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SUMMARY

Carboxylic acids are valuable building blocks for pharmaceutical discovery because of their
chemical stability, commercial availability, and structural diversity. Decarboxylative coupling
reactions enable versatile functionalization of these feedstock chemicals, but many of the most
general methods require prefunctionalization of carboxylic acids with redox-active moieties.
These internal oxidants can be costly, their installation impedes rapid library synthesis, and their
use results in environmentally problematic organic byproducts. We report herein a method for
the direct decarboxylative cross-coupling of native carboxylic acids with nucleophilic coupling
partners mediated by inexpensive, terrestrially abundant, and nontoxic Fe(Il1) salts. This method
involves an initial photochemical decarboxylation followed by radical-polar crossover, which
enables the construction of diverse carbon—carbon, carbon—oxygen, and carbon-nitrogen bonds
with remarkable generality.
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We present a photochemical reaction that enables the direct coupling of carboxylic acids with
structurally diverse amines, alcohols, and arenes. This method takes advantage of the ready
availability of these building blocks from commercial libraries, the photoactivity of terrestrially
abundant iron salts, and the energy of visible light. The result is a versatile oxidative coupling
reaction with the potential to streamline rapid synthesis of compound libraries for pharmaceutical

discovery.

INTRODUCTION

Modern medicinal chemistry relies heavily on robust cross-coupling methods that enable
the rapid assembly of large libraries of structurally diverse drug candidates. Increasingly,
the commercial accessibility of large building block sets has become recognized as

an important consideration; methods that couple functionalities with greater commercial
availability can more efficiently span diverse chemical space and accelerate discovery.! For
example, the development of cross-electrophile coupling methods was inspired in part by
the recognition that electrophilic organohalides have much greater commercial availability
than the nucleophilic organometallic reagents used in traditional cross-coupling methods.?
The resulting reductive coupling methods have thus been developed into an indispensable
tool for contemporary pharmaceutical discovery. An analysis of the commercial availability
of functionalized organic molecules, however, reveals that alcohols, amines, and carboxylic
acids are dramatically better represented in building block libraries (Figure 1A).3 These
functional groups are intrinsically nucleophilic, and cross-nucleophile coupling methods
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that exploit the native reactivity of these abundant feed-stocks, therefore, are net-oxidative
in nature. As new methods for oxidative decarboxylative coupling have emerged in the
past several years, these reactions have become increasingly valued in pharmaceutical
discovery.4>

Existing methods for oxidative decarboxylative coupling, however, commonly face two
important challenges that remain to be fully resolved. First, the majority of these reactions
are transition metal-catalyzed cross-coupling methods that involve reductive elimination
from a discrete organometallic intermediate as the key bond-forming step.5-2 Because the
electronic properties of the nucleophilic ligands exert a significant perturbation on the
reactivity of these complexes, reoptimization of the metal catalyst and reaction conditions is
often required for the formation of electronically dissimilar C-C, C-0, and C—N bonds.
Second, the terminal oxidants most frequently used in these coupling reactions have
unattractive characteristics.1? The most common strategies prefunctionalize the carboxylic
acid partner with a redox-active moiety as an internal oxidant, which increases step count,
compromises atom economy, and hinders applications in rapid compound library synthesis
(Figure 1B).11-22 The precursors of these internal organic oxidants can be costly on a
per-mole basis, and the most common byproducts of their use are aromatic organics such

as phthalimide and iodobenzene that are believed to be toxic or teratogenic.23:24 Baran

has recently reported a remarkable electrochemical decarboxylative coupling reaction of
unfunctionalized carboxylic acids;?>26 this method, however, requires a stoichiometric
silver salt as the terminal oxidant. The development of a unified platform for cross-
nucleophile coupling of native carboxylic acid feedstocks with diverse nucleophilic partners,
ideally using inexpensive and non-toxic terminal oxidants, therefore, remains an unsolved
challenge.

Our group recently reported a method for copper-mediated decarboxylative couplings of
carboxylic acid feedstocks that proved to be general for a wide range of alcohol and
protected nitrogen nucleophiles.2” Our strategy combined the propensity of Cu(ll) salts to
self-assemble into photoactive carboxylate complexes with their ability to rapidly oxidize
photogenerated organoradical intermediates. This method, however, was not a complete
solution to the challenges outlined above. First, although the reaction works well for

the coupling of structurally diverse alcohols, sulfonamides, and other protected nitrogen
nucleophiles, the scope with respect to carbon nucleophiles was limited to a small number
of very electron-rich arenes. This limitation is unfortunate because the diarylethane unit

is a common pharmacophore found in small-molecule natural products, agrochemicals,
therapeutic agents, and other bioactive compounds.28 Second, although the cost and toxicity
of Cu salts are relatively low, they are not negligible, and as Cu(ll) is also the terminal
oxidant in these reactions, it must be used stoichiometrically.

We hypothesized that a more complete solution to both problems might arise from an
investigation of other earth-abundant base metals for their ability to mediate oxidative
decarboxylative coupling reactions. These studies have resulted in a method for oxidative
decarboxylative coupling of native carboxylic acid feedstocks with a remarkably broad
range of carbon, oxygen, and nitrogen nucleophiles that is mediated by simple Fe(l11)
salts (Figure 1C). The propensity of Fe(lll) carboxylate complexes to undergo oxidative
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photodecarboxylation has been extensively studied, perhaps most importantly in the
photochemical decomposition of the canonical ferrioxalate chemical actinometer.2%:30 The
applications of Fe(l11) carboxylate photochemistry in organic synthesis, however, have
been limited until quite recently,31-3% despite significant contemporary interest in Fe
complexes as earth-abundant, nontoxic, and sustainable chemical reagents.30 Here, we
show that the photoreactivity of Fe(lll) carboxylate complexes assembled /n situ can

be productively merged with a unique mechanism for oxidative radical substitution with
remarkable generality for diverse carbon, oxygen, and nitrogen nucleophiles. Moreover,
Fe(l11) salts are ideal terminal oxidants. Iron is the most abundant element on Earth by
mass.3® Its salts are generally inexpensive (FeCls, $3/mol), particularly in comparison with
the most common organic internal oxidants utilized in decarboxylative couplings (NHPI,
$51/mol; Phl(OACc),, $667/mol). Its toxicity is minimal and is of negligible concern in the
pharmaceutical industry,3” and consequently, the development of new methods utilizing the
chemistry of iron coordination complexes is an area of active investigation for synthetic
chemists interested in sustainable chemistry.38 Thus, this protocol improves significantly on
previous methods for oxidative decarboxylative coupling in terms of generality, substrate
compatibility, cost, and sustainability.

RESULTS AND DISCUSSION

Our preliminary studies began with an investigation of the decarboxylative coupling of acid
1 with carbon nucleophile 2 to produce 1,1-diarylalkane 3 (Figure 2). Despite significant
attempts at optimization using various Cu(ll) complexes, the yield and chemoselectivity
remained poor, favoring a C-O dimer formed from the nucleophilic attack of a second
equivalent of the carboxylic acid (Tables S1 and S2). We thus expanded our survey

to other first-row metals that participate in photoinduced ligand-to-metal charge transfer
(LMCT) processes (Table S2).35:39 Ce(111), which is known to engage carboxylate??41 and
chloride*243 ligands in LMCT transitions, gives no conversion. Likewise, NiCl,, which

has recently been identified as an LMCT catalyst, provides no desired reactivity.444°

Other metals, including Cr(111) and Mn(l11), similarly afford little to no product formation.
However, we found that Fe(l11) salts uniquely provide high yields of the desired cross-
coupling product with good regioselectivity (Figure 2, entries 2 and 3). Routine investigation
of reaction parameters identified optimal reaction conditions using FeCls3 as an inexpensive
chromophore and terminal oxidant (entries 4-7). Importantly, control reactions verified that
the Fe(l11) salt and visible light are both necessary for the coupling to proceed (entries 8 and
9).

Our examination of reaction scope commenced by applying these optimized conditions

to construct a variety of 1,1-diarylalkanes (Figure 3; additional examples in supplemental
information). A survey of aryl nucleophiles revealed reactivity trends that are consistent with
standard electrophilic aromatic substitution reactions. Yields are highest with electron-rich
arenes such as anisole (3), toluene (4), and biphenyl (5). Benzene (6) and fluorobenzene

(7) are both competent nucleophiles, although the yield diminishes significantly with
chlorobenzene (8). Additionally, arene and polyarene nucleophiles containing both electron-
donating and electron-withdrawing substituents are competent nucleophiles affording 20
and 21 in high yields. A variety of five- and six-membered heterocycles are found to
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be excellent reaction partners, including furans (25), pyrroles (26), and an electron-rich
pyridine (29). Benzo-fused heterocyclic partners are also viable nucleophiles, including
N-protected indoles (22), benzothiophenes (23), and benzofurans (24).

We next evaluated the scope with respect to the carboxylic acid, which revealed that
activated and halogenated substrates react smoothly (9-13), whereas the yield decreases
with strongly deactivating substituents such as a trifluoromethyl group (14). Although
primary carboxylic acids couple less rapidly (15), increasing the steric bulk at the a-carbon
of secondary derivatives does not inhibit reactivity (16-19). Similarly, tertiary acids readily
participate in the desired cross-coupling reaction, affording valuable, fully substituted
products (25, 30, and 31). A pendant chloride is tolerated (26), which could serve as a
handle to access the corresponding alkyl amine derivatives commonly found in bioactive
y-amino diarylalkane scaffolds.26 Proline derivative 27 highlights the application of this
method to a-heteroatom-bearing carboxylic acids. We also synthesized isoerianin analog 28,
belonging to a class of 1,1-diarylethanes with known cytotoxic activity.#® Furthermore, the
common nonsteroidal anti-inflammatory drug (NSAID) flurbiprofen successfully undergoes
cross-coupling with a pyridine derivative to afford 29 in 81% yield. Finally, tertiary aliphatic
carboxylic acids are viable coupling partners in this chemistry, favoring nucleophilic
substitution over rapid decarboxylative elimination (30 and 31).

We next probed the modularity of the system toward C-O and C—N bond formation
(Figure 4). Under the same reaction conditions optimized for C—C coupling, the pairing

of 2-phenylethanol with a,4-dimethylphenylacetic acid results in an NMR yield of 32%
(entry 1). Optimization of base identity allows 32 to be isolated in 80% vyield (entry 2,

for full optimization, see supplemental information). Additionally, Fe(OTf)3 is an equally
competent iron salt (entry 3) and provides generally cleaner conversion to the ether products
compared with FeCls (vide infra). Indeed, a broad scope of the cross-coupling between
secondary and tertiary carboxylic acids with differing electronic and steric properties is
successful with 2-phenylethanol (33-38). Primary alcohols bearing pendant functionalities
react smoothly, including a phthalimide (39) and an olefin (45). Although secondary
alcohols are viable substrates (47), the yield decreases with sterically hindered tertiary
derivatives (see supplemental information). Etherification of 3-oxo-1-indancarboxylic acid
provides rapid access to a functionalized cyclic indanone core (40). Benzylic alcohols
bearing aryl halides are well tolerated, providing avenues for further functionalization of
the products through orthogonal transition metal-mediated methods (41-43 and 48). The
successful cross-coupling of an a-oxo acid to furnish mixed acetal 41 demonstrates the
viability of non-benzylic acids to participate in this coupling. Moreover, this method can
affect the direct etherification of several NSAIDs in high yields (43-45 and 47-48). Finally,
this protocol is directly applicable to thioetherification; sulfide 46 is obtained in 53% yield
when cyclohexanethiol is used as the coupling partner, without a noticeable formation of
sulfoxide or sulfone byproducts.

We also examined the Fe-promoted decarboxylative coupling with sulfonamides as nitrogen
nucleophiles. Electron-rich (49) and electron-deficient (50) sulfonamides undergo the
desired transformation in quantitative yields. Tertiary aliphatic acids couple readily with
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sulfonamide nucleophiles (51-53). To showcase the potential relevance of this method to
medicinal chemistry, we studied cross-coupling reactions involving several drug molecules.
Zonisamide, topiramate, and sultiame, all medications used to treat epilepsy, react readily
to afford derivatives 54-56 in good yields. Additionally, we successfully coupled a series

of NSAIDs with COX-2-inhibitor sulfa drugs to access conjugates 57-59. These examples
highlight the tolerance for a wide range of valuable functional groups, including protected
sugars, benzisoxazoles, isoxazoles, pyrazoles, aliphatic ketones, diaryl ethers, and halogens.

The ease of reaction setup is notable; throughout our investigations, the reactions were set
up under an inert atmosphere for easy handling of hygroscopic Fe(l11) salts. After setup,
however, the reactions can be conducted under air (Table S16). Additionally, we observed
only a modest loss of yield when all reagents are added on the benchtop, with only a
sparge with nitrogen prior to irradiation as a precaution (Table S17). Although adjustments
were made to maximize yields for each nucleophile class, a single set of conditions (FeCls
and NagPO,) provides synthetically useful yields across the major nucleophile families
investigated (53% for 3, 64% for 33, and 99% for 49), demonstrating the exceptional
modularity of this reaction platform (Table S15).

Additionally, we consistently found that the generality of this reaction was superior to that
of our previously reported Cu(ll) protocol (Figure 5A). This was particularly notable with
modestly electron-rich arene nucleophiles, which gave unsatisfactory yields using the Cu(ll)
conditions but were excellent reaction partners using FeCls. Moreover, although tertiary
aliphatic carboxylic acids exclusively undergo oxidative elimination to alkenes under Cu(ll)
conditions (Tables S19 and S20), they were adequate reaction partners using the present
protocol. Interestingly, the superior reactivity of Fe(l11) over Cu(ll) for C-C bond formation
implies that different reactive intermediates are likely involved.

Although the mechanisms of reactions involving iron complexes are notoriously difficult
to deconvolute,*” one clue arose from the observation that reactions stopped before
completion often produced the corresponding alkyl chloride byproduct. We hypothesized
this alkyl chloride resulted from rapid chlorination of the decarboxylated radical by

FeCls prior to functionalization by the nucleophile. Indeed, in experiments where the
nucleophile is omitted, quantitative yields of the decarboxylative chlorination product

can be obtained (Tables S21 and S22). Moreover, Fe(l11) salts can activate chloroalkanes
toward nucleophilic substitution and are common Lewis acid catalysts for Friedel-Crafts
alkylation (Table $23).48 Importantly, CuCl, does not mediate an analogous photochemical
decarboxylative chlorination, and it is ineffective in catalyzing nucleophilic substitution

of benzylic chlorides (Tables S25 and S26). Thus, we propose that this coupling reaction
involves a unique mechanism in which FeCl3 can play three mechanistically different roles
(Figure 5B). First, we hypothesize that Fe(l11) produces the key photogenerated carboxy
radical intermediate, either via direct LMCT of a Fe(lll) carboxylate assembled /n situ

or through the intermediacy of a photogenerated Cl radical.*® Second, FeCls produces a
chemically stable alkyl chloride by trapping the decarboxylated organoradical intermediate
via halogen atom transfer (XAT).%C Finally, it promotes nucleophilic substitution by Lewis
acid activation of the alkyl chloride intermediate.
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Simple aliphatic amines, unfortunately, are not compatible with this method, possibly due to
the strong binding affinity of the amines to the Lewis acidic Fe(lll) center (Table S27). This
is a significant constraint because modern drug discovery relies heavily on methods for the
introduction of basic amine fragments into substrate molecules.>! However, we recognized
that the chloride intermediate provides an opportunity to overcome this limitation. Formal
decarboxylative amination can be readily achieved by adding the nucleophile to the
reaction directly after initial irradiation of the acid in the presence of FeCl3 (Figure 6).
Employing this telescoped strategy, we realized the cross-coupling of flurbiprofen with

the most common nitrogen-containing fragments in pharmaceutical candidates, including
pyrrolidines (60), piperidines (61), piperazines (62), morpholines (63), alkylamines (64
and 65), heterocycles (66), and arylamines (67).46 Furthermore, the versatility of the
reported platform encouraged us to further expand the coupling reaction to nucleophiles
that were incompatible with the one-step conditions. When sodium p-toluenesulfinate is
employed as the nucleophile, formal decarboxylative sulfinylation affords sulfone 68 in
73% vyield via the telescoped two-step protocol. Finally, the ability to efficiently generate
benzylic chlorides suggests that the synthetic scope of Fe-mediated photodecarboxylation
could be further expanded by leveraging a diverse range of modern transition metal-
catalyzed reactions. As a preliminary example of this versatility, we directly subjected the
photogenerated alkyl chloride to known Cu(l)-catalyzed borylation conditions enabling the
formal decarboxylative borylation of flurbiprofen in 51% yield (69).%2

Conclusions

In conclusion, we have developed a robust protocol for decarboxylative cross-coupling of
native carboxylic acids with diverse carbon-, oxygen-, and nitrogen-centered nucleophilic
partners mediated by simple iron salts. Because Fe(l11) serves as both the chromophore

in this reaction as well as the terminal oxidant, it improves on conventional methods

for decarboxylative coupling in several ways. The reaction involves a unique mechanism
for oxidative radical coupling that is operational with a remarkably broad scope of
electronically dissimilar nucleophilic reaction partners. The use of Fe(l11) as a terminal
oxidant in place of a redox-active internal organic oxidant dramatically improves the
practicality and environmental impact of the method, and the ability to conduct the coupling
without prefunctionalization of either reaction partner should accelerate the preparation of
compound libraries and the structural optimization of lead drug candidates. Finally, the
reaction setup is straightforward and requires little specialized equipment other than a blue
LED light source. These results provide a further demonstration of the synthetic utility of the
photochemistry of base metal coordination complexes, and we hope that they stimulate new
ideas in the design of photochemical coupling reactions.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—*Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Tehshik Yoon (tyoon@chem.wisc.edu).
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Materials availability—Full experimental details are available in the supplemental
information. This includes experimental procedures, optimization investigations,
mechanistic studies, and characterization of unique compounds (*H NMR, 13C NMR, 19F
NMR, 1B NMR, HRMS, and melting point).

Data and code availability—All data is available in the supplemental information.

General experimental procedure—An oven-dried 6-mL vial equipped with a stir bar

is brought into a nitrogen-filled glovebox and charged with Fe(ll1) salt (3.0 equiv), base

(3.0 equiv), nucleophile (3.0 equiv), the carboxylic acid (1.0 equiv), and methylene chloride
(0.10 M). The vial is sealed with a screwcap bearing a Teflon septum, removed from the
glovebox, and placed on a stir plate. The vial is irradiated at 427 nm with two 40 W Kessil
Lamp PR160 lamps at a distance of 10 cm with stirring at 800 rpm. A fan is used to
maintain the vial at room temperature. After 24 h, the crude reaction mixture is diluted with
1.5 mL EtOAc and absorbed directly on diatomaceous earth (Celite). The product is purified
by flash chromatography.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Unified solution to decarboxylative cross-nucleophile coupling reactions
Photoactive Fe(l11) carboxylates + Fe(l11)-mediated oxidation
Fe(l11) salts are non-toxic, earth abundant, and low cost

Direct formation of C-C, C-O, C-S, and C-N bonds without prefunctionalization
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THE BIGGER PICTURE

Carboxylic acids are valuable chemical building blocks because they are widely available
with significant structural diversity. Decarboxylative coupling reactions are increasingly
utilized in modern drug discovery, but many of the most general methods require the
preinstallation of redox-active organic moieties as internal oxidants. Here, we report

a photochemical method for the direct decarboxylative functionalization of carboxylic
acids with a wide range of simple carbon-, oxygen-, and nitrogen-centered nucleophiles.
Key to the success of this process is the diverse reactivity of simple iron salts, which
serve both as the light-absorbing center in this reaction and as a sustainable terminal
oxidant.
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Figure 1. Development of a modular decarboxylative cross-nucleophile coupling
(A) Analysis of the fragments available for purchase at three commercial vendors.

(B) Cross-nucleophile coupling requires an oxidant.

(C) This work: decarboxylative cross-nucleophile coupling enabled by Fe(l1l) salts and

visible light.
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Figure 2. Optimization of carbon—carbon bond formation
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Reaction conducted using metal salt (3.0 equiv), base (3.0 equiv), nucleophile 2 (3.0 equiv),
and carboxylic acid 1 (0.1 mmol) in CH,Cl, (0.10 M) setup under inert atmosphere and
irradiated with a 427 nm blue Kessil Lamp at RT for 24 h. Yields were determined by

1H NMR analysis of the crude reaction mixture using 1-methylnaphthalene as an internal
standard. 2See supplemental information for full reaction details. PReaction vessel was

wrapped in aluminum foil.
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Figure 3. Scope of decarboxylative carbon—carbon bond formation
Reaction conditions: FeCl3 (3.0 equiv), NaOAc (3.0 equiv), nucleophile (3.0 equiv),

carboxylic acid (1.0 equiv), and CH,Cl, (0.1 0 M). See supplemental information for
experimental details. All yields are isolated yields. 210 equiv of the nucleophile. P20 equiv of
the nucleophile. €50 equiv of the nucleophile. INa,CO3 used as the base. ¢Fe(OTf)3 used as

the Fe(l11) salt. 5 equiv of the nucleophile. 9NazPO, used
reaction was heated to 80°C for 16 h.
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Figure 4. Scope of decarboxylative carbon—heteroatom bond formation
See supplemental information for experimental details. All yields are isolated unless

otherwise noted. Reaction conditions for O- and S-nucleophiles: Fe(OTf)3 (3.0 equiv),
K,HPO,4 (5.0 equiv), nucleophile (3.0 equiv), carboxylic acid (1.0 equiv), and CH,05,
(0.10 M). PYield was determined by 1H NMR analysis of the crude reaction mixture using
1-methylnaphthalene as an internal standard. ¢1,2-DCE used as the solvent. 9FeCl; used
as iron salt. €48 h. fPyridine (3 equiv) used as the base. 9Reaction conditions for N-
nucleophiles: FeCl3z (3.0 equiv), NagPOy4 (3.0 equiv), nucleophile (3.0 equiv), carboxylic
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acid (1.0 equiv), and CH,0, (0.10 M). "Fe(OTf)5 used as the iron salt. INaOAc used as the
base.
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A Direct comparison of Cu and Fe decarboxylative couplings
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Figure 5. Fe(111) salts expand the breadth of cross-nucleophile coupling reactions
(A) Comparison of reactivity using Cu(ll) and Fe(lll) salts. Reaction conditions for

Cu(ll) mediated couplings: Cu(OTf), (2.5 equiv), NagPOg4 (3.0 equiv), ~PrCN (5.5 equiv),
nucleophile (3.0 equiv), and carboxylic acid 1 (0.1 mmol) in CH,Cl, (0.10M) setup under
inert atmosphere and irradiated with a 427 nm blue Kessil Lamp at RT for 24 h. Yields were
determined by TH NMR analysis of the crude reaction mixture using 1-methylnaphthalene
as an internal standard. Reaction conditions for Fe(l11)-mediated couplings are reported in
Figures 2 and 3.

(B) Proposed roles of Fe(lll) in the C—C bond-forming reaction.
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Figure 6. The intermediary of an alkyl chloride enables further diversification of carboxylic acid

feedstocks

All yields are isolated unless otherwise noted. 2Reaction conditions: FeCls (3.0 equiv),
NazPOy (3.0 equiv), carboxylic acid (1.0 equiv), and MeCN (0.10 M), 24 h, rt, 427 nm

blue LED. PYield was determined by IH NMR analysis of the crude reaction mixture using
1-methylnaphthalene as an internal standard. ¢After irradiation, amine (10 equiv) and KI (1.5
equiv) were added directly to the reaction mixture and heated to 70°C overnight. 97.0 equiv
of the amine. ®See supplemental information for experimental details.
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