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Hydroalkylation of terminal alkynes via C—H activation is the most
atom-economical and straightforward method for synthesizing
alkenes. They remain confined to using C(sp?)—H or activated
C(sp®)—H bonds. A chelating group enabled the alkenylation of
C(sp®)—H bonds, resulting in E alkenes. Protocols by which alkeny-
lation of unactivated C(sp®)—H bonds occurs without a chelating
group via metal-hydride or radical pathways remain unknown. Our
cobalt-HAT catalysis achieves the desired Z alkene with excellent
regio- and diastereoselectivity via C—H activation.

In organic synthesis, alkenes serve as versatile and unique
building blocks." Among the numerous methods that exist,
transition metal catalyzed hydroalkylation® of readily available
terminal alkynes is regarded as one of the most versatile
methods for the stereo- and regio-controlled synthesis of
alkenes. The direct addition of a C-H bond across an alkyne
is notably the most atom- and step-economical method.?
Despite notable advancements in the utilization of C(sp®)-H
and activated C(sp*)-H bonds for hydroalkylation,” unactivated
C(sp®)-H bonds are seldom encountered, necessitating the
presence of a chelating group, and are predominantly
employed with internal alkynes (Scheme 1b).’

Transition metal-mediated hydroalkylation via C-H activa-
tion typically yields syn-adducts by concerted metalation—
deprotonation (CMD) or metal-hydride routes (Scheme 1a).
Conversely, the alternate approach of adding carbon-centred
radicals to alkynes results in limited stereoselectivity® owing to
the in situ formation of vinyl radicals with either « (linear) or o
(bent and rapidly inverting) geometry.” The vinyl radical, for-
tunately, generates configurationally stable vinyl-metal species
in situ,® which have been utilized successfully in stereospecific
transformations.’
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Alkenylation of unactivated alkanes: synthesis of
Z-alkenes via dual Co-TBADT catalysis

Vetrivelan Murugesan, Anagha Syam, Guru Vigknesh Anantharaj and

Although radical additions to alkenes have been extensively
studied,'® additions to alkynes are less prevalent (Scheme 1c).®>!!
This can be attributed to the higher singlet-triplet energy gap and/
or the generation of a highly reactive intermediate vinyl radical.””'
On the other hand, photocatalysis has been effectively employed to
synthesize alkenes through HAT processes."* Employing Ni/Ir dual
catalysis, the group of Macmillan®” and Rueping® recently revealed
a decarboxylative hydroalkylation (Scheme 1d). There are currently
no known methods for accommodating unactivated alkanes in
hydroalkylation in the absence of chelating groups via radical
additions, metal hydride, or CMD. Herein, we demonstrate the
application of cobalt-HAT catalysis in generating the desired
Z alkene with high regio- and diastereoselectivity.

We commenced our study with substrates 1-(tert-butyl)-4-
ethynylbenzene 1a and cyclohexane 2a. Under the optimized

a) Hydroalkylation via syn/anti-addition

i o H
rRINM e Mt &/R‘ or R ;
CMD or MH R R! H
R = alkyl pathyway R = arylivinyl~:
l R' §
R R R!
R R -
© syn-addition © anti-addition
(E-isomer) (Z-isomer)
b) Hydroalkylation via C—H bond activation
h
NHCOR o, F NHCOR

—
CO;Me  palladium complex Pk
CMD pathyway

CO,Me

- ¢) Hydroalkylation via radical addition - - d) decarboxylative hydroalkylation

R1
Q\[

Boc R

" R=———R!
i, FeBry, Zn, |,
AT e R D\COOH _dual photoredox _

it. H,0 N catalysis
Boc
e) This work: Dual Co/TBADT catalysis - - - -

R—=

R'-Br

i TBADT . “LaCoCl ™ © single regiomer
)\ AN A= H © API derivatives
Lod THEEE L S Thcee A N A alkyl

SOy . O nCoCly | :
Oh - h H alkyl,
cyclic/acyclic © et Semmtdfits 1 © anti-addition (Z-isomer)
Configurationally stabler @ no chelation required

......................... s

Scheme 1 Hydroalkylation of alkynes.
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Table 1 Optimization of the reaction conditions?

Wegle

TBADT (12 mol%) MeQ, Co-l

CoCly (10 mol%) -
dMeObpy (10 mol%) SN, _cl
"CHLCN : PheH (4:1) [0.08 M AN-Cg)
LED 390 nm, 27°C,24h 1/ i

3a MeO”
CoCly*dMeObpy

N
4

z

Entry Deviation from above 1a® 3a’ (2:E)
1° (7.5 mol%) NiCl,-dtbpy n.d. 37 (79:21)
2° (7.5 mol%) NiBr,-phen n.d. 40 (80:20)
3 (10 mol%) CoCl,, phen 25 60 (80:20)
4 (10 mol%) CoCl,, tMephen 29 48 (81:19)
5 (10 mol%) CoCl,, dMebpy 23 61 (79:21)
6 No deviation 15 74 (84:16)
7 (10 mol%) CoCl,, dtbpy 18 68 (87:13)
8 (10 mol%) CoCl,, (20 mol%) dmap 19 32 (82:18)
9 (10 mol%) PC, (10 mol%) Co-I T 89 (80:20)
10 (5 mol%) PC, (10 mol%) Co-I 27 71 (90:10)
11 Same as entry 10, 60 h 9 80 (91:9)
12 Same as entry 10, acetone (0.08 M) 88 5 (75:25)
13 Same as entry 10, DMSO (0.08 M) 91 <5

14 (5 mol%) PC, (5 mol%) Co-I 22 58 (80:20)
15 (7.5 mol%) PC, (15 mol%) Co-I 6 93 (86:14)
16 (7.5 mol%) PC, (23 mol%) Co-I 6 87 (92:8)
17 (5 mol%) PC, (20 mol%) Co-I 25 73 (95:5)
18° (4 + 2 mol%) PC, (16 + 4 mol%) Co-I <5 83 (93:7)°
19 Same as entry 15, 25 eq. of CyH 42 37 (90:10)
20° (30 mol%) An added as sensitizer 32 55 (91:9)
21° (20 mol%) BP added as sensitizer 38 43 (85:15)
22 Without TBADT or CoCl,-dMeObpy” 99 n.d.

23 Under air 15 51 (89:11)
24° 20 eq. H,0 added 10 47 (85:15)

“ Optimized conditions: 0.15 mmol of 1a, 7.5 mmol of 2a, 6 mol% of PC —
TBADT (portion wise), 20 mol% of Co (portion vwse] CH3;CN:PhH (4:1,
0.08 M), 390 nm, 27 °C, 48 h.” Determined by 'H NMR using 1,3,5
trlmethoxybenzene as an internal standard. © CH,CN [0.1 M]. dIsolated
yields. ° 5 mol% of TBADT.” 7.5 mol% of TBADT; bpy - 2,2"-bipyridine;
phen - 1,10-phenanthroline; dMeObpy - 4,4’-dimethoxy-2,2’-bipyridine;
dMebpy - 4,4’-dimethyl-2,2’-bipyridine; dtbpy - 4,4-di-tert—butyl—2,Z-dipyridyl;
tMephen - 3,4,7,8-tetramethyl-1,10-phenanthroline.

conditions involving 20 mol% CoCl, and 6 mol% TBADT, 3a
was obtained in 83% isolated yield with a ratio of 93:7 (Z:E)
(entry 18). A comprehensive selection of nickel complexes was
evaluated in light of our prior expertise in dual TBADT-nickel
catalysis (Table S1, ESIT).** Nevertheless, when NiCl,-dtbpy and
NiBr,-phen were utilized, the cross-coupled product 3a was
obtained only in 37% and 40% yield (Table 1, entries 1 and
2), respectively, with a moderate Z:F ratio. Significantly, the
majority of entries utilizing a nickel complex exhibited com-
plete consumption of alkyne 1a (Table S1, ESIt). Pleasingly, a
dramatic improvement in the yield was observed when CoCl,
was employed (Table S3, ESIf). Additionally, in order to aug-
ment the reaction, a variety of ligands (Table 1, entries 3-8)
were utilized, comprising phen, tMephen, dMebpy, and dtbpy
(Table 1, entries 3-5 and 7). Of the several ligands that were
evaluated, those based on bipyridine demonstrated an
enhanced yield for the synthesis of 3a. In particular, ligand
dMeObpy produced 3a with a 74% yield (entry 6). The moderate
yields were attributable to an incomplete consumption of
alkyne 1a. Having identified the optimal ligand, reactions were
conducted by altering the catalyst loadings. A significant
improvement in yield was observed when the precomplexed
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cobalt catalyst was used with decreased loading of TBADT
(Table 1, entry 9).

A further decrease in the loading of TBADT from 12 mol% to
5 mol% was shown to have a negative impact (Table 1, entry
10). No reaction was visually discernible in DMSO or acetone
(Table 1, entries 12 and 13). The ideal reaction conditions
necessitate the utilization of a 4:1 mixture of CH;CN:PhH.
None of the alternative solvents that were evaluated (Table S2,
ESIT) proved to be effective. Consequently, our study focused on
altering the proportion between TBADT and CoCl,, as well as
adjusting the loading of the catalyst (Table 1, entries 14-17).
While 7.5% TBADT increased the yield of 3a, it also decreased
the Z:E ratio of 3a to 86:14 (Table 1, entry 15). Control
experiments conducted in the absence of TBADT or CoCl,-
dMeObpy demonstrate the indispensability of these particular
reagents (Table 1, entry 22). The yield of 3a was diminished
when the quantity of cyclohexane was reduced (Table 1, entry
19). Photosensitizers are recognized for their ability to promote
E to Z isomerization."> However, the use of photosensitizers
such as anthracene (An) and benzophenone (BP) did not prove
beneficial in enhancing the E/Z ratio (entries 20 and 21). The
reaction can be performed at 4 mmol scale; the complete
consumption of 1a necessitated 5 days, resulting in the isola-
tion of 3a with a yield of 70% (Z:E - 92: 8) (SI-21, ESI{).

Table 2 depicts the scope of alkynes and alkanes. Phenyl
acetylenes incorporating tert-butyl, methyl, ethyl, phenyl, and
n-extended naphthyl groups exhibited efficient cross-coupling
reactions. The aryl bromides (1g and 1h) and chlorides
(1i and 1j) remained intact. The medicinally significant fluoro
and trifluoromethyl derivatives 1k and 11 were synthesized with
respective yields of 73% and 70%. The compatibility of the
methyl and phenyl ethers 1m-1p was also demonstrated.
Pleasingly, no competing reactions involving esters and
ketones were observed. The nitrile group was likewise compa-
tible. We employed heterocycles including thiophene and
indole derivatives 1t-1v under the optimized conditions. Con-
sequently, high yields of the corresponding coupled products
3t-3v were effectively obtained. Remarkably, the Boc protecting
group, known for its high sensitivity, remained stable through-
out the reaction. Equally striking was the compatibility of the
unprotected amine; indole 1v and aniline 1w produced 3v and
3w in 60% and 49% isolated yields, respectively. Perhaps
importantly, the compatibility of the boronic ester ensured that
subsequent functionalization remained viable. In addition, the
MOM group 3y, which is particularly sensitive to acid, remained
stable under the optimized reaction conditions. Furthermore,
the scope of alkanes 2 was expanded. Cycloheptane and
cyclooctane were compatible, producing 3aa and 3ab in satis-
factory yields, as predicted. Acyclic alkanes were also found to
be compatible, yielding a mixture of isomers. We also illustrate
the effectiveness of the approach in instances of polarity-
matched and mismatched HATs. As anticipated, the polarity-
matched a-heteromethylenes underwent successful functiona-
lization to yield the corresponding alkenes 3ae-3ag. The
polarity-mismatched o-methylenes in carbonyl compounds
were intact; as demonstrated in Table 2, cyclopentanone and

This journal is © The Royal Society of Chemistry 2024
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Table 2 Scope for alkenylation of unactivated alkanes®

TBADT (4+2 mol%)
_ CoCl,- dMeO-bpy (16+4 mol%)

N\ Y

( = + H—

N k) ACN : Ph-H (4:1) [0.08 M]
1 2 LED 390 nm, 48 h

alkyne scope
Bu Et

3a, 83% ZIE (93:7) 3¢, 70% Z/E (90:10)

So%e! Sele R vle)

3f, 62% ZIE (71:29) 3h, 68% Z/E (97:3)

MeO
MeO
leO

3m, 72% ZIE (89:11)

&0

Ph

>

3b, 81% ZIE (92:8) 3d, 76% ZIE (92:8) 3e, 80% ZIE (99:1)

vl

Cl

o

B

39, 70% ZIE (93:7) 3j, 79% ZIE (94:6)

OMe

MeO

>
o

Fa
3k, 73% ZIE (94:6)

re

3p, 77% ZIE (99:1)

31, 70% ZIE (96:4) 30, 65% ZIE (99:1)

she)
4
3t,65% ZIE (96:4)
MOMO
3y, 69% ZIE (94:6)

Q
o)
Bu
3ac, 45% ZIE (94:6); 3ad, 43% ZIE (95:5);
al

/b (1.2:1) alb (3:1) 3ae, 47% ZIE (88:12)

>
o

EtO,C A

3q, 72% ZIE (73:27) 3r, 72% ZIE (71:29) 3s, 73% ZIE (92:8)

3x, 67% ZIE (87:13)

A N

Boc

CIEN

27
Z\g)
|

Hy

3u, 73% ZIE (96:4) 3v, 60% Z/E (90:10) 3w, 49% ZIE (87:13)

alkane scope

$

Bu Me’ Bu

&
&

B B

3aa, 39% Z/E (87:13) 3ab, 44% Z/E (88:12)

bio-active molecules

= L~ cl
ove -9 N O
o/ N H 7 NH
OMe 4 H
B Bu MeO N cl N
3af, 51% (only 2) 3ag, 38% Z/E (50:50); —

oY
alb (1.3:1) O)\Q\C‘

from diclofenac
o E ;
B

3ak, 47% ZIE (87:13)
3ah, 90% ZIE (96:4)

e

from indomethacin
3aj, 59% ZIE (81:19)

LT oY

from naproxen
3am, 62% ZIE (92:8)

“\?9

3ai, sgﬂ/ Z/E (99 10
from flurbiprofen
3al, 55% ZIE (86:14)
low yielding and unsuccessful substrates

¢Er/\//

gavetraceof  gave trace of
isolated i impurites product impure product

cyclohexanone exhibited compatibility and produced the cross-
coupled products 3ah and 3ai with good yields. The API
derivatives; indomethacin 3aj, diclofenac 3ak, flurbiprofen
3al, and naproxen 3am derivatives were obtained with satisfac-
tory yields. Of note, when the enyne lan was employed, a
mixture of impure products was obtained. The alkyl alkynes
including but-3-yn-1-ylbenzene 1ao and 4-bromobut-1-yne 1ap
were recovered intact. Regrettably, N-methylmorpholine, N-
methylpyrrolidine, and tetrahydrothiophene did not yield the
coupled product. It is interesting that the formation of 3a was
entirely suppressed when 2 eq. of N-methylmorpholine was
added to the default reaction (SI-87, ESIt).

The introduction of deuterated methanol under the opti-
mized reaction conditions led to a 70% incorporation of
deuterium in the cross-coupled product 3a-D. Utilizing deuter-
ated aryl acetylene 1m-D, we identified 100% deuterium incor-
poration in the product 3m-D. These results rule out the
potential for aryl acetylide to serve as an intermediate. NMR
analysis of the reaction crude in the presence of TEMPO
revealed the presence of the TEMPO adduct 4, confirming

This journal is © The Royal Society of Chemistry 2024
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TBADT (4+2 mol%)
CoCl,- dMeO-bpy (16+4 mol%)

CD,0D (10 eq.)

CHACN : Ph-H (4:1) [0.08 M]
LED 390 nm, 48 h BU  3a.p

72%, Z:E (91:9)

70% D-incorporation

a)
Z
-
Bu
1a 2a

88% D 88%

TBADT (4+2 mol%) =
CoCl,+ dMeO-bpy (16+4 mol%)
MeO
CH4CN : Ph-H (4:1) [0.08 M]
LED 390 nm, 48 h MeO  3np

75%, Z:E (91:9)
100% D-retention
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CoCl,-dMeO-bpy (16+4 mol%

N
vRelioss
CH4CN : PhH(41)[008M] By
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1aq 2a 3aq, 11%
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Scheme 2 (a) Deuterium labelling experiments, and (b) radical trap
experiments. Cyclic voltammogram of (c) TBADT and (d) CoCl,-1,10-
phenanthroline.

cyclohexyl radical intermediacy. Additionally, radical clock
substrate 1aq offered the cyclized product 3aq’ in conjunction
with uncyclized product 3aq, which confirms the presence of a
vinyl radical intermediate (Scheme 2).

A cyclic voltammogram was conducted to gain a more
comprehensive understanding of the mechanism, as we antici-
pated that the effective reducing agent would be [W1,03,]®"
rather than [W;(03,]°.*° The cyclic voltammetry (CV) of TBADT
showed two chemically reversible reductions at potentials of
—1.37 V and —1.87 V, which correspond to the reduction of
[W10032]" /[W10032]°~ and [W1003,]> /[W10032]°, respectively.
In contrast to the irreversible reduction peak observed in the
CV of the default complex, Co(u)Cl,-dMeObpy (Co-I), an equally
effective complex, CoCl,-phen (entry 5, Table S4, ESIt), dis-
played two subsequent reductions. The reversible peak at
—1.5 V is presumably assigned to Co(u)/Co(1) and the irrever-
sible peak at —2.05 V is assigned to Co(1)/Co(0)."” Given that the
reduction potential of [W;003,]* /[W1003,]> is more anodic
than that of Co(u) to Co(i), it is probable that [W;4O3,]®"
reduces the Co(un) complex. Furthermore, as the reduction of
Co(1) to Co(0) happens at a more cathodic potential, the active
low valence species is attributed to the Co(1) species.

Based on our prior'*'®® and current studies, we postu-
lated a hypothetical mechanism in Scheme 3. The catalytic
cycle begins when the 390 nm LED excites TBADT (LMCT

Chem. Commun., 2024, 60, 14049-14052 | 14051
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Scheme 3 Hypothetical mechanism.

(ligand-to-metal charge transfer): oxygen — tungsten), resulting in
the short-lived excited species [W;,03,]"*. Subsequent intersystem
crossing generates the long-lived triplet wO species, which under-
takes a HAT event to produce the alkyl radical IV and pentavalent
decatungstate, [W;003,]°". The pentavalent decatungstate
undergoes disproportionation, resulting in the regeneration
of [W1,05,]'" and the emergence of the strong reductant
[W1403,]° . This reductant then reduces the Co(n) complex VII,
generating the low-valent Co(1) complex VII. In parallel, the alkyl
radical that is in situ-generated is captured by an alkyne, resulting in
the formation of a thermodynamically unstable transitory vinyl
radical. Ultimately, the vinyl radical is captured by the low valent
Co(1) complex VII in a stereoselective manner or the generated
species IX is more favourable than X because the cyclohexyl group
and the ligands attached to the cobalt center exhibit steric hinder-
ance in X. Following this, the vinyl cobalt intermediate is proto-
demetallated in order to generate the desired alkene product and
restore the Co(un) complex VII. The alternate pathway wherein the
alkyl radical (v) combines with Co(1) and subsequently undergoes
hydroalkylation is excluded as it would result in the formation of the
E-isomer.

In conclusion, a protocol was developed to facilitate the hydro-
alkylation of terminal alkynes through the C-H activation of
unactivated cyclic/acyclic alkanes. The inclusion of sensitive func-
tional groups like carbonyl, nitrile, and Bpin as well as acid-
sensitive groups like MOM and Boc demonstrates the mitigation
of the reaction conditions. The scope of alkanes was broadened to
include acyclic alkanes and APIs. A mechanism has been disclosed
by preliminary mechanistic investigations.
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