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Abstract: An Ni(OAc)z-catalyzed C—H coupling of 8-aminoquinoline-
derived benzamides with epoxides has been developed. The
reaction proceeds with concomitant removal of 8-aminoquinoline
aucxiliary to form the corresponding 3,4-dihydroisocoumarins directly.
Additionally, the nickel catalysis is stereospecific; both cis- and
trans-epoxides are converted to the corresponding cis- and trans-
dihydroisocoumarins with retention of configuration, which is
complementary to the previous palladium catalysis. Moreover, while
still preliminary, the Csps—H functionalization is also achieved in the
presence of modified NiClz catalysts.

In recent few decades, metal-promoted C—H coupling reactions
have received significant attention because of their higher atom
and step economies compared to conventional cross-coupling
protocols with organic halides and organometallic reagents.!"]
Various electrophilic and nucleophilic components can be
coupled with C—H bonds under appropriate conditions to form
the corresponding C—C and C—X bonds. However, the alkylation
reaction with epoxides as alkylating reagents is less explored.
As limited successful examples, in 2015 the research group of
Kuninobu and Kanai,”! and Yu® independently reported Pd(ll)-
catalyzed C—H alkylations of arylpyridines and benzoic acids
(Scheme 1a and 1b). These strategies can address traditional
B-hydride elimination problems associated with alkyl halide
electrophiles. Additionally, in the latter work, a unique
stereoinvertive C—C bond formation was observed when internal
epoxides were used. More recently, Dong also successfully
employed epoxides in the Pd/norbornene-catalyzed direct
annulation reaction with aryl iodides.! A related cobalt-
catalyzed C—-H coupling of benzoic acids with C—C unsaturated
molecules for the synthesis of lactone derivatives was also
developed by Daugulis.®!

Meanwhile, well-designed bidentate directing groups now enable
the functionalization of otherwise difficult Csp—H and even more
challenging Csp3—H bonds. To date, many combinations of
bidentate coordination groups and transition metal catalysts
have been developed.®! Our group also focused on the high
potential of abundant Cu salts, and succeeded in the
development of unique C—H arylation, alkylation, and amination
with the assistance of suitable N,N-bidentate coordination
groups.l During continuous interest in this chemistry, we paid
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attention to the C-H alkylation with epoxides. Although we
could not find optimal Cu-based conditions, a similar base metal,
Ni,[6¢¢8l showed the promising reactivity. Herein, we report a
Ni(ll)-catalyzed C-H coupling reaction of 8-aminoquinoline-
derived benzamides, which was originally developed by
Daugulis,®@ with epoxides: the directed C—H alkylation is
followed by intramolecular alcoholysis to deliver the
corresponding  3,4-dihydroisocoumarins in one synthetic
operation (Scheme 1c). Namely, the 8-aminoquinoline group is
spontaneously removed and recovered, which deserves
significant attention because the removal of bidentate directing
groups is often tedious and problematic.”! Thus, the present Ni
catalysis can provide a potentially more effective approach to
the 3,4-dihydroisocoumarin structure frequently found in natural
products and bioactive molecules.['” Additionally notable is the
stereospecificity: the cis-epoxide can be converted to the cis-
dihydroisocoumarin whereas the trans isomer is selectively
formed from the trans epoxide. The unique stereochemical
outcome with retention of configuration is complementary to that
observed in previous Pd(ll) catalysis (Scheme 1b).5!
a) Pd(ll)-catalyzed C—H alkylation of arylpyridines (Kuninobu and Kanai)
Py Py

R cat. Pd(ll) R
+ O’>/ O

b) Pd(ll)-catalyzed C—H alkylation of benzoic acids (Yu)

\©)k Ej _cal Pa(l)

c) Ni(ll)-catalyzed C—H alkylation of benzamides (this work)

QA F Hallel
(e (A
catNl(OAc

Scheme 1. Metal-catalyzed C—H alkylations with epoxides. Py = 2-pyridyl. Q
= 8-quinolinyl.

o

Our optimization studies commenced with 8-aminoquinoline-
derived benzamide 1a and terminal epoxide 2a as model
substrates (Scheme 2a). We tested several base metal acetate
catalysts in heated diglyme (150-170 °C), and found that only
Ni(OAc)2#4H2O showed catalytic activity to form 3,4-
dihydroisocoumarins 3aa and 3aa’ in 75% combined yield with
7.3:1 regioselectivity. While not detected, the simply alkylated
products, i.e., alcohols shown in Scheme 1a can be initial
products, and subsequent intramolecular alcoholysis forms the
observed 3aa and 3aa’ (vide infra). Other metal acetates
including Mn(OAc)2#4H20, Co(OAc)2#4H20, Fe(OAc)2, and
Cu(OAc)2 gave no detectable amount of coupling products.
Although the subsequent screening of various reaction
parameters such as solvent, additives, and ligands did not
further improve the reaction efficiency, microwave irradiation
(200 °C) dramatically accelerated the reaction to deliver 3aa and
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3aa’ in 91% yield with somewhat higher regioisomeric ratio
(9.1:1 r.r.)."1 Additionally, the notable stereochemical outcome
was observed when cyclohexene oxide (2b) was used instead of
a (Scheme 2b): the corresponding dihydroisocoumarin 3ab
was obtained as the single cis isomer. The observed
stereochemistry with retention of configuration is in sharp
contrast to that in the previous Pd catalysis, where the internal
epoxide was coupled with C-H bonds in a stereoinvertive
manner.F!

a) Representative optimization studies for C-H coupling of 1a and 2a
(0]

Ni(OAC),+4H,0
o 75%, 7.3:1 1.1,
OBn 91%, 9.1:1 r.
_M(OAc), (20 mol%) 3aa (uw, 200 °C, 1 h)
d|glyme 150—170 ‘C + 0
4-2 Mn(OAc),*4H,0
OBn (0] Co(OAc),*4H,0
l>\/ Fe(OAC),
2a (2.0 equiv) Cu(OAc),
3aa’ OBn 0%

b) Ni-Catalyzed C—H coupling of 1a and 2b with retention of configuration

saasple

2b (3.0 equiv)

o

Ni(OAC)»+4H,0 o
(20 mol%)

dlglyme uw
200°C,1h

3ab 65%

Scheme 2. a) Representative optimization studies and unique stereochemistry
under Ni catalysis. Isolated yields are given. Bn = benzyl.

To check the generality of aforementioned unique
stereochemistry, we investigated the scope of benzamides 1
with cyclohexene oxide (2b). Gratifyingly, the reaction
proceeded uniformly with retention of configuration, and all
products 3 were obtained as the cis isomers (Scheme 3). The
reaction was compatible with electron-donating tert-butyl and
methoxy groups as well as electron-withdrawing trifluoromethyl
group to furnish the corresponding cis-3,4-dihydroisocoumarins
3bb-3db in 86-93% yields. The sterically demanding ortho
substitution was also tolerated under the standard conditions
(3eb). In cases of meta-substituted benzamides, more sterically
accessible C—H bonds were preferably coupled with 2b (3fb—
3hb). The chloro-substituted benzamide 1i was also converted
to the dihydroisocoumarin 3ib with an acceptable yield.
However, the C-Br moiety was detrimental, and competitively
reduced product was also observed (3jb). However, this result
is somewhat informative to an oxidation state of active Ni
species (vide infra). On the other hand, condensed 1- and 2-
naphthamides 1k and 11 could participate in the reaction without
any difficulties (3kb and 3lb): the latter reaction occurred
selectively at the less congested C3 position. Moreover, the
double cyclization of terephthalamide derivative 1m was
possible, forming the syn product 3mb as the major isomer. The
structure and stereochemistry of products 3kb and 3mb were
unambiguously determined by the single crystallographic X-ray
analysis.'"? The Ni-catalyzed reaction could be easily conducted
on a 2.5 mmol scale, and the removed 8-aminoquinoline was
also recovered in this case (3kb: 96%, 8-aminoquinoline 80%),
thus indicating good reproducibility and reliability of this process
(Scheme 4).

The scope of epoxide 2 was also examined with the 1-
naphthamide 1k. The product structures are illustrated in Figure
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1. As shown in Scheme 2a, terminal epoxides generally gave a
regiomixture (3kc—3ke) but in good combined yields with
synthetically useful regioisomeric ratios (6:1-15:1 r.r.). On the
other hand, the chloro- and phthalimide-substituted epoxides
underwent the C—H coupling exclusively at the more accessible
terminal position to deliver 3kf and 3kg as the single isomers.
Internal epoxides other than 6-membered cyclohexene oxide
(2b) were also tested. Both the smaller (2h) and larger (2i) ring
systems were accommodated, and the corresponding cis-
dihydroisocoumarins 3kh and 3ki were obtained in 81% and
90% yields, respectively. Notably, in case of the indene oxide
(2j), the regioselective benzylic C—O cleavage occurred to afford
3kj as the single regio- and stereoisomer. Its structure was
confirmed by X-ray analysis.'? The newly developed Ni
catalysis can provide rapid and concise access to various 3,4-
dihydroisocoumarins particularly bearing alkyl substituents at the
C3 and C4 positions, which deserves significant attention in the
C—H functionalization chemistry because some related O-
heterocycles can be accessed by metal-catalyzed oxidative C-H
coupling of benzoic acids with alkenes, but attempts to apply
unactivated, aliphatic alkenes still remains a challenge.['2%

Sasspie

2b (3.0 equiv)

o o o o o
7o) o] o o o
Bu MeO F5C

3ab 65% 3bb 93% 3cb 86% 3db 91% 3eb 91%

P %™ % O

3hb 71%

Ni(OAc)»+4H,0
(20 mol%)
dlglyme uw
200°C,1h

93% (20:1)

0 X

3ib 65%2 3jb <5%[@

79% (13:1)

crystal structure of 3kb

3lb 83%

3mb 37%!

crystal structure of 3mb

Scheme 3. Nickel-catalyzed stereospecific C-H coupling of various
benzamides 1 with cyclohexene oxide (2b). Conditions: 1 (0.25 mmol), 2b
(0.75 mmol), Ni(OAc)2#4H20 (0.050 mmol), diglyme (1.5 mL), microwave
irradiation (200 °C), 1 h, N2. Isolated yields are given. [a] The
hydrodechlorinated product 3ab was also formed in ca. 5% yield. [b] With
Ni(OAc)2¢4H20 (0.10 mmol) and 2b (1.50 mmol). The anti-3mb and
regioisomer were also detected in the crude mixture (<5%), but they could not
be isolated in the pure forms.

NS asle

1k 2.5 mmol 2b (3.0 equiv)

Ni(OAc),+4H,0
20 mol%)
dlglyme uw
200°C,1h

96% (609 mg)

80% (290 mg)
recovery

Scheme 4. Reaction on 2.5 mmol scale.
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88% (7:1)

fseMieobsr

3kf 33%0

54% (15:1)

oLs, Ok
Ph
3ke 3ke’ Spp

58% (6:1)

3kg 93% ©

®;

3kh 81%0!

crystal structure of 3kj

Figure 1. Product structures of nickel-catalyzed C-H coupling of 1-
naphthamide 1k with various epoxides 2. Conditions: 1k (0.25 mmol), 2 (0.50
mmol), Ni(OAc)2¢4H20 (0.050 mmol), diglyme (1.5 mL), microwave irradiation
(200 °C), 1 h, N2. Isolated yields are given. [a] With 1.0 mmol of 2f. [b] With
0.75 mmol of 2h.

To get more insight into the stereochemistry, we then
subjected cis- and trans-2-butene oxides (cis-2k and trans-2k) to
the identical conditions with 1k (Scheme 5a). To our delight, the
reaction proceeded with perfect stereospecificity: cis-2k gave
the dihydroisocoumarin cis-3kk exclusively while trans-3jk was
formed as the sole product from trans-2k. Again, the structure
of cis-3kk was unambiguously determined by X-ray analysis.l'?
Moreover, the optically active chiral epoxide (R)-2a was
converted to the chiral 3,4-dihydroisocoumarin (R)-3ka without
erosion of enantiomeric ratio (Scheme 5b). Thus, regardless of
the structural and stereochemical information of starting
epoxides (i.e., cyclic or acyclic as well as terminal or internal),
the present Ni catalyst is stereospecific and operative with
retention of configuration.

a) Reaction with cis- and trans-2-butene oxides (cis-2k and trans-: 2k)

trans 2k O cis- 2k

(3.0 equw) N (3.0 equlv)
28% N 70%
1k

Ni(OAC)»+4H,0 (20 mol%)
diglyme, uw, 200 °C, 1 h

Ni(OAC)»*4H,0 o
(20 mol%)
— ' »
diglyme, uw o
OBn

200°C,1h
(R)-3ka 70%
9:1rr,99:1eur.

trans-3kk cis-3kk

b) Reaction with otically active (R)-2a

o
O N + ?)VOBH

Saan
X (R)-2a, 99:1 e.r.

1k (2.0 equiv)

Scheme 5. Stereospecific nickel-catalyzed C—H coupling of 1-naphthamide 1k
with a) cis- and trans-2-butene epoxides (cis-2k, tfrans-2k) and b) chiral
epoxide (R)-2a.

Although the detail still remains unclear, on the basis of the
literature information and our findings,['¥ we are tempted to
assume the reaction mechanism of 1a with 2b as follows
(Scheme 6). Given the incompatibility of C—Br moiety (3jb in
Scheme 3), an active Ni catalyst is believed to be Ni' rather than
Ni".Bl  Thus, the initial reduction from Ni" precatalyst to Ni' is
followed by N,N-bidentate coordination with benzamide 1a to
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form the intermediate 4. The facile and reversible C—H cleavage
generates a metalacycle 5 with the liberation of HX.
Subsequent oxidative addition with cyclohexene oxide (2b; 5 to
6) and reductive elimination (6 to 7) to form the Csp2—Cspz bond.
Final protonolysis with HX regenerates the starting Ni' to
complete the catalytic cycle. The concurrently formed alkylation
product 8 undergoes the intramolecular alcoholysis to deliver the
observed dihydroisocoumarin. 3ab and recovered 8-
aminoquinoline. We confirmed that this ring-closing process
spontaneously occurred but was largely accelerated also by the
nickel catalyst.'1 Additionally, the observed stereospecificity
(retention of epoxide configuration) supports the net retention
process in the Ni/Ni" redox event; namely, the stereocinvertive
oxidative addition/sterecinvertive reductive elimination™™ or
stereoretentive  oxidative addition/stereoretentive  reductive
elimination('®! can be operative.

|
3ab + HoN ©)\ Ni—N
4 N|—N\

(cat. Ni)

alcoholy5|s
NiX, — NiX

%
@3 CS% Cﬁ%

Scheme 6. Plausible mechanism.

Finally, we attempted to apply conceivably more challenging
heteroaromatic thiophenecarboxamides 1n and 1o (Scheme 7a).
Under the standard conditions using the Ni(OAc)2¢4H20 catalyst,
the reaction of thiophene-3-carboxamide 1n and cyclohexene
oxide (2b) occurred smoothly with good regioselectivity (89%,
C2-3nb:C4-3nb = 11:1) while thiophene-2-carboxamide 10 gave
the product 3ob in only 22% yield. However, our additional
optimization studies revealed that NiCl2(PEts). showed better
performance to afford 3ob in 82% yield albeit with a lower
cis/trans ratio of 1.7:1.  The complexes NiCl2(PCys). and
phosphine-free NiCleglyme were also effective, and 3ob was
formed in acceptable 75% and 50% yield, respectively, with
better stereoselectivity (6:1 and >20:1).'1  Moreover, the
modified NiCl>-based catalyst systems also promoted the Csps—H
coupling of pivalamide 1p with 2b to form 3pb, particularly with
NiCl2(PCys)2 proving to be optimal (67% yield, cis/trans = 6:1)
(Scheme 7b). Also in this case, Ni(OAc)2¢4H20 was much less
effective.'™ The NiClz(PCys)2 catalyzed the Csps—H coupling of
some additional aliphatic amides (1qg—u) with 2b to deliver the
corresponding lactones 3gb—ub. When the potentially reactive
methyl and methylene Csps—Hs were present, the more sterically
accessible methyl C—-H was selectively alkylated (3rb and 3tb).
Although the cis/trans ratio at the cyclohexyl ring fused positions
was dependent on the substrate and modest in most cases, the
relative stereochemistry at the position o to carbonyl was well
controlled: the stereochemistry of major isomer of 3sb was
unambiguously determined by X-ray analysis.['? Additionally
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notable is the compatibility with the somewhat acidic proton at
the position o to carbonyl albeit with a moderate yield (3ub).
While still preliminary, the obtained results demonstrate the high
potential of Ni catalyst in the even more challenging Csps—H
couplings with epoxides.

a) Reactions with thiophenecarboxamides 1n and 10

Ni(OAc)»+4H,0
(20 mol%)
dlglyme uw
2b (3.0 equiv) 200°C, 1h
C2-3nb
89% (11: 1)
Ni catalyst s N! catalyst yield, cis/trans
(20 mol%) | O Ni(OAC),*4H,0 22%, >20:1
Ty —— NiCl,(PEty),  82%, 1.7:1
Zo'g y(r:ne1 _“th NiCIo(PCyg)y  75%, 6:1
2b (3.0 equiv) 30b NiCl,-glyme 50%, >20:1
b) Reactions with aliphatic amides 1p-u
(o]
l\gocata:z/st 0 Nicatalyst yield, cis/trans
_(20mol%) _ Ni(OAC),*4H,0 0%, n.d.
d|glyme NiCly(PEty),  32%, 10:1
170°C,23h NiCly(PCys),  67%, 6:1
2b (3.0 equiv) 3pb NiCl,glyme 47%, 6:1

additional examples of aliphatic amides under NiCl,(PCyj), catalysis (isolated yield, c:s/trans ratio)

b

o o 3tb 55%, 1.5:1% 3ub 35%, 2:11
3qgb 59%, 8:1 3rb 59%, 3:1 3sb 58%, 4:1 Crystal structure o o,

Scheme 7. Nickel-catalyzed stereospecific C-H  coupling  of
thiophenecarboxamides 1n and 1o, and aliphatic amides 1p—u. n.d. = not
determined. [a] The relative stereochemistry at the position o to carbonyl is
not determined.

In conclusion, we have developed a Ni-catalyzed, N,N-
bidentate coordination-assisted C—H coupling of benzamides
with epoxides. The reaction occurs with the concomitant
removal of 8-aminoquinoline bidentate auxiliary to form the 3,4-
dihydroisocoumarins directly.  Additionally, the reaction is
completely stereospecific in most cases: both the cis- and trans-
epoxides are converted to the corresponding cis- and trans-
dihydroisocoumarins with retention of configuration, which is in
sharp contrast to previous Pd-catalyzed C-H coupling with
epoxides.®! Moreover, the Csps—H cleavage is also possible
under NiCl2-phosphine catalysis. The observed unique activity
and stereochemistry associated with the Ni catalysis deserve
significant attention from the viewpoint of C—H functionalization
chemistry. Improvement of stereoselectivity in the reaction of
Csps—H, mechanistic investigation, and application to other ring
system construction are currently underway in our laboratory.
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Barteau, J. Phys. Chem. B 1998, 102, 394; f) C. Molinaro, T. F.
Jamison, J. Am. Chem. Soc. 2003, 125, 8076.
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For recent elegant studies on the stereoretentive oxidative addition of
epoxides to Ni via a bimolecular mechanism, see: A. N. Denoyer, E. G.
Bowes, B. O. Patrick, J. A. Love, J. Am. Chem. Soc. 2015, 137, 12748.

The isolated cis-3ob underwent no cis/frans isomerization under
NiClz(PEts)2 catalysis even with prolonged reaction periods. Thus, the
trans-3ob might be kinetically formed.

The NiClz2(PEts)2 and NiCl2(PCys). salts also catalyzed the reaction of
other amides such as the parent 1a with efficiency comparable to
Ni(OAc)2¢4H20, but we identified Ni(OAc)2#4H20 to be best from the
view point of cost (NiCl(PEts).: 4166 JPY/g (ALFA AESAR),
NiCl2(PCys)2: 3940 JPY/g (TCI), Ni(OAc)2#4H20: 13 JPY/g (Aldrich)).
Additionally, the stereochemical erosion was unique to the thiophene
10: in the reaction of nonheteroaromatic 1k and cyclohexene oxide (2b)
Ni(OAc)2#4H20/PPhs, NiCl2(PEts)2, and NiCl2(PCys). all afforded 3kb
with high cis-selectivity (16:1—>20:1). See the Supporting Information
for details.

Several attempts to apply microwave irradiation with aliphatic amides
1p-u resulted in burst, although we have no explanation for the reason.
Thus, we performed the reaction under conventional heating conditions
with an oil bath.
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Stop configuration: An Ni(OAc)-catalyzed C—H coupling of 8-aminoquinoline-
derived benzamides with epoxides has been developed. The reaction proceeds
with concomitant removal of 8-aminoquinoline auxiliary to form the corresponding
3,4-dihydroisocoumarins directly. Additionally, the nickel catalysis is stereospecific;
both cis- and trans-epoxides are converted to the corresponding cis- and trans-
dihydroisocoumarins with retention of configuration, which is complementary to the
previous palladium catalysis.  Moreover, while still preliminary, the Csps—H

functionalization is also achieved in the presence of modified NiCl> catalysts.
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