Nickel-Catalyzed 1,2-Diarylation of Simple Alkenyl Amides
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ABSTRACT: A nickel-catalyzed conjunctive cross-coupling
of simple alkenyl amides with aryl iodides and aryl bo-
ronic esters is reported. The reaction is enabled by an
electron-deficient olefin (EDO) ligand, dimethyl
fumarate, and delivers the desired 1,2-diarylated prod-
ucts with excellent regiocontrol. Under optimized condi-
tions, a wide range of amides derived from 3-butenoic
acid, 4-pentenoic acid, and allyl amine are compatible
substrates. This method represents the first example of
regiocontrolled 1,2-diarylation directed by a native am-
ide functional group. Computational analysis sheds light
on potential substrate binding mode and the role of EDO
ligand in the reductive elimination step.

Alkene starting materials serve as diversifiable chemical
feedstocks for rapid build-up of molecular complexity.!
From the perspective of synthetic chemists, the ability to
regioselectively install two unique components across an
alkene of interest is attractive. One approach toward al-
kene difunctionalization that has rapidly garnered inter-
est in recent years is conjunctive cross-coupling, a strat-
egy in which alkene starting materials can be used as am-
biphilic reagents to unite various electrophiles and or-
ganometallic nucleophiles under transition metal cataly-
sis.? In the context of regioselective 1,2-diarylation spe-
cifically, this potentially powerful synthetic strategy can
be difficult to implement on electronically unactivated,
non-conjugated alkenes.

Recent advances in transition-metal-catalyzed 1,2-dia-
rylation of alkenes have generally relied on the formation
of a stabilized alkylmetal intermediate after an initial mi-
gratory insertion event (Scheme 1). Due to the inherent
reactivity of alkylmetal species, the alkene substrates are
often limited to 1,3-dienes® or styrenes* that react to
form electronically stabilized m-allyl or n-benzyl interme-
diates, respectively. In these cases, electronic stabiliza-
tion allows for regiocontrolled addition of an aryl

organometallic reagent to afford the desired 1,2-dia-
rylated product. Several groups have made major contri-
butions to styrene 1,2-diarylation under palladium and
nickel catalysis, showcasing the ability of this method to
lead to complex polyarylated alkanes (Scheme 1A).4

With non-conjugated alkenes it is more difficult to over-
come undesired p-hydride elimination from the al-
kylmetal intermediates. As a consequence, the scope of
non-conjugated alkenes via this mode of reactivity has
been classically limited to special cases, such as nor-
bornene-type substrates.® In an effort to employ more
synthetically useful substrates, several research groups,
including our own, have employed strongly coordinating
directing groups tethered to the alkene to stabilize the
putative alkylmetal species and facilitate selective 1,2-di-
arylation under nickel catalysis (Scheme 1B).6 Though
this approach has enabled robust 1,2-difunctionalization,
the need to install and then remove the directing auxil-
iary detracts from the practicality of these methods.
With more weakly coordinating directing groups,

Scheme 1. Background and Synopsis of Current Work
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alkylnickelacycles are prone to rapid -hydride elimina-
tion/reinsertion, which the Zhao and Giri groups have
cleverly exploited in 1,3-diarylation processes (Scheme
1C).5%7:2 Giri recently reported that 1,2-diarylation can be
promoted in such systems through addition of copper or
silver additives.® It is important to note that alkyl radical
addition to alkenes and interception with metalloradical
species has also been shown to be a viable strategy to-
ward 1,2-difunctionalization of non-conjugated al-
kenes,'* but this strategy has not been demonstrated in
the context of 1,2-diarylation. The goal of the present
study was to develop an efficient alkene 1,2-diarylation
directed by simple monodentate functional groups.

Our inspiration for this approach originated from a se-
ries of seminal publications by Fu and coworkers, in
which simple amides and other carbonyl-containing
compounds were used to effectively direct C—X oxidative
addition and stabilize the resulting intermediate for a va-
riety of enantioselective cross-coupling reactions under
nickel catalysis.® Given our group’s interest in nickel-cat-
alyzed alkene difunctionalization,'® we wondered if pre-
viously employed, strongly coordinating directing groups
such as 8-aminoquinoline (AQ) could be replaced with
simple amides. Practically speaking, this advance would
be advantageous in that it would allow use of diverse am-
ide directing groups, including those that are readily
cleavable as well as those that are native to the target
compound of interest. Conceptually, it would present the
opportunity to engage weakly coordinating carbonyl di-
recting groups, rather than more commonly used N(sp?)-
based directing groups, and to identify ancillary ligands
that can bind to the open coordination site around nickel
to facilitate key steps in catalysis.

Table 1. Variations from Standard Reaction Conditions?
15 mol% Ni(cod),

o 15 mol% L o) Ph
2 equiv NaOH Ph
R\Hk/\ + Ph—I +  Ph—B(nep) —>R‘HJ\/K/
i-BUOH, RT, 12 h
1a (15equv) (1.5 equiv) FBUOH, RT. 2aa
-8 Me X COMe
R= \O Me MeO,C
=0 Rhic [B(nep)] L = dimethyl fumarate
Entry variation from standard conditions % Yield? 2aa
1 none 92 (88)°
2 no ligand n.d.
3 PPh3 or PCyj instead of dimethyl fumarate nd.
4 bipyridine or phenathroline instead of dimethyl fumarate nd.
5 bromobenzene instead of iodobenzene 45
6 PhB(OH), instead of PhB(nep) 78
7 PhBpin instead of PhB(nep) 65
8 dioxane instead of i-BuOH 40
9 1.0 equiv of both iodobenzene and PhB(nep) instead of 1.5 equiv 59
10 KOACc instead of NaOH n.d.
1 10 mol% Ni(cod), 75
12 NiCly, NiBr,, Ni(acac),, or Nil, instead of Ni(cod), n.d.
13 NiCly, NiBr, Ni(acac),, or Nil, with Mn? instead of Ni(cod), n.d.

aReaction conditions: 1a (0.1 mmol), 0.2 M j-BuOH. bPercentages
represent 1H NMR yields using CH,Br; as internal standard unless
noted otherwise; n.d. = not detected. cParentheses represent iso-
lated yield.

To initiate our investigation, we surveyed a range of
monodentate amides and found that among many that
were effective, electron-rich N-benzyl amides consist-
ently gave high yields. For this reason, we elected to use
2,4-dimethoxy benzyl amide 1a as the pilot alkene sub-
strate, along with iodobenzene and phenylboronic acid
neopentyl glycol ester (PhB(nep)) as coupling partners,
and Ni(cod); as precatalyst (Table 1). Considering the dif-
ficulty in promoting productive 1,2-diarylation with a
weakly coordinating amide, we reasoned that an elec-
tron-withdrawing L-type ligand could potentially (1) pre-
vent fB-hydride elimination, (2) facilitate C—C reductive
elimination, and (3) encourage substrate binding to the
nickel catalyst. Electron-deficient olefins (EDOs) repre-
sent a unique class of ligands that have been demon-
strated to enable various cross-coupling reactions by
promoting the reductive elimination step and preventing
B-hydride elimination.*2 To our delight, the use of di-
methyl fumarate as ligand under optimized reaction con-
ditions delivered the desired product in 88% isolated
yield (Entry 1).22 Interestingly, removal of the ligand or
substitution for more commonly employed phosphine
and bipyridyl-based ligands did not lead to the formation
of the desired product, but instead gave ~25% of the bi-
phenyl Suzuki-Miyaura product (Entries 2 and 3). Both
free boronic acid and pinacol boronic esters also gave
the corresponding product in 78% and 65% yield, respec-
tively (Entries 5 and 6). Despite numerous attempts to
use Ni(ll) precatalysts, Ni(cod), was ultimately the most
competent nickel source for this reaction (Entries 11 and
12).

Having identified optimal conditions, we next sought to
test the electrophile and nucleophile scope of this nickel-
catalyzed 1,2-diarylation reaction (Table 2). First, we
elected to evaluate the nucleophile scope using iodoben-
zene as the electrophile (2a-2m). With respect to the
B(nep) component, both electron-donating and elec-
tron-withdrawing groups in the para-position gave the
desired products in good to excellent yields (2a-2f).
Tethered alcohol- (2e) and chloride-containing (2f) aryl
fragments were also tolerated, allowing for further
downstream diversification. Aryl nucleophiles with sub-
stituents at the meta-position (2g-2l) were also compe-
tent, including ketones (2i) and sulfones (2k). Given the
potential sensitivity of the steric environment around
the putative metalacycle, we were encouraged by the
compatibility of ortho-Me substituted B(nep), which
gave the desired product in 60% yield (2m).

Next, we explored the electrophile scope using
PhB(nep) as the nucleophile (2n-2z). In general, alkylated
aryl iodides performed well under the optimized condi-
tions (2n-2q). Electron-rich aryl iodides also gave the de-
sired products in moderate yields, tolerating O-, S-, and
N-heteroatoms (2r-2t). Interestingly, the presence of a
second amide on the electrophilic component could also



be accommodated (2y). In addition, 1,1-disubstituted vi-
nyl iodides were reactive under optimized conditions
(2z). Electron-poor aryl iodides were substantially less
reactive, and heterocyclic aryl iodides and boronic esters
were not suitable coupling partners in this reaction (see
Supporting Information).

After the evaluation of our coupling partner scope, we
turned our attention to other alkene substrates. Gratify-
ingly, 1,1-disubstituted alkenes could serve as compe-
tent substrates to set all-carbon quaternary centers, al-
beit in modest yield (3a). Upon treating y,0-unsaturated
alkene substrate 3b to the standard reaction conditions
with iodobenzene and phenyl B(nep), we were pleased
to observe the exclusive formation of 1,2-diarylation

Table 2. Electrophile, Nucleophile, and Alkene Scope®

product 4ba in 67% yield. Furthermore, hetero-diaryla-
tion could also be achieved (4bb and 4bc). This method
is not without its limitations. In particular, d,e-unsatu-
rated alkenes, a-substituted alkenes, and internal al-
kenes were found to be unreactive at this stage of devel-
opment (3c—3f). In comparison, our previously reported
AQ-directed dicarbofunctionalization is compatible with
the last three of those four alkenyl amide subtypes (3d-
3f).52

Gratifyingly, a wide range of N-substituted amides
were suitable substrates under the reaction conditions
previously optimized for amide 1a (Table 3).

15 mol% Ni(cod),
Me
15 mol% L
X _COMe
Jl\/\ {j/ 2 equiv NaOH " O R m MeO,C~ X7
N .
L = dimethyl fumarate
{j BUOH, RT, 12 h H Y
[B(nep)] 2a-2z
nucleophile scope
O Ph t-Bu CFy cl
R Ph
\HJ\/K/
2aa, 88% o Q
homo-diarylation R Ph
R. J\ Ph R\N Ph N Ph ~H
2a 88% (0.2 mmol) 2b, 92% 2c, 82% 2d, 89% 2e, 63% 2f, 79%
85% (2.0 mmol)
[X ray] ‘
l X Me FsC F SO,Me
= 0
o o [e] Me
R Ph Ph R R Ph
. R*N “ NJ\ Ry Ph
2g, 93% H 2h, 77% 2i,73% 2j, 90% 2k [ArB(OH),] 39% 21, 80% 2m, 60%
electrophile scope
R (\0
o] Ph OMe SMe \)
N
H Rey R‘NJI\ X R J\/K/@ Ren iPr
2n, (R = Me) 83% H . H . N N ]
20, (R = Et) 80% 2r, 67% 2s,50% 2t, 59% 2u,81%
2p, (R = i-Pr) 79%
2q, (R =Ph) 75%
Me
[¢] Ph o) Ph 0 Ph NHAc o Ph
R
~u Me R~N \N R“N RS Me
H
2v, 87% 2w, 34% Me 2x, 92% 2y, 55% 22,63% Me
alkene scope
E unreactive alkenes
Me !
Y : J.i\/\/\ JOH/\
H N A
H H N H
: MeO ome M
OMe 34 OMe 43, 30% ; Meo OMe 3d
[1,1 -disubstituted alkene] E [5,c-unsaturated alkene] [a-substituted alkene]
J P I
P MeO ME M
N N =
O = ; Bres LM
MeO OMe 4ba, (R'=H, R?=H) 67% e0” NP Nome !
3b [X-ray] R 3f
[y,0-unsaturated alkene] 4bb, (R' = H, R2= Me) 44% : [E-internal alkene] [Z-internal alkene]
4bc, (R'=Me , R2=H) 54% !

aReactions performed on 0.2 mmol scale unless stated otherwise. Percentages represent isolated yields.

Removal of one methoxy group from the standard am-
ide substrate had only a minor impact on reactivity, as

81% vyield of the desired product 6a was still obtained.
Unfortunately, no stereoinduction was observed when



using chiral benzylamine substrates (6b). Cyclopropyl,
cyclobutyl-, cyclohexyl-, and adamantyl-derived am-
ides reacted to give desired products in good yields
(6¢c—6f). Alkenyl amides with tethered heteroatoms and
heterocycles also performed well (6g—6i). The reaction
was found to be chemoselective in that in exclusively
functionalized the terminal alkene over the distal tri-
substituted alkene (6i).

Table 3. B,y-unsaturated Amide Scope”
15 mol% Ni(cod)
i O B
(nep) 2 equlv NaOH O
SR S @ g

i-BuOH, RT, 12 h

5a-51 6a-6l
amide scope
NI =
. BN
Q/\ N}" N}"
H H
6a, 81% 6b, 73% (1.1:1 d.r.)? 6c, 68% 6d, 80% 6e, 74%
N H \ ! H 2 H N
H
6f, 75% 6g, 93% 6h, 42%° 6i, 86% 6j, 84%
HzN}g Bn\hll/\ Bn\hll/\ Bm’:‘)‘i Bn\,:‘/’\
Bn Me Ph t-Bu
6k, 19% 61, 74%° 6m, 84%° 6n, 65%° 60, 43%°

aReactions performed on 0.2 mmol scale unless stated other-
wise. Percentages represent isolated yields. #The d.r. by crude
1H NMR wass 1.0:1; d.r. of isolated compound was 1.1:1. < NaOH
(1 equiv)

Somewhat surprisingly, N,N-dibenzyl amide still deliv-
ered the 1,2-diarylated product in good yield (6l). With
other tertiary amides, we observed that sterically bulky
groups attenuated reactivity (6m—60). This observa-
tion, viewed in conjunction with the result with the chi-
ral benzyl amine (i.e., negligible chirality transfer) led
us to speculate that the reaction may be proceed via
carbonyl coordination rather than nitrogen atom coor-
dination.

Table 4. Protected Allylic Amine Scope®

15 mol% Ni(cod),

15 mol% L
‘ (nep) 2 equlv NaOH H
AF + + U
iBUOH, RT, 12 h O Ve

7a—7f 8a-8f
protected allylic amines
PG =
9] [¢] [¢] [¢] [¢]
Me)J\,r“ t»Bu)l\,r“ z-Bqu\,e‘ AdJl\;" Ph)l\rr"' PR
8a, 20%" 8b, 70% 8¢, 29%° 8d, 70% 8ea, 81% 8f,n.d.
[X-ray]

(o}
I/\ B(nep) (as above) Ph)LN/ Z Do
ph NTNF + R _— H a2
H ] \_R2
7e 8ea-8ed »

ing partner scope

o}

o
Ph)LN Ph)LN/
H H
OMe
8ec, 69% O 8ed, 75% O
F
OMe

’é \

8eb, 34%

aReactions performed on 0.2 mmol scale unless stated other-
wise. Percentages represent isolated yield. » NaOt-Bu (1 equiv)
used in place of NaOH. ¢ NaOH (1 equiv).

In order to gain further insight into the coordination
mode of the amide directing group and expand the sub-
strate scope, we next examined substrates in which the
nitrogen atom would be incorporated within the puta-
tive nickelacycle intermediate, namely protected allyl
amines. Excitingly, this class of substrates also reacted
under standard nickel-catalyzed 1,2-diarylation condi-
tions in a regiocontrolled fashion (Table 4). Ac-, Piv-,
and Boc-protecting groups served as competent direct-
ing groups in this reaction (8a—8c). With benzoyl-pro-
tected allyl amine, we tested representative coupling
partner combinations and obtained similar results to
the earlier system (8ea—8ed). Non-carbonyl-containing
Bn-protected allyl amine did not react (8f). Based on
these findings, we concluded that a carbonyl-directed
model was consistent with the observed reactivity
trends.

Scheme 2. Initial Rate Trends

o AP

(standard conditions)
1a + Ar'-l + Ar’-Bnep —>R~NJ\)\,AH
H
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The dramatic reactivity enhancement enabled by the
EDO ligand and the broad amide directing group scope
prompted us to examine the reaction mechanism
through kinetics and computation. First, we evaluated
reaction rates with a series of electronically diverse aryl
iodides and boronates (see Scheme 2 and SlI). We found
that the electronic properties of the aryl Bnep compo-
nent had a negligible influence on rate, while electron-
neutral and -rich aryl iodides reacted faster than elec-
tron-poor electrophiles. The former trend is incon-
sistent with a scenario in which transmetalation is rate-
limiting, while the latter is inconsistent with a scenario
where oxidative addition is rate limiting. One plausible
explanation is that migratory insertion of the arylnickel
intermediate into the alkene is the slow step in the cat-
alytic cycle.

To shed more light on the preferred coordination
mode of the substrate with nickel and the impact of the
EDO ligand on the reductive elimination step (where it
was expected to play a beneficial role), we performed
computational analysis using density functional theory
(DFT). Notably, despite a plethora of elegant experi-
mental evidence regarding the beneficial effects of
EDO ligands in promoting reductive elimination in



nickel-catalyzed cross-coupling, a head-to-head com-
parison of the effect of these ligands on reductive elim-
ination has not been quantified from a computational
perspective.’?%% Our calculations indicate that for each
of the proposed intermediates, the corresponding car-
bonyl-bound nickel species are 3-8 kcal/mol lower in
energy compared to their nitrogen-bound counter-
parts, supporting the hypothesis that the carbonyl
group directs catalysis (see Supporting Information).
The computed transition state for reductive elimina-
tion with dimethyl fumarate (TS1) has an activation en-
ergy of AG* = 2.6 kcal/mol, significantly lower than the
corresponding transition states for ethylene-bound
nickel (4G* = 14.6 kcal/mol, TS2)'® and solvent-bound
nickel (AG* = 37.4 kcal/mol, TS3).

Figure 1. Computed Transition States for Reductive

Elimination
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A mechanism consistent with the observations made
thus far is proposed in Scheme 3. First, the nickel cata-
lyst oxidatively adds into the aryl iodide and coordi-
nates with the amide and alkene moieties of the sub-
strate. Next, the arylnickel(ll) species undergoes rate-
limiting 1,2-migratory insertion to yield the corre-
sponding 5- or 6-membered nickelacycle. Transmeta-
lation with ArB(nep) and subsequent reductive elimina-
tion, promoted by the EDO ligand, yields the desired
1,2-diarylation product and regenerates the catalyst.

Scheme 3. Proposed Catalytic Cycle

R. Ar'
R L .
1 n n
R R
. oxidative addition/
reductive substrate coordination
elimination
N
NaOH
RO-Bnep
g migratory insertion/

transmetalation Ar?-Bnep m\—Nl” A Nal  ligand exchange
E OH
E=CO,Me

In conclusion, we have developed a regioselective,
nickel-catalyzed 1,2-diarylation of simple, non-conju-
gated alkenyl amides using aryl iodides and aryl boro-
nates by employing dimethyl fumarate as ligand. The
reaction was found to proceed with a broad range of
aryl electrophiles and aryl nucleophiles, and allows for
both B,y- and y,d-diarylation of carbonyl compounds.
Computational analysis determined that an oxygen-
bound nickelacycle is energetically preferred and that
the EDO ligand dramatically lowers the activation en-
ergy of the reductive elimination step.
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