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A mild, chemoselective, redox-neutral ipso/ortho alkenylcyanation of arylboronic acids with homopropargylic malononitriles
via 1,4-rthodium migration and fragmentation is reported. A variety of 2-vinyl arylnitriles are obtained in good yields (51
examples, ava. 69% yields) through this strategy, which is characterized by its broad substrate scope, great functional group
tolerance, and mild conditions. Mechanism studies indicate that the fragmentation is temperature dependent. The primary
asymmetric exploration for the non-fragmentation product already shows promising results. The separation of the two cyano
groups of homopropargylic malononitriles results in the formation of aromatic nitrile and aliphatic nitrile in one molecule, which

enables the further transformations of the products.
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1 Introduction

Arylboronic acids and their derivatives are widely accessible
and useful organic reagents, which have been extensively
applied for carbon—carbon and carbon—heteroatom bond
formations at the ipso-position with or without transition
metal catalysis (Figure 1, left) [1,2]. Beyond any doubt, the
pursuit of an alternative methodology to achieve the ipso/
ortho-difunctionalization of arylboronic acids might con-
stitute without considering the practicality and conceptuality,
a worthwhile endeavor for organic synthesis (Figure 1,
right).

The key to achieving the ipso/ortho-difunctionalization of
arylboronic acids is introducing the metal catalyst into the
ortho-position of the arylboronic acids. Miura and coworkers
[3] utilized the merry-go-round strategy to fulfill the multiple
alkylations of arylboronic acids with a strained alkene.
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However, this elegant protocol was limited in synthetic ap-
plications due to the strict restriction of alkenes substrates.
Subsequently, the alkynes as the coupling partners were
employed to achieve the ipso/ortho-difunctionalization of
arylboronic acids (Figure 2a). Generally, the vinyl-M" spe-
cies I, generated by transmetallation and alkyne insertion,
underwent the C—H activation to form the 5S-membered cy-
clometallation intermediate II or proceeded the 1,4-metal
migration to the ortho-position of arylboronic acid to access
the intermediate III. These species were trapped by another
molecule of alkyne or an intramolecular electrophilic site
respectively to obtain the annulated products (Figure 2a).
Since Hayashi’s seminal work [4] of rhodium-catalyzed di-
functionalization of arylboronic acids with two molecular of
symmetric internal alkynes to produce the annulated deri-
vatives, significant efforts have been made to unlock the
cyclic ipso/ortho-difunctionalization of arylboronic acids
(Figure 2a) [5,6]. Recently, Zhang and Zhou et al. [7] re-
spectively reported an elegant Pd/norbornene (NBE) cata-
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Figure 1 Transformations of the arylboronic acids (color online).
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Figure 2 Transition metal-catalyzed ipso/ortho difunctionalization of
arylboronic acid (color online).

lyzed boronic Catellani-type reaction, which expended the
toolbox of difunctionalization of arylboronic acids to access
various acyclic products (Figure 2b). However, those trans-
formations were restricted to ortho-substituted arylboronic
acids and required non-negligible amounts of norbornene.

Inspired by the recent C—CN activation of malononitrile
derivatives via addition and fragmentation [8], we wondered
whether a new catalytic blueprint could be designed via a
cascade process based on a 1,4-Rh migration and fragmen-
tation [6f,6h,61], thus might complete a formal alkenylcya-
nation of arylboronic acids to construct functionalized ortho-
vinyl arylnitriles (Figure 2c).

At the outset of the investigations, however, it was unclear
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whether this strategy could be implemented, as: (1) the re-
gioselectivity of migratory insertion into the alkyne could
occur as designed; (2) the aryl-Rh species directly reacted
with the malononitrile site rather than inserted into the C—C
triple bond [8b]; and (3) chemo-selectivity was another issue
because the competitive protonation at the nitrogen center of
intermediate IV’ to form cyclic product instead of frag-
mentation to achieve the cyano transfer could be possible [9].
We recognized that, if successful, such 1,4-metal migration
and fragmentation scenario might offer a new mode in the
acyclic difunctionalization of arylboronic acids. Herein, we
report the successful realization of this goal. This protocol is
characterized by its excellent regio- and chemo-selectivity,
mild conditions, and wide substrate scope.

2 Results and discussion

Our investigations began by evaluating the alkenylcyanation
of phenylboronic acid 1a with homopropargylic mal-
ononitrile 2a in the presence of 5 mol% RhCI(PPh;); (Table
1). After considerable optimization (details see Tables S1—
S10, Supporting Information online), when 10 mol% BINAP
was applied as the ligand, the desired product 3a was ob-
tained in 49% yield (entry 1). As expected, the nature of the
ligand had a non-negligible impact on reactivity. TFP could
dramatically improve the yield to 90%, while DPPB as the
ligand directly shut down the reactivity (entries 2 and 3). As
shown in entries 3 and 4, excellent yields of 3a were obtained
when non-polar solvents, such as dioxane and toluene, were
utilized as the solvent. The polar and coordinative solvent
DMF gave no desired product (entry 5). Likewise, the nature
of the base also had a significant effect on this transforma-
tion. Potassium carbonate was an excellent base for this re-
action; however, no desired product was detected when KF
was employed as the base (entries 6 and 7). Finally, a slight
improvement in yield was found when the reaction tem-
perature was decreased to 60 °C (entry 8).

We turned our attention to exploring the generality of this
protocol for arylboronic acids under two sets of optimized
conditions A and B using 5 mol% RhCI(PPh;); and
2.5 mol% [RhCl(cod)], catalysts, respectively (details see
Supporting Information online). As shown in Figure 3, a
variety of substituents at the para-position of the arylboronic
acids were well tolerated. The substrates bearing electron-
donating substituents such as —Me, —-OMe (3b and 3c),
electron-withdrawing groups such as —OCF;, —Ph, —CN,
—CF;, —F, -CHO, —-Ac or —CO,Me (3d-3k) were all con-
verted into the corresponding products in moderate to ex-
cellent yields. Notably, the electrophilic functional groups,
including nitrile, aldehyde, ketone, and ester, were well
compatible with those transformations [10]. Those reactions
worked well for aromatic boronic acids bearing primary and
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Table 1 Optimization of the reaction conditions ?

NC CN  cat RhCI(PPhs)s
@ . p Ph cat. ligand
B(OH), base, 100°C

CF. solvent (0.1 M)

3

1a (0.15 mmol) 2a (0.1 mmol)
Entry Ligand ” Base Solvent Yield © (%)
1 BINAP K;PO, dioxane 49
2 DPPB K;PO, dioxane 0
3 TFP K;PO, dioxane 90
4 TFP K;PO, toluene 91
5 TFP K;PO, DMF 0
6 TFP K;CO;5 toluene 85
7 TFP KF toluene 0
8 TFP K,PO, toluene 94 (82) ¢

a) Reaction conditions: 1a (0.15 mmol, 1.5 equiv.), 2a (0.10 mmol, 1.0
equiv.), base (0.20 mmol, 2 equiv.), RhCI(PPh;); (5.0 mol%), ligand
(10 mol%), solvent (0.10 M, 1 mL) under 100 °C. b) TFP is tri(furan-2-yl)
phosphane, DPPB is 1,4-bis(diphenylphosphanyl)butane. ¢) Corrected gas
chromatograph (GC) yields were determined by using do-decane as an
internal standard. d) 60 °C instead of 100 °C. Isolated yield is in the par-
entheses.

secondary amides at the para-position (31 and 3m). Fur-
thermore, the structure of 3m was further confirmed by
single-crystal X-ray analysis. It was clearly proved that the
cyano group was transferred into the ortho-position of ar-
ylboronic acid. Interestingly, the chemoselective cyano-
transfer product 3n was obtained in moderate yield even in
the presence of terminal styrene moiety [11]. For meta-
substituted arylboronic acids (30 and 3p), the cyano-transfer
occurred selectively at the less steric hindered position, that
was due to the 1,4-rhodium migration occurring at the less
steric hindered position. Next, the ortho-fluoride substituted
arylboronic acid was transformed into the 1,2,3-trisubstituted
aromatic product 3q in 76% yield. Multi-substituted ar-
ylboronic acid was also the suitable substrate (3r). When 2-
naphthaleneboronic acid was utilized as the substrate, the
cyano group was transferred into the 3-position of naphtha-
lene in excellent yield (3s). Moreover, 1-naphthaleneboronic
acid, which has large steric hindrance, was less reactive, and
the desired product 3t was still obtained in 57% yield. Then,
it was found that alkenylcyanation of the heteroarylboronic
acids, containing quinoline, benzothiophene, and dibenzo-
furan boronic acids, proceeded smoothly to afford the de-
sired products in moderate to good yields (3u—3w). As
expected, the fused-ring aromatic boronic acids were com-
patible with those transformations (3x and 3y), which might
have potential applications in organic light-emitting diodes
[12].

Next, we explored the scope of homopropargylic mal-
ononitriles, and the results were summarized in Figure 4. In
order to control the regioselectivity of alkynes migration
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(vide infra), the aryl group required an ortho-substituent,
possibly due to the need for steric hindrance to differentiate
the two sides of the alkyne [6a—6c¢,6e,6f]. As shown in Figure
4, various ortho-aryl substituted homopropargylic mal-
ononitriles were well tolerated and transformed into the
corresponding products (4a—4e) in moderate to good yields.
Fortunately, when the aryl group had a cyano group at the
para-position, the desired product 4f was also obtained in
43% yield, probably due to the electronic effect of the cyano
group to control the regioselectivity of the alkyne insertion
step. To our delight, electron-deficient heteroaryl substituted
alkynes such as pyridine and quinoline (4g and 4h) were well
tolerated in those transformations.

Furthermore, we turned our attention to exploring the in-
fluence of various substituents at the a-position of the
homopropargylic malononitriles. As expected, a wide range
of aryl substituents, including various functional groups at
the para-position, such as 4-methoxy (4i), 4-phenyl (4j), and
4-fluoro (4k) were well compatible with those transforma-
tions. The electron-withdrawing ester group at the meta-
position was converted into the desired product in 72% yield
(41). Though the ortho-methoxyl group increased the steric
hindrance, the desired product 4m was also obtained in 46%
yield. The multi-substituted aryl group with various sub-
stituents reacted smoothly to give the corresponding product
4n in 66% yields. The 1-naphthalene group was tolerated,
affording the desired product 40 in 44% yields. Besides the
aryl substituents at the a-position of homopropargylic mal-
ononitriles, the vinyl substituents were tolerated under the
standard conditions (4p and 4q).

Next, we explored the effect of less reactive benzylic
substituents at the a-position of malononitriles (Figure 5)
[9a—9d]. As expected, a mixture of products, cyano transfer
product 4r and cyclic product 5a were obtained in a ratio of
3:1 under 100 °C. The cyclic product 5a was obtained
through competitive protonation instead of p-carbon elim-
ination (vide infra) [9a—9c,13]. Fortunately, we could tune
the selectivity via temperature control. As shown in Figure 5,
when 2s was utilized as a substrate, the annulated product Sa
was obtained as the sole product at 40 °C. When the tem-
perature was gradually increased to 140 °C, the annulated
product 5a was totally suppressed, and the cyano transfer
product 4r was afforded in 78% yield. It was worth to
mention that the 2-phenyl pyridine moiety of 2s did not in-
hibit this transformation. The different reactivity between
benzyl- and aryl-substituted substrates could be explained by
the acidity of the a-position of the malononitrile, which
droves the B-elimination to a degree.

With the optimal conditions in hand, we explored the scope
of wvarious benzylic-substituted homopropargylic mal-
ononitriles (Figure 6). Homopropargylic malononitriles with
several benzylic substituents were all suitable substrates (4s—
4w). Heterocycles, such as furyl (4x) and thienyl (4y), were
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Figure 3 The scope of arylboronic acids. Reaction condition A: RhCI(PPh;); (5 mol%), toluene (0.1 M) at 60 °C in N, for 6 h. Reaction condition B: [RhCl
(cod)], (2.5 mol%), dioxane (0.1 M) at 100 °C in N, for 20 h (color online).
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Figure 4 Scope of substituted malononitriles. Reaction condition A: RhCI(PPh;); (5 mol%), toluene (0.1 M) at 60 °C in N, for 6 h. Reaction condition B:
[RhCl(cod)], (2.5 mol%), dioxane (0.1 M) at 100 °C in N, for 20 h (color online).

also accommodated in this process. The carbon chain length
for the cyano transfer process was also surveyed (4z, 4aa).
The substrate with a longer alkyne-malononitrile tethered,
unsurprisingly resulted in a lower yield, as it would require
an 8-membered-ring intermediate. The substrate with an
even longer carbon chain was unsuitable at this stage.
However, substrates with a shorter tether length did not react
because the steric resistance at both ends of the alkyne in-
creased in this case, and the process of migration insertion
was challenging to occur.

After that, we also examined the scope of the reaction to

synthesize cycloheptanones at 40 °C. It was found that
malononitriles with several benzylic substituents, including
benzyl (5b) and 4-phenoxy benzyl (5¢—5e), worked
smoothly, producing the corresponding cycloheptanone
products in good yields. Besides, homopropargylic mal-
ononitriles with alkyl substituents were proven to be com-
petent substrates for those reaction conditions, giving the a-
alkyl substituted cycloheptanone (5f) in good yield. We ex-
plored the asymmetric synthesis of Sb by trying several
chiral ligands, and a promising result was obtained, 70%
yield with 55% ee (Table S11).
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Figure 5 Temperature-dependent fragmentation of benzylic substituted malononitriles (color online).
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Figure 6 Substrate scope of benzylic substituted malononitriles. Unless otherwise noted, all reactions were run with 1a (0.45 mmol), 2 (0.3 mmol), [RhCI-
(cod)], (2.5 mol%), TFP (10 mol%), K;PO, (2 equiv.), and dioxane (0.1 M) at 140 or 40 °C in N, for 20 h. a) 160 °C instead of 140 °C (color online).

To gain insight into the mechanism of those transforma- sults were outlined in Figure 7. Switching one cyano group
tions, we carried out some control experiments, and the re- of malononitrile into the ester group, we observed only a
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Figure 7 Control experiments (color online).

trace amount of the corresponding cyano-transfer product 6
and a complicated mixture was obtained [8b]. That indicated
that the malononitrile moiety was crucial for those reactions
(Figure 7a) [8,14]. We investigated whether the mal-
ononitrile with a monosubstituent could participate in the
reaction, and it turned out that the reaction could not occur.
This demonstrate that substrate with a quaternary carbon is
essential for this transformation (Figure 7b). Furthermore,
the D-labeling experiment of d-la was conducted (Figure
7¢). The deuterium at one of the ortho-positions of d-1a was
quantitatively shifted to the alkenyl position, demonstrating
the 1,4-rhodium(I) migration of this transformation. Ethyl-
substituted homopropargylic malononitrile 2ad was ex-
plored as a substrate for cyano transfer. The regioselectivity
of alkyne migratory insertion into the Ar-Rh species was
significantly decreased. The expected cyano transfer product
8a was obtained in 39% isolated yield and 34% of 8b, which
was accessed via direct cyano transfer without 1,4-Rh mi-
gration [61,15]. The regioselectivity of alkyne migratory in-
sertion improved when using cyclohexyl-substituted

CN
cN O CN
Ph RhCI(PPhs)s (2.5 mol%) -

@ s = C TFP (5 mol%) |
B(OH), K3POy4 (2 equiv.) O
CF3 toluene, 60°C, 6 h F3C
1a 2a, 5mmol, 1.69 g 3a, 86%, 1.79g

F3C. O

11, 93%

F3C

3a
g ©
O CN CF:

16, 69% 2TMS

F3C

15, 46%

Figure 8 Gram-scale reaction and synthetic applications of 1,n-dinitrile.
Reaction conditions: (a) Pd,(dba); (2.5 mol%), CyJohnphos (10 mol%),
AlMe,Cl (0.2 equiv.), styrene (5.0 equiv.), toluene, 100 °C, N,, 16 h; (b) Ni-
(cod), (5 mol%), DPEphos (5 mol%), AlMe,Cl (0.2 equiv.), 2,5-norbor-
nadiene (1.1 equiv.), toluene, r.t., N,, 16 h; (c) Ni(cod), (5 mol%), DPEphos
(5 mol%), AlMe,Cl (0.2 equiv.), oct-4-yne (1.1 equiv.), toluene, 80 °C, N,,
16 h; (d) LDA (1.2 equiv.), allyl bromide (1.2 equiv.), tetrahydrofuran
(THF), 0°C, N,, 10 h; (e) "Bu-Li (1.2 equiv.), TMSCF,Br (3.0 equiv.),
toluene, r.t., 5 h; (f) 30% H,0, (0.05 M), K,CO; (2 equiv.), dimethyl
sulfoxide (DMSO), r.t., 16 h (color online).

homopropargylic malononitrile 2ae, delivering the corre-
sponding products (9a and 9b) in 72% total yields with 1.7:1
selectivity. Only cyano transfer product with 1,4-Rh migra-
tion (10a) was obtained from the TMS-substituted homo-
propargylic malononitrile 2af with 39% yield (Figure 7d).
To evaluate the practicability of the strategy, we carried out
a gram-scale reaction. At a lower catalyst loading, the re-
action on a 5 mmol scale delivered 1.79 g of the desired
product 3a in 86% yield (Figure 8, top). The synthetic utility
of our protocol was further highlighted in Figure 8. The
separated two cyano groups could be utilized as a handle for
subsequent manipulation. Firstly, the activation and trans-
formation of the benzylic C—CN bond were evaluated. In the
presence of styrene as an HCN acceptor, a retro-hydro-
cyanation reaction followed by isomerization to furnish 1,3-
diene product 11 in 93% yield (Figure 8a) [16]. Interestingly,
the C—CN activation and coupling of 2,5-norbornadiene gave
the Heck-type product 12 in 62% yield (Figure 8b) [17].
Surprisingly, utilization of oct-4-yne as HCN acceptor, 3a
was transformed into the naphthalene 13 through double
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C—CN bond activation and cyclization (Figure 8c, details see
Figure S1, Supporting Information online). Furthermore, we
utilized the acidity of a-C—H bond of benzylic cyanide to
couple with allylic bromide [18] and TMSCF,Br [19] to give
the corresponding allylation product 14 in excellent yield
and siladifluoromethylated product 15 in moderate yield
(Figure 8d, e). In addition, both aryl and benzyl nitrile could
be hydrated to afford amides 16 in 69% yield (Figure 8f)
[20].

Based on the results of the control experiments and pre-
vious reports [6b,61,8b], we proposed the following me-
chanism for those transformations (Figure 9). First, an aryl-
rhodium species II was generated by transmetallation of the
aryl boronic acid with the rhodium catalyst 1. Migratory
insertion of the alkyne 2 into Ar-Rh species occurred to give
alkenyl-Rh species III, which underwent 1,4-migration
[3,4,21]. The resulting aryl-Rh intermediate IV coordinated
with one cyano group and then inserted into the cyano group
to generate the intermediate V. Finally, B-C elimination and
protonation of VI released product 3 and regenerated the
rhodium catalyst. Competitive protonation of V generated
the imine product, which was further hydrolyzed to yield the
cycloheptanone derivative 5.

3 Conclusions

In summary, we have developed a novel platform that
streamlines the preparation of 2-vinyl arylnitriles from
simple arylboronic acids with alkynyl malononitriles. This
redox-neutral ipso/ortho alkenylcyanation of arylboronic
acid is achieved by harnessing the 1,4-rhodium migration
and fragmentation. Moreover, this method is characterized
by its broad substrate scope, excellent functional group tol-
erance, and mild conditions. The mechanism studies indicate
that the fragmentation is temperature-dependent, and the
primary asymmetric exploration for the non-fragmentation
product already shows promising results. The further

CN
CN
Z
Ar 3 1
o
CN
Rh

L,Rh—X

Ph—B(OH)2
I \\h

A VI NCR!
o O\ Rh—Ph
1
R
Ar——= CN
O ey, ﬁ .
Ar R 2 —gN
Rh__ CcN
1
) T
H N
1
A IV CNR

Figure 9 Plausible mechanism (color online).

asymmetric synthesis of these products is undertaken by our
laboratory.
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