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Understanding the synergistic effects observed when using

tethered dual catalysts for heat and light activat

Danfeng Wang,? Indrek Pernik,?® Sinead T. Keaveney*? and Barbara A.

Abstract: Dual catalysis, where two different catalysts work
cooperatively to promote a chemical reaction, is an important
synthetic approach as it can allow a wide range of unique reactivity
to be accessed. Whilst most dual catalysis strategies utilise separate
catalysts in the reaction mixture, there is a growing interest in using
tethered dual catalysts to increase cooperativity between the
catalytic centres. In this current work we sought to determine the
origin of the catalytic synergy observed for a series of Ir(l) based
complexes tethered to a BODIPY type photocatalyst through
different tethering modes. Kinetic analyses revealed that the
tethered dual catalysts were more effective at promoting heat
activated intermolecular hydroamination than the un-tethered
analogues. The tethering mode had a significant influence on the
magnitude of this synergistic enhancement observed for the
hydroamination reaction, likely due to a combination of steric and
electronic ligand effects. Investigations into the effect of the tethered
dual catalysts on the light activated oxidation of thioanisole
demonstrated that chemical tethering leads to substantial increases
in photocatalytic activity, which was once again impacted by the
tethering mode. The origin of the observed enhancement was found
to be due to both increased singlet oxygen generation through the
heavy atom effect, as well as direct involvement of the Ir centr,
the oxidation reaction pathway.
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This work: determining the origin of the synergistic enhancements
observed when using tethered dual catalysts
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Figure 1: Top: the previously developed tethered dual catalysts, featuring a
thermally activated Ir(l) catalyst and a light activated BODIPY-type catalyst.
Bottom: the model reactions used in this work to investigate the origin of the
synergistic enhancements in catalytic efficiency observed when using tethered
dual catalysts.

Despite the increasing use of tethered catalysts that feature both
a photocatalyst and a transition metal catalyst,? 2% 2533 there
have been limited mechanistic investigations into the origins of
the synergistic effects between the catalytic centres. For
example, our group recently developed a series of complexes
that feature an organic photocatalyst (1,3,5,7-tetramethyl-8-
phenyl-4,4-difluoroboradiazaindacene, BDP 1) tethered to an Ir
complex ligated with a bis(pyrazolemethane) (bpm) ligand, Ir(l) 2
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(Figure 1).2® Three different tethering modes between the
parent catalysts BDP 1 and Ir(l) 2 were used, either through a
side-side linkage (Ir(1)-BDP SS 3), a head-head linkage (Ir(l)-
BDP HH 4) or a head-side linkage (Ir(1)-BDP HS 5). Preliminary
catalytic experiments have demonstrated that both catalytic
centres remain active in the tethered dual catalysts 3-5,%°
however there is limited understanding of the origin of the
cooperative effects on catalysis observed. In this work we
present a detailed mechanistic analysis of the tethered dual
catalysts 3-5 to provide insight into the cooperative effects
observed in catalysis, with a particular focus on understanding
trends in photocatalytic efficiency.

Parent Catalyst

Tethered Dual Catalyst

BArF,:
F3C CF3
o (;( cr,
atle!
FaC CF3 Ir(1)-BDP HS 5

Figure 2: The parent and tethered dual catalysts considered j

Results and Discussion
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catalysts at

Catalyst

Cw)duct 8/%
y |

’—1h “” 18 h

BDP1' 0 ‘0 0

Ir(l) 2 43:6 ’5:4 95+ 1
Ir(1)- S 3‘“’ 58 + 6 96 + 1
Ir(1)-BDP 7243 80+4 97 £ 1

y T Nk

Reaction conditions: Phenylacetylene 6 (24.5 mg, 0.24 mmol), aniline 7 (18.6
.2 mmol), catalyst (1 mol%), toluene-ds (0.5 mL, dried over sieves) were
ined in a 4 mL vial under an argon atmosphere and heated at 100 °C
specified time. The average and standard deviation of at least 2
ate experiments are reported. Conversion to product 8 was determined
'H NMR spectroscopy relative to the internal standard
methoxybenzene.

Key control reactions indicated that BDP 1 alone is ineffective at
promoting hydroamination (Table 1), and that use of a 1:1
mixture of BDP 1 and Ir(l) 2 gave comparable results to those
seen when using just Ir(l) 2. As such, these data indicate that
tethering the BDP 1 and Ir(l) 2 motifs is essential to the rate
increase observed, and that direct involvement of BDP 1 in the
reaction mechanism is unlikely (rather, it is influencing reactivity
through altering the ligand). In addition, use of the Ir(I) 9 catalyst
that features a phenyl substituted bpm ligand gave comparable
catalytic results to Ir(l) 2, indicating that the enhancement in
catalytic reactivity seen for Ir(I)-BDP HH 4 is not simply due to
phenyl substitution on the bpm ligand backbone.

Previous X-ray absorption and infrared spectroscopy
measurements of the parent catalyst Ir(I) 2 and the tethered dual
catalysts Ir(1)-BDP 3-5 suggest that there is an extent of electron
transfer from the BDP to the Ir(l) fragment in catalysts Ir(I)-BDP
3-5.28 |n particular, the X-ray absorption spectroscopy data
suggests that the greatest extent of electron transfer occurs for
Ir(1)-BDP SS 3, with a 1 eV decrease in edge energy relative to
Ir(l) 2, indicating that the Ir centre in Ir(I)-BDP SS 3 is

This article is protected by copyright. All rights reserved.



ChemCatChem

significantly more electron rich than Ir(l) 2. In contrast, Ir(I)-BDP
HH 4 and Ir(I)-BDP HS 5 have similar edge energies to Ir(l) 2 (<
0.5 eV decrease relative to Ir(l) 2), and hence the electron
density on Ir is comparable to Ir(l) 2. Thus, if electron density on
the iridium centre was the main factor affecting the
hydroamination reaction, we would expect a difference in activity
between Ir(l) 2 and Ir(I)-BDP SS 3. Our experimental data
indicate that Ir(l) 2 and Ir(I)-BDP SS 3 are equally effective at
promoting the hydroamination reaction between phenylacetylene
6 and aniline 7, with Ir(1)-BDP HH 4 unexpectedly being the most
efficient catalyst (Table 1). As such, it is unlikely that the electron
density on the iridium centre is the main factor affecting the
hydroamination reaction between species 6 and 7.

Overall, while the exact origin of the ligand effect is difficult
to confirm, it is clear that the catalyst-catalyst linking mode can
influence the catalytic competency of the Ir centre, and that it is
an important factor to consider when developing multifunctional
catalysts. While the enhancements in catalytic efficiency when
using the tethered dual catalysts 3-5 for thermally activated
intermolecular hydroamination were relatively minor, much more
pronounced changes in the efficiency of these catalysts was
observed under photocatalytic conditions. The photocatalytic
competency of the BDP 1 motif was assessed using the
representative oxidation reaction of thioanisole 10 (Table 2).%*7!
Pleasingly, not only was the BDP motif still active in the catalysts
3-5, kinetic analyses showed that their activies wege
substantially enhanced when compared to the parent BD,
catalyst (Table 2 and S3). This effect can be clearly se
comparing the conversion to the product 11 after 1
(Table 2): for BDP 1, only 8 + 5% of the product ha
whereas an approximately 10-fold increase in produ
was seen for Ir(I)-BDP SS 3 (97 = 1%),
enhancements also seen for Ir(l)-BDP HH 4 and
(76 + 5% and 60 £ 8%, respectively).

Q
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D
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Table 2: Comparisons of the effectiveness gof the different catalys; t
promoting the photooxidation of thioanisole, “Singlet oxygen qu m
yields (®,) are from reference 28.
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Catalyst ~—
’ ; on W 2an
BDP 1 B 88 + 10
Ir(1) 2 \ + 441
Ir(1)-BDP SS 3 12.3+0.4 \62+9 97 £ 1 98 £ 1
Ir(1)-BDP HH4‘“A 765 98+ 1
Ir(1)-BDP HS 5 W‘ 608 98+ 1
mpagiz o N 9:2  81s3  o8e1

BDP-A 5+3 21:12 97 =1
bpm-BDP SS 12 27 x4 99 = 1

Reaction conditions: Thioanisole 10
and, where appropriate, additi
mL, saturated with air) in
and irradiated with gree
standard deviation of a
to product 11 was det
10. See the supporting

BDP 1 is kno
transfer from
such, the most li
oxidation of the ¢
singlet
rate of thioanisole oxidation would
increase when more si oxygen is generated. It has been
shown previously that the side-side linked catalyst 3 has the
hest @, le 2), due to increased intersystem crossing
n using@@is tethering mode,® however, poor correlations
een the extent of conversion to the product 11 and either @,
S2, R? = 0.50) or the rate of 'O, generation (Figure S3,
.49) were observed. This clearly indicates that the
talytic efficiency of the dual catalysts 3-5, relative to
t only due to changes in the extent of 'O,
generation ¥ another factor must also affect activity. This is
supported by the key control reaction using a 1:1 mixture of BDP
1 and Ir(l) 2, which resulted in a significant enhancement in
iojgisole 10 oxidation relative to BDP 1. Since the extent of
oxygen generation is the same for BDP 1 and the mixed
1 + Ir(l) 2 system,” the rate of singlet oxygen generation
not the only factor contributing to the rate of thioanisole 10
xidation.

Detailed kinetic studies showed that there was an induction
period for BDP 1, with substantial product formation (> 25%)
only occurring after 16 hours, whereas no such effect was seen
for catalysts 3-5 (Figure S3). While thioanisole oxidation with
BDP 1 is known to be sluggish,®” these low initial conversions
could be due to an autocatalytic effect (where the product itself
promotes the reaction, with an induction period characteristic of
autocatalysis). Spiking the reaction mixtures with the product 11
indicated that the reaction is not autocatalytic for either BDP 1 or
Ir()-BDP SS 3 (Table S5). Use of a higher reaction
concentration resulted in increased thioanisole 10 oxidation
(Table S6), suggesting that the induction period observed for
BDP 1 could, in part, be due to solvent evaporation, leading to
increased reaction rates over time. However, concentration
effects do not account for the differences between BDP 1 and
the catalysts 3-5. Thus, a possible origin of these different
reaction profiles is a change in the reaction mechanism.

As the oxidation of thioanisole can involve either singlet
oxygen ('0y), the superoxide radical anion (O2"") or both 'O, and
0, ,P® 4241 chemical trapping experiments were performed to
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investigate the reaction mechanism. Control reactions in the m ©/s\
presence of a singlet oxygen trapping agent®® “® resulted in

greatly reduced thioanisole 10 oxidation, confirming that 'Oy is
involved in the reaction mechanism for both BDP 1 and Ir(I)-BDP
SS 3 (Figure 3 and Table S7). However, control reactions using
a superoxide radical anion trap®® *”! also resulted in reaction
inhibition, indicating that the photooxidation of thioanisole 10
proceeds through a reaction pathway where both 'O, and O,"”
are required (Figure 3, Table S7 and S8). Importantly, as 'O,
and O, are involved in thioansiole 10 oxidation for both BDP 1 €y intermediate
and Ir(1)-BDP SS 3, it is unlikely that the differing efficiency of
these catalysts is due to changes in the nature of the reactive
oxygen species.

[Ir-BDP* [Ir]-BDP

L-Z» - S\
30, 0, +

©/S\ @ Scheme 1: Propos i photooxidation of thioanisole 10.
SN
. N
o
2 ~"BDP 1 or Ir(1)BDP 55 3~ To exa present in catalysts 2-5 affects the
o (1 mol%) o

t-Amyl alcohol 3 rate of thioanisole ation, a test reaction using a 1:1
©/S\ green LED, air ©/S\ mixture of BDP 1 and NaBAr", was performed (Table 2). While a
1 a'nent, relative to BDP 1, was observed, this

dicated that the enhancements observed for
sts 3-5 are not simply due to the presence of the BAr',
In addition, use of the bpm-BDP SS ligand as a catalyst
that the Ir centre is essential to the observed
Table 1). A possible explanation is that the Ir
es the reaction between 'O, and thioanisole either
through Ir = Oz or Ir — S coordination. It has been shown
previously that iridium-dioxide species can be generated through
reagtion of an iridium complex with either singlet®” or triplet
B8 and that these types of complexes can oxidise
based photocatalyst, with reactive 'O, then ic compounds.®® As such, it is possible that dioxide-bound
electron from thioanisole 10 to produce the super logues of the iridium based catalysts 2-5 form under our
anion and the thioanisole radical cation (Scheme 1), action conditions. However, as the photooxidation of
radicals then react to generate the charge separa thioanisole 10 was unsuccessful when using Ir(I) 2 only, it is
persulfoxide (‘STO0™) intermediate 15, which then reacts with unlikely that Ir - triplet oxygen coordination is the origin of the

<10% <5%

Figure 3: The control reactions used to examine whether a superoxide radical
anion (left) or singlet oxygen (right) are involved in the photoxidation gof
thioanisole 10. Reaction conditions: thioanisole (0.2 mmol), catalyst (0,
mmol), additive 13 or 14 (0.22 mmol), t-amyl alcohol (1 mL, saturated wj
in a 4 mL vial open to air was irradiated with green LED light for 4-24"h,
the Supporting Information for details.

Based on the above data, it is likely that the
thioanisole oxidation first involves 'O, generatio

another equivalent of thioanisole to deliyer the sulfoxide pro rate enhancement seen when using catalysts 3-5, although an Ir
11."® This mechanism is supported b i i - singlet oxygen interaction cannot be excluded.

that direct electron transfer from a Conversely, an Ir — S interaction could be promoting
can lead to generation of radical ions,*® thioanisole 10 oxidation, with Ir — S coordination expected to

reactions we performed with diphenylsulfo i decrease electron density at S. As such, the effect of electronics
on the photocatalytic oxidation was examined using substituted
thioanisoles. It was found that the oxidation of electron rich 4-
methoxythioanisole 17 proceeded more efficiently than electron
are known to . . .
46, 54-56 deficient 4-bromothioanisole 16, for both BDP 1 and Ir(l)-BDP
SS 3. This indicates that thioanisole oxidation is enhanced when
the S moiety is electron rich, and thus an Ir — S interaction could
not account for the increased catalytic efficiency observed for
catalysts 3-5.

details, Table S9 and
proceed via the char
be promoted by polar solv ilisatio
and thus the poor reactivity observed in non-polar toluene
(Table S11) further supports th thway shown in Scheme 1.
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tert-amyl alcohol R
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o
R

R=H,10 R=H, 11
Br, 16 Br, 18
MeO, 17 MeO, 19

Table 3: The effect of changing the substituent on thioanisole on the rate of
photooxidation.

Conversion to the oxidised product / %

Catalyst R
2h 6h
Br 71 9+2
BDP 1 H 5+4 5+4
OCH; 151 79=+2

e et P

Ir(1)-BDP SS 3 H 206 62+9
OCH; 46 =4 99+ 1

Reaction conditions: Substrate (0.2 mmol), catalyst (1 mol%) were dissolved in
t-amyl alcohol (1 mL, saturated with air) in a 4 mL vial under air. The vial was
left open (no cap) and irradiated with green LED light for the specified time.
The average and standard deviation of at least 2 replicate experiments are
reported. Conversion to products was determined by "H NMR spectroscgpy

relative to starting material. See the supporting information for additional c&

Another possible explanation is that the Ir centre is influencing
the reactivity of the charge separated persulfoxide intergediate
15. It has been well established that this key interm
readily decompose via undesired intersystem
produce 0, and regenerate the starting

thioanisole 10).%% *6 52 80611 However, stabili
intermediate  through hydrogen bonding
interactions with the ‘O™ centre can reduce th
decomposition, and lead to increased formation of the
sulfoxide product.®® 5152 0. 62861 Hance it is possible that t
observed increase in thioanisole 10 oxidation arises
stabilisation of the persulfoxide intermgdiate 15 by the cati
iridium centre, as shown in Scheme 2

Scheme
cationic j
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To examine whether an Ir - ‘O™ interaction is increasing the rate
of thioanisole 10 oxidation, a series of reactions were performed
using BDP 1 and Ir-based additi ith increased reactivity
observed in all cases, relative to BDP Table 4). The most
pronounced enhancement was se
I'"Cl;.xH,0 additive, suggesting that t
the iridium centre is, the gr
and thus the greater the Ir — |
‘cation’ - ‘O interaction
additive, where it wol
able to stabilise th
effect was less pr
a significant enha
observed whep u

(Table 4). \

late 15 stabilisation. This
wed using a NaBAr,
ationic Na* is also
ediate 15.5" While the
sing Ir-based additives,
10 oxidation was also

of a NaBAr", additive

unced than wh
ment in thioani

Table 4: The effect of ives on the rate of thioanisole 10 photooxidation.
Catalpl ‘m Conversion to product 11/ %
T—— 6 h 10 h 24 h
e SEh o BeR %10
4 Ir(l) 2 (1 mol%) 39:2 81+3 98 =+ 1
[Ir’(coD)Cl]; (1 mol%) 121 175 95=+5
Ir"Cly.xH,0 (1 mol%) 84 = 16 1000 1000
BN ook (1 mo%) 523 21212 o7ei
BDP 1 " NaBArF, (10 mol%)* 12+3 53+10 97 +0
BDP 1 NaBArF, (100 mol%)* 39=+9 93 +1 93 +1

n conditions: Thioanisole 10 (24.8 mg, 0.2 mmol), BDP 1 (1 mol%) and
appropriate, an additive was dissolved in t-amyl alcohol (1 mL,
rated with air) in a 4 mL vial under air. The vial was left open (no cap) and
adiated with green LED light for the specified time. The average and
tandard deviation of at least 2 replicate experiments are reported. Conversion
to product 11 was determined by "H NMR spectroscopy relative to thioanisole
10 (*as well as the small amount of over-oxidised sulfone product (PhSO,CH3)
observed when using 10 and 100 mol% of NaBArFA). See the supporting
information for additional data.

It should be highlighted that if the only factor affecting
thioanisole 10 oxidation was intermediate 15 stabilisation, the
more electron deficient Ir(l) 2 would be expected to be more
active than Ir(1)-BDP SS 3. However, the opposite trend in
reactivity is observed (Table 2), which is likely due to Ir(l)-BDP
SS 3 being more effective at generating singlet oxygen than Ir(l)
2. As such, these results suggest that the ability of the catalyst
to promote thioanisole 10 is determined by a complex interplay
of two different factors — the ability to stabilise intermediate 15
and the rate at which singlet oxygen is generated.

Overall, it can be concluded that the increased rate of
thioanisole 10 oxidation observed when using the tethered dual
catalysts 3-5, relative to BDP 1, is due to a combination the
iridium centre: 1) increasing singlet oxygen generation through
the heavy atom effect; and 2) stabilising the persulfoxide
intermediate 15, which reduces the extent of unproductive
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decomposition to thioanisole 10. This is important as it
demonstrates that tethering a metal complex to an organic
photocatalyst can result in synergistic effects beyond simply the
heavy atom effect.

Conclusions

In summary, we have performed detailed mechanistic analyses
of a series of tethered Ir(l)-BDP catalysts to understand the
effects of tethering on both thermal and photo activated catalytic
processes. Kinetic studies on the thermally activated
intermolecular hydroamination reaction between
phenylacetylene 6 and aniline 7 revealed that chemical tethering
leads to enhanced catalytic activity for catalysts 3-5, relative to
Ir(l) 2. The mode of tethering was found to affect catalytic
efficiency, with the ‘head-head’ tethered catalyst Ir(I)-BDP HH 4
being most effective. It was demonstrated that the BDP 1 motif
is not directly involved in the reaction mechanism, and
comparison of the catalytic data with reported X-ray absorption
spectroscopy and infrared data for catalysts 2-5 indicate that the
changes in catalytic efficiency aren’t simply due to an electronic
effect. As such, the enhancements in the intermolecular
hydroamination reaction between compounds 6 and 7 seen
when using catalysts 3-5, relative to Ir(l) 2, are likely due to a
ligand effect, where both the steric and electronic properties of
the ligand contribute.

Detailed kinetic investigations on the photo-acti
oxidation of thioanisole 10 indicate that a significant increase in

to BDP 1. In this case the side-side linked catalyst Ir
3 was most effective, in contrast to Ir(1)-BDP HH
most effective for thermally activated catalysis, hi

poor correlation (R? = 0.5) between t
oxidation and the singlet oxygen
catalysts, suggesting that the origin o
when using catalysts 3-5 is complex.

A range of mechanistic i
probe the origin of the syn

separated persulfoxide (‘S
Ir(l) motif has the dual
generation and sl
catalytic activity observed
his is important as it
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involve tre in the reaction mechanism when
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oxygen generation and catalytic efficiency were observed,?"
suggesting that the metal complexes used to increase singlet
oxygen generation can be non-inn
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Insight into tethered dual catalyst
function. This work presents a series
of mechanistic investigations into the
origin of the synergistic enhancements
observed when using tethered dual
catalysts to promote both light and
heat activated catalytic processes.
The iridium complex was shown to
enhance photocatalysis through both
increased singlet oxygen generation
via the heavy atom effect, as well as
preventing decomposition of a key
intermediate through Ir - O interaction.
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