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Harnessing radical intermediates in regioselective reactions presents a
substantial challenge. Here, we report a novel control strategy through
engineering covalently tethered transition metal-photocatalysts that
conjoin Pd—phosphine and Ru/Ir photoredox units. This strategy allows
us to override the innate regioselectivity of the Pd-catalysed C-H
allenylation of N-aryl tetrahydroisoquinolines.

Nature has evolved a myriad of enzymes capable of generating
highly reactive radical intermediates for challenging chemical
transformations." Besides triggering a single electron transfer
cascade, the active site of a radical enzyme orients the transient
radical towards a specific part of a substrate through exquisite
preorganization to achieve accurate selectivity and avoid
damage to its own interior.” Bifunctional photocatalysts cap-
able of promoting synergistic radical generation and bond
formation can exert such proximity and orientation effects to
engender selectivity that is unattainable using dual catalysts.
Since the seminal work from Bach and co-workers on the
organocatalytic, photoinduced single electron transfer directed
by hydrogen bonding interactions,’ this strategy has gained
much traction through the design of ingenious photocatalysts
incorporating aminocatalysts,” Brensted acids,” and Lewis
acids.*”’

During recent years, bifunctional transition metal com-
plexes that promote both photoinduced single electron transfer
and cross-coupling reactions have emerged as powerful tools in
the synthetic chemists’ arsenal (Scheme 14, a).*° By contrast,
the strategy of covalently tethering a designated photocatalyst
to a transition metal catalyst has remained unexploited in
harnessing radical intermediates in cross-coupling reactions
(Scheme 1A, b),"" despite the tremendous advances in the field
of dual photoredox/transition metal catalysis."*"* Conceivably,
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the approach of merging the diversity of photocatalysts with a
variety of cross-coupling catalysts via covalent linkages could
significantly expand the pool of transition metal photocatalysts.
Furthermore, it presents an untapped opportunity for selectiv-
ity control over catalytic processes involving transient radical
intermediates through exploiting the concomitant proximity
and orientation effects.

In pursue of such a strategy, we explored a Pd-catalysed C-C
bond formation between propargylic alcohol derivatives and
photoinduced radicals. We were intrigued by the diverse regios-
electivity of the Pd-catalysed reactions of the propargylic alco-
hol derivatives. Depending on the type of nucleophilic coupling
partner, reactions at all three carbon atoms are achievable,
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Scheme 1 Tethered transition metal-photocatalysts enable a novel
selectivity controlling strategy of C—H allenylation reactions. LG: leaving
group; SET: single electron transfer.
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affording functionalised allenes, alkynes, and alkenes as the pro-
ducts, respectively (Scheme 1B, a).™* In a significant advance, Chen
and Liang developed a dual photoredox/Pd-catalysed propargylic
substitution using benzyl 1,4-dihydropyridine derivatives as radical
precursors (Scheme 1B, b)."> The alkynyl products were obtained
exclusively, irrespective of the phosphine ligand of the Pd catalyst.
To date, the applications of radical precursors via C-H cleavage in
the Pd-catalysed reactions of propargylic alcohol derivatives have not
been reported. Importantly, regioselectivity control of such pro-
cesses, particularly overriding the innate preferences for alkynyla-
tion, has not been achieved.'® Herein, we report the development of
a tethered photocatalyst-Pd-catalysed C-H allenylation of N-aryl
tetrahydroisoquinolines using propargylic acetate derivatives as
coupling partners (Scheme 1C).

We commenced our study by evaluating the viability of
cross-coupling between N-phenyl tetrahydroisoquinoline (1)
and propargylic acetate derivative (2) using photoredox/Pd co-
catalysts. Irradiated with blue LEDs, the reaction using an
Ir(dtbbpy)(ppy).PFs/Pd(PPh;), dual catalyst failed to yield the
desirable products despite the consumption of substrates
(Scheme 2a). This result indicates that the reaction under
investigation differs from allylation'” of 1, which is known to
proceed in the presence of the dual catalyst.'”® In an effort to
identify suitable catalysts, we investigated various combina-
tions of phosphine ligands and photocatalysts. Gratifyingly, the
reaction using Ru(bpy)s(PFs), as the photocatalyst and SPhos as
a ligand for Pd produced coupling products under blue LED
irradiation, albeit as a mixture of allene (3, 38%) and alkyne
(4, 40%) (Scheme 2b). The formation of the alkynylation
product is not unexpected. Chen and Liang have shown that
alkynylation was observed when a dialkylbiphenyl phosphine
(i.e., DavePhos) was utilised (Scheme 1B, b)."> Additionally, the
formation of mixed products suggests that the putative ac-amino
radical intermediate'® likely reacts through a different mecha-
nism than typical nucleophiles. Ma and co-workers have shown
that Pd-SPhos-catalysed Negishi reactions of propargylic car-
bonates yield allenes exclusively."®
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Scheme 2 C-H allenylation/alkynylation reactions using dual catalysts.
Reaction conditions: (a) 1 (0.1 mmol), 2 (0.12 mmol), Pd(PPhs)4 (5.0 mol%),
Ir(ppy)2(dtbbpy)PFe (2.0 mol%), CHsCN (0.1 M), 19 W blue LEDs for 48 h.
(b) 1 (0.1 mmol), 2 (0.2 mmol), Pd(OAc), (2.0 mol%), SPhos (1.0 mol%),
Ru(bpy)z(PFg)2 (1.0 mol%), 2,6-lutidine (0.2 mmol), CHzCN (0.1 M), 19 W
blue LEDs for 7 h. Conversions and yields were determined by the *H NMR
spectra using dibromomethane as an internal standard; 1:1 dr.
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Encouraged by the high reactivity of the Ru(bpy)s(PFe)./
Pd-SPhos dual catalyst system, we next devised a tethered
transition metal photocatalyst to tackle the challenges arising
from the regioselectivity control involving radical intermedi-
ates. Studies using mass spectrometry confirmed the existence
of an adduct of 2 and Pd-SPhos as the presumptive intermedi-
ate prior to the C-C bond formation (Fig. S2 in the ESIY).
Conceivably, the spatial dispositions of o-amino radicals and
the allenyl/propargyl Pd-SPhos complex play a significant role
in modulating the regioselectivity of the coupling step. We have
recently achieved stereocontrol by a bifunctional Pd catalyst
built on a dialkylbiphenyl phosphine scaffold.>® Following this
principle, the preorganisation of a photocatalyst and Pd
complex through a covalent linkage could orient the transient
radical intermediate towards a specific site of the allenyl/
propargyl Pd-SPhos intermediate (Scheme 1C).

To explore this strategy for regioselectivity control, we
synthesised three covalently tethered transition metal photo-
catalysts (Scheme 3A). A 2,2’-bipyridine moiety was installed at
the 3’-position of SPhos in three steps. Subsequent complexa-
tion with Ru and Ir precursors yielded the corresponding

A. Synthesis of tethered photocatalysts
1. 5-bromo-2,2'-bipyridine

O PCy, KoCO3, DMF, H,0
- S .

Pd(PPhs); (3 mol%)

PCYs 1.NBS, TFA, DCM
- -
MeO A -OMe 2. nBuLi, B(OIPr); MeO Olte 2. HBF,
N | then HCI

B(OH),

1. [(dF(CF3)ppy)z-Ir-u-Cll,
2. KPFg

[Ir(dF(CF3)ppy)2(SPhosbpy)IPFg
SPhos-PC1

PCy,HBF,
1. [Ir(ppy)Cll2

2. KPFg
[Ru(bpy)2(SPhosbpy)l(PFe),

N 1. cis-(bpy),RuCl,-2H,0
SPhos-PC3

B. C-H allenylation using tethered photocatalysts?

( I N
EEO OAc Pd(OAC),, SPhos-PC Ph Neppy
L
N
Nepy Ph)\

[Ir(ppy)2(SPhosbpy)]PFe
SPhos-PC2

R 2,6-lutidine, CH3CN, [//C nBu Ph %
blue LED:
1 2 nBu lue s Ph 3 . nBu
L=

FiC—= Ef
2\ /N‘Ir—N =

SPhos PC1
67% conversion, 24% 3, 18% 4

SPhos-PC2
100% conversion, 63% 3, 9% 4

SPhos-PC3
100% conversion, 71% 3, <5% 4
Scheme 3 C-H allenylation reaction using novel tethered photocata-
lysts. “Reaction conditions: 1 (0.1 mmol), 2 (0.2 mmol), Pd(OAc),
(2.0 mol%), SPhos-PC (1.0 mol%), 2,6-lutidine (0.2 mmol), CHzCN
(0.1 M), 19 W blue LEDs for 7 h. °H atoms have been omitted for clarity.
Displacement ellipsoids are depicted at the 50% probability level.
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tethered SPhos-photocatalysts (SPhos-PC1-3). The covalent
linkage does not alter the absorption and emission spectra of
the photocatalyst in the visible light range (see ESIT).

The reaction using SPhos-PC1 favoured the allenylation product
3 slightly (Scheme 3B). The steric bulk of the photocatalyst alone
does not confer high selectivity. To our surprise, the use of another
Ir-based SPhos-PC2 resulted in a marked increase in regioselectivity
(3:4 ratio = 7: 1). Apart from their different oxidation potentials, the
dynamic steric effects of the photocatalyst moieties (ie., CF;3
substituents®" of SPhos-PC1) could induce conformational changes
critical for regioselectivity control. Recent computational studies
have revealed the localization of electron density at the bipyridine
ligand of heteroleptic [Ir(ppy).(bpy)]" and the high delocalization of
charge among three bipyridine ligands in homoleptic [Ru(bpy);]**
during the ligand-centred photoredox processes.”> We speculated
that the different electronic structure changes upon photo-excitation
of the [Ir(ppy).(bpy)]" moiety of SPhos-PC2 and [Ru(bpy)s]*" moiety
of SPhos-PC3 could influence the spatial disposition of a-amino
radical formation. Indeed, further investigation led to the discovery
of SPhos-PC3 as a highly reactive and regioselective catalyst. The
allenylation product 3 was produced predominantly in 71% yield. In
comparison, incorporation of a direct covalent bond linking
[Ru(bpy)s]** and SPhos in SPhos-PC3 overrides the innate regios-
electivity of the corresponding dual catalyst system (Scheme 2b). We
observed homocoupling of 2 and concurrent oxidation of 1 as the
main side reactions.

With the optimal catalyst system in hand, we expanded the
substrate scope of the C-H allenylation reaction (Scheme 4).
First, we investigated the effects of varying the terminal sub-
stituent of propargylic acetate derivatives. Substrates incorpor-
ating primary, secondary, and tertiary alkyl substituents such as
methyl, cyclohexyl, tert-butyl and 4-chlorobutyl groups all par-
ticipated in the transformation (5-8, 41-65% yield). Clearly, the
steric effect does not play the dominant role in the regioselec-
tivity control. The reaction using a propargylic acetate deriva-
tive bearing a terminal allyl group produced the allene product
in 39% yield with the C—=C double bond intact (9). In addition,
when the cyclopropyl group was incorporated (10), the desired
allene product was obtained in 58% yield. We did not detect the
formation of any side product resulting from the opening of a
three-membered ring via the propargyl radical.’® Furthermore,
the transformation tolerates the terminal phenyl substituents,
affording the allenylation product in 60% yield (11).

Moreover, the transformation is highly adaptable to pro-
pargylic acetate derivatives bearing various aryl groups. Both
electron-donating and electron-withdrawing substituted phenyl
groups are well tolerated (12-17). The transformation also
provides access to allene products containing a naphthyl group
(18) and a range of heteroaromatic rings including benzothio-
phene (19), furan (20), and thiophene (21). However, the reac-
tion did not convert the substrate bearing a pyridyl group,
possibly due to the deleterious effect by the coordination of
pyridine to the Pd centre.

We subsequently surveyed a broad spectrum of N-aryl tetra-
hydroisoquinolines. Substrates incorporating various groups
on the N-aryl moiety, irrespective of their electronic properties

This journal is © The Royal Society of Chemistry 2022
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Scheme 4 The substrate scope of the C—H allenylation reactions. Reac-
tion conditions: N-aryl tetrahydroisoquinolines (0.3 mmol), propargylic
acetate derivatives (2.0 equiv), Pd(OAc), (2.0 mol%), SPhos-PC3
(1.0 mol%), 2,6-lutidine (2.0 equiv), CHsCN (0.1 M), 19 W blue LEDs.
Isolated yields reported. The diastereomers (1:1-1:1.4 dr) were separated
using reverse phase preparative HPLC for characterization (see the ESI+ for
details).

and substituent patterns, all participate in the C-H allenylation
reaction, delivering allene products in 54-73% yield (22-28). To
our delight, a C(sp*)-Cl bond was well tolerated (24), although
the C(sp’)-Br analogue failed to undergo the reaction. The
competitive oxidative addition of the C(sp?)-Br bond likely
inhibits the reaction between the Pd centre and propargylic
acetate. Additionally, the C-H allenylation reactions of sub-
strates bearing an N-naphthyl group (29) and methoxy-
substituted tetrahydroisoquinoline (30) furnished the desired
allene products in 60% and 55% yield, respectively.

Product formation was not observed in the absence of
Pd(OAc), or without irradiation of blue LEDs, indicating that
both Pd catalysis and photoredox catalysis are essential. Based
on previous work,'>7?* we postulated a tentative catalytic cycle
to illustrate the role of the tethered catalysts (Scheme 5). The
reaction is initiated by adduct formation between the Pd centre
and 2 (i). Upon photoexcitation of the Ru centre (ii), an SET
process with 1 is induced (iii). Hypothetically, a subsequent
intramolecular SET process gives rise to a Pd(1) complex (iv),

Chem. Commun., 2022, 58, 4719-4722 | 4721
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Scheme 5 A proposed catalytic cycle of C—H allenylation reactions.

which undergoes bond formation by engaging the o-amino
radical intermediate (v).

Control experiments showed that the C-O coupling product was
not observed when TEMPO was added into the reaction mixture.
Coupled with the absence of the ring-opening product of the
cyclopropyl substituent (Scheme 4, 10), a propargyl radical, as
proposed under dual catalysis (Scheme 1B, b),'> might not be
present using the tethered catalysts. This is possibly attributable
to the formation of Pd(1) species through an intramolecular SET
process> within the tethered catalysts (Scheme 5, iv).

Besides, we strived to gain structural information to probe
the bifunctionality of the tethered catalysts. The conformation
revealed by X-ray crystallography (Scheme 3B) suggests that
upon coordination to Pd, the Pd centre is likely positioned in
proximity to the photocatalyst, and in a sterically unsymme-
trical environment. Such spatial arrangements defined by a
rigid ligand scaffold plausibly elicit regioselectivity by inducing
proximity and orientation effects (Scheme 5, v).

In summary, we have developed a Pd-catalysed C-H alleny-
lation of N-aryl tetrahydroisoquinolines by exploiting the engi-
neered bifunctionality of Pd-SPhos—[Ru(bpy);] catalysts. We
have realised a new regioselectivity control strategy through
innovating covalently tethered transition metal-photocatalysts.
Given the immense diversity in photocatalysts and transition
metal catalysts, we anticipate that pursuing this class of bifunc-
tional catalysts and gaining mechanistic understanding would
provide chemists with novel tools to harness transient radical
intermediates in transition metal catalysis.
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