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ABSTRACT: Through iron photocatalysis, a mild and effective protocol for the decarboxylative C—C and C-N bond formation has
been achieved. The carboxylic acids readily underwent radical decarboxylation in the presence of Fe)(SO4); and di-(2-
picolyl)amine with visible light irradiation. The resultant alkyl radicals then reacted with Michael acceptors or azodicarboxylates to

furnish the adducts.

Since iron is the second most abundant metal on earth, a
vast array of seminal work (prior 1970) in the area of the pho-
tochemistry and photophysics was based upon its complexes.'
More recently, Ru(Il) and Ir(Ill) homoleptic and heteroleptic
complexes have gained prominence as photocatalysts in or-
ganic transformation, thanks to their long-lived excited states.”
The latter profiles provided opportunities for photoredox ca-
talysis to activate organic compounds via intermolecular sin-
gle-electron transfer (SET) pathway.> Chemists have had a
long-standing interest in replacing the precious metals in pho-
toactive coordination complexes with earth-abundant ele-
ments.* Particularly in recent years, there is increasing aware-
ness of green chemistry principles and practice in both aca-
demic labs and industrial setting.” However, the photoexcita-
ble charge-transfer states of most iron complexes were deac-
tivated through low-lying metal-centered states at picosecond
time scale, resulting in inefficient electron-transfer reactivity.
Despite that, the Cozzi, and Collins groups achieved high-
level application of [Fe(bpy);]Br> and [Fe(phen);]J(NTf:), in
photocatalysis.® Increasing the ligand field strength can raise
energies of the metal-centered states. Recently, the use of
strong donor ligands such as N-heterocyclic carbenes (NHCs)
to increase the excited state lifetimes of iron complexes has
become a fruitful strategy. The Wérnmark group successfully
synthesized an Fe(IlI) complex with a relatively long-lived (2
nanosecond) doublet ligand-to-metal charge-transfer CLMCT)
state.” In combination with advances from other research
groups,® it renders iron photoredox catalysis a promising area
for further development. On the other side, the intramolecular
charge-transfer mode via coordination of organic substrates
directly to iron species is also catching chemists’ attention
(Figure 1A). In this approach, long-lived excited states of iron
complexes are not necessarily essential. Parker firstly reported
the photo-induced decarboxylation of ferrioxalate in 1953.°
Following that, the mechanism of the Fe(III) photoreduction,
which is accompanied by degradation of the carboxylate lig-

and, has been investigated intensively.'” Nevertheless, the
photoreactivity of the Fe(IIT) carboxylate complexes so far has
been rarely recognized in synthetic organic chemistry. There-
fore, we envisioned to take advantage of the photoreactivity of
the Fe(Ill) carboxylates and use the resultant alkyl radicals
from this process to realize various C—C and C—N bond for-
mation reactions.

Radical decarboxylative alkylation strategy sounds appeal-
ing in practical application since carboxylic acids are typically
stable, inexpensive, and non-toxic, and are the second largest
group only after amines among commercially available organ-
ic building blocks (Figure 1B).!! The approaches for radical
decarboxylation could be traced back to 1848 when Kolbe
reported the first electrochemical decarboxylation (Figure 1B,
path A)."? Ag-mediated decarboxylation is another classic
method employed extensively (Figure 1B, path B)."> Since the
last decade, several photochemical alternatives for decarboxy-
lation have been developed using visible light.'* In 2014,
MacMillan published a decarboxylative arylation with iridium
photocatalyst (Figure 1B, path C)." In 2019, K&nig reported a
cerium photocatalyzed decarboxylative hydrazination via lig-
and-to-metal charge transfer (LMCT) pathway (Figure 1B,
path D).'6

We have been pursuing visible light-promoted organic syn-
thesis for years."” The earth-abundant iron offers an inexpen-
sive and sustainable alternative to precious metals like silver
and iridium. Very recently, we developed an iron photocatalyt-
ic decarboxylation method for the alkylation of heteroarenes
(Figure 1C)."® In this preliminary work, however, an excess
amount of the carboxylic acid was used to achieve a high level
of reactivity, and it required a terminal oxidant to turn over the
Fe(Il)/Fe(I1l) catalytic cycle. We wondered if a redox-neutral
process with higher decarboxylation efficiency could be
achieved by the ligand modulation. Herein, we describe on the
latest progress from our lab in iron photocatalysis, and its ap-



plication to the decarboxylative C—C and C-N bond for-
mation.'*?
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Figure 1. Photochemistry of Iron Complexes.
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A detailed description of the possible mechanism for decar-
boxylative C—C bond formation is outlined in Scheme 1. We
expected that Fe(IlI) 1 would coordinate with a carboxylic
acid 2 to form Fe(Ill)-carboxylate complex 3. Upon visible
light irradiation, iron complex 3 should get photoexcited and
an intramolecular charge-transfer event would occur to gener-
ate reduced Fe(I) 4.° At the meantime, it afforded carboxyl
radical 5 which after CO, extrusion would furnish desired
alkyl radical 6. The nucleophilic alkyl radical 6 then could
react with Michael acceptor 7 to provide the electron-deficient
radical adduct 8, which should be capable of oxidizing Fe(II)
back to Fe(Ill) to close the catalytic cycle. Finally, the result-
ant anion 9 could be protonated to yield the desired alkylated
product 10.

Scheme 1. Possible Mechanism for the Decarboxylative C—
C Bond Formation
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We started our exploration into this decarboxylative C—C
bond formation with 2-(4-chlorophenoxy)acetic acid and 2-
benzylidenemalononitrile as the model substrates, with Kessil
40 W 427 nm LED lamps as the visible light source in the
presence of Fey(SO4); (Table 1). Surprisingly, with 2-picolinic
acid L1, the superior ligand for our previous work, there was
no desired product (entries 1 and 2). Then we tried the other 2-
substituted pyridines as the ligand. To our delight, a dramatic
ligand acceleration effect was observed (entries 3-6). It af-
forded the alkylation product 11 in quantitative yield when
ligand L2 was added into the reaction at 1:1 ratio of iron to
ligand. The high yield was maintained with 2 equivalents of
L2. Ligand L3 furnished a 95% yield while ligand L4 only
rendered the transformation moderately. The critical roles of
iron, ligand and light were demonstrated through the control
experiments (entries 7-9). The reduction of the amount of
carboxylic acid to 1 equivalent still resulted in a satisfactory
yield (79%) (entry 10). Moreover, the reaction also proceeded
smoothly in MeCN and DMSO (entries 11 and 12).

Table 1. Optimization of the Reaction Conditions”

oH Fe(lll), ligand
\©\ j/ solvent j)\
40 W LED \©\

0.5 mmol 2 equiv fan, rt, 12 h

CTOGTTD

H =N LN N Me N - s
L2 L3 L4
entry Fey(SOy)3 ligand solvent wavelength yield [%]

1 2.5mol % L1 (5%) DCE (5 mL) 427 nm 0
2 2.5mol % L1 (10%) DCE (5 mL) 427 nm 0
3 2.5mol % L2 (5%) DCE (5 mL) 427 nm 99
4 2.5 mol % L2 (10%) DCE (5 mL) 427 nm 99
5 2.5 mol % L3 (5%) DCE (5 mL) 427 nm 95
6 2.5 mol % L4 (5%) DCE (5 mL) 427 nm 35
7 - L2 (5%) DCE (5 mL) 427 nm 0
8 2.5mol % - DCE (5 mL) 427 nm 0
9 2.5mol % L2 (5%) DCE (5 mL) dark 0
102 2.5mol % L2 (5%) DCE (5 mL) 427 nm 79
1 2.5mol % L2 (5%) MeCN (5 mL) 427 nm 93
12 2.5mol % L2 (5%) DMSO (5 mL) 427 nm 80

“Yields determined by 'H NMR using 1,3-benzodioxole as the
internal standard. 1 equiv carboxylic acid used.

Upon identification of the optimal conditions, we began to
evaluate the generality of this decarboxylative radical addition
protocol. As shown in Scheme 2, a broad array of Michael
acceptors can be alkylated in this reaction. 2-
Benzylidenemalononitriles with electron-withdrawing and -
donating substituents on the phenyl ring were well tolerated
(11-17). 2-Alkylidenemalononitriles also could participate in
this transformation effectively (18). Interestingly, when 2-
(ethoxymethylene)malononitrile was subjected to the reaction
conditions, the first alkylation sequence was followed by elim-
ination of EtOH and then a second alkyl addition to furnish the
bis-alkylated product 19. Moreover, malonate-type Michael
acceptors could readily undergo the alkylation in good yield
(20).



Scheme 2. Scope of the Michael Acceptors®
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“Isolated yields, see Supporting Information for details.

Next, we investigated the scope of the radical C—C bond
formation with regard to the carboxylic acids (Scheme 3). A
broad array of cyclic and acyclic alkyl radical precursors could
be employed with good levels of efficiency. The a-oxy and -
amino acids provided the corresponding conjugate adducts in
good to excellent yields (21-24). A variety of o-aryl acetic
acids readily participated in this decarboxylative addition ef-
fectively (25-36). Importantly, secondary and tertiary benzyl
radicals were compatible with the reaction conditions (37-39).
It is gratifying that unactivated carboxylic acids are amenable
to the decarboxylative addition through the generation of pri-
mary, secondary and tertiary alkyl radicals (40-46).

Scheme 3. Scope of the Carboxylic Acids”
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Within the realm of organic chemistry, the construction of
C—N bonds has been in the spotlight for decades owing to the
prevalence of nitrogen-containing motifs in a diverse range of
pharmaceuticals, natural products and functional materials.
Encouraged by the results of decarboxylative C—C bond for-
mation, we sought to apply this iron photocatalytic method to
C-N bond formation. We started the exploration into this
transformation with azodicarboxylates as the nitrogen source,
which should share a similar mechanism with the C—C bond
formation reaction (Scheme 4).

Scheme 4. Possible Mechanism for the Decarboxylative C—
N Bond Formation
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After the identification of optimal conditions for the C—N
bond formation (see Supporting Information), we examined
the generality of this decarboxylative amination by investigat-
ing the scope of azodicarboxylates and carboxylic acids
(Scheme 5). The four common dialkyl azodicarboxylates were
converted into the corresponding N-benzylated hydrazine
products effectively (47-50). a-Aryl acetic acids with various
substituents readily underwent the decarboxylative amination
with di-tert-butyl azodicarboxylate (DTBAD) in high yields
(51-65). Moreover, secondary and tertiary benzyl radicals
were compatible with the reaction conditions (51-69). The o-
oxy, -amino and -oxo acids afforded the hydrazine products in
good to high yields (70-77). Notably, unactivated carboxylic
acids also performed well in this C-N bond formation protocol
(78-82).

Scheme 5. Scope of the Azodicarboxylates and Carboxylic

Acids for the C-N Bond Formation“
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The results of preliminary mechanistic studies (see Support-
ing Information) well supported the possible mechanism out-
lined in Schemes 1 and 4. The free radical scavenger, TEMPO
(2,2,6,6-tetramethylpiperidine 1-oxyl) completely inhibited the
decarboxylative alkylation, indicating a radical mechanism
(Figure S1A). The constant irradiation of visible light was
necessary to drive the alkylation to completion, which was
demonstrated by the light on/off experiments using alternating

intervals of light on and off (Figure S1B). The UV-vis spectra
illustrated that the solution of 1:1 iron and ligand exhibited a
significant optical absorption in the visible range while the
iron salt or ligand had minimal absorption of visible light sep-
arately (Figure S1C). We speculate that the redox potentials of
iron salts should be modulated by the ligand coordination after
light absorption. Control experiments with related transition
metal salts such as Mn(III), Ni (II), Co(I1I), Cu(II), and Ru(III)
showed no reactivity (Figure S2). Further investigation into
the precise role of ligands are undergoing in our lab.

In conclusion, a mild and effective protocol for the decar-
boxylative radical C—C and C-N bond formation has been
achieved via iron photocatalysis. The broad scopes with re-
spect to both the carboxylic acids and the alkyl radical accep-
tors have been demonstrated. Different from the oxidative
procedure reported by us previously, the current protocol is
redox-neutral and it shows that the oxidation of Fe(II) back to
Fe(IlT) by the electron-deficient radical intermediates should
be feasible. Moreover, the amount of carboxylic acid can be
reduced significantly under the Fe»(SO.)s/di-(2-picolyl)amine
system.
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