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ABSTRACT: A nickel-catalyzed regiodivergent hydroarylation
and hydroalkenylation of unactivated alkenyl carboxylic acids
is reported, whereby the ligand environment around the metal
center dictates the regiochemical outcome. Markovnikov hy-
drofunctionalization products are obtained under mild ligand-
free conditions, with up to 99% yield and >20:1 selectivity. Al-
ternatively, anti-Markovnikov products can be accessed with a
novel 4,4-disubstituted Pyrox ligand in excellent yield and
>20:1 selectivity. Both electronic and steric effects on the lig-
and contribute to the high yield and selectivity. Mechanistic
studies suggest a change in the turnover-limiting and selectiv-
ity-determining step induced by the optimal ligand. DFT calcu-
lations reveal that in the anti-Markovnikov pathway, repulsion
between the ligand and the alkyl group is minimized (by virtue
of it being 1° versus 2°) in the rate- and regioselectivity-deter-
mining transmetalation transition state.

Catalytic, regioselective alkene functionalizations are valua-
ble in organic synthesis owing to the widespread accessibility
of alkene starting materials and the growing arsenal of trans-
formations that have been developed.[!l In this context, sys-
tems that offer reliable and predictable access to either regioi-
somer from common reagents are highly desirable (Scheme
1a).[2-31 Within the expansive alkene functionalization toolkit,
hydroarylation is a rapidly evolving area of synthetic method-
ology.[+8] In these reactions, simple arenes (ArH) or pre-func-
tionalized arenes (ArX or ArM) can be activated for alkene ad-
dition through a variety of mechanistic pathways to furnish the
corresponding hydroarylated product.

Recently, nickel catalysis has emerged as a powerful means
of effecting alkene hydroarylation.[+5 7] In particular, redox-
neutral coupling of arylboronic acids and alkenes is attractive
in that it combines programmed reactivity at the Ar-B bond
with operationally simple reaction conditions and does not re-
quire stochiometric silane reductants (as in R-X/R3Si-H sys-
tems).[5! Originally pioneered by Zhou and co-workers, such re-
action systems have been largely limited to conjugated alkenes,
such as styrenes and 1,3-dienes, where regioselectivity is dic-
tated by the stability of the corresponding m-benzyl/allyl inter-
mediate.[®] Zhao has developed a method using bidentate di-
recting auxiliaries to enable y-hydroarylation of non-conju-
gated alkenyl carbonyl compounds(i9 without competitive
chain-walking,[9dl though this method has disadvantages in
terms of requiring directing group installation and removal

steps. Hence, developing a ligand-controlled regiodivergent
version of this catalytic paradigm that is compatible with non-
conjugated alkenes bearing only native functionality [11] would
be synthetically enabling and would complement other regi-
oselective/divergent catalytic hydroarylation methodology in-
volving ArH or ArX coupling partners.[48l

Previously, our lab has described a single example of regio-
switchable hydrofunctionalization under Pd(II) catalysis,[12]
where regioselectivity is hypothesized to stem from a differ-
ence in palladacycle stability with a tridentate versus bidentate
directing group. In the absence of a polydentate directing aux-
iliary, we reasoned that regioselectivity control could alterna-
tively arise from the combination of a weakly coordinating di-
recting group and an appropriate ancillary ligand.
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To initiate our investigation, we selected vinyl acetic acid
(1a) and p-tolylboronic acid as the pilot substrates. Using
Ni(cod)2 as the pre-catalyst, KO‘Bu as the base, and "PrOH as
the solvent at 60 °C, we evaluated a series of different ligands
with the goal of identifying conditions for both Markovnikov
(M) and anti-Markovnikov (a-M) hydroarylation (Table 1).



Interestingly, highly Markovnikov-selective hydroarylation
took place under ligand-free conditions, giving 3aa as the ma-
jor product. A control experiment ruled out an isomeriza-
tion/1,4-addition sequence (vide infra); hence, we reasoned
that the high selectivity could reflect the preference for forming
a 5-membered metallacycle intermediate.l'!] Phosphine lig-
ands (L1-L3) gave 3aa as major product. Individually using ox-
azoline (L4) or pyridine(L5) ligands did not change the innate
reactivity, giving 3aa in high yield and selectivity. However, bi-
soxazoline ligand L8 gave a 1:1 ratio of 2aa and 3aa.

We eventually identified Pyrox ligands as uniquely effective
in favoring formation of the anti-Markovnikov hydroarylation
to produce 2aa as major product. Brief optimization of the sol-
vent and reaction temperature (see SI), led to slight improve-
ments in yield and selectivity. We investigated the effects of
steric and electronic modifications to the ligand on reactivity
and selectivity. Adding steric repulsion on the pyridine ring (L9,
L10) led to low yield and favored the formation of 3aa. To our
delight, varying substitutions on the oxazoline ring offered a
pathway towards high anti-Markovnikov-selectivity. A clear
trend was observed with increased steric bulk on the 4-posi-
tion, with L15 (R!= tBu) giving a 99% yield and 79:21 selectiv-
ity. 4,4-Dimethyl-substituted ligand L17 gave a slightly higher
selectivity of 82:18. Spirocyclic ligand L20 gave 92% yield, and
increased the selectivity to 92:8.1131 The highest selectivity
(95:5) with 99% yield was obtained with the previously un-
known 4,4-dibenzyl-substituted ligand L19. Tuning the elec-
tronic effect on the pyridine ring using L15 as the benchmark
did not achieve further improvement. A ligand containing an
electron-donating group on the pyridine ring (L22) gave simi-
lar selectivity to L15. However, introduction of an electron-
withdrawing substituent completely shut down the reaction.
When Ni(cod)2 was replaced with air-stable Ni(cod)(DQ) and
the reaction was set up outside of the glovebox, 76% yield
(2aa) and 16% yield (3aa) were obtained using L19 and no lig-
and, respectively (see SI for details). [14]
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L20 (n=1):92% (92:8)  L22 (R3=OMe): 98% (76:24)
L21 (n=2): 73% (88:12)  L23 (R®=CFy): trace

L12 (RL=H): 17% (59:41)

L13 (R1=Et): 44% (70:30) L17 (R,R2=Me,Me): 99% (82:18)

L14 (R'=/Pr): 70% (80:20) L18 (R,R2=Me, Bn): 90% (93:7)

L15 (R'='Bu): 99% (79:21) L19 (R',R?=Bn,Bn): 99% (95:5)

L16 (R1=Ph): 11% (36:64)
aReaction conditions: Ni(cod)2/ligand/1a/boronic acid/KOBu =
0.005/0.006/0.1/0.2/0.2 (mmol). All percentages represent 'H NMR yields with
CH:2Br; as internal standard. bAfter a brief optimization, 3aa was obtained in 99%
yield (see SI for details). <Selectivities (a-M:M) are shown in parentheses.

After identifying conditions for both Markovnikov and anti-
Markovnikov selectivity, we next examined the scope and lim-
itations of both protocols. We first explored the anti-Markovni-
kov-selective protocol with ligand L19. In terms of arylboronic

acids, the presence of electron-donating and -withdrawing

groups at the para and meta position did not affect the yield
and selectivity (2aa-2ae, 2aj-2a0). Notably, potentially reac-
tive groups, such as —Cl and -CHO (2af, 2ah), and coordinating
substituents, such as -NHBoc and -CN (2ag, 2as), were also
tolerated. With an electron-deficient arylboronic acid bearing
3,5-ditrifluoromethyl substituents, the reaction benefited from
a less sterically hindered ligand L18, giving 2av in 90% yield.
ortho-Substituted arylboronic acids, which had previously
proven to be recalcitrant coupling partners in related directed
alkene functionalization reactions developed in our lab, can
give 2az in 80% yield.[11] Hydroalkenylation reactions were
achieved with vinyl boronic acids, giving alkene homologation
products (from -y unsaturated alkene to §-¢ unsaturated al-
kene) in good to excellent yields (2ba-2bd). We then evaluated
a few a-substituted 3-butenoic acid substrates. The method
was found to be sensitive to steric hindrance at the a-position.
With an a-methyl substrate, less than 10% of the product 2ca
was obtained under the standard reaction conditions, presum-
ably due to steric clashing between the methyl group of the
substrate and the bulky benzyl substituents on the oxazoline.
Consistent with this hypothesis, using a less encumbered lig-
and, L18, in which one benzyl group is replaced with a methyl
group allowed the desired product 2ca to be obtained in 60%
yield as a single regioisomer. Larger substituents on the o po-
sition required higher catalyst loading and even still furnished
diminished yield (2cc and 2cd).
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aReactions performed on 0.1 mmol scale. Percentages represent isolated yields.
Regioisomeric ratios were initially determined by *H NMR analysis of the crude
reaction mixtures, and were 295:5 (a-M:M) in all examples tested. In a few cases,
the product became enriched in the minor regioisomer during purification; in
these cases, the percentages represent yields of the purified product mixture, and
the product ratios are reported in the footnotes. !L18 was used instead of L19.
Reactions performed on 0.2 mmol scale with 10mol% catalyst loading. Results
in parenthesis were obtained with 20 mol% catalyst loading. 493:7 (a-M:M).
€90:10 (a-M:M)./93:7 (a-M:M).993:7 (a-M:M).

We next tested the scope of the Markovnikov selective hy-
drofunctionalization. After a brief screening (see SI for detail),

2cc, 32 (50)%b¢ 2cd, 26 (37)%>¢
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we found that using "BuOH instead of "PrOH could provide
slightly better yield and selectivity at 40 °C. Similar to what we
observed with the anti-Markovnikov selective hydrofunction-
alizations, substituents on the para and meta position of the ar-
ylboronic acid coupling partner had little effect on the reactiv-
ity, with products (3aa-3am) obtained in good to excellent
yields. Arylboronic acids containing reactive electrophilic or
coordinative moieties such as -Cl, -CHO or -CN were incom-
patible. The ortho-fluoro coupling partner furnished a dimin-
ished yield of 49% (3an) and attenuated selectivity of 17:83 (a-
M:M), as compared to 2az. Satisfying results were observed
with alkenyl boronic acids, giving 3ba-3bd in good to excellent
yield. With a-substituted substrates, the Markovnikov selective
products were formed in approximately 4:1 regioisomeric ra-
tio and 1.7:1 dr favoring the C(sp3)-Ar bond formation on the
alkene face opposite to the a-substituent (3ca-3cb). However,
when sterically hindered substrate 2-(cyclopropylmethyl)but-
3-enoic acid was tested, the hydrogenated product was ob-
served as major byproduct. It is worth mentioning that using 2-
vinyl benzoic acid as substrate gave the same product 3cd in
good yield with or without ligand. Previous reports have
shown that phosphine ligands or bisoxazoline ligands were re-
quired for the same type of reactivity,[10l demonstrating the im-
portance of the carboxylate directing group in this system.
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aReactions performed on 0.1 mmol scale. Percentages represent isolated yields
unless otherwise noted. Regioisomeric ratios are <5:95 (a-M:M) unless otherwise
noted. »7:93 (a-M:M).<7:93 (a-M:M).47:93 (a-M:M).€17:83 (a-M:M)./6:94 (a-M:M).
90.2 mmol scale, 10% Ni(cod)2, "PrOH, 60°C, 40 h. "B /y (4:1), 1.7:1 dr. B/y (4:1),
1.7:1 dr./'H NMR yield with CH2Br: as internal standard. Major byproduct: 57%
hydrogenation of alkene.

With internal alkenes as substrates, the ligand-free condi-
tions led to only trace product formation. With L19 as ligand,
51% mixture of - and y-arylated products (5b and 6b) were
obtained with 2.7:1 ratio. The regioisomeric ratios are closely
related to the size of distal alkyl group (see SI for detail).
these cases, both potential regioisomeric outcomes would pro-
ceed through 2° alkylnickel intermediates, rather in the above
cases, where there is competition between 1° and 2° al-
kylnickel formation. Hence, the results with internal alkenes
suggest that while L19 enhances reactivity, it is insufficient to
overcome the innate proclivity of the system to proceed via a
5-membered metallacycle, which is why B-arylation is ob-
served as the major product. Two other representative ligands

(L14 and L18) gave low conversion and yield. These limita-
tions notwithstanding, the results demonstrate that through
proper ligand design, we were able to achieve functionalization
of these inert substrates without utilizing strong directing
groups.

Table 4. Reactivity with a Representative Internal Alkene
Substrate?

o cat. Ni(cod), Q p-Tol 9 H
HOJ\/\,R ety HOJ\/l\(E‘ * HOJ\)\(E‘
p-TolB(OH), H p-Tol
4b (R=Et) 5b 6b

51% yield, 5b/6b (2.7:1)
aReaction performed on 0.2 mmol scale using standard conditions from Table 1
with 20 mol% catalyst loading. Percentages represent isolated yields.

3/4-Arylbutanoic acids and derivatives are of pharmacolog-
ical utility.[!5] To showcase the synthetic versatility of the car-
boxylic acid directing group, we conducted a series of diversi-
fications on product 2ac and 3aa, which could be synthesized
on large scale with excellent yield (Table 5). The classical 2e-
logic could easily transform the products into ester, alcohol,
amine etc.['1l Additionally, the 1e- synthetic logic offered us a
more divergent space to exert.[16] Decarboxylative borylation
gave 7a and 7d in moderate yield, introducing the functional
handle for future manipulation. Decarboxylative Giese reaction
enabled a formal distal (8 or €) functionalization of carbonyl
compounds, giving the double homologation products 7b and
7e. Finally, decarboxylative cross-coupling with aryl boronic
acids gave rise to the 1,2- or 1,3-diarylpropane motifs.

Table 5. Large-Scale and Derivatization Experiments?
anti-Markovnikov-selective

a H

— " Ph 7a, 59%

)Ol\j\/ PlnB\)\/
Ph __|

HO

95% yield — )]\/\)\/ph 7b, 53%
MeO
f [

j\/\ g pTol AP 7e. 34%
HO' X
1.0 mmol a p-Tol
+ — pina. A _H 7d, 56%
b
O p-Tol [e] p-Tol
H T H o Te,40%
HO MeCO’
99% vyield c

p-Tol

—> pTol A _H 7, 43%

Markovnikov-selective
a) (i) NHPI, DIC, 10 mol% DMAP, DCM, 25 °C; (ii) 30 mol% Cu(acac)z, BzPinz,
LiOH, MgClz, 1,4-dioxane/DMF, 25 °C. b) (i) NHPI, DIC, 10 mol% DMAP, DCM, 25
°C; (i) 20 mol% Ni(Cl04)2:6H20, Zn, LiCl, methyl acrylate, MeCN, 25 °C. c) (i)
TCNHPI, DIC, 10 mol% DMAP, DCM, 25 °C; (ii) 20 mol% NiCl2-6H:0, 20 mol% 4,4'-
di-tert-butyl-2,2'-bipyridine, p-Tol-B(OH)2, EtsN, 1,4-dioxane/DMF, 85 °C.

The pronounced effect of L19 on regioselectivity prompted
us to consider its role in the reaction mechanism. Generally,
nickel(0)-catalyzed hydroarylations with arylboronic acids are
proposed to proceed via hydrometalation followed by
transmetalation with the arylboronic acid and reductive elimi-
nation. Hence, we reasoned that the Markovnikov versus anti-
Markovnikov selectivity would likely be determined in either
the Ni-H migratory insertion step or downstream steps. To
shed light on this point we turned to experimental and compu-
tational techniques.

First, to evaluate the possible role of alkene isomerization in
the Markovnikov-selective protocol, we tested crotonic acid as
substrate under optimized conditions, and in this case only
trace amount (<5%) of the B-arylated product 3aa was formed.
This result rules out a mechanism involving isomerization fol-
lowed by 1,4-addition,[!7] establishing that the reaction pre-
dominantly proceeds through reaction of the B,y-alkene. Next,
we performed Kinetic isotope effect experiments using either
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ethanol or ethanol-ds as solvent. For the Markovnikov selective
hydroarylation, we found vi/vp= 2.7, suggesting that a hydride
transfer process is involved in the turnover-limiting step. For
the anti-Markovnikov selective reactions, a smaller ratio (vu/vp
=1.3) was observed, suggesting that either transmetalation or
reductive elimination is the turnover-limiting step, taking into
consideration the possibility for a solvent kinetic isotope effect.
To disambiguate between these two possibilities with L19, we
examined substituent effects on initial rate with p-OMe and p-
F substituted phenyl boronic acids; electron-donating substit-
uents led to a higher initial rate, consistent with a scenario in
which transmetalation is the turnover-limiting step.[18] Deuter-
ium labeling experiments using ethanol-d: as solvent were con-
ducted. In the anti-Markovnikov system, deuterium was mainly
incorporated at the -position, and in the Markovnikov system,
deuterium was incorporated at the y-position. In both cases,
the presence of deuterium scrambling at the y-position (2aa)
or (-position (3aa) as well as the presence of doubly deuter-
ated products suggests that the reaction involves a reversible
hydride insertion step before the selectivity-determining step.

Scheme 2. Mechanistic Experiments?
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o KO'Bu (2.0 equiv) o p-Tol
+
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HID € ——————— p-tol
HO)]\)\’ p-TolB(OH), HOJ\/§ p-TolB(OH), HO)J\/l\/
EtOH or EOD EtOH or EtOD
3aa Vip =27 Vip=1.3 2aa
c Ni(cod), (5 mol%)
L19 (6 mol%)
o KO'Bu (2.0 equiv) o H
*  ArB(OH), S Ar Vilvy =14
HOJ\/\ "PrOH, 60 °C hot A i
1a Ar' = p-OMe-CgHy 2ab (v,)
Ar? = p-F-CgH, 2ad (v;)
D 529% D
pJol Ni(cod), (5 mol%) o 20 o
o L19 (6 mol% -H 6%
B ( 2) HOJ\/\/P'T‘" 2aa-D, 86%

S N e

KO'Bu (2.0 equiv) \
PLNVL-N —_—— /
p-Tol”~~0" " p-Tol

2aa-D, 8%

EtOD, 60 °C, 12 h 90% yield

7% D 4% D

QO pTol ,29%D 3504 179

p-Tol i 19/
o N N'(f"d)? © "‘°'_/°) HOJI\/kM 4 3aa-D, 82%
Jk/\ . 0% KO'Bu (2.0 equiv) D \ e 3a8-Dy 1%
e o
HO' X

B...B "
p-Tol 70" p-Tol EtOD, 40 °C, 12 h %D  6%D 95% yield

1a

9Reactions were performed on 0.1 mmol scale. All yields were given as 1H NMR
yield with CH2Br: as internal standard. A) controlled experiment with crotonic
acid as substrate. B) KIE study of Markovnikov and anti-Markovnikov selective
hydroarylation with p-tol boronic acid. C) Substituent effect study by using initial
rate plot of anti-Markovnikov selective hydroarylation. D) Deuterium incorpora-
tion study with ethanol-d; as solvent.

On the basis of literature reports and the experimental
mechanistic studies, three different pathways can be proposed
for the hydrofunctionalization (Figure 1). A previously pro-
posed mechanism[9-10]Error! Bookmark not defined. jnyolves the O-H
oxidative addition of the alcohol solvent to generate a nickel-
hydride intermediate, which may undergo migratory insertion
followed by transmetalation (Path I) or transmetalation fol-
lowed by insertion (Path II) to form an Nill(alkyl)(aryl) species
and yield the hydroarylation product after reductive elimina-
tion. We surmised that an alkylnickel(Il) species could be
formed via an alternative pathway that involves a concerted,
carboxylic acid-assisted hydronickelation of the alkene (Path
III), bypassing the discrete nickel-hydride. Following
transmetalation and reductive elimination as above, this path
would also generate the hydroarylation product. Previous
computational studies on Pd-catalyzed reactions suggest that
the concerted, carboxylic acid-assisted hydropalladation(1°]
and (3-H elimination[20] is kinetically more favorable than alter-
native pathways involving palladium-hydride intermediates.

To the best of our knowledge, the analogous concerted hydro-
nickelation pathway has not been explored computationally.

Ni-L,
reductive oxidative
elimination addition

O H o Path Il

<) Ar

o)l\/K/ HOJ\/\\

\
0 r
INi]
,
HOJ\/‘\’\
ol L w _IN_
OJ\)\/[ I]\Ar concerted H O"Pr
hydronickelation
transmetalation

o]
(€]
o

migratory
insertion

transmetalation
Figure 1. Possible catalytic pathways.

We performed density functional theory (DFT) calculations
to study the proposed mechanisms in the hydroarylation of 1a
and the origin of the effects of ligand L19 on the anti-Markov-
nikov regioselectivity (Figure 2).211 The O-H oxidative addition
pathways using either alcohol or carboxylic acid as the hydride
source both require relatively high barriers (TS3 and TS2, AG#
= 36.3 and 32.1 kcal/mol, respectively). These pathways are
disfavored due to the high ligand exchange energy to replace
the alkene in the m-alkene complex 8 with "PrOHI[22] and the dis-
tortion in the intramolecular carboxylic acid O-H oxidative ad-
dition, respectively. On the other hand, the concerted hydro-
nickelation (TS1) requires a much lower barrier (11.3
kcal/mol with respect to 8) and directly leads to the primary
alkylnickel(II) species 13-A. TS1 involves a fused bicyclic ge-
ometry, where the O-H cleavage and the Ni-C/H-C bond for-
mation occur simultaneously. Although the Ni-H distance in
TS1 is relatively short (1.71 A), nickel-hydride species are not
involved in this concerted process. These geometrical features
are consistent with carboxylic acid-assisted alkene hydropal-
ladation transition states.[!®] Complex 13-A may undergo
transmetalation/reductive elimination to form the anti-Mar-
kovnikov-selective hydroarylation product or isomerization to
13-M via relatively facile 3-hydride elimination and alkene re-
insertion (see SI for details), which would eventually lead to
the Markovnikov regioisomer. Transmetalation from 13-A and
13-M occurs via four-coordinate square-planar transition
states(23] (TS4-A and TS4-M) where the pyridine group on L19
dissociates from the nickel center.[24] Because the hydro-
nickelation and the subsequent reductive elimination (TS5-A
and TS5-M) are both facile, transmetalation is the rate- and se-
lectivity-determining step of the catalytic cycle. The computed
regioselectivity (AAG# = 3.1 kcal/mol) is consistent with the
high levels of anti-Markovnikov selectivity observed in reac-
tions with the L19-supported Ni catalyst. The regioselectivity
is mainly controlled by steric repulsions between the second-
ary alkyl group and the benzyl groups on the oxazoline ligand
that destabilize the Markovnikov-selective transmetalation
transition state (TS4-M). To shed more light onto the ligand
steric effects on the regioselectivity, we computed the
transmetalation transition states using a sterically less de-
manding oxazoline ligand L10. When L10 is employed, the
Markovnikov-selective transmetalation transition state is 1.1
kcal/mol lower in energy than the anti-Markovnikov-selective
isomer due to diminished steric repulsions with the ligand (see
SI for detailed discussions). These results are consistent with



the reversed regioselectivity when L10 is used in place of
L19.[25]
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Figure 2. Computed energy profile of the hydroarylation of 1a using an L19-supported Ni catalyst. Calculations were performed at
the M06/SDD-6-311+G(d,p), SMD(1-propanol)//B3LYP-D3/SDD-6-31G(d) level of theory. Bond distances are in angstroms.

In conclusion, we developed a ligand-controlled regiodiver-
gent nickel-catalyzed hydroarylation and alkenylation reaction
of alkenyl carboxylic acids. Both Markovnikov and anti-Mar-
kovnikov selective hydrocarbofunctionalized products were
prepared with excellent yield and selectivity. Mechanistic stud-
ies revealed that use of the 4,4-dibenzyl Pyrox ligand leads to a
switch in the turnover-limiting step and results in reversal of
regioselectivity compared to ligand-free conditions. DFT cal-
culations indicated that the anti-Markovnikov selectivity is
controlled by steric repulsions between the substrate and the
sterically encumbered Pyrox ligand in the transmetalation
step.
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