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Abstract: The activation of aryl-Br bonds was achieved by
sequential combination of a triplet-triplet annihilation
process of the organic dyes, butane-2,3-dione and 2,5-di-
phenyloxazole, with a single-electron-transfer activation of
aryl bromides. The photophysical and chemical steps were
studied by time-resolved transient fluorescence and ab-
sorption spectroscopy with a pulsed laser, quenching ex-
periments, and DFT calculations. )

The recent developments of chemical reactions mediated by
visible light as an abundant source of energy have significantly
expanded the toolbox of modern organic synthesis."” The
scope of photocatalytic bond activations is generally limited
by the energy of the visible photon, which in principle allows
the cleavage of weak C—I, C(sp3)—Br and &t bonds by energy or
electron-transfer mechanisms.? However, a single visible
photon does not provide sufficient energy for the dissociation
of the stronger aryl-Br, C—Cl, C—O, and C—H bonds.®’ Accord-
ingly, visible-light-mediated aromatic functionalization proto-
cols require the use of highly electrophilic arenediazonium
salts or aryl iodides.”” The bond-dissociation energy (BDE) of
aryl-Br bonds (Ph—Br: 346 kimol™") considerably exceeds the
maximum photonic energy of visible light (300 kmol™). The
reduction potentials of non-activated aryl bromides (PhBr:
—2.68 eV vs. SCE)® are also beyond the excited triplet energies
of common photoactive one-electron reductants (eosin Y:
1.9 eV; [Ru(bpy);1*": 2.0 eV; [Ir(ppy);] ": 2.5 eV);* even more so
when considering the energy loss during intersystem crossing
(ISC) and structural reorganizations. This limitation could be
overcome by the implementation of two-photon processes,
such as photon upconversion (UC).”? Among the different UC
mechanisms, the sensitized triplet-triplet annihilation (TTA) op-
erates at especially low incident light power.® This type of UC
process involves an energy transfer between a sensitizer
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Scheme 1. Application of a two-photon process to the activation of aryl-Br.

(donor) and annihilator (acceptor) and ultimately leads to anti-
Stokes shifted fluorescence (Scheme 1). TTA allows the additive
combination of the energies of two long-lived excited triplet
states of the annihilator to reach its excited singlet state.” TTA
properties of a few combinations of sensitizers and annihilators
were studied over the past years. Despite the fact that the use
of low-energy visible light ensures high functional-group toler-
ance in chemical transformations, applications of TTA have
been limited to the direct observation of delayed fluorescence
or energy-transfer processes, the latter mostly involving the
generation of singlet oxygen. There are no applications to criti-
cal bond activations or electron transfers in organic synthesis.
Stimulated by the rapid progress in photocatalytic aromatic
substitutions,>* we probed the feasibility of combining a TTA
process with a chemical redox reaction of hitherto unreactive
aryl bromides (Scheme 1).

We initially chose the simple metal-free couple butane-2,3-
dione (BD, sensitizer) and 2,5-diphenyloxazole (PPO, annihila-
tor), which was reported to exhibit low power Vis-to-UV
photon upconversion, but has not been applied to a chemical
reaction."” This system allowed selective excitation of BD (at
430 nm) in the presence of PPO by laser flash photolysis (LFP)
in a ps time domain."” The resultant formation of 'PPO* was
also observed under different conditions in degassed DMF by
its characteristic delayed fluorescence at 370 nm, which corre-
sponds to a excited singlet-state energy of 3.35 eV (Figure 1).
The fluorescence of BD was observed between A1=450-
500 nm together with the incident laser pulse (Figure 2)."%"

Under these conditions, the lifetime of 'PPO* (1.3 us) was
determined from a mono-exponential fit of the decay trace at
370 nm (Figure 2, inset). In the triplet-triplet annihilation (TTA)
event, the population of 'PPO* is achieved by the collision of
two molecules in the triplet excited state (PPO* 4-°PPO*). As-
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Figure 1. 2D Transient fluorescence matrix of a mixture of BD (0.04 m) and
PPO (0.013 m) in degassed DMF from pulsed laser excitation at 430 nm (at
0.4 ps after start of recording).
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Figure 2. Sum of emission spectra from 0-0.4 ps (black line) and 0.4-3 ps
(blue line). Inset: decay trace monitored at 370 nm and mono-exponential
fit (red line).

suming that 'PPO* is a delayed P-type fluorescence and the
overall process is bi-photonic,"? the 'PPO* lifetime is approxi-
mately half the value of its precursor *PPO¥*. Therefore, LFP ex-
periments (4., 430 nm, in DMF under N,) were performed with
BD/PPO. Transient absorption spectra displayed the intense
band of the triplet absorption of PPO at 500 nm.'"” A lifetime
of 2.3 pus was determined from a mono-exponential fit of the
kinetic decay of *PPO* (see the Supporting Information).
Having established the photophysical generation of 'PPO*
by a TTA process from visible light, we now set out to study its
application to a chemical reaction. As a model system, reduc-
tions of three aryl bromides [4'-bromoacetophenone (1), 4'-
bromobenzotrifluoride (2), and 4’-bromoanisole (3)] in DMF so-
lution were performed by steady-state photolysis of the BD/
PPO system. Irradiation of a mixture of 1, BD, and PPO with
a blue LED light (450 nm, 3.8 W) showed no conversion of
1 after 30 minutes by quantitative GC analysis (Table 1,
entry 1), which is due to the low light source power and the
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Table 1. Light-induced reduction of aryl bromides 1-3 under TTA condi-
tions.®
Br H ! 2,3-butanedione |
@’ _Bo.proy O/ :)kn/ ®0)
R hv (430 nm), r.t. g : Al |
1 R=A¢) conditions . [N 2,5-diphenyl- |
2(R=CF;) . »\ oxazole |
3(R=OMe) (P07 PN PO |
Entry Substrate Solvent t [min] Selectivity [%]®
1 1 DMF 30 0(0)
2 1 DMF 10 48 (13)
3 1 DMF 30 88 (19)
49 1 DMF 60 70 (26)
5 1 acetonitrile 30 41 (7)
6 2 DMF 30 71 (6)
7 3 DMF 30 0(0)
[a] Conditions: 10 mm [Substrate], 40 mm [BD], 13 mm [PPO], under N,;
irradiation with a pulsed laser (10s~', 15 mJ) at 430 nm; [b] conversion
[%] in parentheses; calculated from quantitative GC-FID versus internal n-
pentadecane; [c]irradiation with blue LED (450 nm, 3.8 W); [d] after
30 min irradiation addition of another 40 mm BD and irradiation for
30 min.
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mismatch of irradiation and absorption maxima (450 vs.
430 nm). Then, steady-state irradiations were carried out by
using a pulsed laser (10 s7', 15 mJpulse™). Indeed, low conver-
sion of 1 and high selectivity was observed (Table 1, entry 3).
Further addition of BD and irradiation gave higher conversions,
which can be a consequence of slow decomposition of BD,
most likely by H-atom transfer from the solvent DMF to *BD*
(entry 4).® The presence of a less activating substituent in 2
led to low (entry 6), a deactivating substituent in 3 to no con-
version (entry 7), presumably due to the more negative reduc-
tion potentials. The involvement of 'PPO* as high-energy inter-
mediate was proven by quenching experiments. Upon addition
of increasing amounts of 1 or 2, respectively (Figure 3 and the
Supporting Information), a significant decrease of 'PPO* fluo-
rescence was observed, whereas no quenching was effected
with the unreactive 3 (see the Supporting Information).

Interestingly, the 'BD* intensity was not affected by the
presence of 1, which rules out a direct electron transfer from
'BD*. The quenching rate constants were derived from Stern-
Volmer analyses [Eq. (1), Eq. (2), and Figure 2 inset]:

b1tk 1)
Key = Tkq(S1) (2)

The Stern-Volmer constants (Ks,) and rate constants of sin-
glet quenching k(S;) based on the fluorescence lifetime of
PPO (r,=1.4 ns, see the Supporting Information)™™ are given
in Table 2. These data suggest nearly diffusion-controlled
quenching of 'PPO* by 1. For the less activated aryl bromide 2
and deactivated aryl bromide 3, the quenching rate constants
k,(S,) are one and two orders of magnitude lower, respectively,
which indicates a low kinetic contribution of this electron
transfer (ET) process. The relative contributions of the different
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Figure 3. Emission spectra of a mixture of BD (0.04 m) and PPO (0.013 m) in
degassed DMF after excitation with a pulsed laser (430 nm at 0.4 ps) record-
ed from 0 to 5 ps in the presence of increasing amounts of 1. Inset: Stern—
Volmer plots of 1 (black dot), 2 (red dot), and 3 (blue dot) for the determina-
tion of kq(S,).

Table 2. Kinetics and thermodynamics of the SET from 'PPO* and *PPO*
in DMF at 20°C.

gl st[b] 10" kq[d Q/F/|Scld] Ered[e] AGET (51)[0 AGET (TW)[f]
1 18.0 1.3 33/56/11 -1.83 -7 +22
2 25 0.18 7/79/14 —242 +6 +36
3 0.4 0.03 1/84/15 —2.84 +16 +46

[a] Substrate (=quencher); [b] Stern-Volmer constant in m~"; [c] 'PPO*
quenching rate constant kj in m~'s™"; [d] relative contribution of quench-
ing (Q), fluorescence (F), intersystem crossing (ISC) pathways to 'PPO* de-
activation in %; [e] reduction potential of quenchers 1-3 versus SCE in eV;
[f] free energy of SET from 'PPO* (S,) or 3PPO* (T,) calculated from Equa-
tion (5) in kcalmol ™.

deactivation pathways of 'PPO* were calculated from Equa-
tion (3). The rate constants of fluorescence (k) and intersystem
crossing (ki) are intrinsic properties of the photosensitizer. The
k¢ value for PPO was calculated from Equation (4); the fluores-
cence quantum yield (@) was experimentally obtained (&=
0.31 in DMF; see the Supporting Information for calculations).
Value of k; was determined to be 2.2x10%s™" (with kg =4x
107 571)'[14]

kD(S1) = kq(51)[s] + kf + kISC (3)
ke = Dy (4)

Under the irradiation conditions ([S]=10"2wm), the direct
quenching of 'PPO* by 1 contributes considerably to the over-
all singlet deactivation, whereas this pathway proceeds weakly
for 2 and is nearly irrelevant for 3. There is a good correlation
between these results and the experimental results from the
preparative steady-state photolysis shown in Table 1. However,
there is still a significant portion of excited molecules of PPO
(ca. 11 %), which undergo ISC to the excited triplet state in the
case of 1. Spectroscopic transient absorption measurements
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were performed to ascertain whether the SET occurs from the
*PPO* state. Therefore, increasing amounts of the aryl bro-
mides 1-3 were added to the TTA system (40 mm BD, 13 mm
PPO in DMF, N,, irradiation at =430 nm) to determine the
triplet quenching rate constants. In all cases, absorption at A=
500 nm was unaffected by the presence of the aryl bromides
(see the Supporting Information). Furthermore, the decay ki-
netics data of *PPO* were coinciding even at high quencher
concentrations, which is indicative of a lack of triplet quench-
ing.

The free energies of the electron transfer from both the S,
and T, states of PPO were obtained from the Weller Equation
[Eq. (5), Table 2]." The reduction potentials of 1-3 (Table 2)
and the oxidation potential of PPO (1.46 V vs. SCE) were ob-
tained by cyclic voltammetry (CV) under identical conditions in
DMF. The energy of the S, state of PPO was determined from
the intersection of the normalized emission and excitation
bands of PPO (10™*m) in DMF (83 kcalmol™'); the T, energy
(53 kcalmol™") was previously reported."” Consequently, the
SET from 'PPO* appeared to be exergonic for 1, whereas an ET
mechanism from 3PPO* is thermodynamically unfeasible for all
aryl bromides.

AGer = 23.06[E oy —E,eg] —E*(S, or T,) (5)

We postulate the operation of a new mechanism for the re-
ductive activation of aryl bromides by sequential TTA, single-
electron transfer (SET), and H atom abstraction (HAT), which is
in agreement with the collected experimental results
(Scheme 2). Selective excitation of BD at 430 nm and efficient
ISC (D~ 1)'"? generate the *BD* state, which relaxes to BD
upon triplet-triplet energy transfer (TTET) with PPO. At suffi-
ciently high concentrations of the resultant long-lived *PPO¥,
a collision between two *PPO* molecules populates the 'PPO*
state, which shows the characteristic anti-Stokes fluorescence
maximum of the TTA process at 370 nm. The same species in-
duces SET to the electrophilic aryl bromide, possibly being the
rate-limiting step (see below) and affords the unstable radical
anion ArBr'~, which fragments to the aryl radical Ar. Rapid H-
atom abstraction from the solvent DMF gives the formal reduc-

chemical steps
photophysical steps 'PPO* SET ArBr'~—> Ar- + Br-
'BD* s
T 3BD* TTA PPO™*
iy 3PPO*
H
/! vl\\ TTET
volatile products

Scheme 2. Postulated mechanism involving TTA, SET, and HAT as key steps.
ISC=intersystem crossing; TTET = triplet-triplet energy transfer; TTA =trip-
let-triplet annihilation; SET =single-electron transfer; HAT = H-atom transfer;
BET =back-electron transfer.
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tion product Ar—H. The resultant radical DMF' regenerates PPO
by an exergonic back-electron transfer to give highly electro-
philic DMF*, which hydrolyzes upon work-up to volatile prod-
ucts."®

To explain the differences in reactivity between aryl bro-
mides 1-3, we have also investigated kinetic aspects of the re-
action mechanism. It is well established that the fragmentation
of aryl bromide radical anions (ArBr~) to the respective aryl
radicals Ar and Br~ proceeds rapidly under the experimental
conditions.”” Further, we assume that the low activation ener-
gies of HAT from DMF to Ar" and the large excess amounts of
DMF as solvent make this step very rapid."® This suggests that
the SET from 'PPO* to the aryl bromides is most likely the
rate-determining step. Therefore, we used the Marcus theory
to determine the activation barriers of the SET steps AG*q
which can be obtained from the free energy of the reaction
AG’; and the nuclear reorganization energy A [Eq. (6) and
Table 3]1.1"7

(AGgey +4)° (6)

AGS#ET = 4l

Table 3. Calculated data for the SET from 'PPO* to the quenchers 1-3.

S[a] AGET (Ca|cd)[b] AG#ﬂ[c] AG*BET[d] AG*GS—BET[E]
1 -7 0.1 6.8 119
2 +9 9.5 0.4 104
3 +22 29.9 7.8 272

[a] Substrate (=quencher); [b] free energy of SET from 'PPO* (S,) to S cal-
culated by DFT in kcalmol™; [c] activation energy of SET from 'PPO* (S,)
to S calculated by DFT in kcalmol™'; [d] activation energy of SET from S*
to PPO"* to form 'PPO* (S,), calculated by DFT in kcal mol~'; [e] activation
energy of SET from S to PPO'* to form ground-state PPO (S,), calculat-
ed by DFT in kcalmol ™.

The free energies of the SET process derived from DFT calcu-
lations AGg; (calcd) were in very good agreement with the ex-
perimental values obtained from CV measurements (Table 2).
The calculated energy barrier for the SET reduction of 1 by
'PPO* is negligible, and the energy barrier for the back elec-
tron transfer (BET) is 6.8 kcalmol™". This translates to the high-
est reactivity of 1 with a third of all molecules engaging in
a quenching process (Q=33) with 'PPO* (Table 2, 4th column,
1st row). The energy barrier for the SET reduction of 2 by
'PPO* is still relatively low, but the activation energy for the
BET is below 1 kcalmol ™', which results in much lower quench-
ing efficiency and low overall reactivity of 2. For p-methoxy de-
rivative 3, the SET activation energy is so high that other deac-
tivation mechanism of 'PPO* become dominant (Q=1,
Table 2). Interestingly, even though the BET from all intermedi-
ate S radical anions to PPO"* to give PPO (S,) are exergonic,
the activation barriers for this process are prohibitively high
(Marcus inverted region).

In summary, we have demonstrated a new combination of
visible-to-UV photon upconversion and an SET-initiated reduc-
tive activation of aryl bromides. The underlying TTA process is
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effected by the metal-free dyes BD (sensitizer) and PPO (triplet
annihilator). Transient spectroscopy and quenching studies
support the formation of 'PPO* as high-energy intermediate.
The single-electron transfer from 'PPO* to the aryl bromides is
rate limiting and in combination with the corresponding back-
electron transfer determines the overall efficiency of the reac-
tion, as was evidenced by DFT calculations. Further optimiza-
tion of the photophysical and chemical steps by employing
longer lived excited states, lower light power, and more effec-
tive quenchers are currently being investigated."® The general
concept of visible-to-UV TTA and other photon-upconversion
processes holds great potential for challenging bond activa-
tions while retaining the benefit of mild reaction conditions by
the use of lower-energy visible light.

Experimental Section
Chemicals

Biacetyl (2,3-butanedione), 2,5-diphenyloxazole, 4-bromoacetophe-
none, 4-bromobenzotrifluoride, 4-bromoanisole, acetophenone, tri-
fluorotoluene, and anisole were commercially available. DMF, extra
dry over molecular sieves, acetonitrile (gradient grade), and metha-
nol (for analysis) were used as solvents without further purification.

General procedure for the steady-state irradiations

A solution of aryl bromide (10 mm) with 2,3-butanedione (40 mm)
and 2,5-diphenyloxazole (13 mm) in dry DMF (1 mL) containing n-
pentadecane (10 mm) as GC internal standard was placed in
a 1.5 mL transparent vial with a 8 mm screw cap with butyl/PTFE
septum. Then, the solution was irradiated under continuous N,
purging for 30 min by a pulsed Nd:YAG laser at 430 nm (see the
Supporting Information). Then, ethyl acetate (3 mL) was added,
and the mixture was washed with brine (5 mL). The organic phase
was separated and filtered through MgSO, for further analysis. The
course of the reaction was followed by quantitative GC-FID analysis
on a 7820 A Agilent versus internal n-pentadecane. Control experi-
ments showed that photoreduction of aryl bromides 1-3 did not
proceed in the dark or in the absence of PPO.

Gas chromatography (GC)

GC was calibrated by using a four-point calibration versus 10 mm
of the internal standard n-pentadecane (Std.). GC oven tempera-
ture program: initial temperature 50°C was kept for 0.5 min, the
temperature was increased at a rate of 25°Cmin~' over a period of
9.7 min, until the final temperature (280 °C) was reached and kept
for 0.3 min.

UV/Vis and fluorescence spectroscopy

UV/Vis analyses were performed on a Varian Cary 50 UV/Vis spec-
trophotometer. Steady-state fluorescence measurements were per-
formed on a Horiba FluoroMax-4 fluorimeter. Excitation and emis-
sion slit widths were 1 nm. Hellma quartz SUPRASIL cuvettes (10 x
10 mm; 117.100F-QS) with a screw cap with PTFE-coated silicon
septum were used. The PPO concentration was 0.1 mm in both
methanol and DMF.

The fluorescence quantum yield in DMF was measured with refer-
ence to 2,5-diphenyloxazole (®,=0.5 in methanol)"” by compar-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

ing the area of fluorescence and absorbance at the excitation
wavelength of 330 nm:?”

Dr = (a/dy) x (AA™") X (11/10) X Pro

in which @; and @, a and a,, A and A, and 7 and 7, are the quan-
tum yield, area under emission spectra, the absorbance of the
sample under study and refractive index of the employed solvent,
respectively.

The fluorescence lifetime of PPO was measured by a Ti:Sa Laser
System (Libra, Coherent), which provided pulsed laser light. A fol-
lowing optical parametric amplifier (TOPAS-C, Coherent) generates
the desired wavelength for excitation with pulse durations of 80 fs.
The fluorescence was collected at approximately 30° to the excita-
tion path and detected with a Hamamatsu C7700 streak camera
and a Bruker 200is spectrograph.

Cyclic voltammetry

The redox potentials were measured by cyclic voltammetry with
an Autolab PGSTAT302N Metrohm apparatus. All measurements
were performed in deaerated DMF containing tetrabutylammoni-
um tetrafluoroborate (0.1Mm) as supporting electrolyte, a glassy
carbon working electrode, a platinum wire as counterelectrode,
a silver wire as pseudo-reference, and ferrocene as internal stan-
dard. The scan rate was 0.05 Vs'. Potentials are reported with re-
spect to the saturated calomel electrode (SCE).”"

Laser flash photolysis

The laser flash photolysis system is described in the Supporting In-
formation. All transient spectra were recorded in 3 mL 10X 10 mm?
quartz cells. Concentrations of BD and PPO were 40 and 13 mm,
respectively, in anhydrous DMF. Concentrations of 1-3 were varied
for the quenching experiments from 0, 1, 5, 10, 20 to 40 mm. All
experiments were carried out at room temperature under N..

Computational details

Calculations were performed with the Gaussian 09 software pack-
age.’” Geometry optimizations were carried out using the B3LYP
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retical calculation of the reduction potential of PPO, and
Regina Hoheisel for CV measurements.

Keywords: aryl halides - defunctionalization - organocatalysis -
photocatalysis - triplet states - two-photon process
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