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ABSTRACT: A direct hydroalkylation of disubstituted
alkynes with unfunctionalized ethers and amides was achieved
in an atom-efficient and additive-free manner through the
synergistic combination of photoredox and nickel catalysis.
The protocol was effective with a wide range of internal
alkynes, providing products in a highly selective fashion.

% c’Q H
O=— + (@ Ir ) Ni ©>=<
@ =Ar,vin o NI
= Ar, vinyl, alkynyl J\
= alkyl, silyl Q=O0R, HN R ﬂ blue LED

Notably, the observed regioselectivity is complementary to conventional radical addition processes. Mechanistic investigations
suggest that the photoexcited iridium catalyst facilitated the nickel activation via single-electron transfer.

B INTRODUCTION

Substituted alkenes are versatile synthetic intermediates in
organic synthesis as well as ubiquitous structural motifs in
biologically active compounds. Intermolecular C—C bond-
forming reactions via hydrofunctionalization of alkynes
represent one of the most fundamental reactions to access
stereochemically well-defined substituted alkenes. Among these
reactions, the direct addition of an unactivated C—H bond
across an alkyne’s C=C bond is the most atom- and step-
economic strategy. To date, the majority of work in this area
has been focused on the activation of C(sp*)—H bonds."”
Routes for the direct alkenylation of C(sp*)—H bonds are quite
limited and suffer from poor selectivity. Furthermore, most
reported examples are only effective with substrates equipped
with a directing group (Scheme 1a).” Another approach is the
addition of carbon radicals generated from homolytic hydrogen

Scheme 1. Synthesis of Substituted Alkenes through
Hydroalkylation of Alkynes with C(sp*)—H Bonds
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abstraction from C(sp*)—H bonds to alkynes (Scheme 1b).
These processes typically require the use of a superstoichio-
metric amount of an oxidant or a radical initiator, and display
low levels of stereoselectivity.

Visible-light-mediated photochemistry has witnessed dramat-
ic developments over the past decade. By activation with visible
light, a photocatalyst can function as a single-electron redox
mediator or facilitate energy transfer to activate a diverse range
of organic substrates, which enables previously inaccessible
transformations.” It offers enormous opportunities for C(sp3)—
H bond functionalization.” The functionalization of C—H
bonds adjacent to a heteroatom is of considerable importance
as these heteroatom-containing chemical entities are frequently
found in pharmaceutically active agents. As compared to the
easy and effective activation of amines,’*® photoredox
activation of ethers and amides is more challenging, as the
reduction potentials are significantly higher (E, /zre‘i =+175V
vs SCE for tetrahydrofuran (THF),” and E;,** = +2.3 V vs
SCE for N,N-dimethylformamide,® as compared to E,,™¢ =
+0.7 V vs SCE for N,N-dimethylaniline).” This difficulty can be
circumvented by using additional catalyst to enable hydrogen
atom abstraction to deliver the desired a-heterocarbon
radical.'’ In particular, the Doyle and the Molander groups
have described a light-mediated arylation of a-oxy C—H bonds
by using a nickel catalyst and an Ir photocatalyst, wherein an in
situ generated chlorine radical or triplet—triplet energy transfer
was proposed as the C(sp>)—H activation mechanism."" As part
of our continuing efforts in the development of visible-light-
mediated green and sustainable chemical processes,'” we herein
report an additive-free visible-light-promoted Ni-catalyzed
C(sp®)—H alkenylation of ethers and amides with a range of
internal alkynes with excellent selectivity (Scheme 1c).
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B RESULTS AND DISCUSSION

Reaction Optimization. Our study was commenced by
evaluating the visible-light-promoted hydroalkylation of un-
symmetric alkyne 2 using THF. After careful 1nvest1gat10n of
various photocatalysts, Ni catalysts, ligands, and solvents,'> we
found that the combination of a catalytic amount of Ir(dF-
CF;ppy),(dtbbpy)PFs 1, NiCl,, and 4,4'-di-tert-butyl-2,2'-
dipyridyl (dtbbpy) ligand in THF at 60 °C under blue LED
light irradiation gave the best results. Under these optimized
conditions, 3 and 3’ were formed in 81% in a 5:1 regioisomeric
ratio, and excellent E/Z selectivity was observed for the major
isomer 3 (Table 1, entry 1). Remarkably, the major isomer 3

Table 1. Optimization of the THF Alkenylation

Ir(dF-CF 3ppy),(dtbbpy)PFg (1) (2 mol%) o o
nBu / \ NiCl, (10 mol%), dtbbpy (12 mol%)
/ *
Ph 2 THF, 60 °C, 0.05 M — —

18 W Blue LED strip, 24 h Ph 3 nBu Ph > nBu
yield
entry deviation (%) 33" EZof3®
1 none 81 S:1 >20:1
2 NiBr, instead of NiCl, 22 2:1 >20:1
3 Nil, or Ni(acac), instead of NiCl, 0 NA NA
4 NiBr, + LiCl instead of NiCl, 40 3:1 >20:1
S Ni(cod), instead of NiCl, 0 NA NA
6  Ni(cod), + LiCl instead of NiCl, 0 NA NA
7 Ru(fbpy)32+ or organocatalysts instead 0 NA NA
of 1
8  adding HCO,H (1 equiv) 12 1:3 >20:1
9  adding Cs,CO; or DBU (2 equiv) 0 NA NA
10 adding pyridine (2 equiv) 53 S:1 >20:1
11  adding lutidine (2 equiv) 68 S:1 >20:1
12 room temperature instead of 60 °C 21 S:1 >20:1
13 (dtbbpy)NiCl, (10 mol %) instead of 80 S:1 >20:1
NiCl, and dtbbpy
14 without NiCl, or 1 or dtbbpy or light 0 NA NA

“Yields were determined by the crude 'H NMR spectra using 1,3,5-
trimethoxybenzene as an internal standard. Selectmty ratios were
determined by the crude '"H NMR spectra.

possessed a complementary regioselectivity from the direct
radical addition process, as 3’ is generally favored in the latter
case wherein a transient vinyl radical intermediate is stabilized
by the adjacent aryl substituent.” The use of a NiCl, catalyst is
crucial for achieving an efficient transformation. Replacing
NiCl, with NiBr,, Nil,, or Ni(acac), resulted in a significantly
lower yield (entries 2 and 3). Furthermore, the addition of LiCl
(20 mol %) to the NiBr,-based catalytic system enhanced the
reactivity (entry 4). To our surprise, a Ni(0) catalyst (e.g.,
Ni(cod),), which is effective in coupling reactions under visible-
light promotion,"’ showed no reactivity toward alkenylation
(entries S and 6), suggesting that a Ni(0) species may not be
involved in the catalytic cycle. Changing the photocatalyst to
Ru(bpy);** or other organic photocatalysts resulted in no
product formation (Table S1). The reactivity was almost killed
in the presence of a strong acid or base (entries 8 and 9).
However, the relatively milder organic bases, pyridine and
lutidine, were tolerated (entries 10 and 11). Conducting the
reaction at room temperature instead of 60 °C resulted in a
significantly lower conversion (entry 12). Utilizing a preformed
(dtbbpy)NiCl, catalyst afforded a similar result (entry 13).
Finally, no product formation was detected in the absence of

either 1, the Ni catalyst, ligand, or light, demonstrating the need
for these components (entry 14).

Scope Evaluation. Adopting the optimized condition, the
generality of the hydroalkylation was determined by evaluating
a variety of alkynes. As shown in Scheme 2, l-alkyl-2-

Qﬁ
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Scheme 2. Scope of Substituted Alkynes”
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“(a) Isolated yields. (b) Regioselectivity and E/Z ratios of major
products determined by the crude "H NMR spectra. (c) Yields based
on the crude '"H NMR spectrum using trimethoxybenzene as an
internal standard. Phth = phthalimide.

arylacetylenes participated well in the targeted hydroalkylation.
Excellent regioselectivity was observed with bulkier alkyl
substituents (3—11). Changing the alkyl group to a silyl
substituent also resulted in excellent regioselectivity (12—19).
Notably, the incorporation of a Si(OEt); moiety furnished a
highly selective product 14, rendering this synthetic route
important to material science, " as well as providing an
additional handle for further derivatization."”” The reactions
proceeded smoothly with heterocyclic alkynes (e.g., thiophene
18 and pyridine 19). Replacing the aryl substituents of the
alkyne with vinyl (20) or alkynyl groups (21) resulted in
equally good reactivity and regioselectivity, indicating a highly
selective alkenylation with a broad internal alkyne substrate
scope. However, an alkynyl ester afforded product 22 in good
yield but poor selectivity. With diaryl-substituted alkynes (23—
25), the alkenylation was unselective regardless of the
electronic parameters of the substituents on the alkyne
terminus, resulting in a mixture of regio- and E/Z isomers.
Control experiments showed that the diaryl-substituted alkene
product underwent isomerization under the photoalkenylation

DOI: 10.1021/jacs.7b08158
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reaction conditions,">'® which accounts for the poor E/Z

selectivity of this type of substrates. The hydroalkylation
protocol was also effective for dialkyl-substituted alkynes (26).
However, terminal alkynes were not suitable substrates due to
the competing [2+2+2] cycloaddition.

We next surveyed the reactivity patterns of ether and amide
C(sp®)—H bonds undergoing this hydroalkylation (Scheme 3).

functionalization of alkynes involving a catalytic Ni-hydride
intermediate."®

Thus, control experiments were performed to gain further
insights into the nature of this C—H alkenylation. First, careful
examination of the product mixtures revealed that reduced
alkenes (34) and dienes (35, 36) were the major side products
(Scheme 4), indicating the presence of a hydride reducing

Scheme 3. Scope of Ether and Amide C(sp®)—H Partners in
the Hydroalkylation Using Batch and Continuous-Flow
Reactors”

Ir(dF-CF3ppy)2(dtbbpy)PFg (1) (2 mol%) Ph
Ph 77 NiCly (10 mol%), dtbbpy (12 mol%) )
\ L NS e Xy SiMeg
SiMe: X Benzene, 60 °C <
33 3 ) '\
1.0 equiv 20.0 equiv 18 W Blue LED strip ol (pp).® (E2)
Batch (72 h)
Fh Ph Ph
S SiMes O/\)\/SiMeg Me._O \KK/SW'%
0o bo Me
27 28 29

49% (>20:1), (>20:1) 53% (>20:1), (>20:1) 42% (>20:1), (>20:1)

Ph Ph
Ph ’ i
- SiMeg - SiMes
MEXO\)\/SiMeS H\/
N< N.
Me” OY Me OY Me

30 Me 34 Ho a2
61% (>20:1), (>20:1) 96% (>20:1), (>20:1) 55% (>20:1), (10:1)
Continuous-flow

; SiMe : 20 psi

' = 1 psi Ph
' Z2 + )+

: Ph/33 ¢] : -

1 cat. Ir 1 & NiCl, & dtbbpy ‘
: in THF/H,0 (50:1)

Ph Ph o SiMe,

C’)\VSiBnMez 0N
o Y Me

12 13 Me 340
70% (>20:1), (>20:1) 73% (>20:1), (>20:1) 77% (>20:1), (>20:1)
Tr=2h,1.03g/20h Tr=2h,1.19/16h Tr=5h,1.02g/48h

“(a) Isolated yields. (b) Regioselectivity and E/Z ratios were
determined by the crude 'H NMR spectra. (c) Using benzene as
the solvent.

Employing benzene as the solvent, various ether substrates,
including tetrahydropyran (27), dioxane (28), diethyl ether
(29), and tert-butyl methyl ether (30), participated in the
alkenylation with excellent selectivity but lower efficiency as
compared to the reaction with THF. The lower reactivity could
be due to the hi$her C—H bond dissociation energies of these
ether substrates.'' The reactions were also efficient with a-
amino C(sp®)—H bonds in amides (31, 32). To further
demonstrate the synthetic utility of this methodology, the
hydroalkylations were shown to be amenable to scale up to the
gram scale utilizing a continuous-flow reactor (12, 1.03 g/20 h;
13, 1.1 g/16 h; 31, 1.02 g/48 h)."”

Control Experiments To Elucidate the Reaction
Pathway. Although the catalytic system applied for this
hydroalkylation is similar to that for the aryl coupling reported
by Doyle and Molander,"" we suspect a mechanistically distinct
pathway for the alkenylation due to the following observations:
(i) only a catalytic amount of chloride was present in the
reaction mixture; (ii) Ni(0) is an ineffective precatalyst and no
catalytically active species can be generated from this precursor;
and (iii) the obtained regioselectivity is different from the direct
radical addition with alkynes, but similar to the hydro-

Scheme 4. Control Experiments Supporting the Formation
of a Ni—H Species”
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Ph™ 33 O THF (0.05 M), 60°C, 1 h 1h 38
1.0 equiv 18 W Blue LED strip

5% isolated yield ~OMe

“Standard conditions: Ir(dF-CF;ppy),(dtbbpy)PFs (2 mol %),
(dtbbpy)NiCL, (10 mol %), THF (0.05 M), 60 °C, 24 h, 18 W blue
LED strip.

species. More importantly, when isocyanate 37, which has been
reported to intercept an in situ generated alkenyl nickel
species,'** was added to the hydroalkylation reaction mixture,
the alkyne hydroamidation product 38 was isolated in 5% yield,
strongly supporting the generation of an alkenyl nickel
intermediate, most likely accessed through Ni—H hydro-
nickelation of the internal alkyne starting substrate.

Notably, without THF (using benzene with or without water
as solvent) only the starting alkyne was recovered (Scheme Sa),
suggesting that THF was essential for the formation of the
hydride species. Deuterium labeling experiments were
performed to elucidate the hydride source (Scheme Sb).
When using a 1:1 ratio of THF and dg-THF as the ether
reaction partner, both THF (12) and dg-THF (39)
incorporated products were detected, with a 12:39 ratio of
approximately 2:1. To our surprise, no vinyl-pD product was
observed. With solely dg-THF as the coupling partner, only
33% deuterium incorporation of the vinyl proton was detected
in the alkene product. We thus suspect that the hydride source
may preferentially arise from trace water in the reaction
mixtures. This hypothesis was further supported by adding
H,O or D,0 as an additive in the deuterium labeling study. On
the basis of these experimental results, we conclude that the
hydride source originated from the ether C(sp*)—H bonds, but
exchanged with water present in the reaction system. Although
the generation of a Ni—H intermediate from C(sp*)—H bonds
is well documented,'® this study represents a rare example of
Ni—H 2generation using C(sp’)—H bonds as the hydride
source.

When the reaction was performed in the presence of the
radical scavenger (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO), a THF-TEMPO adduct was detected (Scheme
6a), indicating the formation of THF radicals. Interestingly,
THE radicals generated by an excess amount of a di-tert-butyl
peroxide (DTBP) oxidant™' did not form any desired product
12 with alkyne 33, even in the presence of the Ni catalyst under
photoconditions (Scheme 6b).

DOI: 10.1021/jacs.7b08158
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Scheme S. Origin of Hydride Sources”
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“Standard conditions: Ir(dF-CF,ppy),(dtbbpy)PFs (2 mol %),
(dtbbpy)NiCl, (10 mol %), 60 °C, 24 h, 18 W blue LED strip.

Scheme 6. Presence of THF Radicals

a) Radical quenching using TEMPO:
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The fluorescence quenching studies demonstrated that only
(dtbbpy)NiCl, can quench the excited state of the Ir catalyst
1%, whereas alkynes, THF, and the dtbbpy ligand cannot
(Figure 1lab). To probe whether the activation of the Ni(II)
species by excited Ir 1¥* occurs via a single-electron transfer
(SET) or triplet—triplet energy transfer process,'"** a series of
iridium photocatalysts were prepared”’ and subjected to the
hydroalkylation conditions. As shown in Table 2, the yields of
product 12 did not show a strong correlation with the energy of
the Ir-based excited states. Moreover, the absorption spectrum
of (dtbbpy)NiCl, exhibits an intense band that appears in the
UV region at <350 nm (Figure SS). If the Ni species was
activated by energy transfer, irradiation of this absorption band
should permit access to the triplet state of the Ni catalyst for
the subsequent C(sp*)—H activation. However, no product was
detect with UV irradiation (280—400 nm) of the reaction
mixture (Scheme 7a). After oxidation of (dtbbpy)Ni(II)Cl, A
to transient Ni(IIl) species B using nonphotoredox oxidants

a) b)
800 800
——Ircat1
700 " 700 A ——Ir.cat1
[——Ir.cat 1 with (dtbbpy)NiCl,| \\‘ Ir.cat 1 wtih THF
600 Ir.cat 1 with PhCCSiMe, 600 | \
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3 . ) H
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Figure 1. (a) Fluorescence quenching of excited Ir 1* with Ni catalyst,
alkyne 33, or ligand in THF (excitation wavelength: 380 nm). (b)
Fluorescence quenching of excited Ir 1* with THF in benzene
(excitation wavelength: 380 nm). (c) PL spectra of Ir 1 and
(dtbbpy)NiCl, in DMSO (excitation wavelength: 300 nm). (d) PL
quenching of (dtbbpy)NiCl, (800 #M in DMSO) with Ir 1 at various
concentrations (excitation wavelength: 300 nm).

FcBF, or [TBPA]SbCl,, """ the subsequent alkenylation with a
stoichiometric amount of alkynes under blue LED irradiation
did not afford any product (Scheme 7b).

A further photoluminescence (PL) quenching study
(excitation wavelength: 300 nm) was conducted in the presence
of both Ir and Ni catalysts. If the Ni species was activated by
excited Ir 1% via triplet—triplet energy transfer, a PL
enhancement of the acceptor ((dtbbpy)NiCl,, Apug(em) = 358
nm) and a PL quenching of the donor (Ir catalyst, Ay u(em) =
480 nm) should be observed. On the other hand, if an electron
transfer occurs, PL quenching of both the donor and the
acceptor should be observed.”* As depicted in Figure Ic,
significant PL quenching of both the Ir and the Ni species
indicated an electron transfer process. As further illustrated in
Figure 1d, the degree of PL quenching of (dtbbpy)NiCl,
enhanced upon increasing the concentration of Ir 1.

Tentative Proposed Mechanistic Cycle. A tentative
mechanistic pathway was proposed in light of all of the
experimental data (Figure 2). Visible-light irradiation of the
Ir(11I) photocatalyst 1 to *Ir(III) 1* (E,;, = 1.21 V vs SCE in
MeCN) oxidizes (dtbbpy)Ni(II)Cl, A (E, ,™[Ni"/Ni"] = 0.72
V vs SCE in MeCN, Figure S3) to a transient Ni(III) species B.
Both the photoluminescence quenching study (Figure 1) and
the UV irradiation control reaction (Scheme 7a) support the
activation of A by excited Ir 1% through SET other than
triplet—triplet energy transfer. Photolysis of the Ni(III) species
B results in a Ni(I) species C and a chlorine radical, which
rapidly abstracts a hydrogen atom from THF (H—Cl BDE =
102 kcal/mol, THF a-C—H BDE = 92 kcal/mol) to produce a
THF radical (can be trapped by TEMPO, Scheme 6a) and
HCIL. The crucial role of chloride has been illustrated by the
sluggish reactivity of NiBr,, Nil,, and Ni(acac), catalysts and
the improvement obtained by adding LiCl to the NiBr, catalyst
system (Table 1, entries 2—4). Similar to Doyle’s study,'"” the
THF radical may rebound to the Ni(II) catalyst to deliver
intermediate D.”> Because intermediate D would not undergo

DOI: 10.1021/jacs.7b08158
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Table 2. Evaluation of Ir Photocatalysts with Different Energy States™’

Ir photocatalysts (2 mol%)

S'Mes O NiCl, (10 mol%), dtbbpy (12 mol%)
THF, 60 °C, 0.05 M

‘I.O equiv

Ir photocatalysts yield (%)“

Ir(ppy)s 0
Ir(dFppy),(dtbbpy)PF, 12
Ir(4-Fppy)s 0
Ir(dFCF;ppy),(dtbbpy)PF4 70
Ir(2,4-dFppy) 0
Ir(dFCF;ppy),(phen)PF, 34
Ir(dFCF3ppy),(bpy)PFe 34
“Isolated yields.

18 W Blue LED strip, 24 h Ph 12 SiMe;
Er (kcal/mol)* Eyp(M*/M7)* Eyp(M# /M)
55.2 +0.55 -1.97
554 +1.14 —0.93
58.6 +0.73 -1.86
60.1 +1.21 —0.89
60.1 +0.39 -1.23
60.2 +1.39 -0.83
60.4 +0.97 -0.97

Scheme 7. Further Control Experiments
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Figure 2. Tentatively proposed mechanism.

carbo-nickelation with alkynes under the optimal photo
condition (Scheme 6b) *¢ a reductive elimination delivers the
Ni(I) intermediate E,”’ which subsequently forms the key
nickel-hydride species F through oxidative addition to HCL*®
The observed side-products 34, 35, and 36 (Scheme 4)
strongly supported the presence of a hydride reducing species.
The proposed D — F also explains the experimental
observation that the hydride source originated from THEF, but
can exchange with trace water presented in the reaction mixture
as illustrated in the deuterium labeling experiments (Scheme
5).”” The acid/base additive studies also support this proposed
process. As a strong base will quench HCI, while an acid may
consume Ni-hydride, both strong base and acid additives are

detrimental to the reaction (Table 1, entries 8 and 9).”° A SET
reduction of highly reactive Ni(III)—H intermediate F by the
reducing Ir(II) species (E,,, = —1.37 V vs SCE in MeCN) gives
Ni(II)-hydride G. The control experiment in Scheme 7b also
suggests that the Ni(III) intermediate may undergo reductlon
before it can react with the internal alkyne substrate.”’

Subsequent hydronickelation of the alkyne,'”**" in which the
regioselectivity is determined, results in the less sterically
hindered vinyl nickel intermediate H-major, which corresponds
to the observed major isomer product. The generation of
alkyne hydroamidation product 38 using isocyanate 37 under
this reaction condition strongly supports the formation of an
alkenyl nickel intermediate. The final nucleophilic substitution
with the in situ generated THF chloride produces the observed
major alkene product while regenerating the Ni(Il) catalyst A.

H CONCLUSION

Overall, an unprecedented photoinduced hydroalkylation of
alkynes with ether and amide C(sp*)—H bonds was achieved in
an atom- and redox-efficient manner through the combination
of photoredox and nickel catalysis. A variety of internal alkynes
were excellent substrates for this transformation, delivering
alkene products with high regioselectivity, which is comple-
mentary to the direct radical addition process. Mechanistic
experiments indicated a rare example of nickel-hydride
generation with C(sp®>)—H bonds as the hydride source. The
presented C(sp*)—H activation protocol through a unique
nickel-hydride formation pathway promises more applications
for C(sp®)—H functionalization with other unsaturated systems.
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