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ABSTRACT: Photocatalysis that uses the energy of light to promote chemical transformations by exploiting the reactivity of excited
state molecules is at the hearth of a virtuous dynamic within the chemical community. Visible light metal-based photosensitizers are
most prominent in organic synthesis, thanks to their versatile ligand structure tunability allowing to adjust photocatalytic properties
towards specific applications. Nevertheless, a large majority of these photocatalysts are cationic species whose counterion effects
remains underestimated and overlooked. In this report, we show that modification of the X counterions constitutive of [Ru(bpy);](X)
photocatalysts modulates their catalytic activities in intermolecular [2+2] cycloaddition reactions operating through triplet-triplet
energy transfer (TTEnT). Particularly noteworthy is the dramatic impact observed in low-dielectric constant solvent over the excited
state quenching coefficient, which varies by two orders of magnitude depending on whether X is a large weakly bound (BAr"s") or a
tightly bound anion (TsO"). In addition, the counterion identity also greatly affects the photophysical properties of the cationic
ruthenium complex, with [Ru(bpy);](BArF4), exhibiting the shortest MLCT excited state lifetime, highest excited state energy and
photostability, enabling remarkably enhanced performance (up to >1000 TON at low 500 ppm catalyst loading) in TTEnT
photocatalysis. These findings supported by density functional theory-based molecular modeling demonstrate that counterions have
a critical role in modulating cationic transition metal-based photocatalyst potency, a parameter that should be taken into consideration

also when developing energy transfer processes.

INTRODUCTION

Photocatalysis under visible light irradiation has witnessed
tremendous successes in recent years in a wide variety of
applications,' and has notably initiated a paradigm shift in
organic synthesis.> Within the design of efficient molecular
photocatalytic systems, the architecture of metal-based
photocatalysts can easily be tuned to efficiently achieve the
desired photochemical properties required to promote specific
transformations.®> Thanks to their strong absorption in the
visible region, rapid intersystem crossing, and long-lived triplet
excited state, polypyridyl ruthenium(II) and cyclometalated
iridium(IIl) complexes are the most widely explored classes of
photoredox catalysts and photosensitizers.* The common
method to manipulate excited state properties of such
photocatalysts relies on modifying the ligand scaffold around
the metal center: a modus operandi which has so far provided
access to a plethora of photocatalysts covering a broad range of
redox potentials and triplet excited state energies.>®
Importantly, a large majority of these Ir(Ill) and Ru(Il)
complexes, but also of emerging earth-abundant transition
metal-based luminescent complexes,’ are cationic species
associated with counterion(s) to ensure charge balance of the
molecular photocatalysts. Nevertheless, while photocatalytic
reaction cycles are usually modeled considering the properties
of the sole organometallic cation, the true nature of the
photocatalyst is that of a salt in which the anions could play a
role beyond the one of mere spectators.® In this respect, recent

reports have brought to light the influence of counterion identity
on the efficiency of single electron transfer (SET) processes
operated by cationic iridium and ruthenium photoredox
catalysts (Figure 1A).” However, despite the fact that both SET
and energy transfer (EnT) photocatalyses rely on the triplet
metal-to-ligand charge-transfer *MLCT) excited state of the
photocatalyst, counterion effects on EnT processes have not
been demonstrated yet. In triplet-triplet energy transfer
(TTEnT) processes, a burgeoning field of research with a wide
range of synthetic applications,'? the photocatalyst is excited by
the direct absorption of visible light and subsequently transfers
its triplet excited state energy to a desired substrate, opening
otherwise elusive relaxation channels and photoreactive routes,
leading to original chemical transformations.'' Herein, we show
that modification of the X counterions in the emblematic
[Ru(bpy)s](X). complex series has a dramatic impact on their
photophysical properties and photocatalytic activity in TTEnT.
Specifically, we demonstrate that large non-coordinating
tetrakis[3,5-bis(trifluoromethyl) phenyl]borate (BArf,") anions
are highly beneficial giving rise to much higher photocatalytic
activity (up to >1000 TON) in intermolecular [2+2]
cycloaddition reactions of olefins to yield cyclobutanes (Figure
1B)."? We rationalize the superior photocatalytic performance
of [Ru(bpy);](BArs), over its congeners on the basis of
experimental and density functional theory (DFT) studies that
indicate an increase of both the energy of the *MLCT and the
metal-centered (*MC) excited state, which are respectively
responsible for a larger energy transfer driving force and an
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improved photostability. Our results provide fundamental
insights into how counterions impact cationic transition metal-
based photocatalyst potency in triplet energy transfer-activated
reactions, a topic of great interest but surprisingly overlooked
so far in the literature.

A. Counterion effects in SET
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Figure 1. Counterion dependence in photochemical processes. (A)
Previously reported counterion effects on single electron transfer
(SET). (B) Counterion effects in [Ru(bpy)s;]X»-catalyzed
intermolecular [2+2] cycloaddition enabled by energy transfer.
Bimolecular =~ quenching  rate  coefficient (k).  3,5-
bis(trifluoromethyl)benzenesulfonate (ArFSO;7). Turnover number
(TON).

RESULTS AND DISCUSSION

As a model reaction to evaluate the impact of counterion effect
in TTEnT photocatalysis, we selected the [2+2]-cycloaddition
of a,f-unsaturated 2-acyl imidazole 1a with styrene 2a using
[Ru(bpy)s;](X). as triplet sensitizer under visible light
irradiation. The choice of the reaction has been made in light of
recent studies on “triplet activation” of 1a,"? in particular that of
Yoon and coworkers,'®® who showed that the presence of
trifluoromethanesulfonic acid as a Brensted acid co-catalyst is
strictly necessary to efficiently promote this [Ru(bpy)s;]*-
catalyzed [2+2] photocycloaddition in acetonitrile. The effect
was justified by the fact that the protonated acyl-imidazole
substrate is a better energy acceptor for the triplet excited state
of [Ru(bpy);]CL*. We therefore assumed that by modifying the
counterions of [Ru(bpy);](X). photosensitizers and assessing
their ability to promote the aforementioned [2+2]
photocycloaddition in the absence of any additive, we could
acquire the first evidence of counterion effects in TTEnT
photocatalysis. The results of the initial screening of a series of
Ru(Il) photosensitizers for the intermolecular [2+2]
cycloaddition between 1a and 2a are summarized in Table 1.
Under the standard conditions, using 2.5 mol% of
[Ru(bpy)s](X). as sensitizer under blue light irradiation, the
rates of the photocycloaddition performed in either acetonitrile
or dichloromethane as solvent were compared after 2 h of
reaction. [Ru(bpy);]Cl, proved incompetent as a photosensitizer
to promote the desired transformation, affording a very low 5%
yield of the cyclobutane products in acetonitrile and displaying
a complete lack of catalytic activity in dichloromethane; and
was therefore left out for the rest of the experimental study.'*>'*

On the other hand, using p-toluenesulfonate (TsO"),
trifluoromethanesulfonate (TfO"), hexafluorophosphate (PF¢")
or BArf;~ anions proved beneficial, and similar yields (~30%)
of the desired cyclobutane products were obtained in
acetonitrile after 2h. More interestingly, a striking difference in
reaction rates was observed in dichloromethane depending on
the counterion identity. While up to 43% yield of the [2+2]-
cycloaddition products was obtained after 2h of irradiation
using the [Ru(bpy);](BArfs), photocatalyst, the reaction
proceeded to 26% vyield with [Ru(bpy)s;](PFs), 22% with
[Ru(bpy)s](OTf), and only 8% yield with [Ru(bpy);](OTs)..

Table 1. Initial screening of counterion effects on EnT*
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X= Cl TsO TfO PFs BAr',
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(in CH;CN)
Yield® )
. nd¢ 8 22 26 43
(in CH2Cly)

“Reaction conditions: 1a (0.1 mmol), 2a (1 mmol), [Ru(bpy)3]X>
(2.5.10* mmol), degassed solvent (2 mL), blue LED irradiation
(Amax = 460 nm) for 2 hours under Ar. *Yield in % was determined
by 'H NMR using 1,3,5-trimethylbenzene as an internal standard.
“Not detected by 'H NMR.

In order to gain a better understanding of the parameters
influencing the catalytic performances of this series of
[Ru(bpy)s](X). photosensitizers, their optical properties were
recorded in both acetonitrile and dichloromethane solutions. In
acetonitrile, characterized by relatively high dielectric constant
(& ~37) impeding ion association, the properties of the ground
state and [Ru(bpy)s]*** excited state of solvated [Ru(bpy);](X)2
salts should not be significantly affected by the nature of the
counterion. Indeed, all complexes exhibited a similar metal-to-
ligand charge-transfer (MLCT) absorption band at Amax = 451
nm with similar molar extinction coefficients (1500 M.cm™)'3,
and demonstrated superimposable emission spectra with Aem =
605 nm (Figure 2A). In dichloromethane (& ~ 9), on the other
hand, while the impact of counterion identity on absorption
spectra was modest with only a slight increase of molar
extinction coefficients from the more coordinating TsO™ anion
to the least coordinating BArf,,'® differences were more
significant in emission spectroscopy (Figure 2B). 7 First, the
emission of the TsO™ complex is characterized by a maximum
at 604 nm/2.053 eV, then the TfO™ and PFs~ complexes showed
a slight hypsochromic shift (lem = 598 nm/2.073 eV and
596 nm/2.080 eV, respectively) and finally the complex with
the largest and least coordinating BAr",~ ions exhibited the most
blue-shifted emission at Aun = 575nm/2.156eV, up by
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29 nm/0.103 eV. This relative ordering was satisfactorily
reproduced by DFT ASCF calculations (Table S23). In
dichloromethane of low dielectric constant, the emission energy
of ion pairs thus seems to correlate with the charge density of
the counterions. In fact, in the MLCT state, the transferred
electron is localized on a single bipyridine ligand inducing a
dipole moment in the [(bpy )Ru'(bpy).]*"* excited state of C»
symmetry,'® which can be stabilized by anion-dipole interaction
with the paired anions positioned away from the formally
reduced ligand (Figure 2C). The extent of this stabilization is
inversely correlated to the counterion size.'” The blue shifted
emission of [Ru(bpy)s;](BArs), reflects its increased MLCT
energy, which is 2.4 kcal/mol higher than the triplet energy of
[Ru(bpy)s](TsO),, that could in part account for the improved
performance of the BArf,~ photocatalyst by increasing the
driving force for energy transfer from its triplet state (Et =49.7
kcal/mol)® to the acyl-imidazole substrate 1a (Er = 47.6
kcal/mol).’*® The GS-MLCT gaps for [Ru(bpy):](X):
complexes have been computed as the difference in their
electronic energies at their respective equilibrium geometries in
dichloromethane, as reported in Table S22. They follow a trend
that perfectly reflects the experimental observations: the gap
goes from 46.6 kcal/mol for [Ru(bpy);](BArfs), to 45.4
kcal/mol  for  [Ru(bpy);](PFs),, 444  kcal/mol for
[Ru(bpy);](TfO), and 44.1 kcal/mol for [Ru(bpy)s](TsO),.
These values correspond to the electrostatically favorable
adjacent arrangement of the counterions, i.e. counterions in

(A) UV-Vis absorbance & emission (in CH3;CN)

1 (B) UV-Vis absorbance & emission (in CH,Cl,)

neighbouring quadrants and remote from the formally reduced
bpy ligand, as opposed to an unfavorable opposite arrangement
where counterions would be diametrically opposed with respect
to the metal centre and with one counterion in the immediate
vicinity of the reduced bpy ligand (AEagjop, = 0.6-3.7 kcal/mol)
(Figure 1D). Noteworthy is the *MLCT state of
[Ru(bpy);](BArfs), with an adjacent arrangement of the
counterions that is slightly different from the others. Due to
their bulkiness and specific geometry, the BArs~ counterions
are pinching both neutral bpy ligands in a clip-like
configuration (Figure 1E & SI for related discussions and
additional visual representations).

To gain further insight into the influence of counterion on
energy transfer performance, we conducted Stern-Volmer
experiments of intermolecular deactivation of the triplet excited
states of ruthenium complexes by an increasing concentration
of substrate 1a as quencher.?' First, in agreement with the very
similar catalytic activities observed in acetonitrile (vide supra,
Table 1), all excited complexes demonstrated the same ability
to be quenched by 1a with a Stern-Volmer rate constant (Ky) of
~8.1 M! (Figure 3A). In sharp contrast, Stern-Volmer plots
measured in dichloromethane evidenced large differences
depending on the identity of the counterions (Figure 3B). The
quenching rate of the photoexcited catalysts by the substrate
increased by a factor of twenty-five from the TsO™ to the BAr*4~
counterion, also in line with the markedly superior
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Figure 2. Counterion effect on absorption (solid lines) and emission (dashed lines, A.x = 450 nm) properties of [Ru(bpy);](X): in acetonitrile
(A) and in dichloromethane (B) at 25 °C. (C) 3MLCT state of [Ru(bpy);](X).. (D) Opposite and adjacent arrangements of counterions in
calculated SMLCT states of [Ru(bpy);](X)2 shown for X = PFg in ball and stick (left) and space-filling (right) models. (E) Configuration of

counterions in calculated *MLCT state of [Ru(bpy);](BAr ).
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Figure 3. Stern-Volmer plots for excited state quenching of [Ru(bpy);]X> by 1a in acetonitrile (A) and in dichloromethane (B). Steady state

life time of [Ru(bpy)3]X> in CH,Cl, (C).

Table 2. Counterion dependence of the optical properties and quenching constants of [Ru(bpy);]X in dichloromethane®

X e M 'em™) Aem (nMm) Ko (M) w (ns)?
TsO 12450 604 0.45 804
TfO 15340 598 2.40 694
PF¢ 16020 596 3.34 675

BArF 17530 575 11.8 231

kg (106 Mt s7hye ke (10*s)? ke (10°s71)° Dum
0.55 8.71 1.16 0.070
3.46 7.92 1.36 0.055
4.95 7.41 1.41 0.050
51.08 9.96 423 0.023

“Photophysical data were obtained in dry, deaerated CH2Cl2 at 293 K. ¢ is the molar extinction coefficient at the lowest-energy absorption
band maximum, and Aem is the wavelength of the emission band maximum.?Aexe = 455 nm. %k = Ko/ 0. ke = Orun/ . “hine = (1 — © um)/ 0.

photocatalytic performance of the latter. Then, their *MLCT
excited state lifetimes (z,) were measured in dichloromethane
and once again a significant influence of the counterions was
established. The BAr"s~ complex evidenced the shortest excited
state lifetime (7,= 231 ns), which is almost four times shorter
than that of the TsO™ complex (7, = 804 ns). This behavior is
usually rationalized by a reduced energy gap between the
SMLCT excited state and low-lying metal-centered (*MC)
excited states of [Ru(bpy);]*", which facilitates the *MLCT-
*MC internal conversion enabling more efficient nonradiative
deactivation pathways,”* as reflected in the decreased
luminescence quantum yield (®wm, Table 2). The better
performance of [Ru(bpy);](BArF4), photocatalyst is all the more
remarkable as its excited state lifetime is significantly reduced,
which decreases the probability of encountering the substrate
for productive energy transfer. The actual quenching rate
coefficient (kq) for this series of [Ru(bpy);](X). photosensitizers
could be accessed thanks to the Stern-Volmer relationship (K
= kq %) and remarkably, a decrease by two orders of magnitude
between the large and non-coordinating BAr*,~ and the small
coordinating TsO™ was determined, highlighting the impressive
superiority of [Ru(bpy);](BArfs), to efficiently transfer its
triplet energy to the a,f-unsaturated 2-acyl imidazole substrate
1a. This reactivity could be explained by the higher tendency of
the bulky BArfs~ counterions to dissociate from their cation to
form solvent-separated ion pairs,”>** thus unshielding the
[Ru(bpy);]** cation in its triplet-excited state and facilitating
collisions with the substrate for effective triplet-triplet energy
transfer.

Another parameter that plays an important role in
photocatalysis, is the photostability of catalysts.?? Nevertheless,
[Ru(bpy);]*" complexes are recognized for their relatively low
photostability in non-polar solvents such as dichloromethane.
In fact, photodecomposition of [Ru(bpy);]** is known to operate
through photodissociation of a bipyridine (bpy) ligand, a
phenomenon that becomes significant in solvent of low
dielectric constant with strongly coordinating anions that can
substitute the bpy ligand leading to photocatalytically inactive

Ru(bpy):X> complexes such as Ru(bpy).Cl.'* Therefore, the
photostability of our series of [Ru(bpy);]X, complexes was
investigated by monitoring the luminescence intensity of
CH,Cl, solutions irradiated with blue LEDs (Amax = 460 nm).
The decrease of luminescence intensity (I/Ip) as a function of
irradiation time is presented in Figure 4. As expected,
[Ru(bpy)s](TsO), with the most coordinating counterion in the
series evidenced the lowest photostability, leading to almost
complete decomposition (>85%) after only 10 minutes of
irradiation. A significantly lower decomposition rate was
measured for [Ru(bpy);](TfO), and [Ru(bpy);](PFs)., which
maintained 25% and 40% of their initial luminescence after 1h
of irradiation, respectively. Interestingly, [Ru(bpy);](BAr's)
exhibited the highest photostability being roughly twice as
robust as [Ru(bpy);](PFs).. The superior photostability of
[Ru(bpy);](BArfs), compared to [Ru(bpy)s;](PFs),, both
involving non-coordinating ions, is however remarkable given
its increased *MLCT state energy. DFT calculations were
performed to optimize the lowest MLCT and MC states for the
PFs and BAr"4 complexes (and the bare cation as a reference,
SI, since all our previous calculations on [Ru(bpy)s;]*" were
conducted using MeCN as implicit solvent,).> Indeed, several

1.1

—e—TsO o—PF,

——TIO —e—BAr,

1,04

0 10 20 30 40 50 60
time (min)

Figure 4. Photostability of [Ru(bpy);]X, complexes in
dichloromethane (8 mM) at 25 °C under 50W blue LED (Anax =
460 nm) irradiation.
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types of MC states may be invoked, whose electronic structures
differ in the nature of the populated d,+ orbital. As a global
picture, when populating a d,>-like orbital, two major Ru-N
elongations will occur involving two pyridines from separate
ligands in tris(bidentate) complexes such as Ru(bpy);**, leading
to what we termed MCqs states. On the contrary, if a de—y2-like
orbital is populated, three or four major elongations will occur,
two of which involving the same ligand, leading to MC, states.
For this reason, photoinstability issues due to ligand loss have
been suggested to involve preferably dy2—y2-based MC,; states,
while nonradiative deactivation has been suggested to proceed
preferably through d.-based MC.,s states (Figure 5). The
calculated Jablonski diagram (Figure 6) shows that MC,; states
(red dots) are higher in energy and better separated from MCiqs
states (green dashes) for the BAr"y complex compared to the
PFs analogue, in line with the higher photostability of the
former. Besides, since the *MLCT lifetime is long enough to
allow relaxation of the anions,” the globally lowest state,
labelled as *MLCT-adj and presenting adjacent anions, is the
one which should be considered as the most populated. The gap
between *MLCT-adj and *MCyun-adj is smaller for
[Ru(bpy);](BArf4), (5.3 kcal/mol) than for [Ru(bpy)s](PFs):
(7.0 kcal/mol), in agreement with the shorter MLCT lifetime of
the BArF complex (vide supra Figure 3C & Table 2).

3MCCVS —‘ 2+

/N\
/

Loss of bpy ligand favored by
Ru-N bond elongation along d2_?

Nonradiative deactivation favored by
Ru-N bond elongation along d,2

Figure 5: Schematic representation of MC states of [Ru(bpy);]**
with elongation along either di>y> (*MCy, left) or d> (MCians,
right).

AEE
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55 _|  weessesseneess 56.7 (opp)
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P2

I

[Ru(bpy)s](BAr,),

[Ru(bpy);](PFs),

Figure 6: Jablonski diagram schematizing the relative energies of
optimized GS (black), SMLCT (blue lines), MC,; (red dots) and
SMCpans (green dashes) states for [Ru(bpy);](BArfs), and
[Ru(bpy)s](PFes), complexes. Multiple states of the same color
indicate various anion arrangements, such as adjacent (adj) and
opposite (opp) (see text and SI).

After demonstrating the high photostability of the BAr',
catalyst and its excellent ability to transfer its triplet energy to
substrate 1a in dichloromethane, we optimized the conditions
for the [2+2] photocycloaddition reaction in the presence of

styrene 2a as a partner. First, using 2.5 mol% of
[Ru(bpy);](BArfs), as photocatalyst and by increasing the
reaction concentration from 0.05 to 0.1 M, the rate of the
cycloaddition after 2h of irradiation under blue LEDs (Amax =
460 nm) improved to reach 56% yield of the desired product
(Table 3, entries 1 & 2). Interestingly, a decrease of the
photocatalyst loading from 2.5 mol% to 1 mol% (Table 3, entry
3) and 0.5 mol% (Table 3, entry 4) did not significantly affect
the productivity since very similar results were obtained after
2h of reaction, allowing to reach a turnover number (TON)
above 100 in the latter case. The optimized conditions used a
low photocatalyst loading of 0.5 mol% and a reaction
concentration of 0.2M (Table 3, entry 6), which allowed full
conversion within 16h at room temperature, and 72% yield of
the desired cycloaddition products (Table 3, entry 6). Finally,
by further decreasing its catalytic loading and increasing the
reaction concentration, we were able to highlight the
outstanding catalytic performance of the BAr', photosensitizer,
which achieved an impressive TON of up to 1040 at a very low
loading of 500 ppm (Table 3, entry 7, and SI).

Table 3. Optimization using [Ru(bpy);](BAr,), as catalyst*

o] X mol%
i oy e, # @'
blue LED
1a 2a (hmax = 460 nm) 3a 3’
[Ru(b(pn}l’():l]ﬁ/]j)Alfét)Z [1a] (mol.L) T(ilrlr)le 3((;)19 TR

1 2.5 0.05 2 43 17
2 2.5 0.1 2 56 22
3 1 0.1 2 56 54
4 0.5 0.1 2 54 108
5 0.5 0.2 2 70 140
6 0.5 0.2 16 72 144
7 0.05 1.0 16 52 1040

“Reaction conditions: la (0.1 mmol), 2a (I mmol),

[Ru(bpy);](BArf4), (0.05 to 2.5x107° mmol), degassed CH,Cl,
(0.25 to 2 mL), blue LED irradiation (Amax = 460 nm) for 2 to 16
hours under Ar. ?Yield in % of (3a+3a’) was determined by 'H
NMR  wuwsing  1,3,5-trimethylbenzene as an  internal
standard.“Turnover number.

With the optimized conditions in hand, we then investigated the
scope of the intermolecular [2+2] cycloaddition reaction by first
varying the electronic and steric properties of the fraryl
substituent of the a,f-unsaturated 2-acyl N-methylimidazole 1
(Table 4). Aryl groups with an electron donating substituent
were well tolerated affording the desired products (3b-3e) in
good isolated yields. A slight decrease in yield was nevertheless
observed when the steric hindrance increased from a methoxy
substituent in the para-position (3¢) to a meta-(3d) and ortho-
position (3e). Substrate 1f bearing the bulky 2-naphthyl group
also efficiently engaged in the [2+2] cycloaddition with styrene
to afford the product 3f in 58% isolated yield. Thienyl and
furanyl groups were well tolerated, allowing the formation of
products 3g and 3h in reasonable yields. With the exception of
the o-iodophenyl group (31) which induced a very sluggish
reaction, substrates bearing an electron-deficient fluoro-,
chloro-, bromo-, cyano-, trifluoromethyl, or nitro-aryl group
(3i-3p) were all amenable to efficient cycloaddition catalyzed
by the [Ru(bpy)s;](BAr"s), photocatalyst. We then investigated
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Table 4. Scope of a,f-unsaturated 2-acyl N-methylimidazole®

Table 5. Scope of styrene partner”
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3m, 7% (87%
BYRAAL 2.2:1drld 2.2:1 drld 2.2:1drt
“Reaction conditions: 1 (0.2 mmol), 2a (2 mmol),

[Ru(bpy);](BAr4), (1x1073 mmol), degassed CH>Cl, (1 mL), blue
LED irradiation (Amax = 460 nm) for 16 hours under Ar. *Isolated
yield of 3 and 3°. “Yield in % of 3 and 3’ determined by 'H NMR
using  1,3,5-trimethylbenzene as an internal standard.
“Diastereomeric ratio (3:3%) determined by '"H NMR analysis.

the scope of olefin partner and the results are shown in Table 5
Aryl-substituted electron- rich and electron poor styrenes,
including sterically congested (2r), were valuable substrates to
afford the desired products (3q-3u) in good yields. Gratifyingly,
the presence of a methyl group at the a-position of styrene (2v)
did not hamper the reactivity. Butadiene and 2,3-
dimethylbutadiene are also compatible with the [2+2]
cycloaddition, allowing the synthesis of cyclobutanes 3w and
3x in good yields and with improved 7:1 selectivity in favor of
the trans-trans diastereomer in the latter case. Moreover, the
method is not limited to a,f-unsaturated 2-acyl N-
methylimidazole 1 since the N-methylimidazole moiety can be
replaced by other heteroaromatic groups, such as N-
phenylimidazole (4a), or pyridine (4b) with no significant
impact on the catalytic performance as demonstrated by the
isolation of produts (5a) and (5b) in 72% and 63% yields,
respectively (Table 6). Interestingly, energy transfer from the
triplet state energy of [Ru(bpy);](BArfs), to chalcone is also
operative in CH,Cl,, allowing cycloaddition with styrene to
produce the corresponding intermolecular cycloadduct 5¢ in a
reasonable 44% isolated yield.

CONCLUSION

In this work, we reveal counterion effects in triplet-triplet
energy transfer processes catalyzed by a cationic transition-
metal based photosensitizer in low polarity solvent. We observe

P o dn Eo
oo P an A
" Ball ol "o

3r, 70% (75%) 3s, 57% (67%) 3t, 74% (84%)
2.5:1d.rld 2.5:1d.rld 2.4:1d.rld

Me
3q, 74% (81%)
2.7:1d.rd

Ph PH @ Ph // Ph /f

3u, 60% (78%) 3v, 49% (51%) 3x, 69% (72%)
2.5:1d.rd 1.7:1 d.rd 741 d.rld

s s WA L
& )1,,@ T <70 T

3w, 49% (55%)
2.4:1d.rd

“Reaction conditions: l1a (0.2 mmol), 2 (2 mmol),
[Ru(bpy);](BAr4), (1x1073 mmol), degassed CH>Cl, (1 mL), blue
LED irradiation (Amax = 460 nm) for 16 hours under Ar. *Isolated
yield of 3 and 3°. “Yield in % of 3 and 3’ determined by 'H NMR
using  1,3,5-trimethylbenzene as an internal standard.
“Diastereomeric ratio (3:3’) determined by '"H NMR analysis.

Table 6. Scope of a,f-unsaturated ketones”

o 0.5 mol% C‘> ?
F j )
0 p ¢ oy FUEEIEAT, po . e
CH,Cly, 16h, 1t ):‘ ):L
blue LED P “Ph pr’ Ph
4 2a (#max = 460 nm) 5 % Yield® (NVR %) 5
Ph O ?
NW)‘“" ‘ N A,
o OB )1
P’ “Ph Ph’ Ph
5a, 72% (81%) 5b, 63% (68%) 5¢, 44% (65%)
211 d.rd 34:1 drld 2.6:1 d.rld
“Reaction conditions: 1 (0.2 mmol), 2a (2 mmol),

[Ru(bpy);](BAr4), (1x1073 mmol), degassed CH>Cl, (1 mL), blue
LED irradiation (Amax = 460 nm) for 16 hours under Ar. *Isolated
yield of 5 and 5°. “Yield in % of 5 and 5’ determined by 'H NMR
using  1,3,5-trimethylbenzene as an internal standard.
“Diastereomeric ratio (5:5%) determined by '"H NMR analysis.

a strong impact of the counterion identity on the excited state
properties of [Ru(bpy);](X). photocatalysts and on their
capacity to transfer triplet energy to cinnamoyl-type substrates.
The limited stabilization by anion-dipole interaction of the
[Ru(bpy)s]** excited state in the presence of large BATF~ anions
in dichloromethane results in a *MLCT excited state of reduced
lifetime but of higher energy, offering an increased driving
force for the energy transfer process. In comparison, the
efficiency of the energy transfer drops by two orders of
magnitude in the presence of small anions like TsO™. The non-
coordinating BArf,” anion is also beneficial for the
photostability of the cationic photocatalyst by disfavoring the
loss of a bpy ligand, which is a predominant decomposition
pathway in solvents of low dielectric constant such as
dichloromethane in the presence of coordinating/nucleophilic
anions. This modulation is due to the fact that BAr"s~ anions
favor the population of non-dissociative *MCas states over
dissociative *MC,; states Thanks to the excellent photostability
and high efficiency in triplet-triplet energy transfer of the
[Ru(bpy);](BArF4), photocatalyst in dichloromethane, excellent
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photocatalytic activities (up to >1000 TON) could be achieved
in intermolecular [2+2] cycloaddition reactions of broad scope
with photocatalyst loading as low as 500 ppm. These results
clearly demonstrate that the nature of counterion makes a major
contribution to cationic photocatalyst potency, a parameter so
far overlooked in the literature regarding photocatalyzed
transformations and especially reactions enabled by triplet
energy transfer.
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