbonylative product B' was obtained when the temperature
of the reaction was raised to 150 °C and when the reaction was
performed under microwave irradiation (Table 7, entries 3-6).
Switching to monodentate phosphine ligands, including PPhs,
PCy; and P"Bu;, provided a significant improvement with
regard to the reactivity and the desired ketone A' was isolated
as the only product with 12%, 82% and 90% yield respectively
(Table 7, entries 7-9), which indicates that the nature of the
ligand has a dramatic effect on the reaction outcome. Continu-
ing with the most promising ligand, PnBus, various bases were
evaluated next. However, changing the base from cesium
carbonate to other bases had a deleterious effect on the yield
(Table 7, entries 10-12). Use of diisopropyl ether as solvent,
provided a decrease in the reaction yield (Table 7, entry 13).
Further optimization focused on the reaction temperature;
lowering the reaction temperature to 80 °C was not detri-
mental for the ketone formation (Table 7, entry 14). Decreas-
ing the reaction temperature further to 40 °C resulted in a
lower yield (Table 7, entry 15). Lastly, a series of control
experiments indicated that the presence of nickel catalyst,
phosphorus ligand and base are crucial for the reaction (Table
7, entries 16-18).

Having established an optimal reaction protocol, an investiga-
tion of the substrate scope for the ketone formation was car-
ried out. The results summarized in Table 8 show that a wide
range of ester substrates are well tolerated in this C (acyl)-O
bond activation protocol to afford the desired ketones 7a-s
with excellent reactivity.

Compared to the naphthyl substituted ketone 7a (94%), the
phenyl substituted ketone 7b was also obtained with high yield
(87%). This result indicated that reactive fused aromatic rings
containing substrates are not necessary in this methodology.
Therefore, we decided to examine the scope tolerance with
simple phenyl substituted esters. Next, various phenyl- based
esters bearing substituents with different electronic and steric
properties in the para position were tested and the adducts 7c-i
were isolated in good to excellent yields (64-89%). Further-
more, phenyl-based esters with substitution on either ortho or
meta positions also reacted nicely to furnish the desired ketone
products 7j-k with good yields (76-78%). In addition, the
benzyl-based ester, methyl ketone and amine substitutions
remained intact (71-n). These versatile products show potential
for further diversification via additional chemical transfor-
mations. Lastly, we also have evaluated substrates with heter-
ocyclic moieties, including furan, benzofuran, thiophene and
indole, which also gave the desired products with pleasing
results (70-s). The next aim was the application of this newly
developed strategy to a variety of alkylborane reagents. In
order to demonstrate the superiority of our protocol with re-
spect to substrate scope tolerance, both the phenyl- and naph-
thyl-based esters were examined simultaneously.

Journal of the American Chemical Society

Table 8. Ester scope for the nickel catalyzed cross-coupling
reaction for ketone formation”

\\\ Ni(cod), (10 mol %)

B P"Bug or PCy; (20 mol %)
i g Cs,CO3 (2 equiv)
toluene, 80 °C, 10 h

2a: R = CH,PMP

©»°v

C%'c

7a, 90%” 7b, 87% 7c, 89%
o} o} o}
O)K/\R O)’K/\R /@)K/\R
MeO R tBu
7d, 85% R = CFy 7e, 84% 79, 85%
R = F: 7f, 86%
o}
O)K/\R R
Ph
tBu
7h, 64% 65% 7j, 76%"
o] (0] o]
Ph R R R
nO H,;C
| |
[¢] o
7k, 78% 71, 86% 7m, 65%"
o} 0 o}
Me\N o o
Boc Ph
7, 72% 70, 89% 7p, 87%
o} o} A o}
>R e .
o S Me R
79, 88% 7r, 76%" 7s, 87%

“Reaction conditions: 1 (0.2 mmol), 2a (0.4 mmol), Ni(cod), (10
mol %), PCy; (20 mol %), Cs,COs (2.0 equiv) in toluene (0.2 M)
at 80 °C for 10 h, yield for isolated products. p"Bu, was used as
ligand instead of PCys;.

Firstly, various phenyl-based B-alkyl-9-BBNs 2 bearing sub-
stituents with different electronic properties in either ortho or
para position were tested. Excellent results were achieved and
adducts 7t-aa were isolated in good to high yields (72-91%).
Subsequently, aliphatic-based alkylborane reagents were ap-
plied, which also reacted nicely to furnish the corresponding
ketones 7ab-ae with high yields (76-90%). Furthermore, we
also applied the silyl protected ether containing alkylborane
reagent in the reaction system, which delivered the desired
products 7af, 7ag with acceptable results (82-87% yield).
Lastly, a chiral carbon containing reagent was found also
suitable for the cross-coupling protocol. Subsequently, com-
mercial available tri-alkyl boranes were subjected to the nick-
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el-catalyzed reaction and coupled with a series of esters bear-
ing different electronic properties (Table 10). To our delight,
all applied substrates were successfully converted into the
corresponding ketone products with good to excellent yields.
Table 9. Organoborane scope of the nickel catalyzed cross-
coupling reaction for ketone formation”

R Ni(cod), (10 mol %)

o]
o~ 1 PCys3 (20 mol %) ~
OPh e
o Bf Cs;,CO5 (2 equiv)

toluene, 80 °C, 10 h

e

S o]
8,
o

10, 1j 2

r--
< >

O
e
/ \
< )
\ /
30

Naphthyl: 7t, 91%
Phenyl: 7u, 89%

Naphthyl: 7v, 89%
Phenyl: 7w, 87%

Me

Naphthyl: 7x, 76%
Phenyl: 7y, 72%

==
/ \
< >
\ /
e
<

Naphthyl:7z, 91%
Phenyl: 7aa, 89%

0] (0]
PN Me PN
e r
oo o
Naphthyl: 7ab, 89%
Phenyl: 7ac, 76%

Naphthyl: 7ad, 89%
Phenyl: 7ae, 90%

i SPe
-7 OTBS PN
e r
4 W S O
Naphthyl: 7af, 87%
Phenyl: 7ag, 82%

Naphthyl: 7ah, 78%
Phenyl: 7ai, 72%

“Reaction conditions: 10 or 1j (0.2 mmol), 2 (0.4 mmol), Ni(cod),
(10 mol %), PCy; (20 mol %), Cs,CO; (2.0 equiv) in toluene (0.2
M) at 150 °C for 10 h, yield for isolated products.

Table 10. Scope of the nickel catalyzed cross-coupling
reaction for ketone formation: Trialkylborane as organo-
borane reagents”

o Ni(cod), (10 mol %) O

0
oPh . ok _PCys(@0mal®) Raiyt
+ B(Ramyi)3 Cs,CO;3 (2 equiv)

toluene, 60 °C, 16h

1 4 8a-h
0 0 2
Me O)k/l\/b O)K/Me
.O O R ‘Bu
8a, 89%° 8b,R = H: 97% 8d, 90%

8¢, R=Ph: 80%

o o
Me a Me
R
& ’(Oj\fo
F4C Ve

8e, 64% 8f,R=H, 76% 8h, 85%
8g, R=Ph, 63%

“Reaction conditions: 1 (0.2 mmol), 4a,b (0.4 mmol), Ni(cod),
(10 mol %), PCy; (40 mol %), Cs,CO; (2.0 equiv) in toluene (0.3
M) at 60 °C for 16 h, yield for isolated products. *Reaction at 40
°C.

To show the synthetic applicability of our newly developed
method, an intramolecular version of the nickel catalyzed
Suzuki-Miyaura reaction was investigated. Conventionally,
transition metal catalyzed intramolecular reactions sometimes
suffer from undesired problems, e.g. self-dimerization. How-
ever, after reaction examination we were able to overcome the
obstacle of undesired side product formation and to obtain the
desired product 10 in good yield (Table 11).

In a scale-up process, a gram scale reaction was carried out in
order to demonstrate the scalability of our newly developed
method. Importantly, the cheap and air stable NiCl, was found
to be able to provide the ketone 7a in high yield (86%),”
which offers a great opportunity for further application in
industry (Scheme 2).

The power of this methodology is exemplified through its
application to the synthesis of bioactive reagents (Scheme 3).
For examples, ester 1o could be coupled with piperdine-
derived organoborane reagent 11 under our optimal nickel
catalyzed reaction conditions, which successfully provided
ketone 12a in 87% yield. Ketone 12a is an intermediate for the
synthesis of 13a, a potent antagonist of o,Bs/a,fs integrins™
and our cross-coupling strategy provides an alternative route
for its synthesis. Compound 13b which showed high affinity
for selective serotonin reuptake inhibitors (SSRIS),27 is expect-
ing to produce a new generation of antidepressants with faster
onset of action and greater efficiency and safety than the cur-
rent marketed reagents. Therefore, we also applied our newly
developed strategy to the synthesis of its ketone precursor 12b,
which was isolated in 82% yield.

Table 11. Nickel catalyzed intramolecular Suzuki-Miyaura
cross-coupling reaction

o 1) 9-BBN dimer, toluene o Conc. [M] | Yield (%)

reflux for 16 h
@i‘i" 2) Ni(cod), (10 mol %)
N PnBujz (20 mol %)

Cs,CO;3 (2 equiv)
9 60°C,72h

Scheme 2. Gram scale coupling: NiCl, as economical cata-

lyst
o

0 R NiCl, (10 mol %)
OPh . \\\B P"Bu (40 mol %) R
Cs,CO3 (2 equiv)
toluene, 60 °C, 72 h

10, 4.03 mmol (1g) 2a: R = CH,PMP Ta: 86%
6.04 mmol

2 g Ni(cod), vs. 50 g NiCl,: 80.06 euro vs. 61.1 euro

Price comparsion (Sigama Aldrich): |

Scheme 3. The developed alkylation method enables the
facile synthesis of bioactive compounds
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Boc
Ni(cod), (10 mol %) (0] NBoc
PCY3 (20 mol %) 7
032003 (2 equiv) L\v,
toluene, 80 °C, 10 h
12a, naphthyl: 87%

10, 1j 12b, phenyl: 82%

S COoH
N ) o8
’ J

13a 13b
potent antagonist of a,fs/a,Bs integrins potential antidepressant drug
With this experimental background in mind® we performed
DFT calculations™ to rationalize the selective activation of the
C(acyl)-O bond with mono-dentate phosphorus ligands versus
the selective activation of the C(aryl)-C bond with bi-dentate
phosphorus ligands.”

As model system we investigated the reactivity of lo with
Ni(P"Bus), and Ni(dcype).

Focusing on Ni(P"Bu;),, the reaction starts with coordination
of the aryl ester 10 to the Ni center to form complex INO (Fig-
ure la). Oxidative addition of the C(acyl)-O bond to the metal
via transition state TS1 requires an activation free energy of
22.7 kcal/mol to generate the acyl-Ni intermediate IN1. The
overall step is endergonic by 10.7 kcal/mol. The competitive
oxidative addition of the C(aryl)-C bond via transition state
TS2, generating intermediate IN2, has an activation barrier of
26.5 kcal/mol and it is endergonic by 11.1 kcal/mol. Thus,
with Ni(P"Bus), C(acyl)-O activation is favored over C(aryl)-
C bond activation by 3.8 kcal/mol (22.7 vs. 26.5 kcal/mol).
Oxidative addition at the O-C(phenyl) bond, via transition
state TS3, has an activation energy of 31.9 kcal/mol, exclud-
ing this route.

Journal of the American Chemical Society

20 7 a) Ni(P"Bu,),

AGi (klca/mol)
o

INO BuP  PBus
(-15.0) N0
20 <> orn IN3
178 o
25 =5 j«O ‘
O*h‘l —PB
-30 Ph

Reaction Coordinate
20 7 b) Ni(dcype)

AG (klca/mol)
o

Reaction Coordinate
Figure 1. DFT-computed Gibbs free energy profile (in
kcal/mol) for the oxidative addition of 1o to: (a) Ni(P"Bus),
and (b) Ni(dcype). Blue pathway: C(acyl)—O bond activation.
Red pathway: C(aryl)-C bond activation. Green pathway: O-
C(phenyl) bond activation.

Moving to Ni(dcype), coordination of 1o to the Ni center to
form complex INO is exergonic by 30.5 kcal/mol (Figure 1b).
Oxidative addition of the C(acyl)-O bond to the metal via
transition state TS1 requires an activation free energy of 30.4
kcal/mol to generate the acyl-Ni intermediate IN1, the overall
step being endergonic by 11.9 kcal/mol. The competitive
oxidative addition of the C(aryl)-C bond via transition state
TS2, generating intermediate IN2, has an activation barrier of
28.1 kcal/mol and it is endergonic by 16.9 kcal/mol. Thus,
Ni(deype) activation of the C(aryl)-O bond is favored over
activation of the C(acyl)-C bond by 2.3 kcal/mol (28.1 vs. 30.4
kcal/mol). Again oxidative addition of the O-C(phenyl) bond,
via transition state TS3 and an activation energy of 36.7
kcal/mol is at clearly higher energy, and thus it can be ruled
out.

Having validated the computational protocol to reproduce the
experimental selectivities, we moved to rationalize the origin
of the different behavior. Comparison of the free energy pro-
files reported in Figures 1a and 1b indicates that the Ni(dcype)
complex coordinates the substrate 15.5 kcal/mol stronger than
the Ni(P"Bus), complex, and that the oxidative addition activa-
tion barriers are approximately 25 kcal/mol with Ni(P"Bus),,
while they are 3-5 kcal/mol higher with Ni(dcype). The re-
markable difference in the coordination energy can be ration-
alized considering that the Ni(P"Bus), moiety has to deform
from a P-Ni-P angle ~180° to =110° upon coordination, see
Figure 2b, whereas the geometry of the Ni(dcype) moiety,
with a P-Ni-P angle ~90° enforced by the chelating ligand, see
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Figure 2d, is nearly unchanged upon substrate coordination.
Thus, we calculated the energy required to deform the metal
fragment from the geometry it has before substrate coordina-
tion to the geometry it has after substrate coordination. Ac-
cording to these calculations deforming the relaxed Ni(P"Bus),
moiety to the geometry it has upon coordination costs 10.9
kcal/mol more than deforming the Ni(dcype) moiety, almost
accounting for the difference of 15.0 kcal/mol in the free ener-
gies of coordination. This conclusion is in line with similar
considerations in the context of oxidative addition of aryl
iodides to Au(I) complexes.”'

Analysis of the transition state geometries, see Figure 2, al-
lows understanding the origin of the different selectivity. In
the C(acyl)-O activation transition states the substrate is ori-
ented perpendicular to the P-Ni-P plane, with a i’ coordina-
tion of the substrate involving the activated C-O bond and the
ipso C atom of the naphthyl moiety (Figures 2a and 2c). The
forming Ni-C and Ni-O bonds and the Ni-P bonds assume an
almost tetrahedral arrangement around the Ni atom, minimiz-
ing interaction between the substrate and the alkyl P-
substituents. Differently, in the C(aryl)-C activation transition
states the substrate is oriented in the P-Ni-P plane, with a n’
coordination of the substrate involving only the activated C-C
bond (Figures 2b and 2d). The forming Ni-C bonds and the
Ni-P bonds assume an almost square planar arrangement
around the Ni atom, maximizing interaction between the sub-
strate and the alkyl P-substituents. This is particularly relevant
with the Ni(P"Bus), system, due to the larger P-Ni-P angle,
~110°, versus an angle ~90° with the Ni(dcype) system. This
is also evidenced by the steric maps reported (Figure S1),”
which indicate steric pressure by the P"Bu; ligands in the
coordination plane defined by the P-Ni-P bonds. The increased
steric repulsion between the substrate and the P"Bu; ligands
destabilizes the C(aryl)-C activation transition state favoring

C(acyl)-O activation.

C(acyl)-O activation C(aryl)-C activation

TS1 Ni(dé;/pe)
Figure 2. Parts a and b, geometry of transition states TS1 and
TS2 for C(acyl)-O and C(aryl)-C activation with Ni(P"Bus),.
Parts ¢ and d, geometry of transition states TS1 and TS2 for
C(acyl)-O and C(aryl)-C activation with Ni(dcype). Distances

TS2 Ni(dcype)

in A and angles in deg. See Figure S1 for a different view of
transition state TS2b.

Hammett Correlation Studies. In order to study the influ-
ence of the electronic effects of the substituents on the selec-
tive Suzuki-Miyaura coupling protocol, the magnitude of
stabilization that occurred in the transition state for the cou-
pling was determined from the Hammett analysis. Hammett
plots were obtained by plotting log(k/k,) against substituent
parameter o, for the nickel catalyzed reaction of para-
substituted phenolic ester derivatives with B-alkyl-9-BBN
2a.” The plot of log(k/k,) and o, for ketone formation gave a
linear correlation with a slope p= +1.2 (Figure 3). The linear
regression with o, value indicated that an inductive effect was
mainly responsible for the stabilization of the transition state.
The positive slope (0= 1.2) of the line indicated that oxida-
tive addition of ester to Ni(0) was sensitive to the electronic
effect of the substituents and weakening of the C(acyl)-O bond
occurred. A positive nonzero slope for the Hammett indicates
that oxidative-addition is the rate-determining step in ketone

formation pathway. In contrast, for the decarbonylative pro-

cess, the plot of log(k/ky) against o, gave a linear correlation
with a slope p= -0.28 (Figure 3). The linear regression with
o, value indicated that oxidative addition is not the rate-
determining step. Therefore, we considered investigating the
full reaction mechanism by DFT calculations in the next stage.
The possible DFT free energy profiles for the conversion of 1o
to the final products are displayed in Figures 4a and 4b for
Ni(P"Bus), and Ni(dcype), respectively.”**".Only the most
favorable oxidative addition step (Figure 1) was considered for
both catalysts. As discussed above, for Ni(P"Bus), the favored
oxidative addition step leads to IN1. The following steps, from
IN1 to IN9, can be associated to the transmetallation section.
It starts with PBu; dissociation, IN1 to IN4, which costs only
10.6 kcal/mol in terms of Gibbs free energy, as the enthalpic
penalty for P"Bu; dissociation is compensated by a large in-
crease in entropy. IN4 can react with Cs,CO; to remove
CsOPh from the metal, leading to IN5. Coordination of "Pr-
BBN to INS leads to IN6, and the transmetallation step occurs
via transition state TS4 and an energy barrier of 21.2 kcal/mol
from INS.

[e}

Ni(cod),, PCy3
Cs,CO03, 80°C OO Re
toluene
R = CH,PMP Ni(cod),, deype R -
CsF, 150 °C

toluene

- 0.8
4
H p=1.20
=3 2 =
T 06 o CFs RET08
0.4
0.2 OMe
F
0 —— '
F p=-0.28
02 CFs  R2=0.99
-0.4 OMe
0.6 ¢
-0.8
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

%p
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Figure 3. Hammett analysis of non-decarbonylative and de-
carbonylative Suzuki-Miyaura coupling using o, values.

Dissociation of Cs(CO;)BBN and coordination of a free P"Bu,
ligand leads to IN9 and completes the transmetallation section.
The last step is reductive elimination from IN9 via transition
state TS5 and an energy barrier of 4.4 kcal/mol only. Dissocia-
tion of the formed product from IN10 requires 11.4 kcal/mol
and regenerates the starting Ni(P"Bus), species. The reaction
profile in Figure 4a indicates that, with Ni(P"Bus),, the initial
oxidative addition can be considered as the rate determining
step, since it corresponds to the highest in energy transition
state (TS1 at 7.7 kcal/mol) and to the largest energy barrier
(22.2 kcal/mol) from INO to TS1. The transmetallation transi-
tion state TS4 is at the same energy of TS1, but we can as-
sume TS4 as an upper bound limit, since more favorable
pathways, eventually involving different aggregation states of
the base, can be involved. To further support this scenario
DFT Hammett plots were obtained by plotting -AAE~ /RT
against the substituent parameter o, of para-substituted phe-
nolic ester derivatives of 1o (AAE” is the difference in the
energy of activation for oxidative addition of the C(acyl)-O
bond to Ni between para-substituted and unsubstituted 1o).
The linear correlation between -AAG”/RT and o, with a posi-
tive slope (Figure S2) is in agreement with the experimental
trend thus supporting the mechanistic rationalization.

Moving to Ni(dcype), the favored oxidative addition step leads
to IN2. Differently from the Ni(P"Bus), profile, calculations
suggest that the next step is easy decarbonylation of IN2 to
IN11, via transition state TS6 and an energy barrier of 11.8
kcal/mol, see Figure 4b. Exergonic CO dissociation leading to
IN12 completes the decarbonylation step. The transition state

Journal of the American Chemical Society

for the competitive decarboxylation of IN2 is calculated to be
11.1 kcal/mol above TS6, and thus this mechanistic option can
be ruled out. The following steps, from IN12 to IN17, corre-
spond to the transmetallation section, with a mechanism strict-
ly similar to that calculated for Ni(P"Bus),, steps from IN1 to
IN9. Considering that reactivity with Ni(dcype) occurs with
Cs,(CO); as well (see Table 5), for the sake of easier compari-
son with the Ni(P"Bu;), energy profile we used Cs,(COs)
instead of the better performing CsF. Details on the
transmetallation step with CsF can be found in Figure S6.
Transmetallation starts with dissociation of a P atom from
Nickel, IN12 to IN13, a step that costs 26.2 kcal/mol in terms
of Gibbs free energy, as the tether between the two P atoms
prevents a large increase in entropy that could compensate the
enthalpic penalty. The high energy intermediate IN13 can
react with Cs,CO; to remove CsOPh from the metal, leading
to IN14. Coordination of "Pr-BBN to IN14 leads to IN15, and
the transmetallation step occurs via transition state TS7 and an
energy barrier of 28.5 kcal/mol from IN15. Dissociation of
Cs(CO3)BBN from IN16 and coordination of the dangling P
atom leads to IN17 completes the transmetallation section.
The last step is reductive elimination from IN17 via transition
state TS8 and an energy barrier of 16.3 kcal/mol. Dissociation
of the formed product from IN18 requires 24.7 kcal/mol and
regenerates the starting Ni(P"Bus), species. The reaction pro-
file in Figure 4b indicates that, with Ni(dcype), the highest in
energy structure corresponds to the P dissociated intermediate
IN13, an event triggering the transmetallation step. The
transmetallation transition state TS7 is at approximately the
same energy of IN13. Again, we can assume TS7 as an upper
bound limit, since more favorable pathways eventually involv-
ing different aggregation states of the base can be involved.
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Figure 4. Full DFT-computed Gibbs free energy (in kcal/mol) mechanism for the ligand-controlled nickel catalyzed Suzuki-
Miyaura cross-coupling reactions with substrate 1o, Cs,CO; as the base, "C;H;-BBN as the organoboron reagent, for the a)
Ni(P"Bus), and b) Ni(dcype) catalysts.

To further support this scenario DFT Hammett plots were termediate IN2 irreversible, as the dissociated CO can escape
obtained by plotting -AAE”*/RT against the substituent pa- from solution, the mechanistic rationalization emerging from
rameter o, of para-substituted phenolic ester derivatives of 1o Figures 3b and 4b suggests that the product selectivity deter-
(AAEDiss is the difference in the dissociation energy of the P mining step is the initial oxidative addition, while the rate
atom from IN12 to give IN13, between para-substituted and limiting step is connected to the transmetallation step.

unsubstituted 10). The linear correlation between -AAE”™/RT
and o, with a negative slope (Figure S3) is in agreement with CONCLUSIONS
the experimental trend. In contrast, DFT Hammett plots of -

AAE”/RT for the oxidative addition of the C(aryl)-C(acyl) In summary, the results reported herein represent the first
bond to Ni via TS2, and for the decarbonylation step via TS6, example of ligand-controlled and site-selective nickel cata-
gave a linear correlation with a positive slope (see Figures S4 lyzed Suzuki-Miyaura cross-coupling reaction with aromatic
and S5), at odd with the experimental trend. ester and alkyl organoboron components as coupling partners.

Considering decarbonylation of the oxidative addition in- This newly developed methodology enables a facile route for
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C(spz)-C(sp3) bond formation in a straightforward fashion by
successful suppression of the undesired B-hydride elimination
process. The switch in selectivity is attributed to the judicious
choice of different phosphorus ligands, which notably con-
verted the esters into the alkylated and ketone products respec-
tively. The utility of this newly developed protocol has been
demonstrated by the broad functional group tolerance and the
application in the synthesis of bioactive compounds. DFT
studies on the oxidative addition step of phenyl 2-naphthoate
with different nickel complexes were carried out in order to
rationalize this intriguing reaction chemoselectivity. When
mono-dentate phosphorus ligands, such as P"Bu; and PCy;,
were used, the nickel complex favors activation of the C(acyl)-
O bond, which later generates the ketone product. On the other
hand, the nickel complex with bi-dentate dcype ligand favors
the C(aryl)-C bond cleavage in the oxidation addition step,
leading to the alkylated product via a decarbonylative process.
Complete DFT energy profiles indicate that, consistently with
the experimental Hammett plots, the initial oxidative addition
of the substrate is the rate limiting and product selectivity
determining step when P"Bu; is used as ligand. Differently,
when dcype is used the initial oxidative addition of the sub-
strate, followed by easy irreversible decarbonylation, is the
product selectivity determining step, while transmetallation is
rate limiting.
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