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ABSTRACT: Metalloporphyrins are not only vital in biological systems but also valuable catalysts in organic synthesis. On
the other hand, catalytic properties of free base porphyrins are less explored. They are mostly known as efficient photo-
sensitizers for the generation of singlet oxygen via photoinduced energy transfer processes but under light irradiation,
they can also participate in electron transfer processes. Indeed, we have found that free-base tetraphenylporphyrin
(H,TPP) is an efficient photoredox catalyst for the reaction of aldehydes with diazo compounds leading to a-alkylated
derivatives. The performance of a porphyrin-catalyst can be optimized by tailoring various substituents at the periphery
of the macrocycle at both the - and meso-positions. This allows for the fine tuning of their optical and electrochemical

properties, hence their catalytic activity.

INTRODUCTION

Efficient C-C bond formation in a green, non-toxic and
inexpensive way has always been a challenge. To this end,
the development of visible light-promoted methodologies
is one of the means to achieve such a goal.”” Photoredox
catalysis is based on a photo-induced electron transfer
process (PET) between a substrate and a photoredox
catalyst, commonly Ru- or Ir-complexes.®® Though organ-
ic dyes have been well known for their ability to partici-
pate in photo-induced electron transfer processes, their
use as catalysts in such reactions is less explored.” The
replacement of Ir- and Ru-complexes with known organic
dyes is not always possible but a recent comprehensive
review by Romero and Nicewicz compiles a list of organic
photoredox catalysts including: xanthenes, cyanoarenes,
benzophenones, quinones, and thiazines, to name few."”
Surprisingly, porphyrinoid compounds, though known as
pigments of life, are not mentioned.

These beautiful macrocycles are vital for our life, playing a
key role in energy and electron transfer processes notably
including photosynthesis, transport and storage of respir-
atory gases, methyl transfer, rearrangement reactions,
etc.”” Among them, porphyrins are of particular im-
portance due to their 18 n-electron aromatic ring, small
singlet-triplet splitting, high quantum yield for intersys-
tem crossing, and long triplet state lifetime making them
perfectly suited for being robust electron mediators.*"
Under light irradiation porphyrins can absorb photons
and in the excited state they are able to transfer energy

(photosensitization) or electrons (photoredox cataly-
sis).B"

There are numerous reports describing the use of metal-
loporphyrins as artificial photosynthesis models and en-
zyme mimics as well as in catalyzing chemical reactions.'
*® Particular attention has been paid to the aliphatic C-H
hydroxylation reaction which in nature is catalyzed by the
heme-containing enzyme, cytochrome P450.°*° Other
developed reactions include amination, alkylation, olefin
epoxidation, cyclopropanation, olefination, oxidative
amine coupling, oxidative Mannich reaction, Diels-Alder
reactions, and functional group transformations.”

Conversely, in organic synthesis free-base porphyrins
have been mainly applied as photosensitizers for singlet
oxygen generation.** Under light irradiation porphyrins
are excited to a singlet state, after which they can undergo
ISC to produce a triplet state, and as such via energy
transfer, singlet oxygen is formed or electron transfer
leads to the formation of reactive oxygen species.” Using
this methodology various compounds including olefins,
aromatic compounds, amines, enamines, and aldehydes
were oxidized.*® For example, Nagata and coworkers re-
ported photooxidation of alcohols to aldehydes via pho-
toinduced electron transfer from a porphyrin (free-base
or zinc) to the quinone.” Moreover, free-base porphyrins
were shown to catalyze photooxidative hydroxylation of
arylboronic acids, although in this case the corresponding
Zr-organic framework containing substituted-porphyrin
groups turned out to be more efficient. This reaction is
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believed to proceed via a reductive quenching mecha-
nism.”®

We envisaged that following photooxidation-like path-
ways, porphyrins could be broadly used as photoredox
catalysts for C-C bond forming reactions. After light ab-
sorption, in the excited state they could then serve as
oxidants by accepting electrons from a substrate or trans-
form into a long-lived radical cation, enabling reduction
of the starting material (Scheme 1).>°

Scheme 1. Energy and electron transfer processes

™o port Por
* & por =" "¢
RESULTS AND DISCUSSION

There are only a few reports describing photoinduced
electron transfer from free-base porphyrins in polymeri-
zation processes.” To the best of our knowledge, the only
successful example of free-base porphyrin catalyzing a C-
C bond forming reaction, has been recently described by
Kanai and co-workers.*® They found that tetra(s-
diethylaminophenyl)porphyrin is effective in promoting
C(3)-H arylation of coumarins with aryl diazonium salts.
The porphyrin reduces aryl diazonium tetrafluoroborate
affording an aryl radical and nitrogen. The resulting por-
phyrin radical cation then oxidizes the benzyl radical
intermediate. Interestingly, the reaction is not affected by
the presence or absence of light.

The seminal work on photoredox catalysis describes pho-
toinduced functionalization (trifluoromethylation®, ben-
zylation®, alkylation®) of aldehydes in the presence of
well-known photoredox catalysts - ruthenium or iridium
metal complexes. As an alternative to transition metal
complexes, organic dyes have been also applied in photo-
redox catalysis***® with eosin Y being the most com-
mon.*

Recently, we have reported light induced o-alkylation of
aldehydes with diazoesters catalyzed by Ru(bpy),Cl,
(Scheme 2).%°

Scheme 2. Light-induced reaction of aldehydes with
EDA

CO,Et Ph CHO
CHO dye, hv
PR * I\Ilr amine, solvent
2 COQE‘
1 2 3

Under the developed conditions, other photoredox cata-
lysts - organic dyes such as eosin Y, methylene blue, fluo-
resceine, and rose bengal were tested, but only eosin Y
and rose bengal gave the desired product 3 in reasonable
yields. However, in general, it is not always possible to
replace Ir- and Ru-complexes with known organic dyes
and therefore the search for new, suitable catalysts is
ongoing. Given the promising optical and electrochemical

properties of porphyrins as well as their simple synthesis,
we wondered whether under light-irradiation free base
porphyrins could be employed as photoredox catalysts
under light-irradiation.

We have found that under light irradiation porphyrins are
indeed able to participate in both energy and electron
transfer processes generating an enamine cation radical
and a carbene in the triplet state, thus facilitating func-
tionalization of aldehydes at the a-position. To the best of
our knowledge, this is the first example of the use of por-
phyrins as photoredox catalysts in C-C bond forming reac-
tions.

Electrochemical studies. Given that the crucial step in
all light-induced reactions involves absorption of a pho-
ton by a photocatalyst to transform it into high energy
excited state, it is the reduction potential of the excited
state that should be taken into account. This potential
cannot be directly measured but it can be estimated from
cyclic voltammetry (CV) and spectroscopic data. An ap-
proximation of excited-state potentials (both in the sin-
glet and triplet state) of a catalyst relates to a ground state
potential and its zero-zero excitation energy (E,).**"

Available data and our experiments suggested that in the
studied reaction, porphyrin acts as a photoredox catalyst.
The electroreduction of tetraphenylporphyrin (4, H,TPP)
and Zn-4 were investigated in both DMSO and
DMSO:buffer (pH = 4) solvents containing TBAP as a
supporting electrolyte and potentials are reported vs.
saturated calomel electrode (SCE). The reduction of
H,TPP (4) is located at E,;, = - 1.03 and -1.46 V while the
oxidation at 1.03 V. For ZnTPP (Zn-4) the respective po-
tentials are slightly higher, at E,/, = - 1.32, -1.71 V and 0.86,
and 1.06 V. In DMSO:buffer (pH = 4) solution, the reac-
tion medium, we have only observed peaks corresponding
to the reduction of buffer. Therefore, data from experi-
ments in DMSO were used for calculations of approxi-
mate reduction potentials of H,TPP (4) and ZnTPP (Zn-4)
in both excited states:

Oxidative Quenching:

E,*[Por™*/Por*] = E,,[Por*/Por] - E, ,

in the singlet state

E,*[TPP*/TPP] =1.03 V - 1.94 V= - 0.91V
E,*[ZnTPP*/ZnTPP] = 0.86 V - 2.04 V = -118 V
in the triplet state®

Eo*[TPP*/TPP] =1.03 V- 1.45 V=-0.42 V
Eo*[ZnTPP*/ZnTPP 1= 0.86 V-159 V = -0.73 V

Reductive Quenching:

E,q*[Por*/Por"] = E,4[Por/Por’] + E, ,

in the singlet state

E.q*[TPP*/TPP" ] =-1.03V +1.94 V=0.01 V
E.eq*[ZnTPP*/ZnTPP"] =132V + 2.04 V=0.79 V
in the triplet state”
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E.eq*[TPP*/TPP"| =-1.03V+1.45 V=0.42V
E d*[ZnTPP*/ZnTPP | =132V +1.59 V=0.27V

In the excited state H,TPP (4, singlet 0.91 V, triplet 0.42
V) and Zn-4 (singlet 0.79 V, triplet 0.27 V) reduction
potentials in DMSO are similar to those calculated for
Ru(bpy),™ (0.67 V) and eosin Y (0.83 V),° but apparently
both are strong enough to act as efficient catalysts in our
model reaction. It is well documented that, once exited,
H,TPP (4) can function as both an oxidant and a reduct-
ant and its redox properties can be tuned by electronic
effects of the substituents on the macrocycle.*"** This
suggests that porphyrins can also be used as photoredox
catalysts and their catalytic properties can be improved if
required.

Moreover, Rehm-Weller formalism allows for estimating
the thermodynamic driving force, -AGper®, for PET be-
tween the enamines and the excited-state porphyrins (see
SI). Because of the irreversible electrochemical oxidation
of the enamines, and solvents used (DMSO:buffer), we do
not have exact values for the potentials for their oxida-
tion. For acetonitrile, the voltammograms show peak
potentials between about 0.3 and 0.6 V vs. SCE for oxida-
tion of enamines.” For irreversible oxidation the inflec-
tion points, rather than the peak potential, are repre-
sentative for the standard reduction potentials.** There-
fore, we can assume that the reduction potentials for
oxidation of enamines ranges between about 0.2 and 0.6
V vs. SCE. Furthermore, an increase in the media polarity
causes negative shifts in the potentials of oxidation, mak-
ing the enamines better electron donors; there are also
positive shifts in the potentials of reduction, making the
porphyrins better electron acceptors.* Therefore, for PET
initiated from the singlet-excited state of the porphyrins,
AG most likely assumes negative values of a tens of elec-
tronvolts, making it thermodynamically favorable. Con-
versely, the triplet excited states of the sensitizers lie
about half an electron volt below their singlet states,
which may or may not results in positive values for the
AGper'® estimates. Therefore, we cannot necessarily claim
a triplet manifold for PET.

Optimization studies. In a preliminary experiment we
tested free base tetraphenylporphyrin (4) and the Zn-
complex as photoredox catalysts for the reaction of 3-
phenylpropanal (1) with ethyl diazoacetate (2, EDA) un-
der conditions developed for the Ru-catalyzed reaction.*
Notably, both reactions gave the desired product 3 in 84
and 88% respectively (Table 1, entries 1, 2). Control exper-
iments confirmed that all reaction components are essen-
tial as the exclusion of any of them halted the reaction
completely (entries 3-5), the aldehyde remained intact
while EDA decomposed or polymerized. Thus, contrary to
the arylation of cumarins, the alkylation reaction is in-
deed induced by white visible light.

Journal of the American Chemical Society

Table 1. The reaction of aldehyde 1 with EDA (2) -
background reactions®

entry catalyst b amine yield
(%)"

1 H,TPP (4) morpholine 84

2 Zn-4 morpholine 88

3 no morpholine 0

4 H,TPP (4) or Zn-4 no 0

5° H,TPP (4) or Zn-4 morpholine o

“Reaction conditions: aldehyde 1 (0.5 mmol), morpholine (0.4
equiv.), catalyst (1 mol%, ¢ = 1.25 x 10> M), EDA (2, 1 equiv.),
DMSO: buffer pH = 4 (5 mL, 9:1 mixture), 5 h. ° Yields were
determined by GC. “No light

Moreover, as porphyrins are able to generate singlet oxy-
gen and/or reactive oxygen species ROS from oxygen,
their presence should diminish the reaction yield.

100

Yield (%)
w
o
[ ]

1 2 3 4
Influence of oxygen

1 - degassed, under Ar 2 - only degassed 3 - open to air 4 - under O,

Figure 1. Influence of oxygen on the yield of the reaction
to give functionalized aldehyde 3*

*Reaction conditions: aldehyde 1 (0.5 mmol), morpholine (0.4
equiv.), H,TPP (4, 1 mol%), EDA (2, 1 equiv.), DMSO:buffer pH
=4 (5 mL, 9:1 mixture), 5 h. Yields were determined by GC.

Indeed, the reaction open to air gave functionalized alde-
hyde 3 in much lower yield (Fig. 1).

In the next step, the reaction conditions were optimized
with respect to the photocatalyst, amine*®, pH of the buff-
er used, as well as reaction time and solvents utilized.

The nature of substituents at the periphery of the macro-
cycle greatly affects the value of the half-wave potentials
as well as the magnitude of the HOMO-LUMO gap.****
Hence porphyrins possessing both electron-withdrawing
and electron-donating substituents were tested as cata-
lysts. Almost all of the free-base porphyrins studied, 4, 6-
13, catalyzed the model reaction of 3-phenylpropanal (1)
with EDA (2), leading to desired the product 3 (Table 2).
However, due to solubility issues (porphyrins are, to a
large extend, poorly soluble in the utilized reaction medi-
um), a direct correlation between reaction yield and elec-
tronic nature of the substituents was not unequivocal.
Free base porphyrin 4 and its zinc complex were found to
be the most effective in catalyzing the model reaction.

As seen in Table 2, the influence of porphyrin ring sub-
stituents Zn-6, Zn-7, and Zn-g series is clear; as the mac-
rocycle became more electron rich (-CO,Me, Me, -OMe)
the catalytic efficacy of the porphyrin increases (entries 5,
8, 11). The B-substituted protoporphyrin IX, derivative 13,
furnished the product with a reasonable yield of 54%.
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Zinc complex Zn-4 exhibiting the best solubility, allowed
for the use of very low catalytic loading (0.1 mol%) with
only a slight decrease in yield (Table 3, entries 7, 13). This
fact also emphasizes the advantage of porphyrins over Ru-
and Ir- complexes.

Table 2. Porphyrins tested in alkylation reaction.

4 R1 = R2=R3= R4= R5= H, HQTPP
5R1=R2=R3=R4=R5=F

6 R;=R,= R, = Rs = H, Ry = CO,Me
7R;=Ry=R;=Rs=H, Ry= Me
8R,=R,= H, R;=R,=R;=Me
9R1=R2=R4=R5=H, R3=OMe

Subsequently, various amines were studied (Table 4).
Only in the presence of secondary amines did the reaction
furnish the desired product 3. DABCO and NEt; did not
catalyze the reaction, thus confirming the proposed role
of an amine in the catalytic cycle e.g. the formation of
enamine (entries 6, 7). Surprisingly, among the secondary
amines tested, morpholine proved to be the best with
respect to the reaction yield although it is pyrrolidine that
furnishes more reactive enamines.

Table 3. Optimization of the catalyst loading *

Page 4 of 10

entry catalyst loading, mol% yield, %"
1 H,TPP (4) 15 73
2 H,TPP (4) 1.0 84
3 H,TPP (4) 0.7 63
4 H,TPP (4) 0.4 65
5 H,TPP (4) 0.1 61
6 In-4 2.0 84
7 In-4 15 90
8 In-4 1.0 88
9 In-4 0.8 86
10 In-4 0.4 86
1 Zn-4 0.1 8o

“Reaction conditions: aldehyde 1 (0.5 mmol), morpholine (0.4
equiv.), porphyrin (1 mol%), EDA (2, 1 equiv.), DMSO:buffer
pH = 4 (5 mL, 91 mixture), 5 h. ® Yields were determined by
GC.

Table 4. The influence of an amine used®

R, R Ry Y
R, Rz
R
R4 R4
R, R, \ R
R, R Ry
10 R = CgHqg, Ry = H 12 R = CO,H, PPIX
11 Ry = H, Ry = Et 13 R = CO,Et
entry catalyst yield (%)°
1 H,TPP (4) 84
2 5 traces
3 6 44
4 7 14
5 8 10
6 9 60
7 10 8
8 1 15
9 PP-IX, 12 15
10 PP-IX diethyl ester, 13 54
1 In-4 88
12 Zn-6 o
3 In-7 54
14 In-9 75

“Reaction conditions: aldehyde 1 (0.5 mmol), morpholine (0.4
equiv.), porphyrin (1 mol%), EDA (2, 1 equiv.), DMSO:buffer
pH = 4 (5 mL, 91 mixture), 5 h. ® Yields were determined by
GC.

entry  catalyst amine pk,*®  yield,
%b
1 H,TPP (4) pyrrolidine 2.89 57
2 H,TPP (4) piperidine 2.73 59
H,TPP (4) piperazine 4.19 26
4  H,TPP(4) N- 4.87 24
methylpiperazine
5 H,TPP (4) morpholine 5.6 84
6 H,TPP (4) DABCO 5.2 o
7 H,TPP (4) NEt, 3.3 o
8 In-4 pyrrolidine 2.89 68
9 ZIn-4 piperidine 2.73 83
10 In-4 piperazine 4.19 79
1 In-4 N- 4.87 73
methylpiperazine
12 Zn-4 morpholine 5.6 88

“Reaction conditions: aldehyde 1 (0.5 mmol), morpholine (0.4
equiv.), porphyrin (1 mol%), EDA (2, 1 equiv.), DMSO:buffer
pH = 4 (5 mL, 91 mixture), 5 h. ° Yields were determined by
GC.

We confirmed that the addition of buffer at pH = 4 as-
sured the highest yield and any deviation from this value
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diminished the amount of product formed (Fig. 2). The
tendency was even more pronounced for the ZnTPP-
catalyzed reactions, which is understandable as demetal-
lation can occur in acidic conditions.

100

2 M "
1§ A A
50
S
T
£ o4 . .
3 35 4 4.5 5 5.5 6

pH of a buffer

A TPP, 4 (1 mol%) s Zn-TPP, Zn-4 (1 mol%)

Figure 2. Influence of pH buffer used in the reaction®
“Aldehyde 1 (0.5 mmol), morpholine (0.4 equiv.), H2TPP, (4,
1 mol%), EDA (2, 1 equiv.), DMSO: buffer pH = 4 (5 mL, 91
mixture), 5 h. “Yields were determined by GC.

As the reactions are pH dependent, the final step in our
study involved examining Bronsted and Lewis acids as co-
catalysts (for details see SI). The addition of common
Bronsted acids lowered the reaction yield, in the case of
ascorbic acid, which is a known radical scavenger, and no
product formation was observed. Gratifyingly, the addi-
tion of LiBF, led to further increase in the yield up to
90%.

Scope and limitations studies. Under the described
conditions: aldehyde (1 mmol), morpholine (0.4 mmol),
H2TPP (4) (1 mol%), LiBF4 (20 mol%), EDA (2, 1 mmol), a
mixture of DMSO/bulffer (9:1, 10 mL, buffer pH = 4, c = 01
M), 5 h, 4 ’household’ LEDs, the scope and limitations of
a-alkylation of aldehydes with diazoesters were explored
(Scheme 3). In general, the reactions gave good yields in
C-H alkylation of aldehydes with diazoesters with differ-
ent functional groups being well tolerated (-Cl and -
OMe). It is noteworthy that unsaturated aldehydes fur-
nished only C-H alkylated compounds (26-29) with no
cyclopropane product being formed. The observed
chemoselectivity creates great possibilities for further
functionalization of compounds possessing double bonds.
However, generation of a quaternary center proved diffi-
cult under the developed conditions and requires further
studies.

Mechanistic Considerations

A proposed mechanism for the functionalization of alde-
hydes involves two interrelated catalytic cycles as shown
in Scheme 4. Each reaction component, the amine, pho-
tocatalyst and light, play an important role (Table 1, en-
tries 3-5). It is assumed that the porphyrin acts as both a
photosensitizer and photoredox catalyst. Firstly, H2TPP
(4) under light irradiation is excited from the singlet
ground state to the excited state and as such it can trans-
fer energy to EDA (2) forming carbene in the triplet state
(biradical C) with simultaneous extrusion of nitrogen. It is
known that in the presence of light, carbenes in a singlet
ground state are generated via direct photolysis, while in
the presence of triplet-sensitizers less reactive triplet
carbenes are formed.* As porphyrins are known triplet

Journal of the American Chemical Society

photosensitizers we assumed that such a carbene is

formed.
Scheme 3. Scope and limitations of o

functionalization of aldehydes

Ry Ro
CHO
)\ o~ H,TPP (1 mol%), LEDs
CHO ™ N7~ "COzRs morpholine, solvent,
39°C COzR3
H
" % o
co Et CO,Et MeO CO,Et
3,90% 14, 51% 15, 78%

CHO Ph Ph\tCHO CHO
©/\[CO Et CO,Et CO,Et COzEt
Cl 16, 73% 17, 47% 18, 0% 19, 0%
CHO CHO Ph CHO CHO

Ph/\[
CO,Et COgEt CO,t-Bu CO,CH,Ph
20, 66% 21,78% 22,65% 23, 83%

™ o T

CO,(CHy)3Ph

24, 84% 67% O Boc 26, 58%
)\/\/K[CHO A CHO \/\/H“\[CHO
COLE
COLE 2
27, 43% 2= 28,70 COF 29, 78%

Scheme 4. Proposed mechanism for light-induced
functionalization of aldehydes with EDA in the pres-
ence of porphyrin (4)

CO,Et
(2),\5( H,PP*
H,TPP* H,TPP™ hv
N+
\N>—< N
) ._COEt H,TPP
= : 4
R”CHO A BR L @
R I
SN EtOQC/\)
H D R
CHO /\)
EtO,C
Etozc\)\R 2 £ R H,TPP (4)

Moreover, EDAs quench porphyrin luminescence as
demonstrated by the Stern-Volmer analysis (Fig. 3). The
reaction yields are inversely proportional to the EDA
quenching rates. This feature is consistent with the pro-
posed mechanism, which requires two parallel processes
involving the sensitizer: 1) the PET for forming the oxi-
dized enamine and 2) the intersystem crossing (ISC) for
the energy transfer needed for the formation of a triplet
carbene. As such, neither of these processes should have
rates which are too fast. If PET is fast and outcompetes
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the processes, energy transfer will not occur efficiently
and the C-C bond cannot be formed (no carbene). On the
other hand, if ISC is too fast, PET will not occur hence the
enamine will not be oxidized.

3.4
y = 31.284x + 0.8975
R? = 0.9888
2.9
o y=22.664x +0.9953
24 R? = 0.9887
> o
1.9 y = 7.042x + 0.987
R =0.9799
... @
1.4
PO -
09
0 0.02 0.04 0.06 0.08 0.1

[M]
o TPP(4) e« Porphyrin9 Porphyrin 5

Figure 3. Stern-Volmer quenching experiments for
porphyrins®

*Experimental conditions: for EDA samples were prepared by
adding solutions of substrates to porphyrins 4, 5, and 9 in
DMSO (total volume 2 mL) and degassed with Ar. The con-
centration of porphyrins 4, 5, and 9 in DMSO were 3.6 x 10-5
M, 3.8 x10-5 M 3.4 x 10-5 M respectively. For H2TPP 10 = 9.95
ns, kg = 7.3 - 108 [M~1s~1], for porphyrin 9 1o = 8.6 ns, k, =
2.61x10°[M~'s71], for porphyrin 5 10 = 101 ns, kg =
1.0 x10° [M~1s~1] (for calculations see SI).

When both the singlet and triplet exited porphyrin (4)
were quenched with benzoquinone, the model reaction
stopped completely, thus confirming the involvement of a
carbene in the triplet state.*>® It can react with other
molecules such as radicals or undergo ISC. Concomitantly
an aldehyde reacts with a secondary amine furnishing an
intermediary enamine A which was detected by ESI-MS
and 'H NMR analyses. In MS, the corresponding peak at
204.14 Da [M+H]" was observed not only when aldehyde 1
was treated with morpholine but also in the reaction
mixture. The 'H NMR spectrum clearly showed character-
istic proton resonances for enamine at 5.95 and 4.56 ppm.
Subsequently, H,TPP (4) in its excited state oxidizes
enamine A to form a porphyrin (4) radical anion and an
active cation radical B which reacts with biradical C fur-
nishing the new radical D. After electron transfer from
the porphyrin radical anion and protonation, the final
product of the reaction is formed. In addition, chain
propagation reactions may likely be also involved.” The
presence of cation radical B was confirmed by EPR exper-
iments and Stern-Volmer quenching experiments.

The Stern-Volmer analyses for each of the reaction com-
ponents clearly shows that enamine A and EDA (2) exhib-
it strong, in comparison with morpholine and 3-
phenylpropanal (1), quenching of H,TPP (Fig. 4). This
indicates that the reaction of H,TPP with enamine and
ethyl diazoacetate play a crucial role in the mechanism of
the o- alkylation reaction. Furthermore, the highly effi-
cient quenching of the porphyrin luminescence by
enamines, i.e., the bimolecular quenching constants are
comparable with diffusion-limited rates, indicating suffi-

ciently fast PET steps. For the concentrations used in this
study, the rates of PET are comparable to the nanosecond
decay times of the singlet-excited porphyrins.

© EDA y=7.7164x +0.9792 ..®
1.45 | e 4-(3-phenylprop-1-enyl)morpholine R?=0.9855 ...
3-phenylpropanal
* morpholine )
o y =3.2711x + 1.002
3 h o R?=0.9874

y=0.0095x + 1 Yy =0.0212x + 1
e -0a0asx +1 y~00212xs

0 001 002 003 004 005 006 007
m]

Figure 4. Stern-Volmer quenching experiment for
H,TPP*

*Experiment conditions: for 3-phenylpropanal (1), EDA,
enamine (4-(3-phenylprop-1-enyl)morpholine), and morpho-
line samples were prepared by adding solutions of substrates
to H,TPP (4) in DMSO (total volume 2 mL) and degassed
with Ar. The concentration of H,TPP (4) in DMSO was 3.6 x
10-5 M.

Conversely, for these types of sensitizers, ISC is the prin-
cipal pathway of non-radiative deactivation of their sin-
glet-excited states. Still, because of the inherently long
lifetimes of the triplet excited states, even small quantum
yields of porphyrin triplets will prove sufficient for the
bimolecular energy transfer essential for the formation of
the carbenes for the proposed mechanism. That is, while
the PET, occurring in the nanosecond time domain from
the singlet-excited states of the sensitizers, generates the
oxidized enamines; the triplet energy transfer from the
sensitizer, occurring with considerably smaller rates,
provides the carbenes.

In accordance with the proposed mechanism reactive
radicals are formed. To confirm their presence, EPR spec-
troscopy experiments were performed.

11000
1000 -+

-9000 -

-19000 -
329 330 331 332 333 334 335
measured simulated

Figure 5. EPR spectra of the reaction mixture in the
presence of DMPO?

*Reaction conditions: aldehyde 1 (1 equiv., 1 mmol), morpho-
line (0.4 equiv.), H,TPP (4, 1 mol%), EDA (2, 1 equiv.),
DMSO:buffer pH = 4 (10 mL, 921 mixture), spin trap DMPO
after 10 min of irradiation with LED.

As the concentration of free radicals in the reaction mix-
ture was too low to be detected directly, EPR measure-
ments were performed with two spin traps N-tert-butyl-o-
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phenylnitrone (PBN) and s5,5-dimethyl-1-pyrroline N-
oxide (DMPO). The spectra were also simulated using the
EasySpin package in Matlab. First, EPR spectra of the
reaction mixture were recorded after 10 min of irradiation
(Fig. 5 for DMPO, Fig. S1 for PBN in SI). Spectral simula-
tions indicate the presence of three paramagnetic species
with the intensity ratio of the two corresponding compo-
nents being very similar (See SI Fig. S4). To identify these
radical species present, the EPR spectrum of H2TPP (4),
morpholine, and aldehyde (1) with no EDA added was
registered in the presence of spin traps after light irradia-
tion (Fig. 6 and SI Fig. S10).

4400 -
2400 -

400 -
-1600 -

-3600 -

-5600 -
329 330 331 332 333 334 335
measured simulated

Figure 6. EPR spectra for the mixture of porphyrin (4)
with aldehyde (1) and morpholine in DMSO: buffer
with DMPO?

*Reaction conditions: aldehyde 1 (1 equiv., 1 mmol), morpho-
line (0.4 equiv.), H2TPP (4, 1 mol%), DMSO:buffer pH = 4 (10
mL, 921 mixture), spin trap DMPO after 10 min of irradiation
with LED.

1100 4
600 -
100 -

-400

331 331 332 332 333 333 334 334 335
measured simulated

Figure 7. EPR spectra of the mixture of TPP (4) with
EDA (2) and PBN

*Reaction conditions: H,TPP (4, 1 mol%), EDA (2, 1 mmol
mmol), DMSO:buffer pH = 4 (10 mL, 9:1 mixture), spin
trap PBN after 10 min of irradiation with LED.

Two components are present in the simulated EPR spec-
trum. The first one, responsible for 63% of intensity in the
presence of DMPO (ay = 1.40 mT, ayg = 1.47 mT and ay, =
0.20 mT), corresponds to a carbon-centered radical ad-
duct as indicated by the value of ay higher than ay value
and a small difference between them suggests the bulki-
ness of a radical. It can be ascribed as an enamine radical
B.

Subsequently the EPR spectrum was measured for a mix-
ture of H,TPP (4) and EDA (2) in the presence of PBN

Journal of the American Chemical Society

(Fig. 7). Two components are present in the simulated
EPR spectrum. It is known that the thermal decomposi-
tion of diazo compounds leads to the formation of car-
bon-centered radicals that with PBN give adducts with ay
=154 mT and ay = 0.4 mT.>* Our measured parameters of
a dominating component (ay = 1.49 mT and ay = 0.4 mT)
are very similar thus suggesting that the signal corre-
sponds to a radical formed during photolysis of EDA (2),
e.g. radical C. Its hyperfine splitting constants are also
similar to those obtained for PBN-benzoyl radical adduct
in DMSO solution (ay = 1.45 mT and ay = 0.47 mT)%, so its
presence can be considered as an alternative.

Scheme 5. Experiment with TEMPO

Ph/\/CHO
1
1. morpholine, EDA, H,TPP (4)

solvent, 30 min, hv
2. TEMPO, 30 min, hv

Ph/\(CHO PhA/ECHO (szt
(0] N o 0
T

| CO,Et + |

30 31 32

Hence, the use of two different spin-traps in the EPR
experiments proved beneficial, allowing the detection of
two paramagnetic species B and C, thus supporting the
proposed mechanism. We were not able to detect the
radical D using this technique but the addition of
TEMPO, a radical scavenger, to the reaction mixture
stopped the reaction completely, providing evidence for
the formation of three radical species (B, C, D) as
TEMPO-adducts (30, 31, 32) in the reaction mixture as
detected by MS (Scheme 5).

CONCLUSIONS

We have demonstrated that porphyrins are effective in
catalyzing the reaction of aldehydes with diazo com-
pounds under light irradiation. Mechanistic studies con-
firmed that the effective reaction requires a dual catalytic
system composed of a photocatalyst and an organocata-
lyst. It is assumed that the porphyrin acts both as a pho-
toredox catalyst and as a photosensitizer.

Porphyrins can now be added to the list of photoredox
catalysts that are suitable for photoredox catalysis. As
these compounds are easy to synthesize and their optical
and electrochemical properties can be tuned by placing a
variety of electron-donating or electron-withdrawing
substituents at the periphery of the macrocycle, they are
perfectly suited for this role. These findings demonstrate
unexplored venues in both porphyrin chemistry and pho-
tocatalysis.
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