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ABSTRACT: Stereochemical control of electronically excited states is a long-standing challenge in photochemical synthesis, and few catalytic 
systems that produce high enantioselectivities in triplet-state photoreactions are known. We report herein an exceptionally effective chiral 

photocatalyst that recruits prochiral quinolones using a series of hydrogen-bonding and π–π interactions. The organization of these substrates 
within the chiral environment of the transition metal photosensitizer leads to efficient Dexter energy transfer and effective stereoinduction. The 
relative insensitivity of these organometallic chromophores towards ligand modification enables the optimization of this catalyst structure for 
high enantiomeric excess (ee) at catalyst loadings as much as 100-fold lower than the optimal conditions reported for analogous chiral organic 
photosensitizers.

INTRODUCTION 

Organic molecules in their electronically excited states undergo 
reactions that differ significantly from those of ground-state, closed-
shell intermediates. The distinctive transformations available via ex-
cited-state chemistry have motivated the development of the field of 
synthetic photochemistry throughout the past century.1 However, 
control over the stereochemistry of excited-state reactions remains a 
considerable challenge with few practical solutions, particularly us-
ing modern asymmetric catalytic approaches.2 This difficulty is at-
tributable to the short lifetimes and generally high reactivity of elec-
tronically excited organic intermediates, which challenge the ability 
of exogenous chiral catalysts to intercept and to modulate their sub-
sequent reactions. Thus, successful strategies for highly enantiose-
lective photocatalytic reactions have only been reported within the 
past decade, and applications of photochemical reactions to the syn-
thesis of structurally complex, stereochemically well-defined organic 
molecules have remained quite limited. 

Recently, there has been a renewed interest in photocatalytic syn-
thesis centered largely on the remarkable photochemical properties 
of visible-light-absorbing transition metal complexes exemplified by 
Ru(bpy)3

2+ and Ir(ppy)3.3  Many of the photophysical characteristics 
of these coordination compounds compare favorably to those of 
classical organic sensitizers, including their long excited-state life-
times, their high intersystem crossing quantum yields, and their ro-
bust chemical stability. Recent investigations have led to the devel-
opment of a range of new, highly enantioselective photocatalytic 
methods.4 Almost all of these new asymmetric catalytic photochem-
ical transformations, however, have been photoredox reactions,5 in 
which the propensity of photoexcited chromophores to participate 
in electron-transfer reactions is exploited to produce radical or radi-
cal ion intermediates. Thus, these reactions can be characterized as 
“secondary” photoreactions, in which bond formation occurs from 

photogenerated intermediates in their ground-state electronic con-
figurations, rather than from excited-state molecules.6   

Scheme 1. Previous Reports of Enantioselective [2+2] Photocycloaddi-
tions using Chiral Organic Sensitizers 

 
 

Fewer strategies are available for controlling the stereochemistry 
of “primary” photoreactions, which are defined as transformations 
where the bond-forming events arise directly from electronically ex-
cited intermediates.6

,7 To date, only a handful of systems have been 
able to deliver high ee’s in primary photoreactions at reasonably low 
concentrations of chiral catalyst (e.g., >80% ee at <10 mol%).8 Argu-
ably the most well-established of these are chiral hydrogen-bonding 
organic photosensitizers developed by Bach9 and Sivaguru,10 both of 
which feature photosensitizing chromophores functionalized with a 
hydrogen-bonding moiety that orients a polar, achiral organic sub-
strate within the stereocontrolling environment of the chiral photo-
sensitizer (Scheme 1). Notably, the photocatalytic moieties in both 
systems are organic chromophores. In the past five years, several la-
boratories, including our own, have studied transition metal photo-
catalysts as sensitizers for a variety of triplet-state reactions (e.g., cy-
cloaddition,5

,
11 aziridination,12 isomerization,13 cross-coupling,14 and 

formal C–H amination15). An important feature of this work is the 
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tunability of the transition metal photocatalyst. While the photo-
physical properties of organic chromophores can often be sensitive 
to small structural perturbations,16 transition metal photocatalysts 
have proven to be substantially more robust towards modification, 
and a large family of octahedral ruthenium(II) and iridium(III) 
complexes bearing extensively modified ligand sets generally serve 
as excellent photocatalysts.17 

Most of these Ru and Ir photocatalysts feature helical, metal-cen-
tered chirality, although they are typically utilized in racemic form. 
We wondered if this intrinsic chiral information could be exploited 
to control excited-state photoreactions. Meggers has designed a fam-
ily of chiral-at-metal coordination complexes that provide high ee’s 
in a remarkably broad range of transformations.18 These include 
non-photochemical reactions in which the chiral metal complexes 
serves principally as a chiral structural scaffold; bidentate L2-type lig-
ands bearing hydrogen-bonding19 or basic amine moieties20 are in-
troduced as catalytic functional groups. More recently, Meggers has 
also shown that Lewis acidic bis(acetonitrile) iridium(III) com-
plexes can be effective enantioselective catalysts for photocatalytic 
reactions.21 In these processes, the metal complex typically plays a 
dual role as both a chiral Lewis acid as well as a photoredox catalyst, 
which has resulted in the development of a range of enantioselective 
reactions involving photogenerated radical intermediates. However, 
the use of chiral enantiopure organometallic complexes as triplet en-
ergy transfer photocatalysts has not yet been reported.22

 

Herein, we describe the identification of a novel enantiopure irid-
ium complex functionalized with a hydrogen-bonding domain that 
can serve as a highly enantioselective triplet sensitizer. The develop-
ment of the optimal catalyst was guided not only by photophysical 
considerations but also by a rational study of substrate binding. The 
catalyst that emerged from these investigations exploits a unique 
dual hydrogen bonding interaction to organize a quinolone sub-
strate and is capable of providing high enantioselectivities at load-
ings as low as 0.1 mol%, significantly lower than the most effective 
chiral triplet sensitizers described to date. 

RESULTS AND DISCUSSION 

Optimization and scope studies. Our preliminary investigations 
(Table 1) were based on three central premises. First, we elected to 
study 3-alkoxyquinolone 3 as a model substrate because its triplet 
energy is computationally estimated to be ~55 kcal/mol, easily 
within a range accessible using common iridium(III) complexes pre-
viously studied in our laboratory.11a,c,12 It is also similar in structure to 
the quinolones and coumarins that are the optimal substrates for 
previously reported chiral organic photosensitizers, which provides 
an opportunity to directly compare the effectiveness of these pho-
toacatalysts.  Second, iridium(III) photocatalysts bearing electron-
deficient cyclometalated phenylpyridine ligands can possess quite 
high-energy triplet excited states. Thus, we adapted the synthetic 
route developed by Meggers to prepare enantiopure complexes of 
general structure 5 that we hoped would have a triplet energy suffi-
cient to sensitize 3. Finally, Meggers has reported a range of chiral-
at-metal complexes bearing L2 ligands functionalized with Brønsted 
acidic moieties that serve as highly effective hydrogen-bonding 
asymmetric catalysts in non-photochemical applications. We hoped 
that a heterocyclic ligand previously utilized to activate nitroal-
kenes19a,b might similarly be capable of binding 3 within the stereoin-
ducing environment defined by the octahedral Ir stereocenter. In 

our initial experiments, irradiation of 3 with blue LEDs in the pres-
ence of 1 mol% of Ir catalyst 5a at –70 °C resulted in the formation 
of 4 in 49% ee (Table 1), confirming the validity of our design plan. 

 

Table 1. Effects of Modified Hydrogen-Bonding Ligands  

 

a Conducted with Δ-5. The sign of the ee value is corrected for the 
absolute stereochemistry of the catalyst.  

 

Next, we interrogated the role the acidic trifluoroacetamide N–H 
bond plays as a H-bond donor (Table 1). We replaced the trifluoro-
acetamide moiety with a variety of other groups bearing hydrogen 
bond donors (5b-d), but surprisingly, there was no clear correlation 
between pKa and the ee of the cycloadduct. This suggests that the 
presence of this hydrogen bond-donating substituent on the pyra-
zole ring is likely not critical for binding the substrate. Consistent 
with this hypothesis, an analogue bearing a thioether substituent 
(5e) incapable of donating a hydrogen bond provided improved ee. 
Moreover, a complex featuring an unsubstituted pyridylpyrazole lig-
and provided both faster rate and high ee (5f). We found that the 
pyrazole moiety is necessary and sufficient for this level of enantio-
control. A complex in which the critical N–H of the pyridylpyrazole 
ligand is blocked with a methyl group (5g) provided no enantioin-
duction. In contrast, the use of a complex bearing a monodentate py-
razole ligand and an acetonitrile ligand (5h) afforded almost the 
same ee as the optimal catalyst with a bidentate pyridylpyrazole lig-
and, albeit with diminished reactivity. 

These studies suggested that the acidic N–H bond of the pyrazole 
provides a critical interaction with some Lewis basic functional 
group on the substrate, which we presumed was likely the quinolone 
carbonyl. In order to better understand the mode of substrate bind-
ing, we carried out an NMR titration experiment with 3 and (±)-5f. 
As expected, the chemical shift associated with the pyrazole N–H 
changes significantly as a function of added 3. The response fits well 
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ing domain to orient the organic substrate. Notably, the robust pho-
tophysical properties of iridium(III) polypyridyl complexes enabled 
considerable optimization of both the cyclometalating and L2 lig-
ands. The flexibility of this strategy led us to discover an enantiose-

lective catalyst that exploits an unexpected π–π interaction and un-

usual N–H to π hydrogen bond, rather than any direct inner-sphere 
substrate–catalyst association. The optimal complex can be utilized 
at catalyst loadings two orders of magnitude lower than current state 
of the art chiral organic photosensitizers.  We believe this constitutes 
an attractive new approach to stereocontrol in excited state photore-
actions, which have historically proven to be a formidable synthetic 
challenge. Further exploration of these design principles is a contin-
uing theme of research in our laboratory. 
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