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Nickel-Catalyzed 1,2-Diarylation of Alkenyl Carboxylates: A
Gateway to 1,2,3-Trifunctionalized Building Blocks

Joseph Derosa™™, Taeho Kang™ Van T. Tran!, Steven R. Wisniewski®™, Malkanthi anandal®

Tanner C. Jankins®, Kane L. Xu®, and Keary M. Engle®®*

rting materials and their
| we envisioned that the
d"! 1,2-diarylation of
. Hence, the goal of the

present study feasibility of using free
the synthetic utility of the method, a representative product is alkenyl carb erials in nickel-catalyzed

prepared on gram scale and then diversified to eight 1,2,3-  conjunctive cro i 1C).
trifunctionalized building blocks using two-electron and one-electron
logic. Using this method, three routes toward bioactive molecules
are improved in terms of yield and/or step count. This method

Abstract: A nickel-catalyzed conjunctive cross-coupling of alkenyl ~ of carboxylic acids
carboxylic acids, aryl iodides, and aryl/alkenyl boronic esters is abundance as che
reported. The reaction delivers the desired 1,2-diarylated and 1,2- :ﬁ(‘ggg?\g&d (i)fe
arylalkenylated products with excellent regiocontrol. To demonstrate

Scheme 1. Background a nopsis of Current Work

represents the first example of catalytic 1,2-diarylation of an alkene A. Comparison o directed alkene difunctionalization
directed by a native carboxylate group. approach (3 steps)
'O NH, _czump:ﬁig hydrolysws—>| NH,
Alkene starting materials serve as ubiquitous chemical ’—‘—?—6—‘ > o Al
feedstocks that can be readily transformed in a variety of ways R — 1 2-difunctionalization I ,))\rR
to build complex molecules.! Transition-metal-catalyzed E o

conjunctive cross-coupling has garnered widespread interest in
recent years as a powerful tool for installing two different gro
across a C-C n-bond.” Traditionally, 1,2-diarylation met

have been largely limited to conjugated alkene substrates; #Pthis Cgum;ﬁﬁg catD'ul.E i
case, after the key 1,2-migratory insertion event, the an cat. DMFu 8o
electronically stabilized allyl or benzyl metal species i HOJ\@:* RAH] JLH/\ Aria R‘NJ\H:'\/A'
from which B-H elimination is sluggish.” In an effort Ar-B(nep), R

this mode of reactivity to unactivated, nonconjuga
our lab and other groups have employed an a
chelation control strategy to stabilize the analog
intermediate as a metalacycle.” Specifically, o
developed a suite of modular nickel-catalyze
difunctionalization reactions, in which reactivity and s
are facilitated by an 8-aminoquinoline (AQ) amide-b
bidentate auxiliary®® through the presumed intermediacy of 53
and 6-membered nickelacycles."®® Practically speaking,
necessity for installation and removal gf the AQ-directing g
greatly diminishes the synthetic utility h methods, req
at least two concession steps (Sche

native directing group approach (1 step)

ork: nickel-catalyzed 1,2-diarylation of simple alkenyl amides

n=1,2 (diverse amines)

C. This work: nickel-catalyzed 1,2-dicarbofunctionalization of alkenyl carboxylic acids
Q cat. Ni o A

5 [X]
HOM Ari-l HOJ\/'\/ & X1 \/l\/

4 diversification
Ar2-B(nep) (1e~ or 2e~ logic)

To initiate our investigation, we elected to use 3-butenoic acid
1a as our standard substrate, with 4-iodotoluene and
phenylboronic acid neopentyl glycol ester (PhB(nep)) as
coupling partners, and Ni(cod), as the precatalyst (Table 1).
After extensive optimization, we were able to identify “ligand-
free” conditions that delivered the desired product in 77%
! isolated yield (entry 1). Key findings were that sterically bulky
S usSing  secondary and tertiary alcohol solvents were beneficial, metal
hydroxide bases (particularly with sodium as the countercation)
led to enhanced reactivity, and neopentyl glycol boronic esters
outperformed other organoboron nucleophiles. Under our
previously published reaction conditions for simple alkenyl
amide substrates, the desired product could be detected in only
15% yield with ~20% Mizoroki-Heck product and ~10%
hydroarylation product (entry 2). Interestingly, the use of
commonly employed ancillary ligands such as bipyridine and
triphenylphosphine resulted in only Mizoroki-Heck byproducts
and Suzuki-Miyaura biaryl formation with trace amount of
desired product (entries 3 and 4). Aryl bromides were found to
be incompetent coupling partners (entry 5). The corresponding
free boronic acid gave the product in low yield, while the pinacol
boronic ester reacted in moderate yield (entries 6 and 7).1"®
ent, Bristol-Myers Squibb, 1 Squibb Various Ni(ll) precatalysts were ineffective (entry 10).
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Table 1. Optimization of Reaction”
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T
(]

2a

% Yield 2a?

Me
o | Q/\/r—Me 15 mol% Ni(cod),
HOM . /©/ . N 2 equiv NaOH
1a Ve ©/ (B(nep)] $-BUOH, 50 °C, 12 h
(2 equiv) (2 equiv)
Entry variation from standard conditions
1 none
2 conditions for diarylation of alkenyl amides (Ref. 6)¢
3 with 15 mol% bipyridine
4 with 30 mol% PPh3
5 bromobenzene instead of iodobenzene
6 PhB(OH), instead of PhB(nep)
7 PhBpin instead of PhB(nep)
8 dioxane instead of s-BuOH
9 KOH instead of NaOH
10 NiCly, NiBry, Ni(acac),, or Nil; instead of Ni(cod),

r.t. instead of 50 °C

[a] Reaction conditions: 1a (0.1 mmol), 01 M s-BuOH. bPercentages represent 'H NMR yields usin
? Reaction conditions: 15 mol% Ni(cod),, 15 mol% dimethyif

“Values in parentheses are isolated yields.
NaOH, 0.1 M /-BuOH at r.t.

Having identified optimized reaction conditions, we next
explored the scope and limitations of this methodology by
testing other representative alkenyl carboxylates (Scheme
2). Given that previous methods in the literature employing
monodentate N(sp?®)- or O(sp?)-based directing groups are
incompatible with internal alkenes, we were delighted to
find that the present 1,2-diarylation reaction took place with
both E- and Z-configured alkenes, giving the final products
3a and 3b as single regio- and diastereoisomers, albeit i
low yields. The reaction is highly sensitive to the alke
substitution pattern and the distance between the
carboxylate and the alkene, as 1,1-disubstitute
substituted, and y,0- or d,e-unsaturated alkenes
react well.['”

Scheme 2. Preliminary Alkene Scope®®

o Ph
Et
HO =
p-Tol Me
e 2o 2o
f - ar (>20:1d.r)
(from E) S (from Z)
[X-ray] '
limitations
(<10% yield)
O Me

or
§,e-unsaturated
alkene (n = 2)

ercentages represent

1,1-disubstituted
alkene

[a] Reactions performed
isolated yields.

We moved on to
reaction using PhB(n
partner (Table 2). Aryl i
substituents in the para-

meta-positions reacted in
the desired products (2a—

llowing for potential
n (2d and 2f). Electron-withdrawing
in diminished reactivity, but still
ucts in moderate yields (2k and
cle-containing and sterically

,Br, as internal standard; n.d. = not detected.
te, 1.5 equiv Arl, 1.5 equiv ArB(nep), 2 equiv

hindered aryl iodi kenyl iodide, and alkynyl iodide
coupling partners were incompatible under the optimized
reaction

coplitions.
'investigated the nucleophile scope of the
using 1-iodo-3,5-dimethoxybenzene as the
ctrophilic component. In general, a wide range of
tron-rich and electron-poor ArB(nep) coupling partners
rmed well under optimized conditions, giving the
roducts in good to excellent yield (2m-2v).
Icohols and ketones could be tolerated in
ields (2p and 2v). In order to expand the utility of
this reaction platform, we wondered whether alkenyl B(nep)
nucleophiles would be compatible toward 1,2-
|kenylarylation. Gratifyingly, several alkenyl coupling
ners were competent, delivering the corresponding 1,2-
nctionalized products in good to excellent yields (2w—
). Notably, this reactivity allowed for the installation of
styrenyl fragments that could be diversified downstream
(2x), along with a vinyl cyclopropane motif (2z). Similar to
the trend observed with aryl iodide coupling partners,
heterocycle-containing B(nep) coupling partners were found
to be incompatible at this stage of development.

In an effort to showcase the synthetic versatility of
carboxylic acid directing group, we conducted a series of
diversifications on standard product 2a (Scheme 3), which
could be readily prepared on gram scale. Using the
classical two-electron reactivity associated with carboxylic
acid starting materials, we converted the difunctionalized
products into the corresponding ester, amide, alcohol, and
amine (4a—4d), enabling access to valuable bioactive
substructures (vide infra). Additionally, viewing the
carboxylic acid through the lens of one-electron synthetic
logic,®'” we examined several decarboxylative cross-
coupling methods through the intermediacy of a redox-
active ester. Indeed, decarboxylative arylation provided
modular entry into 1,2,3-triarylpropane motifs (4e).
Moreover, decarboxylative vinylation and borylation gave
the corresponding products in moderate yield, effectively
introducing functional handles for further modification (4f
and 4g). Finally, decarboxylative Giese addition provided
o,e-diarylated compound 4h, the product of a formal double
homologation.

This article is protected by copyright. All rights reserved.
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Table 2. Electrophile and Nucleopgile Scope["’]

HO

2e, 70%

HO)I\ OMe

2i, 72%

o}
HoJk

FsC CF3
O OMe
i O
HoJk OMe

2s, 78%

Bn

HO
2w, 83%

Me
FSCYE/' i N
N =
~N
Me

[a] Reactions performed on 0.1 mmol scale. Percentages represen

Scheme 3. Product Diversification
O  Ph

-Tol
Meo/u\)\/ﬁ

4a, 93%

(0] Ph

(\NJ‘J\)\/p-To\<b_

O\) 4b, 66%

[a] 12M HCI (aq.),
(i) 6 M HCL. [e] (i) T
°C. [f] (i) TCNHPI, DICN
mol% DMAP, DCM, 25°
mol% *6H,0, Zn,

1,2-diarylation in synthesis,

real-world scenarios involving biologically active target
compounds containing a 1,2-diaryl motif (Scheme 4).

is carboxylate-directed alkene A o ) : X )
tested the method in several carboxylic acid intermediate 2aa in a single step in 71%
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15 mol% Ni(cod), O R/Ar2
2 equiv NaOH Arl

| o
s-BuOH, 50 °C, 12 h 2222

electrophile scope

Ph i-Pr
o] Ph [e] Ph
HO HO
2b, 71% 2c, 84%
OMe
HO)I\ HO OMe
2f, 65% 2g, 80%

OH

HO

2j, 81% 2k, 32%‘

aryl nucleophile scope

OH

R = Me (2m), 81%
R = OMe (2n), 59%
R = t-Bu (20), 76%

R =CF3 (2p), 76% OMe
OMe
OMe
(nep) BPin
S (hep) X X
= BocN\ BocN

Ph
e
———— Ph\)\/p-To\

4e, 56%

Ph
f
-
o Ph M/ p-Tol
N N 1e" logic 4, 32%

2a, 80% (1.02 g)

2e~ logic

[5 mmol scale] _»g me\)\/p—To\
[in situ]
U, 4g, 50%
)o]\/\ i \
HO x _h>MCo ,U\/\)\/ p-Tol
($2.92/g) [in situ] 4h, 41%

line, HATU, pyridine, DCM, 25 °C. [c] LiAIH4, anhydrous THF, 0 C to 25 °C. [d] (i) DPPA, Et;N, -BuOH, 100 ‘C;
AP, 1,4-dioxane, 75 °C; (ii) 20 mol% NiCl,*6H,0, 20 mol% bathophen, PhB(OH),, Et;N, 1,4-dioxane/DMF, 75
mol% DMAP, DCM, 25 C; (ii) 10 mol% Ni(acac),*xH.0, 10 mol% bipy, alkenyl zinc reagent, DMF, 25 C. [g] (i) NHPI, DIC, 10
R) 30 mol% Cu(acac),, B;Pin,, LIOH*H,0, MgCl;, 1,4-dioxane/DMF, 25 °C. [h] (i) NHPI, DIC, 10 mol% DMAP, DCM, 25 "C; (ii) 20
, methyl acrylate, MeCN, 25 'C.

Indeed, in the case of the IPR series of anti-tumor agents in
breast cancer treatments, we could access the desired

yield compared to four steps in 33% yield.'"? Similarly,
carboxylic acid intermediate 2ab relevant to a family of

This article is protected by copyright. All rights reserved.
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fungicides was acquired in 70% in a single step." A third
target, TRPV1 antagonist 2ad was synthesized in a 2-step
sequence involving our developed reaction and an
interrupted  Curtius  rearrangement.™ In addition to
reducing the step count, our method offers a new divergent
platform for probing structure—activity relationships in future
industrial campaigns.

Scheme 4. Applications of 1,2-Diarylation Reaction™™

(o]
O—\O —\O

Ref. 11 O
— 3
4 st R
o (4 steps) N
2aa, 71% IPR series

[current] 1 step
[previous] 4 steps

/ OPh oPh
(o] O Ref. 12 O
HOM o O — Q O

2a >0 (2 steps) R~u
Ar?-B(nep) 2ab, 70%
Arl—| [current] 1 step
[previous] 4 steps

anti-tumor agents

fungicides

standard
conditions

2. ArNH2

2ac, 61% 2ad
TRPV1 antagonist

[current] 2 steps (24%)

[previous] 5 steps (19-25%)

[a] Reactions performed on 0.1 mmol scale. Percentages represe|
isolated yields.

To gain insight into the reaction mechanism, we

compared the initial reaction rates of a s
arylboronates and aryl iodides with systematic
electronic characteristics. In our earlier
monodentate amide directing groups,” w
electron-rich aryl iodides led to faster reac
there was no influence of aryl boronate e
properties on rate. In contrast, in the present system
observed no clear initial rate trends across either the aryl
boronate or aryl iodide series (Figure 1).['

Figure 1. Hammett analysis of coupling
Reaction
p-OMe  p-Me p-

o value -0.27 -0.17 0.00

Ar—B(nep) (kre)) 1.3

Ar—I (k)

group electron
of the two aryl
substrate binding

cts of the reaction mechanism are
on in our lab.

['8] for this nickel-catalyzed 1,2-

tes is shown in Scheme 5.1,

Under the basic conditions, the substrate is expected to

exist primarily as the corresponding sodium carboxylate salt,

which could potentially coordinate to the nickel catalyst in

\ ﬂ%n\gn
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either an L-type or X-type fashion'™%9 and the
coordination mode could be dynamic throughout the
catalytic cycle. For simplicity the L-type binding mode is
shown in Scheme 5 in analogy tg our earlier amide-directed
system.@ First, nickel(0) oxid dds to the aryl iodide,
and coordinates the alkene subs xt, 1,2-migratory

[11a.e,f]

the case of syn-1,2-dia duct with an internal
alkene starting material. uent transmetalation
followed by reductive gl e desired product.
ted Heck-type
n efforts is consistent
alkyl-nickelacycle.

Scheme 5. Propos
o AR Q

.
A=l + Nao)l\/\

reductive oxidative addition/

elimination substrate coordination
ONa

o7
1

—Nille

| ’}ll ~/

ONa NaOR
RO—Bnep
smetalation C,)/ migratory insertion/
Ar2-Bnep L—l;li” A Nal ligand exchange
OR

ion, we have demonstrated that a simple
group can be used to direct nickel-catalyzed
1,2-diarylation of nonconjugated alkenes using aryl iodides
and aryl boronates in the absence of an ancillary ligand.
These products can be further manipulated to yield a wide
e of valuable building blocks that would be difficult to
thesize using existing methods.

Experimental Section

General Procedure: To an oven-dried 8-mL scintillation
vial equipped with a Teflon-coated magnetic stir bar were
added the alkene substrate (0.1 mmol), the appropriate aryl
iodide electrophile (0.2 mmol), and the appropriate aryl
boronic acid neopentylglycol ester (0.2 mmol). The vial was
then equipped with a septum cap, which was pierced by a
20-gauge needle and introduced into an argon-filled
glovebox antechamber. Once transferred inside the
glovebox, Ni(cod), (15 mol%), anhydrous NaOH (0.2 mmol),
and anhydrous sec-butanol (1 mL) were added. The vial
was sealed with a screw-top septum cap, removed from the
glovebox, and left to stir at 50 °C for 12 h. After this time,
the reaction mixture was diluted with 1M HCI (15 mL) and
extracted with EtOAc (5 x 10 mL). The organic layers were
combined, and the solvent was removed in vacuo to leave
a yellow residue, which afforded pure product after silica
gel column chromatography or preparative thin-layer
chromatography (PTLC).
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coupling reactions. For examples, see Refs. 3e, 7a and the
following: (a) J. Hu, Y. Zhao, J. Liu, Y. Zhang, Z. Shi, Angew.
Chem. Int. Ed. 2016, 55, 8718-8722; Angew. Chem. 2016, 128,
8860-8864; (b) R. Martin-Montero, T. Krolikowski, C. Zarate, R.
Manzano, R. Martin, Synlett 2017, 28, 2604-2608; (c) T.
Shimasaki, Y. Konno, M. Tobisu, N. Chatani, Org. Lett. 2009, 71,
4890-4892.

In the case of these longer chain alkenyl carboxylic acids, only
unreacted starting material remained.

When the reaction was performed in the presence of a drop of
mercury, we observed 60% 'H NMR yield of the desired product
2a, ruling out the possibility of heterogeneous catalysis.
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HOM 2Ar1 = HO diversification
Ar°—B(nep) (1e~ or 2e~ loaic)

Easy as 1, 2, 3: Under nickel catalysis, alkenyl carboxylic acids undergo selective
1,2-diarylation. The resulting products can then be readily converted into diverse
1,2,3-trifunctionalized motifs via classical carboxylic acid interconversions and
modern decarboxylative cross-couplings.
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