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ABSTRACT: Photoredox catalysis has emerged as a valuable
alternative to dark-state catalysis. For the full potential of
photoredox catalysis to be utilized, it is imperative to make use
of low-energy photons in photoinduced radical processes. We have
demonstrated that the use of oxalate as a coreactant provides a
useful principle for the photocatalytic production of trifluor-
omethyl radicals (¢CF;) from CF;I upon green or red LED
photoirradiation of narrow-bandgap photocatalysts. The photo-
catalytic cycle involves a radical anion of carbon dioxide (CO,"")
as a reductant for CF;I, which is generated through photoinduced oxidative decarboxylation of oxalate. Electrochemical
characterizations and steady-state and transient photophysical investigations were performed to reveal that there are two
photoinduced electron-transfer pathways for oxalate-mediated ®CF; generation.

. INTRODUCTION product (CO,"”) possesses a very negative oxidation potential,

A47—49 : i
Photoredox catalysis has recently been recognized as a powerful —220 Vs SCE’ thus, it would be c:aPable of the one
tool for radical-mediated organic transformations.%° One .electro.n reduction of common electrophilic .CES sources,
particular advantage of photoredox catalysis is the generation of including CF3l (Ereq = ~0.91 V.V_S SCE, CH3CN) . Actually,
thermodynamically challenging radical intermediates, such as one electron tr'ansf.er from'(j,Oz to CEyl is predicted to be
trifluoromethyl radicals (eCF), under mild reaction con- highly exergonic with a driving force for electron transfer as

ditions. Transition metal complexes, such as those containing large as 1.29 eV, which cannot be achieved with conventional
Ir(I1),2' 2% Ru(11),242>**25%% and P(11),* are employed to visible-light photoredox catalysts. In addition to such high

catalyze the reductive cleavage of electrophilic CF; precursors exothermicity, the redox processes mediated by oxalate have
upon visible light irradiation. It is envisioned that benefits of the the significant advantage that any photoredox catalyst with
photoredox catalysis can be maximized if the processes are excited-state reduction potentials more positive than 0.21 V vs
steered by a solar photon. However, it is noted that the SCE can catalyze oCF; generation. Decoupling the two key
majority of the reported photoredox catalytic trifluoromethy- processes of the photocatalysis (i, photon absorption by a
lation reactions have been carried out under blue LED photocatalyst and electron transfer from CO,"” to a eCF,
photoirradiation. The necessity of such high-energy photon precursor) means that a wide range of photocatalysts can be
sources stems from the thermodynamic requirement that the used and enables ®CF; generation by using low-energy
ground-state reduction potentials or excited-state oxidation photons. Furthermore, the strategy effectively suppresses
potentials of the catalysts should be as negative as possible to hazardous charge recombination between gaseous CO, and
enable exergonic electron transfer to the CF; precursors. This the one electron-reduced species of a ®CF; precursor.
thermodynamic condition can be met for wide-bandgap The high reducing power of CO,*” has been thoroughly
catalysts, but such catalysts cannot be used in redox catalysis investigated and demonstrated to be very useful.”'~>* For
under low-energy photoirradiation. The activation of less- instance, Bard and co-workers established the unique reduction
reactive radical precursors by low-energy photons remains a ability of oxalate for electrochemoluminescence applica-
significant challenge, and successful demonstrations have only tions. ¥o4+7:5556 Kinetic aspects of electron transfer behaviors
sporadically been reported.*’™"* of oxalate have also previously been investigated.””>® In
We propose a coreactant strategy that addresses this difficulty particular, Fukuzumi and co-workers employed oxalate as a

(see Scheme 1). The one-electron oxidation of oxalate
(C,0,77; E,, = 021 V vs SCE, CH,CN) facilitates the fast
homolytic cleavage of the C—C bond in oxalate, furnishing CO,
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and the radical anion of CO, (CO,*") (ie., C,0,>~ — C,0,*” Received: April 28, 2016
+ ¢7, followed by C,0,°~ = CO, + CO,*").2%*>* The latter Published: June 3, 2016
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Scheme 1. Chemical Equations for the Coreactant Strategy
and a Schematic Representation of the Low-Energy
Photoredox Catalytic Generation of Trifluoromethyl
Radicals in the Presence of an Oxalate Coreactant with the
Molecular Structures for the Photoredox Catalysts (PCs)
Employed in This Study
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two-electron source for the photocatalytic production of H,>”
and H,0,.% Building on these studies, we propose a strategy
for low-energy photoredox catalytic trifluoromethylation that
employs oxalate as a coreactant. We primarily focus on the
mechanism of photoinduced electron transfer between the
photocatalysts and the oxalate coreactant. Finally, we
demonstrate that the coreactant strategy enables the photo-
redox catalytic generation of ®CF; under photoirradiation with
green and red LEDs. Note that the production of ®CF; with
low-energy photoirradiation, such as that of red LEDs, is
unprecedented.

Il. RESULTS AND DISCUSSION

We employed tetrabutylammonium oxalate (TBAOX) as the
oxalate source®”**° because it exhibits high solubility in
acetonitrile. Three different classes of photoredox catalysts,
including a dicationic Ru(II) diimine complex, [Ru(phen);]Cl,
(phen = 1,10-phenanthroline), a cationic biscyclometalated
Ir(1I1) complex, [Ir(dfppy),(bpy)]PFs (dfppy = 2-(2,4-
difluorophenyl)pyridinato; bpy = 2,2'-bipyridine), and a
charge-neutral triscyclometalated Ir(III) complex, fac-Ir(ppy);
(ppy = 2-phenylpyridinato) were selected because they have
varied electrochemical potentials with almost identical metal-to-
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ligand charge transfer (MLCT) transition energies
(Aaps(MLCT): [Ru(phen);]Cl,, 447 nm; [Ir(dfppy),(bpy)]PE;,
442 nm; fac-Ir(ppy)s, 450 nm; see Figure S1 in the Supporting
Information (SI)). The catalysts exhibited the ground- and
excited-state redox potentials in an increasing order of fac-
Ir(ppy); < [Ru(phen);]Cl, < [Ir(dfppy),(bpy)]PFs (vide
infra). We envisioned this selection of the photoredox catalysts
would provide an ideal opportunity to systematically investigate
a series of electron-transfer reactions with minimal variation in
photon absorption.

The ground-state reduction (E.;) and oxidation (E,,)
potentials were determined by employing cyclic voltammetry
in acetonitrile solutions and verified with differential pulse
voltammetry (Figure S2). The excited-state reduction (E*,4)
and oxidation (E*.) potentials were calculated using the
relationships E* .4 = Eq + AEr and E*_ = E , — AEy, where
AEr is the peak wavelength of the phosphorescence spectrum
(Figure S3). Figure 1 depicts a schematic representation of the
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Figure 1. Comparison of the electrochemical potentials of the
photoexcited states (PC*) and ground states (PC) of the photo-
catalysts (black), the reduction potential of CFsI (blue), and the
oxidation potentials of C,0,*~ (red) and CO,"~ (red).

E y E..q) E* o and E* 4 values of the three photocatalysts along
with the E, 4 value of CF,I and the E,, values of C,0,>” and
CO,*", which suggests that [Ir(dfppy),(bpy)]PFs and [Ru-
(phen);]Cl, will be capable of the oxidation of oxalate in their
photoexcited states. The driving forces for the photoinduced
one-electron oxidation of oxalate (—AGpcs(.q)) Were estimated
using the Rehm—Weller equation —AGpcs(req)y = €
[E.(C,0.) — E* 4(PC)] to be 091 and 0.60 eV for
[Ir(dfppy),(bpy)]PF¢ and [Ru(phen),]CL, respectively, where
¢, Eo.(C,0,77), and E*4(PC) are the elementary charge of an
electron, the E_, value of oxalate, and the E* 4 value of the
photocatalyst (PC), respectively. A negative —AGpcs(eq) value
is predicted for fac-Ir(ppy); which implies that reductive
quenching by TBAOX cannot occur. The one-electron-oxidized
oxalate (C,0,*”) undergoes C—C bond cleavage to yield CO,
and CO,*". Subsequent electron transfer from CO,*” to CF;l
with a driving force of 1.29 eV yields oCF;. Finally, the
photocatalytic cycle is completed through the neutralization of
the one-electron-reduced photocatalysts by electron transfer to
CF;l with driving forces of 0.34 and 0.36 eV for [Ir-
(dfppy),(bpy) JPFs and [Ru(phen);]Cl,, respectively. The
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Figure 2. Monitoring the photoinduced electron transfer processes of the catalysts. Photoluminescence decay traces of 50 M [Ir(dfppy),(bpy)]* (a;
Aobs = 500 nm), SO uM [Ru(phen);]** (c and e; Ay = 596 nm), and 50 M fac-Ir(ppy); (g; Agps = 525 nm) upon nanosecond pulsed laser excitation
at 377 nm (temporal resolution = 32 ns) with increases in the concentration (0—50 yM) of TBAOX (a and c) or CF,I (e and g). The red curves are
nonlinear least-squares fits to monoexponential (a, e, and g) and biexponential (c) decay models. Corresponding pseudo linear plots of the electron
transfer rates of [Ir(dfppy),(bpy)]* (b), [Ru(phen);]** (d and f), and fac-Ir(ppy); (h) as functions of the added concentrations of TBAOX (b and
d) or CF4l (f and h). Photoluminescence decay traces for [Ir(dfppy),(bpy)]* in the presence of 10 mM CF,l (a) and for fac-Ir(ppy); in the presence

of 10 mM TBAOX (g) are also shown (red filled triangles).

driving force for each electron transfer (—AGpc-) can be
calculated with the relationship —AGpc~ = e[E,q(PC) —
E,.4(CF31)], where E,.4(PC) and E,.4(CF,l) are the E, 4 values
of the photocatalyst and CF;], respectively. This analysis reveals
that there are two processes that produce ®CF; (eqs 1 and 2)

CO,"” + CEI - CO, + oCE + I 1)

PC*” + CEl - PC + oCE + I” (2)

The latter process (eq 2) is identical to the reductive quenchin.
pathway of conventional photoredox catalysis.”>***%** =%
Note that the driving force for ®CF; generation of the former
process (eq 1; —AG = 1.29 eV) is larger than those of the latter
processes (eq 2) for [Ru(phen);]Cl, (—AGpc- = 0.36 eV) and
[Ir(dfppy),(bpy) IPFs (=AGpc- = 0.34 eV).

An alternative pathway is available for the photoredox
catalytic generation of eCF;. Of the three catalysts, [Ru-
(phen);]Cl, and fac-Ir(ppy) are capable of oxidative electron
transfer to CF;I under photoirradiation with driving forces
(=AGpcr(oy) of 023 and 0.73 eV, respectively. Such driving
force is estimated by the relationship —AGpcs(oy) = € [E*,(PC)
— E4(CF;I)], where E* (PC) is the E*  value of the
photocatalyst. This oxidative quenching is not possible for
[Ir(dfppy),(bpy)]PF4 due to the negative driving force (—0.16
eV). After oxidative quenching by CF,l, the resulting one-
electron-oxidized photocatalysts are neutralized by oxalate with
driving forces for electron transfer of 0.73 and 0.55 eV for
[Ru(phen);]Cl, and fac-Ir(ppy)s, respectively. This process
also generates CO,°”, which can reductively cleave CF;l into
oCF; and iodide. In analogy with the reductive pathway, there
are two processes for ®CF; formation in the presence of
[Ru(phen);]Cl, and fac-Ir(ppy); (egs 1 and 3)
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PC* + CEIl - PC** + oCE + I” 3)

The above thermodynamic considerations predict that the
overall reaction can be understood as two-electron transfer
from oxalate to two molecules of CF;I: C,0,>” + 2 CF;I — 2
CO, + 2 oCF; + 2 I". This reaction can be initiated upon
photoirradiation through either a reductive quenching pathway
([Ir(dfppy),(bpy)|PFs and [Ru(phen);]Cl,) or an oxidative
quenching pathway ([Ru(phen);]Cl, and fac-Ir(ppy);). To
directly probe these quenching pathways, photoluminescence
decay traces for the photocatalysts (S0 yM in Ar-saturated
acetonitrile solutions) were monitored by employing time-
correlated single-photon-counting techniques after nanosec-
ond-pulsed laser excitation at 377 nm. The excited states of the
photocatalysts were long-lived with observed lifetimes (7,,) of
1.2 ps ([Ir(dfppy),(bpy)]PFs), 0.4 us ([Ru(phen);]Cl,), and
1.5 ps (fac-Ir(ppy);). Increasing the concentration of TBAOX
in the [Ir(dfppy),(bpy)]PFs and [Ru(phen);]Cl, solutions
leads to decreases in 7, (Figures 2a and c), as is consistent
with our thermodynamic predictions. Electron-transfer rates
were calculated using the equation electron transfer rate = 1/
Tobs — L1/Topso)y Where 7., and 7o) are the photo-
luminescence lifetimes in the presence and absence of
TBAOX, respectively. Pseudo first-order plots of the electron-
transfer rates as functions of the concentration of TBAOX yield
the following rate constants for the bimolecular reductive
quenching of the catalysts: 5.5 X 10'° and 2.8 X 10" M~' s7*
for [Ir(dfppy),(bpy)]PFs and [Ru(phen);]Cl,, respectively
(Figure 2b and d). These rate constants approach the diffusion
rate constant in acetonitrile at 298 K (~10'° M~ s7!), which
indicates the occurrence of ultrafast electron transfer. As
expected, the photoluminescence decay profile for fac-Ir(ppy);
is not affected by the presence of TBAOX (red filled triangles
in Figure Zg).
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In sharp contrast, the photoexcited state of fac-Ir(ppy), is
oxidatively quenched by CF,l (Figure 2g and h). The rate
constant for oxidative electron transfer was determined to be as
large as 2.6 X 10" M~' s™". Such oxidative quenching by CF,I
is also evident for [Ru(phen);]Cl, at a rate constant of 8.6 X
10° M™" s7" (Figures 2e and f), which is 1 order of magnitude
smaller than the value for reductive quenching by TBAOX.
This result indicates the propensity of the reductive quenching
pathway in [Ru(phen),]Cl,, as suggested by the driving forces
(ie, 0.60 eV (reductive quenching) vs 0.23 eV (oxidative
quenching)). As expected, [Ir(dfppy),(bpy)]PFs does not
undergo oxidative quenching by CF,l (Figure 2a). Steady-
state photoluminescence quenching experiments also revealed
the exclusive occurrence of reductive quenching of [Ir-
(dfppy),(bpy)]PF, by oxalate (Figure S4). Thus, we conclude
that the use of [Ir(dfppy),(bpy)]PFs selects the reductive
quenching pathway in the presence of TBAOX, whereas fac-
Ir(ppy); follows the oxidative quenching pathway in the
presence of CF,1. In the case of [Ru(phen);],, both quenching
routes are available.

The rate constants for the initial electron-transfer reactions
(kr) can be correlated with their respective driving force values
in a Marcus-type plot.” " As displayed in Figure 3, the
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Figure 3. Correlation of the log k. values and driving forces for
reductive electron transfer (black stars) and oxidative electron transfer

(red diamonds).

electron transfer is located on the plateau of the Marcus curve
of electron transfer. This result indicates that the initial electron
transfer is not a rate-determining step in the overall oCF;
generation processes. In addition, the reductive electron
transfer from oxalate to the photoexcited catalysts is more
favored.

The synthetic utility of the oxalate coreactant strategy was
tested for Ar-saturated acetonitrile solutions containing 0.25 M
1-dodecene, 0.75 M CF;l, 0.65 M TBAOX, and 1 mol %
photocatalyst. 1-Dodecene (1) was chosen as the substrate for
oCF; because our previous studies indicated that the terminal
alkene can readily trap ®CF;.*” The reaction mixtures were
photoirradiated with blue LEDs (4 W) at room temperature for
24 h; then, GC—MS analyses were performed by using
dodecane as an internal standard. Note that the reaction
conditions were not optimized and that further synthetic
elaborations are required to obtain the best results. As
summarized in Table 1, the photoirradiations yielded a mixture
of a trifluoromethylated alkene (2) and an iodotrifluoromethy-
lated product (3). Hydrotrifluoromethylation products (4 in
Scheme 2) were also generated in 2—10%. This outcome
resulted from a common intermediate. As shown in Scheme 2,
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the addition of ®CF; to 1 generates 1a, which can be oxidized
into carbocation intermediate 1b. Deprotonation of 1b by
oxalate or solvent molecules yields alkene product 2, whereas
nucleophilic addition of iodide furnishes iodotrifluoromethyla-
tion product 3. Alternatively, la can undergo a radical
propagation reaction with CF;l to yield 3, as we proposed in
our previous studies.”” Finally, hydrogen atom abstraction from
solvents produces hydrotrifluoromethylation product 4.

Control experiments performed in the dark (entry 2) or in
the absence of oxalate (entry 3) demonstrate that photo-
irradiation and the use of an oxalate electron source are
essential for CF; generation. Interestingly, the production of
oCF; was observed in a photoirradiated solution devoid of the
photocatalyst (entry 4). This result may be due to the
photocleavage of oxalate through the weak n—z* transition.®®
However, the strong overlap between the MLCT transition
band of [Ir(dfppy),(bpy)]PFs and the photochemical action
spectrum for trifluomethylation provides convincing evidence
that the cleavage of oxalate occurs mainly through photoredox
catalysis (Figure 4). Similar results were obtained for
[Ru(phen);]Cl,. Of the tested photocatalysts, [Ir-
(dfppy),(bpy)]PF, provided the best yield (entry S). The
comparison of this yield with the value obtained for fac-Ir(ppy),
(entry 7) suggests that reductive quenching of the photo-
catalyst may be superior to oxidative quenching for the
coreactant-mediated ®CF; generation, which is consistent with
the kinetic analysis for electron transfer (i.e., Figure 3). Note
also that the observation that [Ir(dfppy),(bpy)]PFs provides
the highest yield is in accordance with the conclusion that it
exhibits the largest rate constant for reductive quenching by
TBAOX. However, although it is tempting to rationalize the
catalytic activities on the basis of the initial electron transfer
processes, further investigations with optimized reaction
conditions are required.

In the final phase of this study, eCF; generation was
performed in the presence of 5,10,15,20-tetraphenyl-21H,23H-
porphine zinc (ZnTPP) and 2,3,7,8,12,13,17,18-octaethyl-
21H,23H-porphine platinum (PtOEP) as narrow-bandgap
photocatalysts. These porphyrin complexes exhibited visible
absorption in the orange-red regions due to the presence of
their characteristic Q-bands (4., (¢): ZnTPP, 556 nm (5100
M~ ecm™'); PtOEP, 533 nm (4900, M~! cm™); see Figure S6).
It was envisioned that these photocatalysts would oxidize
oxalate because the E* 4 value was more positive than the E_,
value of oxalate.”® Indeed, our photoluminescence quenching
experiments revealed that the addition of TBAOX leads to
decreases in the photoluminescence intensities of ZnTPP and
PtOEP (Figure S6). The recovery of the ground-state catalysts
from the one-electron-reduced species is possible through
exergonic electron transfer to CF;l (Figure S2). Photo-
irradiation of the reaction mixtures containing ZnTPP and
PtOEP employing green (1 W) or red (5 W) LEDs furnished
trifluoromethylated products in yields in the range 53—75%
(see entries 9—12 in Table 1). The use of green LEDs resulted
in higher yields, which is most likely due to the better spectral
overlaps with the Q-bands of ZnTPP and PtOEP. The scope of
the reaction with PtOEP as a photocatalyst was also examined
for a variety of substrates, including alkenes containing hydroxyl
(5), epoxide (6), ester (7 and 8), amine (9), thiourea (10), and
carbamate (11) groups (Table 2). Product analyses employing
F NMR spectroscopy indicated that the strategy is amenable
to the presence of a broad range of functionalities, although
yields remained low. Further optimization of the reaction

DOI: 10.1021/acs.joc.6b00966
J. Org. Chem. 2016, 81, 7072—7079


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b00966/suppl_file/jo6b00966_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b00966/suppl_file/jo6b00966_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b00966/suppl_file/jo6b00966_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b00966/suppl_file/jo6b00966_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.6b00966

The Journal of Organic Chemistry

Table 1. Photoredox Catalytic Generation of Trifluoromethyl Radicals in the Presence of Oxalate Coreactant”

1.0 mol % photocatalyst

AR

3.0 equiv CF3|

2.6 equiv electron source

CH4CN (0.25 M)
blue,
rt,24h

,orred LEDs

entry photocatalyst electron source

1 [Ru(phen),]Cl, TBAOX
[Ru(phen);]CL, TBAOX

3 [Ru(phen),]Cl, no TBAOX

4 no photocatalyst TBAOX

5 (1r(dfppy).(bpy) IPF4 TBAOX

6 (Ir(dfppy), (bpy) IPFs no TBAOX

7 fac-Ir(ppy); TBAOX

8 fac-Ir(ppy); no TBAOX

9 PtOEP TBAOX

10 PtOEP TBAOX

11 ZnTPP TBAOX

12 ZnTPP TBAOX

9

\M)\/CH
9

2 3
yield (%)"

light source 1 2 3
blue LEDs 13 73
no light 67

blue LEDs 60

blue LEDs 29 37 9
blue LEDs 37 56
blue LEDs 63

blue LEDs 19 48
blue LEDs 41 17
red LEDs 13 29 26
green LEDs 30 NY
red LEDs 24 37
green LEDs 27 37

“Ar-saturated CH;CN solutions (2.0 mL) containing 0.50 mmol substrate, 1.5 mmol CF,], 0.0050 mmol catalyst, and 1.3 mmol electron source were
photoirradiated using LEDs for 24 h at room temperature. LED power: blue LEDs, 4 W; green LEDs, 1 W; red LEDs, S W. bGc yields determined
using dodecane as an internal standard. We also observed the formation of hydrotrifluoromethylated product (4, 2—10%) along with several

)

unidentifed compounds.

PtOEP ZnTPP
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conditions, including polarity of the solvent, may improve the
catalytic performance. It should be underscored that this is the
first demonstration of photoredox catalytic trifluoromethylation
performed under low-energy photoirradiation.

lll. SUMMARY AND CONCLUSIONS

To summarize, we have developed a coreactant strategy for the
photocatalytic generation of trifluoromethyl radicals. This
coreactant strategy involves the reductive and oxidative
quenching of photocatalysts by oxalate and CF;], respectively.
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Wavelength (nm)

Figure 4. A comparison of the UV-—vis absorption spectra of
[Ir(dfppy),(bpy)]PFs (black solid curve) and TBAOX (blue solid
curve) with the photoluminescence excitation spectrum (dotted line)
and the photochemical action spectrum (filled squares) of [Ir-
(dfppy),(bpy)]*, which plots the quantum yields of the photocatalytic
generation of ®CF; in the presence of TBAOX.

In the case of the reductive quenching pathway, catalytic
turnover is completed by the neutralization of the one-electron-
reduced catalysts through exergonic electron transfer to CF;lL
In the case of the oxidative quenching mechanism, electron
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Table 2. Substrate Scope of the Coreactant-Mediated
Photoredox Catalytic Trifluoromethylation of a Variety of
Alkenes”

1.0 mol % PtOEP

2.6 equiv TBAOX |
Z R 3.0 equv CF4l FiC R+ F3C\)\R
CH3CN (0.25 M)
LEDs
rt,24h
entry substrate yield (%)°
5 HO/\/\/\ 92
o}
6 NGPGFA 81
o}
7 70
O
8 /\/\)J\ 67
= o~
9 \/\NJ< 41
H
hi
1
0 \/\N NH, 47
H
O /]<
1" \V\HJ\O 21

“Ar-saturated CH;CN solutions (2.0 mL) containing 0.50 mmol
substrate, 1.5 mmol CF;I, 0.0050 mmol PtOEP, and 1.3 mmol
TBAOX were photoirradiated using green LEDs (1 W) for 24 h at
room temperature. “Yields were determined by employing '°F NMR
spectroscopy with 1,4-difluorobenzene as an internal standard.
Hydrotrifluoromethylation products might be produced, but they
were not distinguishable in our 'F NMR experiments.

donation by oxalate serves to restore the ground-state
photocatalyst from the one-electron-oxidized species. In both
pathways, the oxidation of oxalate promotes decarboxylative
generation of the highly reducing CO,*” species, which can
then produce ¢CF; from CF;I (ie, CO,*” + CFyl — CO, +
oCF; + I7). Overall, the net reaction is two-electron transfer
from oxalate to two equivalents of CF,I (i.e.,, C,0,*” + 2 CF,I
— 2 CO, + 2 oCF; + 2 I7) irrespective of the quenching
mechanism. The process is steered by the photoirradiation of
photocatalysts with moderately positive excited-state reduction
potentials (E*.; > 021 V vs SCE). We established the
thermodynamic and kinetic parameters of the electron transfer
processes in the generation of ®CF; species through electro-
chemical and transient photoluminescence studies. Our
investigation of the mechanism revealed dominance of the
reductive quenching pathway over the oxidative quenching
pathway, an observation consistent with the thermodynamic
prediction made from the Rehm—Weller terminology. Of
importance is decoupling of a reductant and a photon-
absorption species, which enables wide versatility in the
selection of available photocatalysts. By taking advantage of
the alleviated thermodynamic conditions, we successfully
demonstrated the production of the thermodynamically
challenging ®CF; upon low-energy photoirradiation. Although
the synthetic possibilities of this strategy have not yet been fully
explored, we conclude that the coreactant strategy would be of
great value for a broad range of radical transformations
involving 7-conjugated substrates.
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IV. EXPERIMENTAL SECTION

Materials and Synthesis. Commercially available chemicals,
including fac-Ir(ppy);, [Ru(phen);]Cl,, ZnTPP, and PtOEP, were
used without further ;)uriﬁcation. The syntheses of [Ir(dfppy),(bpy)]
PEs"” and TBAOX*"*>*® were performed following the methods
reported previously. All glassware and magnetic stir bars were
thoroughly dried in a convection oven. Anhydrous acetonitrile was
purchased and used as received. Reactions were monitored using thin
layer chromatography (TLC). Commercial TLC plates were
developed, and the spots were visualized under UV illumination at
254 or 365 nm and stained with phosphomolybdic acid and p-
anisaldehyde reagents. "H NMR spectra were referenced to deuterated
solvents.

General Procedure for the Photoreactions. An oven-dried
resealable tube equipped with a magnetic stir bar was charged with
0.50 mmol 1-dodecene, 1.3 mmol TBAOX, 1.0 mol % photocatalyst,
and 2.0 mL of anhydrous acetonitrile. After deaeration by bubbling
with Ar, 1.5 mmol CF;I was injected into the reaction mixture using a
gastight syringe. The reaction mixture was placed under LED
irradiation at room temperature for 24 h (blue LEDs, ~450 nm and
4 W; green LEDs, ~550 nm and 1 W; red LEDs, ~650 nm and S W).
Product analysis was performed with GC—MS spectrometry and '°F
NMR spectroscopy using dodecane and 1,4-difluorobenzene as
internal standards, respectively.

Spectroscopic Identification Data. 2: colorless oil; 'H NMR
(400 MHz, CDCly) § 6.38 (dtq, J = 15.9, 6.8, 2.0 Hz, 1H), 5.60 (dqt,
=159, 6.4 (Ju_p), 1.6 Hz, 1H), 2.19-2.10 (m, 2H), 1.47—1.39 (m,
2H), 1.33—1.24 (m, 14H), 0.88 (t, J = 6.4 Hz, 3H); *C NMR (101
MHz, CDCL,) & 141.0 (q, ] = 6.4 Hz), 123.4 (q, ] = 270.0 Hz), 118.6
(q, ] = 332 Hz), 322, 31.7, 29.9, 29.8, 29.7, 29.61, 29.3, 28.3, 23.0,
14.3; F NMR (377 MHz, CDCl;) § —64.3; FTIR (neat) v, = 2928,
2857, 1273, 1122 cm™'; HRMS m/z (EI) caled for C;H,5F; [MY]
236.1752, found 236.1750; R; = 0.95 (hexanes).

3: colorless oil; "H NMR (400 MHz, CDCl;) 6 4.24—4.16 (m, 1H),
2.98-2.70 (m, 2H), 1.85—1.68 (m, 2H), 1.59—1.22 (m, 16H), 0.89 (t,
J = 7.2 Hz, 3H); *C NMR (101 MHz, CDCl,) 6 125.8 (q, J = 279.8
Hz), 452 (q, ] = 28.2 Hz), 39.9, 32.1, 29.8, 29.8, 29.7, 29.6, 29.6, 28.8,
22.9,22.0 (q, ] = 2.7 Hz), 14.3; FTIR (neat) v,,,, = 2926, 2856, 1256,
1149 cm™'; HRMS m/z (EI) caled for C,;H,,Fil [M*] 364.0875,
found 364.0877; Ry = 0.90 (hexanes).

Spectroscopic Measurements. The photocatalyst solutions were
prepared by dissolution in CH3;CN to concentrations of 10 mM, 1
mM, 100 uM, and 10 uM. The 10 uM solutions were used for
spectroscopic measurements unless otherwise noted. A 1 cm X 1 cm
fluorimeter cell with a 14/20 joint that could accommodate a rubber
septum was used in the steady-state optical measurements. UV—vis
absorption spectra were collected at 298 K. Photoluminescence spectra
were obtained at room temperature. The photocatalyst solutions were
excited at the following wavelengths: [Ir(dfppy),(bpy)]PF, 365 nm;
[Ru(phen);]Cl,, 468 nm; fac-Ir(ppy)s, 380 nm. The solutions were
thoroughly degassed by bubbling with Ar prior to performing the
measurements. Ar-saturated 50 uM solutions (CH;CN) were used to
determine the photoluminescence lifetimes. Photoluminescence decay
traces were acquired with time-correlated single-photon-counting
(TCSPC) techniques. A 377 nm diode laser was used as the excitation
source. The photoluminescence signals were obtained with an
automated motorized monochromator. Photoluminescence decay
profiles were analyzed using mono- or biexponential decay models.

Determination of Photochemical Quantum Yields (PCQYs).
The quantum yields for trifluoromethylation were determined by
performing standard ferrioxalate actinometry. A 0.0060 M Kj[Fe-
(C,0,),] solution was used as the chemical actinometer; S00 uL of
this K;[Fe(C,0,);] solution was transferred to a 1 cm X 1 mm quartz
cell, and the solution was photoirradiated with a monochromatized
beam at 300, 350, 400, and 450 nm for 30 s. Then, the same amount of
1% 1,10-phenanthroline in sodium acetate buffer solution (4.09 g of
CH;COONa dissolved in 18 mL of 0.50 M H,SO, and 32 mL of
distilled water) was added and stored in the dark for 1 h. The
absorbance changes at 510 nm were recorded; inserting these values
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into eq 4 returned light intensities of 1.1 X 10~ einstein s™* at 300 nm,
1.0 X 1078 einstein s~! at 350 nm, 9.7 X 10~ einstein s~ at 400 nm,
and 9.8 X 107 einstein s™' at 450 nm:

light intensity (I,, einsteins™")
= (AAbs(510nm) X V)/(® x 11050 M 'em™' X At)  (4)

In eq 4, AAbs(510 nm), V, @, and At are the absorbance change at
510 nm, volume (L), quantum vyield (1.1) of the ferrioxalate
actinometer at 420 nm, and photoirradiation time (s), respectively.
Ar-saturated acetonitrile solutions (2.0 mL) containing 0.50 mmol 1-
dodecene, 1.3 mmol TBAOX, 1.5 mmol CF;I, and 1.0 mol %
photocatalyst were photoirradiated under identical conditions for 1 h.
The concentrations of the products resulting from the trapping of
trifluoromethyl radicals were quantified with GC—MS by using
dodecane as an internal standard, and then inserted into eq 5

[product] X V
Ix At (%)

In eq S, [product] is the molar concentration of the products, At (s) is
the photoirradiated time, V is the volume of the solution (L), and I, is
the light intensity obtained with eq 4 (einstein s*).

Electrochemical Characterization. Cyclic voltammetry and
differential pulse voltammetry experiments were carried out by using
a three-electrode cell assembly. A Pt wire and a Pt microdisc were used
as the counter and working electrodes, respectively. A Ag/AgNO;
couple was used as the pseudo reference electrode. Measurements
were carried out in Ar-saturated CH;CN (2.0 mL) by using 0.10 M
tetra-n-butylammonium hexafluorophosphate (Bu,NPF,) as the
supporting electrolyte at scan rates of 100 mV/s (cyclic voltammetry)
and 4.0 mV/s (differential pulse voltammetry). The concentration was
2.0 mM, and a ferrocenium/ferrocene couple was employed as the
external reference.

PCQY =
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