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14 ABSTRACT: Over the past decade, there has been a renewed interest in the use of transition metal polypyridyl complexes as photoredox
15 catalysts for a variety of innovative synthetic applications. Many derivatives of these complexes are known, and the effect of ligand modifications
16 on their efficacy as photoredox catalysts has been the subject of extensive, systematic investigation. However, the influence of the photocatalyst
17 counteranion has received little attention, despite the fact that these complexes are generally cationic in nature. Herein, we demonstrate that
counteranion effects exert a surprising, dramatic impact on the rate of a representative photocatalytic radical cation Diels—Alder reaction. A
18 detailed analysis reveals that counteranion identity impacts multiple aspects of the reaction mechanism. Most notably, photocatalysts with more
19 non-coordinating counteranions yield a more powerful triplet excited state oxidant and longer radical cation chain length. It is proposed that
20 this counteranion effect arises from Coulombic ion-pair interactions between the counteranion and both the cationic photoredox catalyst and
21 the radical cation intermediate, respectively. The comparatively slower rate of reaction with coordinating counteranions can be rescued by using
22 hydrogen-bonding anion binders that attenuate deleterious ion-pairing interactions. These results demonstrate the importance of counteranion
23 identity as a variable in the design and optimization of photoredox transformations and suggest a novel strategy for the optimization of organic
24 reactions using this class of transition metal photocatalysts.
25
26
27
community of scholars interested in the use of these complexes as
28 Introduction
29 photoredox catalysts in organic chemistry.
30 Ruthenium(II) polypyridyl complexes have been among the most
31 widely studied molecular photocatalysts for a variety of applications. Ligand effects well-characterized
The photophysical, electrochemical, and physical properties of this
32 class of luminescent transition metal complexes have been exten- /Nl
33 sively characterized. They generally exhibit strong absorbance in the N;\g\N
34 visible spectrum, feature high intersystem crossing efficiency, and K/lN,,_ | \
35 can participate in a diverse range of photoinduced electron- and en- & NT TU‘N =
36 ergy-transfer processes. Because of these attractive features, Ru(1I) N AN
37 photocatalysts were instrumental in the early development of solar \Nﬂ
38 fuels technologies;: in addition, some of the best light-harvesting
39 sensitizers for dye-sensitized solar cells belong to this family of com- 1 [Ru(bpy)sl(X)a 2 [Ru(bp2)s)(X)s 3 [Ru(btfmb)sJ(X),
40 plexes. Over the past decade, the recognition that Ru(bpy)s** and its
41 analogues are also useful photocatalysts for organic transformations Effect of counteranion structure poorly documented
42 has stimulated a renewal of interest in photochemical synthesis.: Be- CFs
43 cause of the exceptional utility of Ru(bpy)s* in so many diverse ap- - - FF
44 plications, numerous structurally varied Ru(II) polypyridyl photo- 08 =CFs F/E\F
45 catalysts have been prepared, and the effects of ligand modifications CFaly
46 on catalyst properties are well-understood (Figure 1) 3a X =BArf,~ 3b X =TfO~ 3¢ X =PFg
47 The effect of counteranion structure on the photoactivity of these oF oF
48 cationic complexes, on the other hand, has not been subject to simi- ) ’ ) } ’
49 lar systematic study. In this paper, we document the discovery of the 0s8 OSSOCHG 0L
50 unexpected impact counteranion identity plays on the efficiency ofa cr, cF,
51 radical cation Diels-Alder cycloaddition, a representative 3d X = AFSO;~ 3e X =TsO 3 X = AFCO,
52 photoredox transformation. We rationalize the observed rate in-
53 crease as the consequence of (1) a change in the photocatalyst Figure 1. Structurally varied Ru(1I) photocatalysts.
54 ground-state electrochemical properties, (2) a significant shift in its
zs triplet-state energy, and (3) an increase in the efficiency of radical Results and Discussion
56 cation chain propagation. The results reported herein suggest that Counterion Effects in Radical Cation Cycloadditions
this counterion effect may be an unappreciated but important phe- o ;
57 nomenon in many photoredox reactions. Understanding the impact 'Several years ago, we .reported that visible light photo.redox caFal—
58 of this experimental variable, therefore, should benefit the growing ysis offered an efficient means to conduct radical cation
59 Diels—Alder cycloadditions between a wide range of electron-rich
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styrenes and diverse dienes.’® The highly electron-deficient
[Ru(bpz)s](BAr":). complex’ proved to be a potent photocatalyst
for this transformation, providing excellent rates and yields at ambi-
ent temperatures with as little as 0.5 mol% of photocatalyst.: Our
proposal for the mechanism of this reaction is briefly summarized in
Scheme 1. Photoexcitation of Ru(bpz)s** with visible light results in
the efficient formation of a long-lived redox-active triplet state. The
electron-deficient bpz ligands render the photoexcited catalyst a
substantially stronger oxidant (+1.4 V vs SCE) than the parent
Ru(bpy)s** catalyst (+0.89 V vs SCE), enabling the one-electron
photooxidation of anethole (4, +1.1 Vvs SCE). The resulting alkene
radical cation undergoes rapid [4+2] cycloaddition with diene § to
afford product radical cation 6°*.” Formation of the neutral product
can occur by one of two mechanisms: either radical chain-propagat-
ing oxidation of another equivalent of alkene 4 or by chain-terminat-
ing oxidation of the reduced Ru(bpz)s* catalyst."’ The latter process
regenerates the photoactive Ru(II) state of the catalyst and closes
the catalytic cycle.

Scheme 1. Proposed Photocatalytic Radical Cation Diels—Alder Cy-
cloaddition Mechanism

MeO.
MeO visible light
[Ru(bpz)s](BAF ), (0.5 mol%)
CH,Cl,
s |
Me
hv
R — — R 4+
Ru' 4

Despite the efficiency and broad scope of this reaction, the
Ru(bpz)s”* chromophore suffers from limited solubility in
non-polar organic solvents. Empirical screening indicated that the
reaction proceeds more rapidly in these solvents and resulted in the
use of CH,CL in optimized reaction conditions. Nevertheless, the
solubility of the bpz complex in CH>Cl is modest, and reactions
conducted at moderate catalyst loadings are often visibly heteroge-
neous. These constraints limited our ability to systematically inves-
tigate catalyst structure on the rate of photoredox reactions. We thus
became interested in the use of strongly oxidizing photocatalysts
with greater lipophilicity that might be freely soluble in low-dielec-
tric solvents.

As a starting point for these studies, we prepared a series of pho-
tocatalysts based upon the Ru(btfmb);** chromophore (Figure 1, 3;
btfmb = 4,4’-bis(trifluoromethyl)-2,2’-bipyridyl). The photophysi-
cal and electrochemical properties of the homoleptic
[Ru(btfmb);](PFs). complex were previously investigated in ace-
tonitrile by Furue and Kamachi." Given the oxidizing potential re-
ported for its excited state (+1.3 V vs SCE), we hypothesized that
Ru(btfmb)s** would be an effective photooxidative catalyst for elec-
tron-rich styrenes such as 4. Moreover, we hoped that the lipophilic
CF; substituents would improve the solubility of the photocatalyst
in non-polar organic solvents compared to Ru(bpz)s**. In order to

maximize the organic solubility of this chromophore, we prepared a

series of salts bearing a variety of lipophilic counteranions (3a-f)
and assessed their activities in a model photoreaction.

The results of this initial catalyst screen for the radical cation
Diels-Alder cycloaddition between anethole (4) and isoprene (5)
are summarized in Table 1. In general, these various photocatalysts
each promoted the reaction, but surprisingly, the rates of reaction
varied dramatically depending on counteranion identity. While the
cycloaddition of 4 and § is complete in 20 min using 1 mol% of
BAr",” catalyst 3a, the reaction proceeds to only 55% yield after 24 h
with the analogous triflate catalyst 3b, 14% yield with the 3,5-bis(tri-
fluoromethyl)benzenesulfonate (Ar"SO;") catalyst 3d, and only 2%
yield with the tosylate catalyst 3e. No conversion was observed in
this timeframe using the carboxylate complex 3f. Thus, there ap-
pears to be a correlation between the rate of product formation and
the non-coordinating nature of the catalyst counteranions.” Una-
ware of any previous report of similarly dramatic counterion effects
on the rate of organic photoredox transformations, we elected to in-
vestigate the origins of this phenomenon.

Table 1. Counteranion Effect on the Rate of Radical Cation
Diels-Alder Cycloaddition.

MeO MeO.
[Ru(btfmb);](X)
. A (1 mol%)
CH,C
| M
e 23 W CFL
4 Me 5

Me
entry catalyst time yield6®  unreacted 4
b

1 3a (BAr®)) 20 min 98% 0%

2 3b (TfO") 24h 55% 37%
3 3d (ArfSO;5) 24h 14% 80%
4 3e (TsO") 24h 2% 95%
S 3f (ArfCO») 24h 0% 100%

* General conditions: anethole (0.06 mmol), isoprene (0.18 mmol),
CH.CL (0.08 M), [Ru] (1 mol%). Each reaction was subjected to 3
freeze-pump-thaw cycles prior to irradiation from a 23 W CFL bulb. *'H
NMR yields referenced to trimethyl(phenyl)silane internal standard.

To begin to wunderstand this effect, we performed
Stern—Volmer analyses of the relationship between the concentra-
tion of anethole (4) in CH.CL, and the photoluminescence intensity
of the BAr";", PFs", and Ar*SO;™ complexes of Ru(btfmb);**. This in-
vestigation demonstrated that the degree of excited-state quenching
between the photoexcited catalyst and the organic substrate (i.e., the
Stern—Volmer constant, K«v) decreased by two orders of magnitude
from the least coordinating counteranion, BAr"s, to the most coor-
dinating counteranion in this study, Ar*SO;™ (Figure 2A). This is
consistent with the markedly superior reactivity of the BAr"s com-
plex. The value of K, is dependent both upon the excited-state life-
time of the photocatalyst (t) and the bimolecular electron-transfer
rate constant (kq); K& = Tkq To deconvolute whether the large
change in the Stern-Volmer constant arises primarily from a change
in catalyst triplet lifetime or in the electron-transfer rate constant, we
measured T for each Ru(btfmb)s>* complex (Table 2). These results
show that while the counteranion does have an influence on triplet
lifetime, the effect is relatively small — approximately two-fold over
the range of counteranions investigated. The impact on k,, therefore,

is much larger, spanning two orders of magnitude from Ar"SO; 3d
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Figure 2. A. Stern—Volmer plots for excited-state quenching of catalysts 3a—c in CH>Cl.. B/C. Effect of counteranion identity on excited-

state properties of [Ru(btfmb);](X)., X is indicated in the legend. (B) Absorption (solid line) and photoluminescence (dashed line) spectra
in MeCN. (C) Absorption (solid line) and photoluminescence (dashed line) spectrain CH.CL.

to BAr";"3a. Thus, the unanticipated conclusion from these prelim-
inary studies is that the identity of the photocatalyst counteranion
can impact a photooxidative reaction by dramatically altering the in-
trinsic rate constant of bimolecular electron transfer to the photo-
catalyst excited state.

Table 2. Spectroscopic Properties and Stern-Volmer Quench-
ing Constants®

entry  catalyst Aabs Aem Ksv T kq
(nm)  (nm) (x10*°M"') (ns) (x10°M's?)
1 3a 453 573 17 520 33
2 3c 458 605 4.2 860 4.9
3 3d 458 618 0.61 950 0.64

* Data acquired in CH>Cl.

This finding was surprising. While the importance of the bipyridyl
ligand structure in the design and optimization of photocatalytic re-
actions is well appreciated,” the effect of the catalyst counterion on
photocatalytic reaction rates has received significantly less attention.
Meyer and coworkers have examined ion-pairing effects on the pho-
tophysics of Ru(II) polypyridyl chromophores. These investiga-
tions show that addition of ClI° to solutions of
[Ru(bpy)2(deeb)](PFs), in CH.Cl, results in the formation of tight
ion pairs and a concomitant decrease in triplet
excited-state energy and lifetime.» However, neither the impact of
structurally complex organic counteranions on the photochemical
properties of Ru(II) complexes, nor the effects of ion pairing on the
rate of synthetic photocatalytic applications, have been systemati-

cally explored.«

Spectroscopic, Electrochemical, and Quantum Yield
Studies

We have collected absorption, emission, and electrochemical data
for a representative series of Ru(btfmb)3** complexes bearing BAr",~
, PFs, Ar"SOs7, and TsO™ counteranions. These data are depicted in
Figure 2B and C. First, we obtained spectral data for these complexes
in acetonitrile (Figure 2B). Both the absorption and emission spec-
tra are superimposable in MeCN, consistent with the attenuated im-
pact of ion pairing in high-dielectric solvents. On the other hand,
Coulombic effects are more significant in non-polar solvents, which

are often ideal for applications in organic synthesis. Figure 2C shows
absorption and emission spectra for the same series of catalysts in
CH.CL. The impact of counteranion identity on the absorption
this
non-polar solvent is modest, suggesting that if differences in Cou-

spectrum in relatively
lombic interactions exert any influence on the ground-state proper-
ties of the photocatalyst or on the singlet excited state, it is a small
effect. In contrast, the photoluminescence spectra of the various
complexes differ markedly. Most notably, the Ama of photolumines-
cence varies by 52 nm from the least coordinating (BAr"s", 573 nm)
to the most coordinating (TsO", 625 nm) counteranion, corre-
sponding to a substantial energy difference of 4.2 kcal/mol (0.18
eV).

Thus, altering the identity of the counteranion produces an unex-
pectedly large change in the energy of the emissive triplet state of
Ru*(btfmb);**. One would expect these changes to be reflected in
excited-state redox potentials. To quantify this effect, we measured
the one-electron reduction potential E(Ru’**) of the Ru(btfmb);>*
complexes in CH,CL. Each measurement was made using a match-
ing n-BusN"X" salt as a supporting electrolyte in order to avoid com-
plications arising from counteranion exchange. Counteranions of
lower Lewis basicity resulted in significant anodic shifts in the
ground-state potentials, with the largest and most significant effect
observed for the BAr"s counteranion (Table 3). This effect can also
be rationalized as a consequence of ion pairing where the one-elec-
tron reduction of the least electrostatically stabilized BAr";” complex
is more energetically favorable than the tightly ion-paired tosylate
complex. To calculate the excited-state redox potential, we made the
commonly utilized assumption”'® that the Gibbs free energy change
for the So to T\ transition is represented by the energy of the corre-
sponding photoluminescence maximum (AGes). The catalytically
relevant first triplet excited-state reduction potential E(Ru**"/*) can
then be approximated from the sum of AGes and E(Ru’**). As the
data in Table 3 show, these potentials span a range of 480 mV (11
kcal/mol), with the BAr"s complex having the most positive reduc-
tion potential of +1.52 V vs SCE. The conclusion from these studies,
therefore, is that the degree of ion pairing has a synergistic effect on
both the excited-state triplet energy and on the ground-state electro-
chemical potential, leading to a large net dependence of
photooxidant strength on the identity of the catalyst counteranion.
These results are consistent with the experimentally observed effect
the
Diels—Alder reaction described above. The most non-coordinating

of  counteranion identity on radical cation

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

counteranion (BAr";") results in the largest driving force for pho-
toinduced electron transfer, consistent with a faster rate of photoin-
itiation and a shorter reaction time.

Table 3. Ground- and Excited-State Redox Potentials for
Ru(btfmb)f* in CHzClz. ?

entry catalyst AGes E(Ru?*/*)  E(Ru*™*)
1 3a 2.17 eV -0.65V +1.52V
2 3c 2.05eV -0.89V +1.16 V
3 3d 2.01eV -093V +1.08V
4 3e 1.99 eV -095V +1.04V

“Electrochemical potentials were measured through cyclic voltamme-
try in a standard three-electrode set-up, scan rate = 100 mV/s. A 100
mM solution of a n-BusN*X" salt that matched the photocatalyst coun-
teranion was used as a supporting electrolyte. Potentials were corrected
to SCE through an external ferrocene reference.

In order to rationalize the impact of counteranion identity on the
triplet excited-state energy of the Ru(btfmb)s** chromophore, we
propose an explanation based upon an empirical physical model for
charge redistribution between the ground and electronically excited
states of this canonical class of transition metal photocatalysts
(Scheme 2). The ground state of the Ru(btfmb)s** chromophore
has Ds symmetry and consequently cannot support a permanent di-
pole moment. On the other hand, the emissive states of Ru(II)*
tris(bipyridyl) complexes are understood to be metal-to-ligand
charge-transfer (MLCT) triplets, and considerable experimental ev-
idence supports the contention that the transferred electron is local-
ized to a single ligand without significant delocalization across the
other two ligands.” Thus, electronically excited Ru*(btfmb)s™ is
best conceptualized as a C,-symmetric,
charge-separated state with an oxidized Ru(III) core and a single re-
duced btfmb™~ ligand (Scheme 2). This lower-symmetry MLCT
state would therefore be expected to have a very large dipole mo-
ment. Meyer has estimated the dipole moment of the triplet
Ru*(bpy)s™ state to be approximately 14 D.” If the photocatalyst
exists largely in an ion-paired state in non-polar solvents, stabilizing
charge—dipole interactions should have a larger effect on the triplet
excited state than they do on the ground state. One would further
expect that more strongly coordinating anions, which produce
tighter ion pairs, would better stabilize the triplet excited state. Fi-
nally, a strong solvent dependence would be consistent with this
model, as charge-dipole interactions are attenuated by increasing
solvent dielectric.

Scheme 2. Representation of the ground state (no dipole) and tri-
plet excited state (significant dipole) for [Ru(btfmb)s](X)-.

D3 symmetry
no permanent dipole

C, symmetry
large dipole moment

In the radical cation Diels—Alder reaction, the radical cation inter-
mediates (4" and 6'*) would also be expected to exist as ion pairs,
and the most reasonable counteranion would be that introduced by
the photocatalyst.' We wondered if this ion-pairing interaction
might also affect the dynamics of the product-forming cycloaddition
and chain propagation steps as well as the photoinitiation step. To
investigate this question, we utilized the same protocol we previ-
ously described for estimating the chain length in radical cation cy-
cloadditions." First, we measured the reaction quantum yield with
the BAr*sand Ar"SOs™ catalysts through chemical actinometry (see
Supporting Information). The quantum yield using the BAr"y cata-
lyst 3a (1 mol%) was measured to be ® = 26, comparable to the
value we determined for the corresponding [Ru(bpz);] (BAr's): cat-
alyst in previous studies.’* However, when Ar"SOs” complex 3d was
utilized as the photocatalyst, we measured a significantly decreased
quantum yield of @ = 0.35. To correct for the differing efficiency of
photoinitiation by photocatalysts with different excited-state oxida-
tion potentials, we divided the measured quantum yield values by
the quenching fraction. The quenching of 3a by anethole was highly
efficient (Q > 0.99), and thus the estimated average chain length is
the same as the quantum yield (CL = 26). The quenching fraction
for 3d was lower (Q = 0.83), but the resulting average chain length
was still calculated to be quite low (CL = 0.42). Thus, in addition to
influencing the ground and excited states of the photocatalyst, the
counteranion impacts the efficiency of the subsequent radical chain
reaction.

These results have several significant implications. First, coun-
teranion identity is a previously underappreciated variable in the op-
timization of organic photoredox reactions that has the potential to
dramatically impact the success and efficiency of synthetically useful
organic reactions. Second, counteranion effects impact multiple as-
pects of the photocatalytic mechanism, including the energy of the
reactive  triplet  excited  state, the rate of the
electron-transfer photoinitiation event, and the dynamics of non-
photochemical product-forming radical chain propagation events.
Finally, because the strength of ion-pairing interactions is sensitive
to solvent dielectric, these counterion effects are expected to be most
important in the relatively non-polar organic solvents that are often
optimal for synthetic applications. Such effects may be important in
amuch wider range of organic photoredox reactions than previously

appreciated.

Hydrogen-Bonding Anion Binders as Co-Catalysts

The model proposed above suggests that the rate of photocata-
Iytic Diels—Alder cycloaddition is strongly influenced by Coulombic
interactions between the counteranion and both the cationic photo-
catalyst and the radical cation intermediates. As a further test of this
model, we hypothesized that other strategies for disrupting ion pair-
ing might be used to exert a similar effect. In particular, we drew in-
spiration from a concept pioneered by Jacobsen: hydrogen-bonding
organocatalysts can accelerate reactions involving various cationic
reactive intermediates by binding their associated counteranions.”
We hypothesized that the tight ion pairing between a Lewis basic
counteranion and Ru*(btfmb);** could be disrupted by addition of
an appropriate hydrogen-bonding anion binder, recapitulating the
rate increases we observed using weakly coordinating counterani-
ons.

Our investigations focused on the use of sulfonate complex 3d as
a photoredox catalyst for the radical cation Diels—Alder reaction. As
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described previously, 3d is markedly less reactive than the optimal
BAr"s” complex 3a. Several recent reports have shown that Cs.-sym-
metric thiophosphotriamide 7 is an effective hydrogen-bond donor
for binding sulfonate anions,” and we imagined that the sequestra-
tion of the Ar*SO;™ counteranion by 7 might attenuate its propensity
to participate in tight ion-pairing interactions. To test this hypothe-
sis, we conducted Diels—Alder cycloadditions using 1 mol% of 3d in
the presence and absence of 7 (Table 4). These experiments
showed alarge rate increase for the Diels—Alder cycloaddition upon
addition of just 20 mol% of 7. Under these conditions, the reaction
is complete within 2 h, while only 5% yield of 6 is formed at the same
timepoint in the absence of the anion binder. Notably, there is no
observable formation of cycloadduct upon irradiation in the pres-
ence of 7 without photocatalyst 3d. This demonstrates that the
thiophosphotriamide is not photocatalytically active, and the im-
provement in photoredox activity thus arises from a synergistic co-
catalytic effect.

Table 4. Effect of Ion-binder Co-catalyst 7 on Radical Cation
Diels—Alder reaction.

CFy CFq
FiC rlu/P\&’N/ /\CFa
7 i lllH
CFs
MeO ion binder 7 MeO
A [Ru(btfmb)s](Ar FSO3),
A e
4 Me 5
entry [Ru] H-bond time yield 6
cat 3d cat7

1 1 mol% 20 mol% 2h 99%
2 1 mol% none 2h 5%
3 none 20 mol% 2h 0%

We also investigated whether co-catalyst 7 had an influence on the
photophysical properties of Ar*SOs photocatalyst 3d consistent
with our proposed model (Figure 3A). The addition of 7 to 3d in-
duced a large hypsochromic shift in the photoluminescence maxi-
mum. This shift was in the direction of the emission maximum of
BAr"y” catalyst 3a, consistent with the expectation that added 7
would decrease the extent of ion pairing. In contrast, the addition of
7 to the BAr*s” complex 3a yielded no change in the emission maxi-
mum, even at 50-fold excess of 7 relative to 3a. This experiment sup-
ports the contention that the effect arises from a specific interaction
between the thiophosphotriamide and the sulfate counteranion, ra-
ther than an interaction with some other component of the reaction
mixture or a general medium effect. To further support this conten-
tion, we investigated interaction in CD»CL using '"H NMR spectros-
copy. Titration of thiophosphotriamide 7 with n-BusN* Ar"SO; re-
sulted in a significant shift of the aromatic C-H resonances of 7. A
fit of these data to a 1:1 binding model provided an association con-
stant of 1.3 x 10°.
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Figure 3. (A) Effect of anion-binding co-catalyst 7 on photolumines-
cence of 3d. (B) Stern-Volmer plot in the absence and presence of ion
binder 7.

The influence of added thiophosphotriamide 7 replicated the ef-
fect of weakly coordinating anions in other regards as well. First,
Stern—Volmer analysis indicates that the rate of quenching of 3d by
anethole is significantly faster upon the addition of the thiophos-
photriamide (Figure 3B). This is consistent with the observed in-
crease in triplet excited-state energy with greater concentrations of
7. Second, we observed a substantial effect on the radical cation
chain length (see Supporting Information). The addition of 20
mol% of 7 yielded a 20-fold increase in both the quantum yield and
apparent radical chain length of the reaction, suggesting that anion
binder 7 can influence the dynamics of the chain process by disrupt-
ing ion pairing.

Thus, we have been able to recapitulate the observed effect of
non-coordinating anions on the photocatalytic activity of Ar"SOs”
catalyst 3d using hydrogen-bonding co-catalyst 7. The thiophos-
photriamide disrupts ion pairing by binding the sulfonate coun-
teranion, which results in significant increases to the photocatalyst’s
triplet excited-state energy, the rate of photoinduced electron trans-
fer, the length of the radical cation chain process, and the overall ef-
ficiency of the photocatalytic Diels—Alder process. These results
support the contention that Coulombic effects can be more signifi-
cant in photoreactions than previously appreciated. Moreover, these
results suggest that the use of anion-binding organocatalysts could
be a conceptually orthogonal strategy for optimization of the grow-
ing class of synthetically useful photoredox transformations.
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Conclusion

The studies summarized above suggest several important implica-
tions for the design, understanding, and optimization of photocata-
Iytic processes. First, counterion effects can exert a significant im-
pact on the observed rate of radical cation reactions initiated by pho-
toredox catalysis. The degree of ion pairing between the coun-
teranion and both the Ru(II) photoredox catalyst and the oxidized
radical cation intermediate can influence the efficiency of multiple
steps in the mechanism of these reactions. Thus, these studies indi-
cate that modulating the degree of ion pairing is an important unex-
plored variable in the optimization of this class of transformations,
and we have described two complementary approaches that can suc-
cessfully increase the overall rate of a radical cation cycloaddition by
several orders of magnitude. Second, the Coulombic interactions
that are the putative origin of these effects are most significant in rel-
atively non-polar solvents such as those that are often optimal for
synthetic applications. This could indicate that counteranion iden-
tity is a particularly important variable for organic photoredox reac-
tions compared to better-established applications of Ru(1I) photo-
redox catalysts in solar energy conversion and biology, where the use
of water or other high-dielectric solvents might mask the impact of
ion pairing. As interest in the use of this class of transition metal pho-
toredox catalyst for synthetic applications continues to grow, a
deeper understanding of the impact of ion-pairing effects will be crit-
ical to developing a complete, detailed understanding of the mecha-
nisms in this class of synthetically useful transformations.
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