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The Role of Photocatalysts in Radical Chains of Homolytic
Aromatic Substitutions, Radical Addition to Olefins, and
Nucleophilic Radical Substitution Mechanisms

Damian E. Yerien,? Sebastian Barata-Vallejo,**° Erwin W. Mora Flores,* Al Postigo*?

Photoinitiated perfluorobutylation reactions of 2-anisidine 1, propenyloxybenzene 2, and 2-mercaptoethanol 3 have been
carried out employing commercially available n-CaFs-l as source of *CsFg radicals under three different photocatalysts (PCs)
absorbing in the violet (Ir[(dF(CFs)ppy]2(dtbbpy)* (PC-1)), green (Rose Bengal (PC-2)) and red (Zinc phthalocyanine PhZn (PC-
3)) regions of the electromagnetic spectrum, in order to explore the quantum yields and radical chain lengths for each type
of transformation and photoinitiated system. For substrates 1-3 and their different types of reactions, the comparative study
between PCs seeks to establish the extent to which regioproducts, yields, and mechanistic proposals are influenced by the
intervention of each PC. The different overall quantum yields and chain lengths obtained for each type of reaction under
each PC are a direct consequence of the efficiency of the photoinitiation events, primary radical production, propagation
and termination steps. This will have important implications in the understanding and representations of the mechanisms
postulated, in terms of closed and open catalytic cycles. One strategy we apply to uncover radical propagating chains in our
mechanisms is to explore photocatalysts that operate in oxidative and reductive quenching manners for each type of

transformations.

Introduction

An increasing number of chemical transformations can be
accomplished through the aid of visible light and the use of
(organo)metallic photocatalysts?! that gather light in the form of
energy to generate reactive species that enable various
transformations towards synthetic targets needed in different
fields. Mechanistic details regarding photoinitiated organic
reactions are acknowledging new insights into the processes
involved, providing a thorough comprehension of the scope and
role of photocatalysts in organic reactions.2> This new focus on
photocatalysis, i.e.: conjoining synthetic and mechanistic
detailed studies of photocatalytic reactions, departs from the
conventional mere synthetic approach utilized in the early
applications of organic photocatalysis.2

Within the field of \visible light photocatalytic
transformations,®  late-stage  fluoroalkylation  reactions
(introduction of fluorinated groups in the last stages of
synthetic protocols) have played a relevant role, as fluoroalkyl
group substitutions bring positive impacts on the physical
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properties of organic compounds, including solubility,
metabolic stability, and lipophilicity, which are properties of
considerable importance in pharmaceutical, agrochemical, and
materials science when designing targets of biological
importance and building blocks.

A distinction should be made between the terms ‘photocatalytic
process’ vs ‘photoinitiated or photoinduced processes’. For self-
propagating radical processes, where the photocatalyst is
responsible for the initiation event that produces the first
radical to enter the chain loop, the chemistry should be
discussed as photoinitiation,*@ and not as a photocatalytic
reaction. If the PC intervenes in other mechanistic cycles, such
as in the propagation, then, a photocatalytic process is
operating.

One area of constant disagreement in photocatalysis is whether
photoredox reactions involve radical chain mechanisms. In
Figures 1A and 1B the photoredox perfluoroalkylation reactions
of an olefin under an oxidative and reductive quenching cycles
are illustrated.
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Fig. 1. A: Coupled- closed and open- photoinitiated cycles for the oxidatively-induced photoredox process. B: Coupled- closed and open-

photoinitiated cycles for the reductively-induced photoredox perfluoroalkylation of olefin

Both Figures 1A and 1B summarize closed (red) and open (blue)
photoinitiated oxidative and reductive quenching cycles,
respectively. However different in the photoinitiation these two
mechanisms (Figures 1A and 1B) may seem, the same
propagation cycles (cycles D and E, Figure 1A, and 1B,
respectively) are described.
Scenarios of both processes (i.e.: oxidative’-® and reductivel011)
are present in the literature. Radical chains in photoinitiated
reactions2-15 are currently postulated in the literature as well
as closed catalytic loops.16
The exploration of chain lengths in photocatalytic reactions is
then an assertive tool to bring to light the actual photocatalytic
/ photoinitiated process.

The necessity for
photocatalytic/photoinitiated reaction is interpreted as very
short chain processes or no chain at all. In the literature, this is
currently shown as photocatalytic experiments where periods
of irradiation times are intercalated with dark intervals, and
observing a build-up of product only when the reaction is under
constant illumination, and a plateau during dark periods.1819
However, typical radical chain processes normally take place
on the second or sub-second time scale;2%%¢ and so, the
observation that product conversion is discontinued under
absence of light could also be in agreement with chain
processes that cease faster than the timescale employed in the
analytical measurement.? In this regard, the group of Scaiano??
came up with a set of experiments to determine radical chains
in very fast photocatalyzed reactions, through the rotating
sector experiment using intermittent LEDs.

In this paper, we show that under the same radical
propagation steps proposed in a given catalytic mechanism

constant illumination in a

(such as cycles D or E, Fig. 1A and 1B, respectively) when
different PCs are employed, lower than-unity overall quantum
yields can still disguise radical propagation events operating in
a photoinitiated mechanism eclipsed by inefficiencies of the
initiation or termination events. Thus for a given reaction, the
employment of different photocatalysts operating under
distinctive reductive and oxidative quenching manners
(different PCs) will help uncover the presence of radical chains
in propagation steps revealed by some PCs and masked by the
use of others. These studies will make use of quantum vyields,
luminescence measurements and computational results to
study chain processes in photoinitiated perfluoroalkylation
reactions. For that purpose, three ordinary classes of organic
processes will be studied: homolytic aromatic substitutions
(HAS), radical addition to olefins (atom transfer radical addition,
ATRA), and radical-thiolate coupling reactions. The investigation
will make use of three different types of photocatalysts
absorbing in the violet, green and red regions of the
electromagnetic spectrum, respectively. Correlations between
radical chain lengths, photon and Gibbs energies and redox
properties under each photocatalyst will be presented in order
to help draw more accurate mechanistic proposals.

Results and Discussion

The photoinitiated perfluorobutylation reactions of 2-anisidine
(2-methoxyaniline) 1, propenyloxybenzene 2, and 2-
mercaptoethanol 3 have been carried out employing
commercially available n-C4Fq-I as source of C4Fg radicals under
three different photocatalysts, i.e.: Ir[(dF(CFs)ppylz(dtbbpy)*
(PC-1), Rose Bengal (4,5,6,7-Tetrachloro-3',6'-dihydroxy-
2',4'5',7"-tetraiodo-3H-spiro[isobenzofuran-1,9'-xanthen]-3-
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one (PC-2), and Zinc phthalocyanine ZnPh (PC-3). The reaction
types that are going to be studied / exposed under the three
PCs are Homolytic Aromatic Substitution HAS (substrate 1),
Atom Transfer Radical Addition ATRA (substrate 2), and
aliphatic radical-anion coupling substitution SgN (substrate 3).
This is the first study aimed at evaluating the scope of
perfluoroalkylation reactions of arenes, olefins and thiols
employing three different photocatalysts which absorb light in
three different regions of the visible electromagnetic spectra,

Catalysis Science & Technology,

using sources of light from violet LEDs (392 nm),.green. LERs
(525 nm) and red LEDs (657 nm), compatidg3tHe prodatt
quantum vyields, radical chain lengths, regioselectivity and
yields. The optimization of reaction-conditions for the reactions
studied are detailed in the ESI (Table S1-S3).23-25 Table 1
summarizes the reaction conditions employed under the three
types of photocatalysts for substrates 1-3.

Table 1. Reaction conditions for the perfluorobutylation of substrates 1-3 (0.2 mmol) with n-CsFs-1 (3 equiv) employing different PCs under

irradiation in indicated Ar-deoxygenated solvent (3 mL), in the presence of additives at room temperature, under constant stirring.

entry system Photocatalyst Amax (nm)? solvent Additive (equiv)

1 1 Ir[(dF(CFs)ppyla(dtbbpy)* (PC-1) 392 CHsCN Cs2C03 (1.5)

2 2 Rose Bengal (PC-2) 525 CHsCN Cs2C03 (1.5)
3 3 Zinc phthalocyanine (PC-3) 657 CHiCN:DME  Ascorbicacid (1.5)

P ¥ st Collidine (1.5)

a.- Amax Of irradiation (LED) employed
(\%\/ \ J
n2* ‘

PC-1

E (Ir*3/Ir*) =-0.89V126)

S
==
PC-3

E (Ir/Ir*?) =+1.21v028l

E (RB*/RB*)=-0.68V!

E (RB*/RB) =+0.74V12S)

E (ZnPC*/ZnPC-)=+1.02V
E (ZnPC/ZnPC~)=-0.89V7!
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E (Ir?/Ir?) =-1.37v0d E (RB/RB-)=-0.99V12 Er = 25.83 Kcal/mol
E (Ir“’/lr”) =+1.69VI26] Er = 40.9 Kca|/m0|26] Es=1.91eV
.= [26]

Er = 60.5 Kcal/mol max = 559 nm Amax = 668 N
- 3[9? " 7= 0.53 sl 15 = 2.9 ns29
T=230B1

NH,

@,OCHS @xox/\ Ho~~SH
1 p 3
Eox = +0.894V Eox = +1.90V32

Er = 83.25 Kcal/mol

Homolytic aromatic
substitutions of electron-rich arenes with PCs-1-3

Noel and colleagues33 have accomplished the Eosin-Y-
photocatalyzed perfluoroalkylation of (hetero)aromatic
substrates employing perfluoroalkyl iodides Re-I and N,N,N’,N’-
tetramethylethylene diamine (TMEDA) as base. Our group and
others™34 have shown that efficient Electron Donor Acceptor
EDA complexes34b formed between Re-l and organic bases such
as TMEDA can accomplish perfluoroalkylation reactions of
(hetero)arenes, sulfides, and carbon-carbon multiple bonds by
visible light activation in the absence of a photocatalyst. Based
on our previous results on the photoinitiated
perfluoroalkylation of (hetero)aromatic compounds with Rose
Bengal?3, and with zinc phthalocyanine2* as photocatalysts we

This journal is © The Royal Society of Chemistry 20xx

decided to employ inorganic bases such as Cs;COs and
collidinium ascorbate, respectively, in order to minimize EDA
complexes formation between Re-1 and organic bases.

The first reaction type investigated under the three different
photoinitiated systems (systems 1-3, Table 1) is the HAS of 2-
anisidine 1 with the perfluorobutyl group. Optimization of the
reaction conditions for the three photoinitiated systems is
displayed in Tables S1-S3. The stoichiometry employed was
chosen to maximize the formation of the para-substituted
isomer. Table 2 illustrates the mass balance and the product
ratios of the perfluorobutylation products obtained. Mass
balance in all cases is very good, being the regioselectivity ratios
encountered under the three photoinitiated systems very
similar. Under prolonged photoreaction times (i.e.: 20 hrs), two
substitution products are formed in very high yield (90-94%);

e.: 2-methoxy-4-(perfluorobutyl)aniline 1A, and 2-methoxy-

J. Name., 2013, 00, 1-3 | 3
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4,6-bis(perfluorobutyl)aniline 1B, being 1A the major product
under the three photoinitiated systems (PCs-1-3). However, 1B
is not a primary reaction product, and is formed at the expense
of 2-methoxy-6-perfluorobutylaniline 1C (not shown) (ratio
1A:1Cca. 1:0.1).

Table 2. Reaction products form the perfluorobutylation of substrate 1
(0.2 mmol) with n-CsFs-1 (3 equiv) employing different PCs (PC-1-3) in
indicated Ar-deoxygenated solvent (3 mL), in the presence of additives
irradiating at room temperature for 20 hrs under constant stirring.

n-C4F oI (3 equiv)
additive (1.5 equiv)

NH, solvent (3 mL) NH NH,
OCHj, 20 hrs, r.t. constant stirring OCHg C4Fg OCHj3
©/ PC-1-3 <>/ \©/
Ardeyainoied T G Cafs
1 1A 1B
entry  system Amix (nm)? Mass balance,® 1A:1B
% Product ratio, %
1 1 392¢ 94 80:20
2 2 5254 97 83:17
3 3 657¢ 98 82:18

a.- Amax Of irradiation (LED) employed £ 2 nm. b.- ca. 100% mass balance was
obtained, indicating that substrate converts only to products in yields
reported, with the remainder of the mass being unreactive substrate. c.-
calibrated violet LEDs, 3 Watts. d.- calibrated green LEDs, 3 Watts. e.-
calibrated red LEDs, 3 Watts

Previous kinetic studies??® indicate that the para-substituted
product is formed first, followed by an ortho-substituted product.
Disubstituted product 1B is formed at the expense of the build-up of
the ortho-substituted product. Notably, the three PCs can
accomplish the HAS reaction of 1 with C4Fs radicals with excellent
mass balances. At low substrate conversion (5-7%) only product 1A
is observed (vide infra) and very minor amounts of 2-methoxy-6-
perfluorobutylaniline 1C start to grow.

From a quick inspection of Table 2, the selection of PC-3 under
the red- light irradiation source provides comparable yields of
products 1A-B than the other visible-light excited PCs, enabling the
employment of aryl substrates with large UV spectral bathochromic
shifts, facilitating the perfluoroalkylation of highly-conjugated
activated aromatic targets that otherwise could absorb in the violet
or even green regions of the electromagnetic spectrum competing
with the PCs absorption.2435

Mechanistic evidence, such as the quenching of the
photoinitiated reactions (systems 1-3) with TEMPO (Scheme 1A) and
1-methyl-1-phenyl-ethylene (product 4A, Scheme 1B), suggests the
presence of radicals. The photoinitiated reactions of 1 with
Ir[(dF(CF3)ppyl2(dtbbpy)* (PC-1) and Zn-phthalocyanine (PC-3) as
photocatalysts are suppressed in the presence of 1,4-dinitrobenzene
(Scheme 1C), purporting the presence of an ET process involving
radical anions. This quenching is a result of being 1,4-dinitrobenzene
a more suitable electron scavenger, accepting an electron either
from Ir(ll) or ZnPh radical anion (which prevents the transfer of the
odd electron to n-C4Fs-I). On the other hand, the photoinitiated
reaction of 1 with RB (PC-2) as PC is not suppressed with 1,4-
dinitrobenzene (Scheme 1D), purporting to the absence of an acting
reducing species better than RB*. The fluorescence spectra of
Ir[(dF(CF3)ppyl2(dtbbpy)* are quenched upon addition of a DMF
solution of Cs,COs (ET from COs2 to PC-1%, as in Figure S2A), whereas

4 | J. Name., 2012, 00, 1-3

the fluorescence spectra of RB are suppressed upon addition of n-
C4Fq-1, which is evidence of an ET pathway betwegni exeited RBYemd
n-C4Fgo-1 (Figure S2B). On the other hand, the fluorescence spectra of
Zn-phthalocyanine PC are suppressed when adding 2,4,6-collidinium
ascorbate (Figure S2C). On the contrary, fluorescence spectra of
either Ir[(dF(CF3)ppyl2(dtbbpy)* (PC-1) or Zn-phthalocyanine (PC-3)
are not modified upon addition of n-C4Fq-I (Figure S3 for PC-1), which
means that no ET takes place between PC* and C4Fqo-I. Therefore, PC-
1 (i.e.: Ir(lll)) would not oxidize to Ir(IV) transferring an electron to
C4Fo-1 in an oxidative quenching manner, neither PC-3 would oxidize
to Zn-Phthalocyanine radical cation and reduce C4Fq-1 to C4Fg radicals
inan ET process.

o OCH.
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Scheme 1. Mechanistic probe experiments for the perfluorobutylation of 1
under three photoinitiated systems. A.-Use of TEMPO under PCs-1-3. B.-Use
of 1-methyl-1-phenyl ethelyne as probe under PCs-1-3. C.-Use of p-
dinitrobenzene under PC-1 and PC-3. D.-Use of p-dinitrobenzene under PC-2

The proposed cycles for the production of C4Fg radicals with PCs-
1-3 are shown in Figures 2A-C. The Gibbs energy differences for the
production of °*CsFs radicals with the three PCs are calculated
according to the Rehm Weller equation 1.

AG = E%ed (D/D*) - E%fed (A/A) -E*(0,0)- w (1)

Where E°.q4 (D/D*) is the reduction potential of the species that is
being oxidized, E%.q (A/A") the reduction potential of the species
which is reduced, E°° the excited state triplet energy, and w the
coulombic term.

In Figure 2A, the use of PC-1 (i.e.: Ir[(dF(CF3)ppy]2(dtbbpy)*) in a
reductive quenching cycle affords C4Fg radicals from the reduction of
n-C4Fo-1 by ground state Ir(ll) (reductive ET). The AGgr is calculated to
be exergonic by -0.1 V.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. A: Proposed photoinitiated cycle (Ir[(dF(CFs)ppy]z(dtbbpy)*) for the
initiation (production of *Ca4Fy radicals) and calculation of the Gibbs energy
involved in the process. B: Proposed photoinitiated cycle (Rose Bengal) for
the production of *CsFs radicals and calculation of the Gibbs energy involved
in the process. C: idem for Zn-phthalocyanine photocatalyst

Metal-organo-photoredox catalysts3 such as PC-1, can act in both
oxidative and reductive quenching cycles. However, as fluorescence
of PC-1* does not seem to be suppressed by n-CsFe-I (Figure S3), ET
oxidation of Ir(lll)* to Ir(IV) and concomitant reduction of n-C4Fe-I to
*C4Fy radicals is precluded, ruling out an oxidative quenching cycle
with PC-1. Instead, the fluorescence of PC-1* is readily quenched by
addition of Cs,CO3; DMF solution (Figure S2A), purporting that an ET
reduction takes place between PC-1* and Cs,COs, generating a
carbonate radical anion (ECOs*~ /CO32~ = +1.23 +/-0.15 V). The AGer
for this process is calculated to be slightly exergonic by -0.08V (see
ESI, Section 1X.2).36

In Figure 2B, the use of PC-2 (Rose Bengal) in an oxidative
quenching cycle affords *C4Fs radicals from the reduction of n-CsFs-I
by excited state RB reductive ET, supported by Stern Volmer
qguenching experiments, where the luminescence of RB* is effectively
quenched by addition of n-C4Fs-I (Figure S2B). The AGer is calculated
to be +0.18 V, which is somewhat endergonic. According to Figure
2B, PC-2 is postulated to be regenerated from PC** by the carbonate
ion and affords the carbonate radical anion. Although this latter
process is somewhat endergonic (calculated AGer = +0.49 V, see ESI,
Section 1X.2), would generate an excellent oxidant species, the
carbonate radical anion, which in turn could further oxidize the
resulting radical adduct of the arene to a Wheland intermediate
(calculated AGgr = -0.76 V, see ESI, Section 1X.2). We will next show
(vide infra in the postulated mechanism) that this is not the main
route to re-establish the thermoneutral PC-2.

The excited state of PC-3* is quenched by 2,4,6-collidinium
ascorbate, according to Stern Volmer quenching experiments (Figure
S2C), supporting the proposal of Figure 2C. The use of PC-3 (Zn-
phthalocyanine) in a reductive quenching cycle affords C4Fs radicals
from the reduction of n-C4Fe-1 by the radical anion of PC-3 reductive
ET. The AGgr is calculated to be endergonic by +0.38 V. These results
are summarized in Table 3 (see also Table S12)

Table 3. Difference in Gibbs energies for the ET step producing CsFs radicals,
according to Figure 2

entry  system Erc/pc.- (V) Erc/pc (V) ET (eV) ﬁg;;
1 1 -1.37 +1.69 2.62 -0.1
2 2 -0.99 +0.74 1.77 +0.18
3 3 -0.89 - 1.12 +0.38

Although this reduction process from PC-3*- to n-C4Fsl (Figure 2C) is
a thermodynamically unfavourable ET37 (from the reduced

This journal is © The Royal Society of Chemistry 20xx
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photocatalyst to C4Fsl (about +0.38 V)), 2,4,6-co||idinwerw @g&@@%g
could aid in the activation of the carbomdodineoie+pdband2te
overcome this endergonic event, acting as a Lewis acid.3® Also,
Shibata and colleagues3?® in the subphthalocyanine- photocatalyzed
trifluoromethylation of olefins under red light found an endergonic
AGer process by more than +0.5 V, from the excited photocatalyst to
CFs-1; the reduction of the CFs-I by PC* still taking place.3> As a matter
of fact, the Re-I bond has been shown to be weakened under
photoinitiation in the presence of chloride ions,3® amines,*® and
carbonyl compounds (esters).4142 In a recent report by some of us,2*
theoretical calculations were carried out revealing that AG from PC-
3*- to n-C4Fql is indeed an exergonic event with a value of -12.11
Kcal/mol, suggesting the role of PC-3*- in the production of *C4Fg
radicals, according to Figure 2C.
Yoon and colleagues’®® have demonstrated that in Ru-
photocatalyzed Diels Alder radical cation reactions and the enone [2
+ 2] radical anion cycloaddition reactions, radical chain mechanism
intervene, and a conjecture was raised that in most other
photocatalyzed transformations this latter scenario can also be the
case. In the same lines, Teders, Glorius and collaborators!® have also
shown that in the Ir-photocatalyzed functionalization of
benzotriazole substrates photocatalytic-initiated chain mechanisms
prevail as indicated by determination of the reaction quantum yields
and Stern—Volmer analyses. We undertook the task of assessing the
presence of chain propagation mechanisms in HAS reactions of
activated arenes with the perfluoroalkyl group under different
photoinitiated systems (systems I-lll, as in Table 2).
Quantum vyields are characteristic of photoreactions under a
specific set of conditions and can vary significantly as a function of
wavelength and the nature of the photocatalyst.
To launch our investigations on chain propagation in the radical
photocatalytic (photoinitiated) perfluoroalkylation of substrate 1,
and to support or exclude a chain propagation cycle, we determined
the quantum yield measurements under the three photoinitiated
systems, utilizing calibrated violet, green, and red LEDs (with
emission maxima at 392 nm, 525 nm, and 657 nm, respectively).
Absolute measurement of incident photon flux was achieved by
means of calibrated photodiodes which are widely used for the
detection of electromagnetic radiation in the ultraviolet, visible, and
infrared range.*3 Silicon photodiodes for light power measurement
with resolution of 1 nW were employed. For LEDs with emission
maxima at 392 nm a calibrated UV-enhanced silicon sensor for 250-
400 nm range (Coherent OP-2 UV) was used; and for LEDs with
emission maxima at 525 nm and 657 nm a calibrated silicon sensor
for 400-1064 nm (Coherent OP-2 VIS) was employed. In all cases,
measurements of the light that passed through the bottom of the vial
were performed at the mouth of the vial (vial walls were covered
with a bright white optical film to ensure total light reflection, Figures
S4-56).The incident photon flux measured by photodiodes was
corroborated by chemical actinometry (potassium ferrioxalate for
Amax = 392 nm for PC-1, and Amax = 525 nm for PC-2, and Reinecke
salt, for  Amax = 657 nm, for PC-3, ESI).43.44
For the 392 nm LED (3 Watts, which radiant power ET is 8
mWatt), the photon flux is calculated to be 1.5787 x 106
photons/sec. For the 525 nm LED (radiant power ET = 10 mWatt),
the value obtained is 2.6429 x 106 photons/sec., and for the 657 nm
LED (ET =16 mWatt), the photon flux is 5.2916 x 106 photons/sec.
The calculations of photon flux obtained with calibrated diodes and
that obtained from chemical actinometry is illustrated in ESI, Section
Vila-b.
Substrate 1, and additives are transparent at all PCs maxima
absorption wavelengths or diode emissions so we could make the

J. Name., 2013, 00, 1-3 | 5
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limiting assumption that the incident photon flux is absorbed solely
by the photocatalyst (absorption fraction > 0.99). After irradiation,
the number of moles of product 1A formed is quantified by 1H and
19F NMR spectroscopy using an internal standard (benzotrifluoride,
see Table S9, ESI, for number of moles calculation for each PC). An
average of three determinations were taken. The cumulative
quantum yield for product formation from the perfluoroalkylation of
1 can be calculated by dividing the moles of 1A formed by the
einsteins of photons consumed (eq 2).

The einsteins of light absorbed (mol x s1) equal the mole of
photons per seconds times the irradiation time (s). From these data,
we calculate a quantum yield value of ® = 3.81+0.16 for PC-1, 0.51 +
0.03 for PC-2, and 0.17 £ 0.01, for PC-3 (Table 4A), respectively.

moles of product formed
¢= 2

einsteins of light absorbed

This calculation does not consider the involvement of any other
photoinitiated processes that do not lead to product. For example,
the photoexcited PC* catalyst could relax to the ground state
through either radiative or vibrational pathways without undergoing
ET processes; the reduced photocatalyst PC*- and the oxidized arene
could also recombine to regenerate PC and neutral arene via back
electron transfer. The possibility of energy transfer (EnT) between
PC* and 1, which would deactivate the excited state of the PC, should
be ruled out, according to the values of triplet energies of 1 and those
of the PCs (footnote of Table 1).

This, nonetheless, would lead to a reduction of the numerator of
eq 2 without affecting the denominator. Consequently, the actual
chain length could be higher than the measured quantum yield (vide
infra). Therefore, although the observation of a quantum yield much
greater than unity provides confirmation of a chain nature of the
reaction, the actual length of the chains could be substantially higher
than the determined quantum vyield. On the contrary, the
observation of a quantum yield lower than unity does not necessarily
reflect on a lack of any propagation chain (or generation of the
primary radical species by an alternate secondary event), as
significant initial loss of energy can be provoked by non-productive
processes.13

According to the procedure of Yoon and colleagues,’® the
quenching fraction Q is calculated according to eq 3:

kq (PC )[Q] KSV [Q]

Q- ———— = ———————
T+ kq(pc) [Q] 1+ Ksy [Q]

Where Ksy is the Stern-Volmer coefficient which is determined by
Stern Volmer rate quenching experiments (Figure S2-S3). Applying
eq. 3, the Q values are calculated and illustrated in Table 4A. The
chain length (L) is approximated by dividing the measured quantum
yield ¢ by the quenching fraction Q. This ratio (i.e.: $/Q ) is governed
by both ¢ and Q values, and could result in large L numbers should
the quenching fraction be small. A more precise measurement of L
could be estimated as the ratio between the propagation rate and
the addition of the rates of all termination steps. If the photoinitiator
is involved in a termination step (as in step G, Figure 1A, and step H,
Figure 1B), then the photoinitiator (i.e.: photocatalyst) should be
playing a role in the actual chain length.

6 | J. Name., 2012, 00, 1-3

Table 4A. Measurements of quantum yields (¢) quenching f()“aecvtviaﬂ‘sdgognq‘%g

chain lengths (L) for the photoinitiated production-ofprodyustdd-fronythe
perfluorobutylation reaction of 1 under three photocatalysts

entry  system Ksv (M2) 2 Q° L
1 1 402 3.81¢ +£0.16 0.979 3.9
2 2 4.3 0.51¢ +0.03 0.340 1.5
3 3 162 0.17¢ £0.01 0.951 0.18

a.- electronic actinometry employed. Calculation using equation 2. Moles of
product formed calculated employing an internal standard by NMR
integration (*°F and 'H NMR spectroscopy experiments). Table S9, ESI. b.-
using equation 3. c.- measured at A = 392 nm, high power LED, 3 Watt,
radiant power ET = 8mWatt. d.- measured at A = 525 nm, high power LED, 3
Watt, radiant power ET = 10 mWatt. e.- measured at A = 657 nm, high
power LED, 3 Watt, radiant power ET = 16 mWatt

As triplet energy of the PCs (see footnote Table 1 for value of triplet
energy ET of PCs and 1), are lower than that of substrate 1, an energy
transfer process (EnT) should be ruled out in systems 1-3.45ab
As observed form Table 4A, quantum vyields for the
perfluorobutylation reaction of 1 do not reveal, a priori, the presence
of significant propagation events (entries 1-3, column 5, Table 4A).
In Scheme 2A (reductive quenching cycles), *C4Fs radicals are
produced from the ET reduction of C4Fs-l by PCs radical anions (i.e.:
Ir(Il) and PCZn*-, step 1), whereas in Scheme 2B (oxidative quenching
cycle) *C4Fq radicals are produced from the ET reduction by excited
PC* (RB*), step IV. A more realistic measurement of the efficiency of
step Il (Scheme 2A), could be supplied by dynamic quenching of
fluorescence experiments.4s¢
The calculated quenching fractions Q for PC-1 and PC-3 do not
directly reflect on the initial production of *C4Fs radicals (as in step ll,
Scheme 2A) but the formation of the reduced species from PC-1*-and
PC-3*- (step I, Scheme 2A) instead. Consequently, the percentage of
the excited state fractions of the PC-1 and PC-3 that gives rise to *C4Fg
radicals is not given by the Q value, and the actual quenching
fractions of the excited states of PC-1* and PC-3* that produce C4Fqy
radicals could be smaller than those calculated from equation 3. This
would result in longer chain lengths than shown from Table 4A for
PC-1. On the other hand, for PC-3, the endergonic nature of step Il,
Scheme 2A ((AGy (pc-3) = +0.38 eV, vide supra, Figure 2C) accounts for
the low cumulative quantum yield observed with PC-3 (i.e.: 0.17).

In Scheme S2 (section VIII, ESI) another mechanistic proposal is
illustrated employing PC-1, where the radical anion of the
substitution product, intermediate C, is formed through base-
induced deprotonation of intermediate A. In this proposal, the open
catalytic cycle is controlled by the ET reduction from C to CsFe-I,
which produces more C4Fs radicals that propagate the chain (step lll,
Scheme 2S). However, in previous publications we have
demonstrated through Linear Free Energy Relationships (Hammet
plots) that the actual nature of the intermediate in the radical
reactions of perfluoroalkylation of aniline derivatives is the Wheland
intermediate B (Scheme 2, vide infra) rather the radical anion of the
substitution product (intermediate C, Scheme 2S, ESI).Z3 Therefore,
Scheme 2A is more representative of the actual mechanism for the
photoinitiated perfluoroalkylation of aniline derivatives with PC-1.

The photoinitiated reaction of substrate 1 employing PC-2 (i.e.:
Rose Bengal) does not involve either an apparent significant chain
length (i.e.: 1.5); however, a lower-than-unity quantum yield (i.e.:
0.51) is found. The calculated quenching fraction Qis small (i.e.: 0.34)

This journal is © The Royal Society of Chemistry 20xx
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which directly reflects on the efficiency of *C4Fg radicals formation.
This means that only 34% of the excited state of PC-2 is involved in
producing *C4Fg radicals. The remainder 66% of the excited PC-2 is
likely involved in other processes such as radiative or internal
conversion.

As observed from Scheme 2, the propagation cycles (open
catalytic cycles), are proposed to be identical for both oxidative and
reductive quenching events (c.f. steps lll, and V, Scheme 2A and 2B,
respectively). In the postulated propagation steps (lll, or V, Scheme
2) the oxidation of adduct A by C4Fs-I is the same regardless of the
PC. This does not mean equal propagation chains for the three
photocatalysts. In fact, the chains are influenced by the nature of the
PC, and the competing efficiency of initiation and termination
processes.

For PC-1 and PC-3, the calculated quenching fractions are
similarly high (>95%). We discussed that these Q values obtained
(Qec1 and Qpc3) do not represent the quenching fractions of the
excited states of the PCs that give rise to the primary radical species
(*C4Fo radical) that kicks in the loop, as PC-1 and PC-3 excited states
are not suppressed by addition of C4Fs-1 (vide supra), but by addition
of Cs;COs; and collidinium ascorbate solutions, respectively.
Therefore, the calculated chain lengths L resulting from dividing the
quantum yield ¢ by the photocatalyst quenching fraction Q are lower
limit measurements to determine L for PC-1 and PC-3.

However, even if a measure of the efficiency of step Il
(production of *C4Fg radicals, Scheme 2A) could be determined, the
efficiency of the termination step (as the quantum vyield of
termination) would have to be considered. Therefore, the lower
quantum yields observed for systems Il and Ill (PC-2, and PC-3) are a
result of poor initiation or termination events for these two PCs. The
inefficiency of the initiation for PC-3 (production of the first CsFo
radical event) has been disclosed by the endergonic AGgr calculated
for this process (Table 3, entry 3). Despite that for PC-2 the calculated
AG for the initiation process is not as endergonic as that for PC-3
(Table 3, entry 2), the quenching fraction is low (Table 4, entry 2),
contributing to a global inefficient photoreaction.
For PC-2, oxidative quenching cycle, (Scheme 2B), radical adduct A
could be oxidized to Wheland intermediate B by the radical cation of
PC-2** (RB**), whose Eox pc2+ = +0.74 V26, as depicted in step VI,
Scheme 2B (see also Section I1X.2.-, ESI). Computationally- obtained
data (Table 4B, entry 2 and ESI, Table S13) support that the
bimolecular chain-terminating event is substantially more exergonic
than the essentially thermoneutral chain-propagation event (Table
4B, entry 2, and Table S13, ESI). This is rather surprising as two short
lived intermediates (A and RB**) could be responsible for the

This journal is © The Royal Society of Chemistry 20xx
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production of the Wheland complex B. These data, support, the
contribution of a closed loop in the photoresstioni edthDRC200AlsDy
oxidation of radical adduct A by carbonate radical anion can also be
proposed, as the carbonate radical anion is an excellent oxidant
species (and the process has a calculated AGer = -0.76 V, see ES,
section IX.2). However, given that formation of COs*- was calculated
to be an endergonic event from the radical cation of Rose Bengal (AG
er = +0.49 V, see ESI, Section IX.2), regeneration of the active PC-2 is
made by radical adduct A rather than COs*-, as the former has a large
exergonic Gibbs energy (Table 4B, entry 2).
The oxidation of radical adduct A to Wheland intermediate B is also
possible by PC-1* and PC-3* (Scheme 2A, path 1), assuming an Eo for
intermediate A ca. 0.47 V vs. SCE for secondary alkyl radical*¢, and
Eredpc1* =+1.21 V and Ereq pc3* = +1.02 V vs. SCE 272, oxidation events
for A by PCs* should be favourable (ESI, section 1X.2.). This would
support the role of closed loops in the mechanism, or that both
closed and open loops are operative. Computational data (see Table
S13, ESl and Table 4B, entry 1) support that radical intermediate A is
more likely to be oxidized to Wheland intermediate B in the closed
cycles (in red) by PC-3* rather than by n-CiFs-l in an open
propagation event (in blue). Although these calculations afford more
exergonic events for the oxidation of A by PC-Zn* (entry 1, Table 4B)
rather than by CsFs-l (entries 1,3, Table 4B, respectively), step Il
(Scheme 2A) is the one accounting for a chain propagation event.
Also, as referred to before, we surmise that the calculated chain
lengths L for PC-1 are underestimated (vide supra) which could only
mean that the chain length is even longer than that calculated by L.

Table 4B. Simulated AG, AH, AS at the B3LYP/LANL2DZ theory level at 298 K

entry Reaction AG? AH? AS?
o~ NH; N o~ NH; N
1b c’:j‘\;[ocni' pczn C":FJE\IOCHJO pczn -26.8 -28 -3.8
« s NHy - + n NH,
2 i, T g, ™ -52.3 -53.8 -4.9
30 il e T et 410 +96  +282
4 CFel + PCZn — o CFe + I” * pczn -12.1 -3.2 +30

a.-in Kcal/mol. b.-see step I, Scheme 2A. c.- see step VII, Scheme 2B. d.-see
step lll, Scheme 2A and step V, Scheme 2B. e.- see step Il, Scheme 2A

In Scheme 2B (oxidative quenching cycle), we could argue that
both open and closed catalytic cycles shown in paths IV (in red) and
path V (in blue), respectively, are playing roles for *C4F radical
production.
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Scheme 2. A: Proposed reaction pathway for the photoinitiated (PC-1 and PC-3) perfluorobutylation of arenes. B: Proposed reaction pathway for the

photoinitiated (PC-2) perfluorobutylation of arenes

Summary for the HAS reaction of 2-anisidine with *C4Fs radicals:

For the HAS reaction of 1 with *C4Fs radicals under the three PCs,
quantum vyields vary significantly as a function of wavelength as
observed from Table 4A. Particularly in this case, a decrease in the
photon energy of the incident light translates into a reduction of the
quantum yield.

Chain length can be considered as resulting from the ratio
between the rate of chain propagation divided by the sum of the
rates of all chain termination events. As PCs 1-3 are proposed to be
involved in chain termination events (step I, Scheme 2A for PC-1 and
PC-3, and step VI, Scheme 2B, for PC-2, respectively), then, the PCs
should have some bearing on the lengths of chains. Therefore,
varying the structure of the photocatalyst can change its contribution

to the rate of chain termination and thus to chain length. Therefore,
the measured chain length (as L = ¢ / Q) could not be a proper
indication of the efficiency of the propagation, either because the
primary process for the quenching fraction Q (of the excited state of
the PC) is not the production of the initiating *Cs4Fs radical or else not
all the parameters that affect the initiation and termination events
are cancelled out in the oversimplified ratio ¢ / Q = L. As a matter of
fact, Pitre, Scaiano and colleagues?! have suggested that quantum
yields lower than unity do not necessarily reflect on lack of chains.

In the case of PC-2, given the somewhat inefficient initiation
process (as revealed by low Qgg), then, the efficiency of step VI in
regenerating PC-2 (Scheme 2B) might be playing a substantial role. In
fact, according to our calculations, the oxidation of the radical adduct
intermediate A by RB** (radical cation of Rose Bengal) (step VI,
Scheme 2B) is a highly exergonic event (calculated as -52.3 Kcal/mol,
entry 2, Table 4B). This step (i.e. VI, Scheme 2B), which affords the

Please do not adjust margins
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Wheland intermediate, derives to product after deprotonation.
Therefore, the regeneration of the active form of the PC-2 from its
radical cation should be described in mechanistic proposals such as
that shown in step VI, Scheme 2B, rather than that postulated in
Figure 2B by carbonate ion. This latter has been mistakenly
postulated before in proposed mechanisms.23

Being the photonic process different for each of the three
photocatalysts (translated into different quantum yields for each
PCs) and being the global quantum yield a product combination of
the initiation, propagation and termination quantum vyields of the
overall process, the calculated chain length L (associated with the
propagation quantum yield) derived from quantum vyield and the
quenching fraction (equation 3), is biased by the efficiency of the
photoinitiation (primary production of °CsFs radicals) and
termination processes and cannot be taken as an accurate measure
of the efficiency of the propagation.

Figure S7 (see ESI) illustrates a graphical representation of the
quantum yields ¢, chain lengths L, and quenching fraction Q for the
photoinitiated production of 1A under photocatalysts PCs-1-3.
A corollary of the processes shown could emphasize that a seemingly
lower-than-unity quantum yield (i.e.: for PC-3) would not necessarily
mean lack of chain, but the inefficiency of other processes involved.
Also, that both open and closed catalytic loops are operating
simultaneously in photoinitiated perfluoroalkylation reactions of
arenes. As observed from Table 4A, both quantum yield, and
apparent chain lengths decrease as the photon energy of the
irradiation source decrease. However, the light-harvesting efficiency
within each PC is intimately related to the efficiency of the
photoinitiation and termination events.

Photoinitiated radical addition to olefins

The second reaction type investigated was the perfluorobutyl radical
addition to an olefinic system (an atom-transfer radical addition
reaction, ATRA). The substrate employed was propenyloxybenzene
2. Table 5 illustrates the mass balance and the perfluorobutylation
product obtained, under the three photoinitiated systems
(irradiating at three different wavelengths). Optimization of reaction
conditions for the three photoinitiated systems can be found in
Tables S1-S3.

Table 5. Photoreaction conditions form the perfluorobutylation of substrate
2 (0.2 mmol) with n-CsFe-I (3 equiv) employing different photocatalysts PCs
(PC-1-3) in indicated Ar-deoxygenated solvent (3 mL), with additives at room
temperature.

n-C4Fg-1 (3 equiv)
additive (1.5 equiv)
solvent (3 mL)

0~ 20 hrs, r.t. constant stirring (%(O
S - > |

C4F,
©/ PC-1-3 & o

LEDs (blue, green, and red)
Ar-deoxygenated

2 2A
entry system PC (mol%) Amax (nm) Mass balance,®%
1 1 PC-1(0.5) 3920 99
2 2 PC-2 (0.5) 525¢ 98
3 3 PC-3 (0.5) 657¢ 99

a.- Substrate conversion after 20h-irradiation. b.-violet LEDs, 3 Watt, Er=8
mWatts. c.-green LEDs, 3 Watt, Er = 10 mWatts. d.-red LEDs, 3 Watt, Er= 16
mWatts

This journal is © The Royal Society of Chemistry 20xx
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After prolonged reaction times, a secondary photolysis product. is
observed, consistent with the presence ob@niansaturationoThis
latter product was not isolated neither characterized. At substrate
conversion lower than 20 %, only product 2A is formed. Quantum
yield measurements (¢), calculation of quenching fractions (Q), and
chain lengths (L) for the perfluorobutylation reaction of
allyloxybenzene 2 are summarized in Table 6A.

Table 6A. Measurements of quantum yields (¢), quenching fractions (Q) and
chain lengths (L) for the photoinitiated production of product 2A from the
perfluorobutylation reaction of 2 under three photoinitiated systems

entry  system 2 Q° L
1 1 1.27 £0.1¢ 0.979 13
2 2 2.98 +0.03¢ 0.340 8.8
3 3 0.08 +0.02¢ 0.951 0.09

a.- electronic actinometry employed. Calculation using equation 1. Moles of
product formed calculated employing an internal standard by NMR
integration (*F and *H NMR spectroscopy experiments). A = quantum yield
for formation of product 2A, s = quantum yield for formation of product
2B. b.-using equation 2, calculation for product 2A. c.- measured at A = 392
nm. Photoreaction time 600 sec (see Table S9, ESI). d.- measured at A = 525
nm. Photoreaction time 1200 sec. (see Table S9, ESI). e.- measured at A =
657 nm. Photoreaction time 3600 sec. (see Table S9, ESI).

As observed from Table 6A, the chain length for production of
product 2A in the photoinitiated reaction of 2 with n-C4Fe-1 is high for
PC-2 (i.e.: 8.8).
The production of *C4Fs is realized according to Figures 2A-C. Then,
according to Scheme 3, radicals *C4F9 add to the terminal olefinic
carbon of substrate 2 to produce intermediate C which in turn could
abstract an iodine atom from CsFe-1 to propagate the chain,
accounting for the L value obtained with PC-1 and PC-2. The larger
reaction quantum yield under PC-2 is a measure of the cumulative
efficiency of the process, where a chain propagation as shown in step
Il (Scheme 3A) drives the mechanism into an open catalytic cycle.
The reaction between excited PC-1* with the additive (i.e.: Cs,COs3,
step VII) is a thermodynamically-favourable or thermoneutral event
(AGwi (pc.~/ cs2c03) = -0.08 eV, see ESI, section 1X.2.). Even more
favourable, is the oxidation of radical adduct C with PC-1* (AGui (¢/ pc-
1#) = - 0.84 V, step VII, Scheme 3B, see also ESI, section 1X.2.) which
affords intermediate D and PC-1*-. Intermediate D could suffer iodide
nucleophilic attack to render 2A. Both open catalytic cycles for PC-1
(step IV, Scheme 3B) and PC-2 (step I, Scheme 3A) should contribute
significantly to the chain propagation as very efficient reaction steps
(ATRA reaction).
As stated before, the quenching fractions Q calculated for PC-1 and
PC-3 do not directly reflect on the production of *C4Fy radicals but
the quenching of PC* by additives (step VII, Scheme 3B, and Stern
Volmer plots in Figures S4A for PC-1 and S4C for PC-3) to afford the
reduced forms of PCs (radical anions of PC.-). Consequently, the
fractions of the excited photocatalysts (for PC-1*, and PC-3*) that
give rise to *C4Fs radical production should be smaller than the
calculated, depending on the efficiency of process VII (Scheme 3B).
A more realistic fraction of PC* that derives to *CsFs radicals should
take into account both processes VI and VII (Scheme 3B). Being
process VI (i.e.: AGy, = +0.38 eV, vide supra®’) highly inefficient for
PC-3, the actual Q" value is expected to be smaller than the calculated
(i.e: 0.951) resulting in a larger L. The inefficiency of step VI (i.e.: ET
reduction of n-C4Fe-1 by PC-3- ) translates into a global inefficient
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initiation event when using PC-3. In this way, the open catalytic cycle
for 2A production could be activated (vide infra). We surmise that
there exists a contribution of an open catalytic cycle responsible for
2A formation even with PC-3 (step IV, Scheme 3B) masked by the Q
and L values obtained. Computational data (Table 6B) suggest that
radical intermediate C (Scheme 3B) cannot be oxidized to
intermediate D by an excited PC-3* as depicted in step VII, Scheme
3B (entry 2, Table 6B).

A Green LED
catalytic
cycle /—/+
C4Fol C4Fy I-
[T D .
I C F R
3 CaFg _<
_J C4F9 >—< 2A
open °
CFol catalytic  C,F, ;I

cycle

Journal Name

Table 6B. Simulated AG, AH, AS at the B3LYP/LANL2DZ theor\ylelev mc&?gqme

entry Reaction AG2OT 10.I\j3/ DOCYORRIK
1 oyl pozn’ TR e <1211 3.2 +30
2 O, (N e 4172 +15.9 45
3¢ S VIR — s 8.1 9.9 -5.9
4 Y o A b +45.4 +53.5 +27.3

a.-in Kcal/mol. b.-see step VII, Scheme 3B. c.- see step lll, Scheme 3A

B
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B = Cs,CO, for PC-1
2,4,6-collidine for PC-3

Add- = CSZCO:; for PC-1
ascorbate for PC-3

Scheme 3. A: Proposed photoinitiated cycle for the perfluorobutylation of allyloxybenzene 2 with PC-2. B: idem with PC-1 and PC-3.

In Figure S8 (see ESI), a plot of values of ¢, Q, and L for product 2A
under the three photoinitiated systems PC-1-3 is shown, together
with oxidation potentials of PC-1-3.

Summary of the photoreaction of allyloxybenzene with °CsFq
radicals

Contrarily to the HAS reaction of 1 with *C4Fs radicals where quantum
yields decrease as a function of lowering the photon energy, the
quantum yield for the reaction of 2 with *C4Fq radicals is larger for
PC-2 than the other two PCs. Postulating the propagation events
identical under the three PCs (steps Il and IV, Schemes 3A and 3B,
respectively), we surmise that step Il with PC-2 (oxidation of radical
adduct C and regeneration of the active PC-2, Scheme 3A) is more
efficient than step VII (Scheme 3B), which means that oxidation of
radical adduct C by PC*+ (step Ill, Scheme 3A) to render the
carbocation intermediate (which is attacked by iodide anion to give

10 | J. Name., 2012, 00, 1-3

the final product) is more efficient than the oxidation of C by PC-1*
or PC-3* (step VII, Scheme 3B). This latter has been corroborated by
calculations, where from Table 6B it is observed that the calculated
step Il (Scheme 3A) is an exergonic event by -8.1 Kcal/mol (entry 3,
Table 6B), as opposed to highly endergonic process calculated for PC-
3 (+ 17.2 Kcal/mol, entry 2, Table 6B). Other termination processes
cannot be ruled out at this time, such as those involving the catalysts.
One should then postulate in reductive quenching cycles that the
major route for generation of the reductive forms of PC-1 and PC-3
(i.e.: PC-1- and PC-3-) in Scheme 3B is the correct choice of the
electron donor additive (i.e.: carbonate as in PC-1 and ascorbate for
PC-3) rather than ET-oxidation of adduct C as in step VIL

A lower limit for the chain length of the process could be ca. 9, as
observed for PC-2 (Table 6A, entry 2). Also, the nature of the PC
influences the chain length, as this should be equal to the actual ratio
between the rates of propagation and all termination processes. The
fact that the PCs do intervene in termination events (step Ill, Scheme
3A, for PC-2, and step VII, Scheme 3B, for PCs 1 and 3) should bear
direct consequence on the length of the chains.

This journal is © The Royal Society of Chemistry 20xx
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Perfluorobutylation of thiols

The third reaction type investigated was the perfluorobutylation of
thiols i.e.: the photoinitiated radical perfluoroalkylation of 2-
mercaptoethanol 3. Table 7 illustrates the vyields of the
perfluorobutylation product obtained and the mass balance under
the three photoinitiated systems. Optimization of reaction
conditions is illustrated in ESI.

Table 7. Reaction product from the perfluorobutylation of substrate 3 (0.2
mmol) with n-CaFs-I (3 equiv) employing different photocatalysts PCs (PC-1-3)
in indicated Ar-deoxygenated solvent (3 mL), with additives at room
temperature for 20 hrs under constant irradiation and stirring.

n-C4Fg-1 (3 equiv)
additive (1.5 equiv)
solvent (3 mL)

HO/\/SH 20 hrs, r.t. constant stirring HO/\/S‘C4F9
PC-1-3
LEDs (blue, green, and red)
Ar-deoxygenated
3 3A
entry system PC (mol%) Amax (nm) Mass balance,®%

1 1 PC-1(0.5) 392° >99

2 2 PC-2 (0.5) 525¢ >99

3 3 PC-3(0.5) 6574 >99

a.- ca. 100% mass balance was obtained, indicating that substrate converts
only to product shown. b.-violet LEDs, 3 Watt, Er = 8 mWatts. c.-green LEDs,
3 Watt, Er = 10 mWatts. d.-red LEDs, 3 Watt, Er = 16 mWatts

Quantum yield measurements (¢), calculation of quenching
fractions (Q) and chain lengths (L) for the perfluorobutylation
reaction of 2- mercaptoethanol 3 are summarized in Table 8.

Table 8. Measurements of quantum yields (¢), quenching fraction (Q) and
chain lengths (L) for the photoinitiated production of product 3A from the
perfluorobutylation reaction of 3 under three photoinitiated systems

entry  system 2 Q° Le
1 1 40.7+£0.5 0.979 41.6
2 2 228+ 0.5 0.340 670
3 3 0.34f £0.03 0.951 0.36

a.- electronic actinometry employed. Calculation using equation 1. Moles of
product formed calculated employing an internal standard by NMR

This journal is © The Royal Society of Chemistry 20xx
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integration (*°F and 'H NMR spectroscopy experiments). b"ﬁ%%ﬁﬂ&g%%ﬂne

2.c-L=¢/Q.d.- measured at A = 392 nm. Irradiation tie 15056 (3880011
ESI). e.- measured at A = 525 nm. Irradiation time 150 sec. (see ESI). f.-

measured at A = 668 nm. Irradiation time 1200 sec. (see ESI)

The quantum yields observed for the perfluorobutylation reaction of
3 are much higher than unity for PCs-1-2. A large radical chain length
(i.e.: 670) is calculated for PC-2, and a significant chain propagation
length is encountered for PC-1 (i.e.: 41.6) as well. No chain length is
apparent for PC-3.

In Scheme 4A, radicals *C4Fq (R¢®) are postulated to be produced
either through path I, or ET reduction from the radical anion of the
substitution product (intermediate C) to n-C4Fo-l (path IV, Scheme
4A, open catalytic cycle). This latter constitutes an oxidative
quenching cycle. In reductive quenching cycles (Scheme 4B), radicals
*C4Fs are postulated to be produced either from the ET reduction
from PC*- to n-C4Fs-I (path VI, Scheme 4B, closed catalytic cycle) to
re-establish thermoneutral PC or ET reduction from the radical anion
of the substitution product (intermediate C) to n-C4Fs-1 (path VII,
Scheme 4B, open catalytic cycle). The calculated exergonic nature of
both steps IV (Scheme 4A) and VII (Scheme 4B) (i.e.: -15.2 Kcal/mol,
see ESI, Table S13) accounts for the open catalytic cycle and the large
chain lengths observed for PC-1 and PC-2. On the other hand, for PC-
3, measured AG for step VI is very endergonic by +0.38 V.

Quenching fractions Q for PC-1 and PC-3 do not represent
directly on the *C4Fq radical production, but the ET reduction of PC-
1* and PC-3* by the additive (i.e.: Cs,CO; for PC-1, Figure S2A, and
collidinium ascorbate for PC-3, Figure S2C) instead; this scenario
might be overestimating the actual quenching fraction of PC* that is
responsible for *C4Fs radical production. Being process VI highly
inefficient for PC-3 (Scheme 4B), the actual Q" value (which should
not only consider step V but a combination of V and VI) is expected
to be smaller than the calculated (i.e: 0.951) resulting in a larger L.
For PCs-1-3, ET from the radical anion of the substitution product
3A*- (intermediate C) to n-CsFs-I (paths IV and VII, Schemes 4A and
4B, respectively) is likely to play a substantial role in the actual
mechanism, generating more °CsFs radicals and driving the
mechanism into an open catalytic cycle.4”
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Scheme 4. A: Proposed reaction pathway for the perfluoroalkylation of substrate 3 with PC-2. B: Proposed reaction pathway for the perfluoroalkylation of

substrate 3 with PC-1 and PC-3

Summary of the photoreaction of 2-mercaptoethanol with *CsFq
radicals

Being postulated propagation events similar (c.f. steps IV and VII,
Schemes 4A and 4B, respectively) the calculations of chain lengths
are biased by the efficiency of the initiation (steps Il and VI, Schemes
4A and 4B, respectively) and termination (steps I and V, Schemes 4A
and 4B, respectively). The higher efficiency of the photoreaction with

PC-2, as compared with the other two PCs, might be attributed to a
better efficient loop (thermo-neutralization of Rose Bengal radical
cation by E, step I, Scheme 4A as opposed to step V, Scheme 4B,
which entails the reduction of excited PC-1* and PC-3*), this latter
can be suggested by the redox potentials of RB*/RB and PC*/PC-
(+0.74 and +1.02, respectively). As a matter of fact, from theory, it is
calculated that step I, Scheme 4A, is a highly exergonic event by -69
Kcal/mol (Table S13, entry 10), compared to step V (Scheme 4B)

Please do not adjust margins
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where the calculated AG value for PC-3* is -43 Kcal/mol (Table S13,
entry 9).

One could assume that radical chains in the SgN reactions of
substrate 3 with *C4Fs radicals are significant. The fact that quantum
yield under PC-2 is the largest could signify that for the other two PCs
(i.e.: PC-1 and PC-3) other inefficient termination events are playing
significant roles.

Summary of Quantum yield determinations and chain
length calculations

Measurements of quantum vyields for the perfluorobutylation
reactions of substrates 1-3 with PC-1-3 have been shown in Tables 4,
7, and 8. Table 9 summarizes the quantum yield values for the nine
reactions and the chain lengths calculated. In Figure S5 (see ESI), a
plot of values of ¢, Q, and L for products 1-3A under the three
photoinitiated systems PC-1-3 is shown.

Table 9. Quantum vyield values and radical chain lengths for the
perfluorobutylation of substrates 1-3 under photocatalysts PC-1-3

entry substrate PC Ksv (M-2)¢ ¢° Q L
1 PC-12 402 3.81+0.16 0.979 3.9
2 1 PC-2° 4.3 0.51+0.03 0.340 1.5
3 PC-3¢ 162 0.17+£0.01 0.951 0.18
4 PC-12 402 1.27+0.1 0.979 13
5 2 PC-2° 4.3 2.98+£0.03 0.340 8.76
6 PC-3¢ 162 0.08 £ 0.02 0.951 0.09
7 PC-12 402 40.7+0.5 0.979 41.6
8 3 PC-2° 4.3 228 £5 0.340 670
9 PC-3¢ 162 0.34+0.03 0.951 0.36

Catalysis Science & Technology,

and VI, Scheme 2; steps Ill and VII, Scheme 3; steps | %%Xmé%l'&%‘%@
4). A proper experiment for calculating actuabchain lengths waulete
the employment of the rotating sector experiment where
microsecond to second light pulses are employed as discussed by the
group of Scaiano for photocatalytic reactions.?!

Another interesting aspect observed in each set of the studied
reactions, is that the photon energy does not necessarily correlate
with the quantum vyield, since quantum yields are characteristic of
photoreactions under a specific set of conditions. In that sense, for
the HAS reaction studied, the higher the photon energy the higher
the quantum vyields, which is not the case in ATRA or SgN reactions
studied. This latter is again a consequence of an interplay between
the efficiency of the global radical chain photoreaction, that takes
into account initiation, propagation and termination cycles. In the
case of the ATRA reaction, the higher quantum yield observed for PC-
2 is related to the efficiency of propagation and termination
processes which outweigh the poorly inefficient initiation event from
RB as photocatalyst. This can sometimes counterbalance the use of
lower energy irradiation sources in favor of photon efficiency.

For the SgN reaction, the higher photon efficiency observed
when using PC-2 can be attributed to the large propagation observed
in combination with the efficiency of the step that re-generates the
active PC (ET from the radical anion of the substitution product to
radical cation of Rose Bengal).

A corollary of the study could be that neither the determination
of lower-than-unity quantum yields (equation 2), nor the calculation
of chain lengths (as calculated from L) do properly or directly reveal
the presence or absence of radical chains in the propagation cycle,
especially so if the quenching of the excited state of the PC is not
involved in  generating the primary radical species.

We show in a concise manner how one could tell the presence of
a radical chain length operating in a mechanism of a certain reaction
being the quantum vyield of the process lower than unity. One way

a.-violet LEDs, 3 Watt, Er = 8 mWatts. b.-green LEDs, 3 Watt, Er = 10 mWatts.
c.-red LEDs, 3 Watt, Er = 16 mWatts. d.-Stern Volmer quenching constant. e.-
Quantum yield determined by two parallel methods: electronic actinometry
(for PCs-1-3) and potassium ferrioxalate (for PC-1 and PC-2)

Conclusions

Experiments leading to quantum yield measurements and chain
length calculations should be considered important mechanistic
tools for a variety of reasons.

Although a general conclusion drawn from the nine
photoinitiated reactions under the three photocatalytic systems
cannot be derived at this time, the denouement of the current study
supports conclusions reached by other authors2! in the sense that
quantum yields lower than unity do not necessarily reflect on lack of
radical chains, as the global light harvesting efficiency of the
photoreaction is distributed among the initiation, propagation and
termination steps of the radical chain process. In fact our whole set
of reactions are an illustrative example of this scenario. Furthermore
a calculated chain length derived from the ratio between the
reaction quantum vyield and the photocatalyst quenching fraction
should not necessarily be taken as the actual chain length or
propagation efficiency, as the primary photoinitiation process may
not be directly responsible for producing the primary radical
initiating species that reacts with the substrate. Also, as chains taken
as the ratio of propagation and all terminations steps, these latter
vary remarkably within each photocatalyst (for instance see steps I

This journal is © The Royal Society of Chemistry 20xx

around, which our manuscript shows, would be to study the
mechanism with different photocatalysts, that operate under
oxidative and reductive quenching manners. This could be useful,
specially so for chemists that lack of quantitative methods that can
be easily implemented in synthetic laboratories. We suggest that this
approach to studying the mechanism of photoinitiated reactions
should be generally considered to the growing body of literature
involving photoredox catalysis.

Experimental Section
l.-General Considerations

All reactions were carried out in an argon atmosphere under

anhydrous conditions. Reaction solvents such as N,N’-
dimethylformamide (DMF), acetonitrile (MeCN), were
chromatography quality and were not further purified.

Chromatography and extraction solvents dichloromethane,
chloroform, isooctane, n-hexane, n-heptane, ethyl acetate, acetone,
(DCM), and ethanol were purchased from

commercial suppliers, and distilled before using. Ascorbic acid was

dichloromethane

99% pure and used as received from the supplier. 2,4,6-
Trimethylcollidine, cesium carbonate (99.99%) and sodium acetate
were used as received from the suppliers. Fluorinated reagent 1-
iodo-1,1,2,2,3,3,4,4,4-nonafluorobutane iodide),
was a commercial reagent and used without further purification.
Organic substrates (1-3) were vacuum-distilled before use. 2,2,6,6-

(perfluorobutyl
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Tetramethyl-1-piperidinyloxy (TEMPO), 2-phenylpropene and 1,4-
dinitrobenzene were ultra-pure-grade reagents. Dye Rose Bengal
(4,5,6,7-tetrachloro-3',6'-dihydroxy-2',4',5',7'-tetraiodo-3H-

spiro[isobenzofuran-1,9'-xanthen]-3-one), was 99.9% pure and used
as received from the supplier. 29H,31H-phthalocyanine, and the zinc
salt of phthalocyanine were commercially available and used as
received from the supplier. Photocatalyst 2,9(10),16(17),23(24)-
tetrakis-(1-adamantylsulfanyl) phthalocyaninatezinc(ll), was
synthesized according to literature procedures (see section V.-).
[Ir(dF(CFs)ppy).(dtbbpy))PFs, (dF = 2-(2.4-
difluorophenyl)-5-(trifluoromethyl)pyridine, dtbbpy = 4,4"-di-tert-
butyl-2,2"-bipyridine) was used as received from the supplier. Zinc

Photocatalyst

acetate was reagent grade. Yields were referred to as isolated yields
of analytically pure materials unless otherwise noted, as the case of
yields calculated from 1°F NMR and 'H NMR spectral integration
through the use of internal standard (benzotrifluoride). Reactions for
purpose of product isolation (20-h reactions) were magnetically
stirred and monitored by thin-layer chromatography (TLC) using
Silica gel 60 F254 pre-coated plates (0.25 mm, Merck), and revealed
by UV-light. Purification of the reaction products was carried out by
column chromatography using Ultra-Pure Silica Gel (230400 mesh),
standard silica-gel for column chromatography (60 mesh) or silica-gel
for thin layer preparative chromatography with fluorescent indicator
(rhodamine).

The light sources were commercially available high power LEDs
(3 Watts): for red light, LED of Amax =657 nm %2 nm, (radiant power
Er = 16 mWatt; for green light, LED of Amax=525nm=*2 nm, Er=10
mWatt; for violet light, LED of Amax =392 nm £ 2 nm, Er =8 mWatt).
1H NMR spectra were recorded on a Bruker Avance 500 (500 MHz),
or a Bruker Avance 600 (600 MHz) spectrometers, and are reported
in ppm using the solvent residual peak resonance as the internal
standard (CDCl; at 7.28 ppm). 1H NMR data are reported as follows:
chemical shift; multiplicity; number of hydrogens; coupling constants
(Hz). Multiplicity is abbreviated as follows: s = singlet, d = doublet, t
= triplet, dd = double doublet, m = multiplet, br = broad, g (quartet),
quint (quintet). Proton-decoupled 13C NMR spectra were recorded
on a Bruker Avance 500 (at 125.758 MHz), or on a Bruker Avance 600
(at 150.903 MHz) spectrometers and are reported in ppm using the
C resonance signal from the solvent as the internal standard (CDCl;
at 77.00 ppm). 1°F NMR spectra were recorded on a Bruker Avance
500 (at 470.592 MHz), or a Bruker Avance 600 (at 564.686 MHz)
spectrometers and are reported in ppm using the internal standard
signal from the spectrometer. High-resolution mass spectra (HRMS)
were obtained using JEOL-DX 700 mass spectrometer. UV spectra
were recorded on a Jeol double-beam spectrometer.

Separations and purifications were carried out employing silica-gel
column chromatography, and the eluants employed are described
under compound spectral characterization.

2.-Photocatalytic Reactions

In a 3 mL-reaction vial provided with screw-cap septum and micro
stir bar, 0.6 mmol (or 0.2 mmol when noted, as in Table 2) of

14 | J. Name., 2012, 00, 1-3

substrate 1, 2, or 3 were introduced. 0.5 m\%%m‘?cﬁe kel
(Ir[(dF(CF3)ppy]2(dtbbpy)+ ), or 5 mol% of P2 (RE3E BEHgHIP2¢15
mol% of PC-3 (Zinc phthalocyanine) were introduced. Subsequently,
1.5 equiv of additive (Cs,CO;s for PC-1 and PC-2, and ascorbic acid
(1.5) collidine (1.5) for PC-3) are placed. Solvent was then introduced
(2.5 mL, CHsCN when using PC-1 and PC-2, and a 1 : 1 mixture of
CHsCN : DMF for PC-3) were added and the mixture is de-oxygenated
with a stream of dry Ar for 15 minutes. After deoxygenation, 3
equivalents of Re-I (n-CaFs-1) are then introduced through the septum
with microliter syringe. A brief deoxygenation with a slight stream of
Ar is passed through for 3 additional minutes. The vessel is placed on
a stir plate above the heat dissipator, according to Figures S1-S3. and
stirred vigorously for 20 hrs. (at 22 °C) under constant irradiation
with high power LED for product isolation, or 60-90 s for quantum
yield calculation. After the reaction time elapsed, the mixture was
extracted thrice with brine/DCM, and the DCM/DMF extracts
evaporated in vacuo. TLC analyses were performed employing
dichloromethane:isooctane (7 : 3) mobile phase (or otherwise
noted). The crude residues were analyzed by H NMR, and an 1°F
NMR integration of the product area is measured. Other runs contain
internal standard benzotrifluoride. For isolation purposes, the crude
mixture was placed on a silica-gel preparative thin layer glass support
and eluted with CHCl; : MeOH or else by column chromatography
which was carried out instead of thin layer preparative
chromatography. The products reveal intensely under 254 nm-light.
The eluants were gathered, evaporated under vacuo, vyields
calculated by weight and characterized by standard spectroscopic
techniques (section VI). NMR integration yields reflect the % of
product(s) calculated with the aid of an internal standard
(benzotrifluoride for 1°F NMR spectra, and 1,3,5-trimethoxybenzene
for 1 H NMR spectra). For perfluoroalkylthio ether products, a CAN
(ceric ammonium nitrate) solution was employed to follow up the
reactions by TLC.

3.- Determination of Quantum Yields

This section is fully described in ESI, as section Vll.a.-

4.-Compound characterization data

This section is fully described in ESI, as section Xl.- Copies of NMR
spectra of all compounds (section XIIl) and theoretical and
thermodynamic calculations (sections X.1.- and X.2.-) are provided
in the ESI.
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