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Divergent and selective synthesis has been widely achieved in transition-metal-catalyzed reactions through
a ligand property tuning strategy. However, ligand-loading-controlled divergent synthesis has rarely been
reported. Due to changes in ligand loading, different metal complexes should be formed and exhibit diverse
catalytic properties. Herein, we disclose a Ni/photoredox-catalyzed divergent and selective coupling
between redox-active methylenecyclopropanes and aryl bromides through ligand loading adjustment, pro-
viding ranges of alkyne derivatives and dibenzylethylene derivatives. Two different catalytic cycles are pro-
posed to demonstrate the generation of two sets of products, where homopropargyl radicals and nickelacy-
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Introduction

A ligand-controlled divergent synthetic strategy has been
widely explored in the field of transition-metal catalysis over
the past few decades.' By tuning the electronic properties and
steric hindrance of ligands, the metal-ligand complex as the
ligated catalyst can exhibit different catalytic activities and site
selectivities.> Hence, broader transformations of the same
starting materials can be achieved under almost identical con-
ditions, offering facile access to diverse synthetic applications.
Nevertheless, this strategy requires chemists to invest more
effort in the process of ligand screening and rational ligand
design. Typically, the choice of ligands plays a crucial role in
transition-metal-catalyzed reactions, but the ligand loading
often does not receive careful attention in many reported pro-
tocols. In most cases, the dosage ratios of the ligand to metal
are in the range of 1 to 2, and the specific ratios are not strictly
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clobutane species should be crucial intermediates in the corresponding catalytic cycle, respectively.

controlled, only ensuring that the ligand is more than the
metal to form the desired complex. Simple changes of ligand
loading may lead to different metal-ligand complexes forming
in the reaction system, providing metal centers with different
catalytic activities and site selectivities. In particular, when the
ligand loading is less than the metal loading, the free metal
and ligand-coordinated metal in the system may show
different properties, leading to some unexpected transform-
ations of the substrates. Alternatively, when the ligand is far in
excess, the multiple coordination of the ligand with the metal
would also result in a catalytic center different from the single-
coordinated metal-ligand complex. Compared with the differ-
entiation of ligand selection, this scheme can also provide a
potential path for divergent synthesis in transition-metal cata-
Iytic transformations (Scheme 1a).

In divergent and selective synthetic protocols, different
catalytic transformations can be realized by changing the reac-
tion conditions,® which in turn requires the starting materials
to have multiple reactivities to accomplish the corresponding
conversions. Hence, chemists usually prefer substrates with
multiple reactive sites since the rational design and selection
of substrate structures are essential for achieving divergent
synthesis.* Methylenecyclopropanes (MCPs), a class of three-
membered ring substrates with a strained exocyclic double
bond, have been comprehensively explored as versatile C-3
building blocks since the 1970s.” The highly strained structure
with multiple active sites makes MCPs excellent candidates
in the field of transition-metal-catalyzed carbon-carbon
activation.® Among them, ligand-controlled divergent trans-
formations of MCPs have also been explored. For example, in
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a) Common ligand-controlled divergent synthesis (left) and proposal of ligand
loading effect for divergent synthesis (right)
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Scheme 1 Project background and this work.

2023, Ge’s group reported a cobalt-catalyzed ring-opening reac-
tion of MCPs to obtain two sets of skipped diboronates
through a ligand-tuning strategy (Scheme 1b).”

Our group has long been investigating applicable conver-
sions of MCPs through careful substrate design and mild con-
dition selection.® In 2021, we successfully demonstrated that
redox-active MCPs could be applied as alkyne building blocks
through a facile radical rearrangement process (Scheme 1c).’
Under mild photocatalytic conditions, the MCP substrate teth-
ered with N-(acyloxy)phthalimide (NHPI ester), a redox-active
ester used as an efficient radical precursor,'® could afford a
homopropargyl radical adding to the alkene in the protocol. To
broaden the applications of these valuable building blocks, we
envisioned that such substrates may be applied to nickel-cata-
lyzed coupling reactions to develop potential transformations.
Herein, we wish to report a ligand loading-controlled photo-
redox/nickel catalyzed divergent and selective coupling between
redox-active MCPs and ArBr, delivering a series of alkyne deriva-
tives and dibenzylethylene derivatives (Scheme 1d). Notably, the
alkyne product was afforded when the loading of the bidentate
ligand exceeded the nickel catalyst, while the dibenzylethylene
product was obtained when the nickel catalyst was excessive.

Results and discussion

We commenced our studies by utilizing NHPI ester 1a (1.0
equiv.) with ArBr 2a (1.0 equiv.) as the model substrates. In the

This journal is © the Partner Organisations 2024
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presence of Ir[dF(CF;)ppy].(dtbbpy)PFs (2 mol%), NiBr,-DME
(10 mol%), 4,4-di-tert-butyl-2,2"-bipyridine (L1, 15 mol%),
Hantzsch ester (HEH, 2.0 equiv.), and Li,CO; (4.0 equiv.) in
NMP as the solvent under 30 W blue LED irradiation, the
desired alkyne product 3aa could be obtained in 83% yield
(Table 1, entry 1) (see ESI Tables S1-S9f for more details).
Apart from ligand L1, other substituted 2,2"-bipyridine ligands
were also screened in the reaction but did not offer better
results (Table 1, entries 2-4). Notably, substituted 2,2'-bipyri-
dine ligands containing electron-deficient groups (CF;,
CO,Me) (Table 1, entry 3) were ineffective in this nickel-cata-
lyzed coupling reaction. The polydentate ligand L6 showed no
reactivity (Table 1, entry 5), while ligand 1,10-phenanthroline
(L7) provided the alkyne product in 43% yield (Table 1, entry
6). Reducing the loading of the nickel source and ligand
resulted in a slight decrease in the yield of 3aa (Table 1, entry
7). Increasing the concentration of the system and reducing
the amount of base (Table 1, entry 9) would lower the yield of
3aa (see ESI Table S5 for more details). Control experiments
revealed that HEH, light irradiation, nickel source, ligand and
photocatalyst were indispensable for the generation of the
alkyne product (Table 1, entry 10). It should be noted that in
the process of nickel catalyst and ligand loading optimization,
the excessive addition of a nickel salt over the ligand led to the
disappearance of alkyne product 3aa (Table 1, entry 8) surpris-
ingly, but gave a different coupling product 4aa (see ESI
Table S9t for more details).

Ir[dF (CF 3)ppyl,(dtbbpy)PFs (2 mol%)
NiBr,-DME (10 mol%)
dtbbpy (15 mol%)
HEH (2.0 equiv), Li,CO3 (4.0 equiv)

Br

Table 1 Optimized conditions for the formation of 3aa
NMP (0.05 M), tt, 18 h

CF4
/\/©/
o CFy 30 W blue LED

1a 2a 3aa

3aa, yield”

Entry” Deviation (%)

1 None 83 (75)°
2 L2 50

3 L3 or L4 n.d.

4 L5 57

5 L6 n.d.

6 L7 43

7 NiBr,-DME (5 mol%), dtbbpy (10 mol%) 73

8 NiBr,-DME (10 mol%), dtbbpy (5 mol%) n.d.

9 NMP (0.1 M), Li,CO; (2.0 equiv.) 57

10 w/o HEH, irradiation, nickel source, ligand or n.d.

photocatalyst
By fBu  MeQ, OMe CF3 CFs MeOZC COZME
L1 (dtbbpy)

EtO,C. CO,Et
0
Me” "N” "Me
H

HEH

- - Ny
_w &
L5

“Reactions were performed on a 0.1 mmol scale. °Yields were deter-
mined by analyzing '"H NMR spectroscopic data using 1,3,5-trimethox-
ybenzene as an internal standard. ¢ Isolated yield on a 0.2 mmol scale.
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Next, condition screening for the double aryl group coup-
ling product 4aa was also conducted (Table 2). To better
compare the differences in catalyst loading for producing two
distinct products, we still utilized NHPI ester 1a (1.0 equiv.)
with ArBr 2a (1.0 equiv.) as the model substrates under
approximate reaction conditions. Product 4aa could be
obtained in 81% yield (Table 2, entry 1) only by changing the
loading of NiBr,-DME (15 mol%) and L1 (7.5 mol%) based on
the optimized conditions for 3aa. Photocatalysts such as
4CzIPN, Ir(dtbbpy)(ppy).PFs, and Ir[dF(Me)ppyl.(dtbbpy)PFs
were all competent in the catalytic process, albeit with moder-
ate yields ranging from 51% to 69% for product 4aa (Table 2,
entries 2-4). Lowering the Ni L™" loading resulted in a signifi-
cant decrease in the yield of 4aa to 50% (Table 2, entry 5),
while increasing the Ni L™ loading provided a similar yield
(Table 2, entry 6). Analogous to our previous report,"’ extra
nickel salts seem to be indispensable for obtaining product
4aa (see ESI Table S91 for more details). When a commercially
available NiBr,-dtbbpy complex was used as the sole catalyst,
the double aryl group coupling product could also be delivered
in 24% yield, probably due to the presence of dissociated
nickel salts (Table 2, entry 7). NiCl,-DME was also an effective
nickel source in this catalytic system (Table 2, entry 8), while
Ni(acac), showed no catalytic activity in the catalytic process
(Table 2, entry 9). Similarly, the use of ligands containing elec-
tron-deficient groups and polydentate ligands failed to yield
the final product 4aa (Table 2, entry 10). The other screened
ligands did not afford better results (Table 2, entries 11-13). A

Table 2 Optimized conditions for the formation of 4aa

0

CF'g

Ir[dF(CF;)ppy]z(dtbbpy)PFs (2 mol%)
NiBr,-DI (15 mol%)
dlbbpy 7 5 mol%)

HEH (2.0 equiv), Li,COj3 (4.0 equiv)

NMP (0.05 M), t, 18 h
30 W blue LED

OO

CF3 O

4aa, yield®

Entry” Deviation (%)

1 None 81 (72)°
2 4CzIPN as the photocatalyst 51

3 Ir(dtbbpy)(ppy).PFs as the photocatalyst 69

4 Ir[dF(Me)ppyl.(dtbbpy)PFs as the photocatalyst 58

5 NiBr,-DME (10 mol%), dtbbpy (5 mol%) 50

6 NiBr,-DME (20 mol%), dtbbpy (10 mol%) 78

7 NiBr,-dtbbpy (10 mol%) 24

8 NiCl,-DME instead of NiBr,-DME 68

9 Ni(acac), instead of NiBr,-DME n.d.

10 L3, L4 or L6 instead of L1 n.d.

11 L2 instead of L1 75

12 L5 instead of L1 58

13 L7 instead of L1 35

14 1.0 equiv. of HEH 56

15 DMAc instead of NMP 32

16 NMP (0.1 M) 33

17 w/o HEH, irradiation, nickel source, ligand or n.d

photocatalyst

“Reactions were performed on a 0.1 mmol scale. ” Yields were deter-
mined by analyzing "H NMR spectroscopic data using 1,3,5-trimethox-
ybenzene as an internal standard and calculated on a 0.05 mmol.
“Isolated yield on a 0.3 mmol scale.
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significant decrease was observed upon lowering the amount
of HEH to one equivalent (Table 2, entry 14). The use of
another aprotic polar solvent DMAc failed to provide 4aa in a
comparable yield to that of NMP (Table 2, entry 15). In
addition, such a dual coupling process was quite sensitive to
the concentration of the reaction solution. The increase in con-
centration led to poor reactivity, giving the final product 4aa
with a yield of 33% (Table 2, entry 16). Likewise, HEH, light
irradiation, nickel source, ligand and photocatalyst were all
indispensable for generating 4aa (Table 2, entry 17). We also
analyzed the internal mixtures of these two reactions (see ESI
page S32+ for more details).

With the optimized conditions in hand, we then investi-
gated the generality of such a nickel/ligand loading-controlled
coupling protocol for producing distinct products 3 and 4.
First, a series of NHPI esters bearing methylenecyclopropanes
were coupled with ArBr (2a or 2b) under two slightly different
conditions (Scheme 2). When the substituent R was an ethyl
group (1b) or a propyl group (1c), two modes of coupling reac-
tions could proceed smoothly to afford alkyne products (3bb,
3ca) and double aryl group coupling products (4bb, 4ca) in
similar yields to those of substrate 1a. For substrate 1d where
the substituent R was a hydrogen atom, the terminal alkyne
coupling product 3db was obtained in 70% yield and the 1,1-
dibenzylethylene product 4db was obtained in 65% yield. The
cyclopropane group introduced in substrate 1e was retained in
the generation of products 3eb and 4eb. When we introduced
a terminal alkyne group in the NHPI ester substrate, the
corresponding alkyne product 3fb was obtained in 36% yield,
while only a trace amount of 4fb was generated (see ESI page
S331 for more details). Replacing the terminal alkyne group
with an internal alkyne group could increase the yield of
alkyne product 3gb to 52%, though the double aryl group
coupling product 4gb was still produced in a trace amount.
The allyl group (1h) and methyl-substituted allyl group (1i)
were well tolerated in this nickel-catalyzed coupling process,
affording the corresponding products 3ha and 3ib in 60% and
65% yields, as well as 4ha and 4ib in 47% and 68% yields,
respectively. An array of benzyl groups bearing diverse substi-
tuents introduced in the substrates (1j-10) were tested under
both sets of reaction conditions, affording the alkyne products
(3jb-30b) in yields ranging from 57 to 72% and tribenzylethyl-
ene products (4jb-4ob) in yields ranging from 59 to 68%.
Notably, substrates containing the fused aromatic ring (1p)
and aromatic heterocycle (1q) could also undergo the trans-
formation processes smoothly to give the corresponding pro-
ducts 3pb and 3qb in 67% and 52% yields, as well as 4pb and
4qb in 62% and 40% yields, respectively.

Next, we investigated the scope of the electrophilic coupling
partners of aryl bromides under the two sets of reaction con-
ditions (Scheme 3). Aryl bromides bearing electron-withdraw-
ing groups at the para-position underwent the two modes of
the coupling process smoothly yielding the alkyne products
(3ab-3af) and 1,1-dibenzylethylene products (4ab-4ae) in mod-
erate yields ranging from 56% to 82%. It should be noted that
the cyano group was not well tolerated in the double aryl

This journal is © the Partner Organisations 2024
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Ir[dF(CF 3)ppyl.(dtbbpy)PF 5 (2 mol%)
NiBry' DME (10 mol%)
dtbbpy (15 mol%)

HEH (2.0 equiv), Li;COj3 (4.0 equiv)

.

NMP (0.05 M), rt, 18 h
30 W blue LED

‘Conditions A’
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Ir[dF(CF 3)ppy]2(dtbbpy)PFg (2 mol%)
NiBr, DME (15 mol%)
dtbbpy (7.5 mol%)

HEH (2.0 equiv), Li,CO3 (4.0 equiv)

2a (Ar = p-CF3CgH,)
2b (Ar = p-CO,MeCgH,)

NMP (0.05 M), rt, 18 h
30 W blue LED

‘Conditions B’

CO,Me CF3
/v@ Mv@

3bb, Con. A 73% 3ca, Con. A71%

MeO,C. CFs
O CO,Me O CFs
I I

4bb, Con. B70%

Pz
X _Z N7

3gb, Con. A 52% 3ha, Con. A60%

MeO,C. CFs
= S
P ®
N P
=

4ha, Con. B47%

MeO,C. i
S

4ca, Con. B68%

4gb, Con. B trace

°

30a, Con. A57%

99¢

4o0a, Con. B 59%

4db, Con. B 65%

CO,Me
=
\Mv©/

3ib, Con. A 65%

MeO,C
O CO,Me
AP O

4ib, Con. B 68%

&

3pb, Con. A 67%

0 —_—

4pb, Con. B62% CFs

= N
& = X _Z

3db, Con. A 70%

3eb, Con. A 76%

MeO,C. MeO,C
® o
DS »
\V, 7

4eb, Con. B70%

3fb, Con. A 36%

CoMe CO,Me

4fb, Con. B trace

3jb, R' = H, Con. A 72%
3kb, R'=F, Con. A71%
3lb, R' = Cl, Con. A 69%
3mb, R" = CF3, Con. A 73%
3nb, R'= Me, Con. A 66%

4jb, R' = H, Con. B65%
4kb, R' =F, Con. B63%
4lb, R' = CI, Con. B 60%
4mb, R' = CF, Con. B 56%
4nb, R' = Me, Con. B68%

CO,Me
CF3W/©/

3gb, Con. A 52%

CO,Me

4qb, Con. B 40%

Scheme 2 Scope of NHPI ester substrates. Reactions were performed on a 0.2 mmol scale for product 3 and on a 0.3 mmol scale for product 4.
Isolated yields (yields of product 4 were calculated on a 0.15 mmol scale). See ESI page S12} for more experimental details.

group coupling process, probably owing to coordination with
the extra nickel salts resulting in the deactivation of the critical
catalytic nickel species. For electron-neutral aryl bromides
such as 4-bromobiphenyl, the corresponding coupling pro-
ducts (3ag/4ag) were obtained smoothly in 70% and 74%
yields, respectively. Unfortunately, electron-rich aryl bromide
namely 4-bromoanisole was not a competent coupling partner
in this nickel-catalyzed coupling protocol. Aryl bromides con-
taining meta-substituted groups (OMe, Cl) and ortho-substi-
tuted groups (F) were also tested, yielding the corresponding
products 3ai-3ak and 4ai-4ak in moderate to good yields
ranging from 50% to 77%. Boronic acid pinacol ester was also
well tolerated under the two sets of mild conditions, affording
the desired products (3ah/4ah) in 54% and 47% yields, respect-
ively. Moreover, diverse polycyclic aryl bromides underwent the
coupling processes smoothly to afford the final alkyne pro-
ducts (3al-3ar) and polysubstituted olefinic products (4al-4aq)
in yields ranging from 50 to 78%. Notably, product 4ar could
not be obtained successfully under the standard conditions B,
probably due to the coordination between the nickel species,
oxygen atom, and fluorine atom, which restricted the catalytic

This journal is © the Partner Organisations 2024

ability of the nickel catalysts (see ESI page S331 for more
details). Furthermore, bromopyridine could not complete the
double aryl group coupling process owing to the coordination
interactions with the nickel species; however, the corres-
ponding alkyne product 3as could be furnished in 81% yield.

Furthermore, to investigate the synthetic applicability of the
nickel-catalyzed protocol, scale-up experiments of 1a and syn-
thetic transformations of alkynes were also conducted (see ESI
page S36+ for more details).

Possible reaction pathways

Our group has recently disclosed that the NHPI ester sub-
strates bearing methylenecyclopropanes could undergo the
ring-opening reactions smoothly to deliver the homopropargyl
radicals under photoreductive conditions.® Specifically, radical
anionic intermediate I formed from substrate 1 (NHPI ester)
through a SET (single electron transfer) process could undergo
homolytic fragmentation, releasing the phthalimide anion and
CO,. The transiently formed ethylenic radical II underwent a
thermodynamically favorable radical rearrangement process to
afford homopropargyl radical III. In this protocol, such a

Org. Chem. Front, 2024, 1, 5720-5730 | 5723
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Ir[dF(CF 3)ppy]2(dtbbpy)PFg (2 mol%)
NiBr,-DME (10 mol%)
dtbbpy (15 mol%)
HEH (2.0 equiv), Li,CO3 (4.0 equiv)

NMP (0.05 M), 1t, 18 h
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Ir[dF(CF 3)ppyl2(dtbbpy)PFg (2 mol%)
NiBry-DME (15 mol%)
dtbbpy (7.5 mol%)
HEH (2.0 equiv), Li,COj3 (4.0 equiv) .

(3

()

NMP (0.05 M), rt, 18 h R
30 Wblue LED 30 W blue LED
‘Conditions A’ ‘Conditions B* 4

3ab, R = CO,Me, Con. A 74%
3ac,R=F, Con. A63%
3ad, R = Cl, Con. A 62%
3ae, R = Ac, Con. A 82%
3af, R =CN, Con. A 65%

Ph
/\/©/

3ag, Con. A 70%

4ab, R = CO,Me, Con. B 62%

4ac, R =F, Con. B66%

4ad, R = Cl, Con. B 56%

4ae, R = Ac, Con. B70%

4af, R = CN, Con. B trace
4ag, Con. B 74%

Pl e

3ak, Con. A77% 3al, Con. A 66%

CFa e

4ak, Con. B 63% 4al, Con. B 59%

oUre :Wp

Cl

OMe
BPin
=

3ah, Con. A 54% 3ai, Con. A 55% 3aj, Con. A51%

4ah, Con. B 47%

o

3am, Con. A67%

4ai, Con. B 50% 4aj, Con. B 53%

3an, Con. A 52%

4am, Con. B 68% 4an, Con. B 55%

3ao, Con. A 65%

4ap, Con. B61%

3ap, Con. A 57%

4ao, Con. B50%

3aq, Con. A 78% 3ar, Con. A 53% 3as, Con. A 81%

4aq, Con. B66%

4ar, Con. B trace 4as, Con. BNR

Scheme 3 Scope of aryl bromides. Reactions were performed on a 0.2 mmol scale for product 3 and on a 0.3 mmol scale for product 4. Isolated
yields (yields of product 4 were calculated on a 0.15 mmol scale). See ESI page S12} for more experimental details.

C(sp®) hybridized fragment should engage in the nickel-cata-
lyzed C(sp®)-C(sp®) cross-coupling process to give the final
alkyne product 3 (Scheme 4, Path A)."? In addition, the double
aryl group coupling product was also obtained in this photo-
redox/nickel catalyzed protocol. We initially speculated that

radical

rearrangement
- Path A %» M Al /—/
O 0,
- Jf _ fragmentation mn
F7 N\
N=0 - NPhth™, - CO, E
oA |
SET Path B HAT or SET _ﬂ> ArBr B\
Substrate 1 My Ar
NHPIIester 4
SET
Ni msemon
R
_ fragmentation HAT or SET H
N0 J )= NPhth~, - COg radical Ar
N' rearrangement Ni Mr
inhibition
o v Path C 4

Scheme 4 Possible reaction pathways for the generation of products.

5724 | Org. Chem. Front, 2024, 11, 5720-5730

the ethylenic radical II may undergo a HAT (hydrogen atom
transfer) process or a SET process to provide the methyl-
enecyclopropane intermediate IV. Then intermediate IV could
undergo a Ni-catalyzed coupling process with ArBr via selective
distal bond cleavage to afford product 4 (Scheme 4, Path B), a
known process recently demonstrated by our group.''
However, considering that the radical rearrangement process
is quite thermodynamically favored, Path B could not explain
why the alkyne products 3 were not generated during the pro-
duction of 4. Herein, we provide a tentative hypothesis to
explain how the addition of extra nickel salts led to the pro-
duction of two different products (Scheme 4, Path C). Due to
the lack of coordination with bidentate ligands, the additional
“free” nickel salts with electron deficiency and less steric hin-
drance were more inclined to undergo the oxidative addition
process with the electron-rich methylenecyclopropane struc-
ture in the substrate (cyclopropane insertion). As a result, the
nickelacyclobutene intermediate™ would inhibit the radical
rearrangement in the homolytic fragmentation process,
bypassing the generation of homopropargyl radical III. The fol-

This journal is © the Partner Organisations 2024
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lowing HAT process (or the SET process) and the coupling
process delivered 4 as a single product. It should be noted that
the sequence of fragmentation (P1), HAT or SET (P2) and the
Ni-catalyzed coupling process (P3) was difficult to figure out in
the generation of product 4 (Scheme 4, Path C). The nickel-
catalyzed coupling process may take place before the reductive
fragmentation process, or these three processes may occur
simultaneously.

Mechanistic investigations

To investigate the mechanism of NHPI ester activation, we first
conducted UV/vis absorption studies of the redox-active sub-
strate 1a and HEH. Consistent with the previous reports,'* a
bathochromic shift (Scheme 5a, red band) was observed for a
mixture of NHPI ester 1a and HEH, indicating that the for-
mation of an electron donor-acceptor (EDA) complex was
probably involved in this nickel-catalyzed protocol. Hence, the
EDA-complex could provide a potential pathway for the single
electron reduction of the NHPI ester substrate. Next, fluo-
rescence quenching studies of the photocatalyst with HEH,
substrate 1a and NiBr,-DME were conducted (Scheme 5b). The
excited state of Ir[dF(CF;)ppyl,(dtbbpy)PFs was more strongly
quenched by HEH, implying that a reductive quenching
cycle'® was involved in the reaction process and a reducing Ir

a) UV/vis absorption studies
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2.0 4
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c
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Scheme 5 UV/vis
studies.

absorption studies and fluorescence quenching
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() center (E%) = ~1.37 V vs. SCE in MeCN)'® was generated.
Though substrate 1a exhibited no quenching effect on the
excited photocatalyst, we suggested that the NHPI ester 1a
(E;e/d2 = —1.11 V vs. SCE in DMAc, see ESI Fig. S81 for more
details) could also receive an electron from the reducing Ir(u)
center.’ The quantum yields were measured as @ = 0.15 and @
= 0.04 (see ESI page S19t for more details) in the generation of
alkyne product 3aa and dibenzylethylene product 4aa, respect-
ively, suggesting that a radical chain process was possibly not
involved in the two sets of reactions.

A series of control experiments were also conducted to gain
more insights into the two sets of reaction mechanisms. We
first investigated the transformations of the NHPI ester sub-
strate under the photocatalytic conditions. Rearrangement
product 10 could be isolated in 82% yield from substrate 1n as
a single product (Scheme 6a, above). This result suggests that
such a rearrangement product was formed from the homopro-
pargyl radical 1n-IV. In particular, substrate 1n underwent a
SET process to form the radical anionic intermediate 1n-I,
which could release the phthalimide anion and CO, along
with a rearrangement process to give intermediate 1n-IV
through intermediate 1n-II or 1n-III. Though the classical
MCP substrate 1j' could also deliver the corresponding product
4jb in 68% yield under conditions B (Scheme 6¢),'" we did not
observe the cyclopropane-maintained product 11, which could
be generated from the possible vinyl radical 1n-III through a
HAT (or SET) process. In addition, considering that the nickel
species may promote the hydrogenation of vinyl radical 1n-III,
we added extra NiBr,DME (10 mol%) into the reaction
(Scheme 6a, below). However, we still did not observe any
cyclopropane-maintained product 11. The rearrangement
product 10 was not detected owing to the destruction of the
MCP moiety by the nickel species (see ESI page S141 for more
details). These results implied that the possible intermediate
IV proposed in Scheme 4 (Path B) was possibly not involved in
the reaction process of generating product 4 and path B was
unlikely. Next, 2,2,6,6-tetramethylpiperidinooxy (TEMPO) used
as the radical scavenger was added to the two sets of reactions,
both reactions were inhibited completely and the corres-
ponding products were not detected (Scheme 6b). These two
experiments suggest that radical reaction pathways were poss-
ibly involved in the two sets of coupling reactions. Deuterium
labeling studies using d;-HEH and D,O were conducted, and
product d;-4aa was obtained with 30% and 47% deuterium
incorporation, respectively (Scheme 6d). These results indicate
that the olefinic hydrogen atom in the double aryl group coup-
ling product 4aa may originate from HEH or a trace amount of
water in the reaction system through SET and HAT processes.
A crossover experiment was carried out using substrates 1a, 2a,
and 2b under the conditions B. Apart from the production of
the corresponding products 4aa and 4ab, a mixed coupling
product 4aab was also isolated in 36% yield, presumably indi-
cating that the two aryl group coupling process involved two
discrete steps (Scheme 6e).

When a catalytic amount of (dtbbpy)Ni(p-CFsAr)Br
(10 mol%) was applied in the reaction, 3aa could be smoothly
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a) Transformations of substrate 1n under photocatalytic conditions
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Scheme 6 Control experiments.

obtained in 63% yield while 4aa was not detected, indicating
that the Ni complex (dtbbpy)NiArBr was a possible catalytically
active species in the generation of product 3 but not respon-
sible for the cleavage of the cyclopropane ring in the NHPI
ester substrate (Scheme 6f, eqn (I)). Stoichiometric experi-
ments with (dtbbpy)Ni(p-CF3Ar)Br as a possible Ni(u) inter-
mediate were next conducted (Scheme 6f, eqn (II)), where
alkyne product 3aa could be obtained in 24% yield in the pres-
ence of the photocatalyst (x = 2) and HEH (y = 2). In addition,
when the sacrificial reductant HEH was omitted (y = 0), no
coupling product (3aa or 4aa) was detected. However, in the
absence of a photocatalyst (x = 0), product 3aa could be gener-
ated in 12% yield. Such stoichiometric control experiments
revealed that activating the NHPI ester mediated by the for-
mation of an EDA complex was a feasible pathway."** Notably,
product 4aa was not detected in these stoichiometric experi-
ments, highlighting the indispensable role of “free” nickel
salts in generating the dibenzylethylene product 4. When extra
NiBr,-DME was added, 4aa was obtained in 14% yield, while
3aa was not detected (Scheme 6f, eqn (III)). All these results
suggest that (i) (dtbbpy)NiArBr should be a catalytically active
species in the nickel catalytic cycle for the generation of
product 3; (ii) the “free” nickel species, rather than the ligand-
coordinated nickel species, should play the role of activating
the cyclopropane ring in the NHPI ester substrate for the gene-
ration of product 4; and (iii) the SET activation of the NHPI
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b) Radical trapping experiments
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ester substrate via the EDA complex was also feasible in this
protocol.

On the basis of the above mechanistic studies and previous
reports, we propose a preliminary plausible mechanism for this
nickel/ligand loading controlled divergent synthetic protocol
(Scheme 7). Initially, the excited photocatalyst Ir(m) (*E;e/g =
+1.21 V vs. SCE in MeCN)'® was quenched by the sacrificial
reductant HEH (£}, = +0.89 V vs. SCE in DMF),"” delivering a
strongly reducing center Ir(u) (E;e/% = —1.37 V vs. SCE in
MeCN),"® which is a competent reducing center for the
reduction of the NHPI ester substrate and nickel species. With
regard to the single-electron reduction of the NHPI ester sub-
strate 1, two pathways should be responsible for the generation
of a radical anionic intermediate (I).'** On the one hand, sub-
strate 1 could be directly reduced by the reducing Ir(u) center to
afford the radical anionic intermediate I; on the other hand, an
EDA complex formed by the electron-deficient NHPI ester and
the electron-rich HEH would also result in the single electron
reduction of substrate 1 to generate intermediate I
Subsequently, when there were no “free” nickel salts present in
the reaction system, the entity intermediate I could undergo
radical fragmentation and a thermodynamically favored radical
rearrangement process smoothly to give the homopropargyl
radical III. According to the reported detailed computational
studies,'® such a C(sp®) radical fragment may go through two
reaction pathways: (i) captured by the L,Ni"ArBr (L,Ni: nickel

This journal is © the Partner Organisations 2024
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species with bidentate ligand coordination) species B, which
was formed from the oxidative addition of the aryl halides to Ni°
species A, to form the high-valent Ni"" species C; (ii) combined
with the initial Ni’L,, species A to form the Ni' intermediate E.
In the first reaction pathway, the Ni'" species C underwent a
reductive elimination process to yield the final C(sp®)-C(sp®)
coupling product 3 and the corresponding Ni' species D. The
Ni’L, species A could be regenerated by the reduction of the Ni'
species D (Ej¢(Ni'L,/Ni’L,) = =1.17 V vs. SCE in THF)" through
a SET event with the Ir(n) reducing center. In the second reac-
tion pathway, subsequent oxidative addition of ArBr to the Ni'
intermediate E would occur, affording the same Ni'" species C
entering into the catalytic cycle (Scheme 7, bottom left).

In contrast, when the nickel salts were excessive in the reac-
tions, the cyclopropane ring in the radical anionic intermedi-
ate I could not be maintained for the following radical
rearrangement process. In this scenario (Scheme 7, bottom
right), the electron-deficient nickel center of L*Ni'Br a (“free”
nickel, L*: solvent or glyme) with less steric hindrance, specu-
latively reduced by the Ir(n) center (E}7(Ni"/Ni') = ~1.70 V vs.
Fc/Fc” in DMF),*® could insert into the cyclopropane ring
forming the nickelacyclobutane species b that inhibited the
radical rearrangement. In this case, intermediate b possibly
undergoes the radical fragmentation process to release the
phthalimide anion and CO,, affording the vinyl radical inter-
mediate c. After the SET and HAT processes, the free MCP
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intermediate d with nickel insertion was generated. The follow-
ing transformations of such nickel(ur)acyclobutane d were pre-
viously investigated by our group.'' In particular, the Ni'™
species d could be reduced to Ni" species e by Ir(u) through a
SET event. Meanwhile, oxidative addition of ArBr to the elec-
tron-rich Ni’L,, species A provided the L,Ni"ArBr complex B. An
aryl group transfer (disproportionation) event was considered to
take place between nickelacyclobutane species e and L,Ni"ArBr
B,*! affording the corresponding aryl-nickelacyclobutane species
f and L,Ni'Br species D. The L,Ni'Br species D could be reduced
by the reducing Ir(u) center to regenerate the Ni’L, species.
Furthermore, the first reductive elimination from the aryl-nicke-
lacyclobutane species f delivered the Ni' intermediate g, which
could undergo oxidative addition with ArBr or potentially
another aryl ligand transfer process to deliver intermediate h.
Intermediate h then underwent a second reductive elimination,
yielding the final product 4 and regenerating the L*Ni'Br
species a. Notably, the aryl group transfer event occurring
between nickel(m)acyclobutane d and L,Ni"ArBr B may also be
feasible®“ (see ESI page S35 for more details).

Conclusions

In summary, we have developed a nickel/ligand loading-con-
trolled divergent synthesis protocol, offering an array of alkyne
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derivatives and dibenzylethylene derivatives in moderate to
good yields under mild conditions along with a broad sub-
strate scope. Selective cleavage of carbon-carbon bonds on
redox-active MCP substrates can be achieved efficiently by
adjusting the loading of the nickel catalyst and bidentate
ligand. Specifically, alkyne products can be obtained when the
nickel-to-ligand ratio is 2 to 3, while dibenzylethylene products
can be obtained when the ratio is 2 to 1 under almost identical
conditions. Temporary mechanistic studies demonstrate that
the generation of alkyne products should involve homopropar-
gyl radicals stemming from the rearrangement of the MCP
structure in the substrates, while the generation of dibenzyl-
ethylene products should involve nickelacyclobutane inter-
mediates. Further investigations into this interesting loading-
controlled catalytic mode and mechanistic studies are ongoing
in our group. We hope such a ligand loading-controlled
scheme could raise attention to ligand loading effects in tran-
sition-metal catalysis and bring more unexpected but appli-
cable transformations in synthetic chemistry.
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