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Photoinduced Cu(II)-Mediated Decarboxylative Thianthrenation of
Aryl and Heteroaryl Carboxylic Acids

Zhen He and Pawet Dydio*

Abstract: Given that (hetero)aryl carboxylic acids are
inexpensive materials available in a great variety from
commercial and natural resources or synthesis, the
strategies enabling their use as starting materials for
preparing fine chemicals are highly sought after. Here
we report a photoinduced Cu(II)-mediated protocol
converting  (hetero)aryl  carboxylic acids into
(hetero)aryl thianthrenium salts, high value-added build-
ing blocks that can undergo various subsequent trans-
formations, creating an attractive two-step pathway for
the divergent functionalization of these ubiquitous
starting materials. The excellent compatibility of the
method is shown by preparing a broad range of sterically
and electronically varied (hetero)aryl thianthrenium
salts, including derivatives of pharmaceuticals, such as
ataluren, celecoxib, flavoxate, probenecid, repaglinide,
and tamibarotene. The syntheses of 13 C-labeled probe-
necid and bioisosteres of ataluren as well as the
unconventional modifications of celecoxib and flavoxate,
illustrate the synthetic potential of the strategy. Mecha-
nistic studies are in line with a reaction occurring
through a photoinduced ligand-to-metal charge transfer
(LMCT) of Cu(Il)-arylcarboxylates, enabling radical
decarboxylative carbometallation to form arylcopper(11)
intermediates that in turn react with thianthrene to form
the product. Noteworthy, the susceptibility of aryl
thianthrenium salts to photodegradation is overcome by
a Cu(I)-driven salvage loop, which continuously inter-
cepts the transiently formed radicals and regenerates the
products. )
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Introduction

The use of abundant carboxylic acids as attractive starting
materials for fine chemical synthesis has been broadly
recognized and sought after.'® Decarboxylative methods
leveraging aryl carboxylic acids as an alternative to classic
aryl building blocks, such as preformed organometallic
reagents, are highly appealing (Figure 1a).*”' However,
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Figure 1. Context of this work. a, decarboxylative functionalization of
aryl carboxylic acids. b, Synthesis & functionalization methods of aryl
thianthrenium salts. ¢, Decarboxylative thianthrenation strategy re-
ported here, as well as its main features.
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anionic decarboxylation of aryl carboxylates is typically of a
high energy barrier.”! Therefore, methods involving anionic
decarboxylation step require forcing reaction temperatures
or are compatible with a limited scope of aryl building
blocks.”) In sharp contrast, decarboxylation of aroyloxyl
radicals is substantially faster.”® Nevertheless, aroyloxyl
radicals can also enter competitive processes, most signifi-
cantly facile hydrogen atom transfer (HAT; k~10°M's™'-
10’ M~'s™! versus k ~10°s™! for radical decarboxylation)®*!
from solvents or other hydrogen sources. Therefore, success-
ful functionalization of aryl carboxylic acids occurring via
radical decarboxylative pathways requires careful optimiza-
tion of activators and reaction partners.'”) In that context, a
photoinduced ligand-to-metal charge transfer (LMCT) of
copper(Il) arylcarboxylates was recently introduced as a
practical manifold to generate aroyloxyl radicals that under-
go radical decarboxylative carbometallation forming
arylcopper(II) species, which can react further to furnish the
functionalized product (Figure 1a, bottom).'” Upon careful
optimization of reagents, the strategy proved effective for
decarboxylative halogenation, borylation, hydroxylation,
sulfoximination, and trifluoromethylselenolation  of
(hetero)aryl carboxylic acids.!'*?"

Aryl thianthrenium salts, aryl-TT", are attractive build-
ing blocks that can undergo numerous selective transforma-
tions under mild conditions (Figure 1b).2">! They can be
prepared by electrophilic aromatic C—H thianthrenation
reactions,®"! occurring selectively at sterically most acces-
sible C—H sites of the most electron-rich aryl rings of the
molecules.” However, the electrophilic protocols are
ineffective for electron-deficient (hetero)aromatic moieties.
Alternatively, structurally varied (hetero)aryl thianthrenium
salt reagents can be synthesized by Cu(II)-mediated C—B
thianthrenation of arylborons,” when the corresponding
aryl boronic acid derivatives are either commercially avail-
able or accessible via C—H borylation protocols.”” New
strategies enabling thianthrenation of other common struc-
tural motifs could address the existing limitations in the
synthesis of these valuable building blocks and create
complementary entry points for arylthianthrenium salt
chemistry.

We considered that decarboxylative thianthrenation of
(hetero)aryl carboxylic acids forming aryl-TT" would be
appealing from a synthetic standpoint (Figure 1c). The
method would convert readily available starting materials
into readily derivable reagents, enabling broad-range decar-
boxylative functionalization of initial carboxylic acids via
two-step protocols. Attractively, the potentially problematic
decarboxylation step would be separated from the function-
alization step of the aryl-TT* intermediate, thereby elimi-
nating the need for careful optimization or reaction param-
eters in the case of each transformation. The strategy would
be desirable when libraries of diverse derivatives of com-
pounds bearing carboxylic acids are needed, for instance,
during the structure-activity relationship (SAR) studies.
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Results and Discussion
Reaction Design

We considered that merging the photoinduced LMCT-
enabled radical decarboxylation of copper(Il) (hetero)aryl
carboxylates with the capacity of arylcopper(Il) species to
forge a C—S bond could enable decarboxylative thianthrena-
tion of (hetero)aryl carboxylic acids. Specifically, the in situ
formed copper(II) arylcarboxylates could undergo the
photoinduced LMCT-driven radical decarboxylative carbo-
metalation to form arylcopper(II) species.'"? In turn, the
latter could react with thianthrene and additional copper(II)
to form aryl-TT", in analogy to the arylcopper(II) species,
formed via transmetalation with arylboronic acids, reacting
with thianthrene and additional copper(I) to form aryl-
TT+.®! However, the critical challenge remained regarding
the well-established susceptibility of aryl-TT* reagents to
undergo fragmentation under photoirradiation,”=¥! the
conditions intrinsic to the photoinduced LMCT. To over-
come this fundamental impediment, we surmised that the
decay of the product by the photoinduced fragmentation
could be inhibited by copper(I) additives. The latter would
capture the prospective aryl radicals generated upon photo-
induced product fragmentation, forming arylcopper(II)
species,”**! which would re-enter the reaction, thereby
continuously regenerating the photofragmented product.

Reaction Development

To investigate our design, we examined the reaction
between 4-fluorobenzoic acid 1 and thianthrene 2 (Figure 2).
Upon exploration of conditions, we found that the model
reaction conducted on a 0.1 mmol scale formed aryl-TT* 3
in 82 % or 66 % yield when either 2 or 1 was used as the
limiting reagent, respectively, in the presence of simple
inexpensive Cu(II) and Cu(I) salts (Cu(OTf),, 3.0 equiv.,
Cu(MeCN),OTf, 2.0 equiv.), and a base (NaF, 2.5 equiv.) in
acetonitrile (12.5 mM) under purple light (390 nm) irradi-
ation for 90 min. The reaction conducted on a 2 mmol scale
at 25 mM concentration with 3 h irradiation, otherwise
under standard conditions, delivered 0.58 g (63 % isolated
yield) of aryl-TT™ 3, illustrating the scale up potential and
the synthetic utility of the method. Control experiments
confirmed the importance of each element of the reaction
design, as summarized in Figure 2 and detailed in the
Supporting Information (Tables S1-S7). Notably, the use of
poorly soluble NaF as a weak base is essential, presumably
allowing to maintain a concentration of the deprotonated
carboxylic acid in solution low but sufficient for the reaction.
The use a stronger base (e.g., Na,CO;) or a more soluable
base (e.g., KF, CsF), which favors a high concentration of
deprotonated carboxylic acid in solution, resulted in the
formation of substantial amounts of side-product § from
competitive decarboxylative self-coupling of the aryl carbox-
ylic acids.®! The experiments with electronically varied
chalcogen reagents revealed that the target process also
occurs quickly and in high yields with dimethoxythianthrene
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Cu(OTf), (3.0 equiv.),
Cu(MeCN),OTf (2.0 equiv.),
NaF (2.5 equiv.)

CO,H
.
F

CH3CN (12.5 mM),

390 nm, 90 min
1 (2 equiv.) 2 (1 equiv.) 3
variation yield of 3/% Possible F
side-products
none 82 (78)° o
1 (1 equiv.), 2 (2 equiv.) 66 (61)2 g
no Cu(OTf); or other Cu(ll) <2 o)
no Cu(MeCN),OTf <66 F 5
no NaF or other bases <51 H F
- ~
370 nm or 427 nm <44 "
no irradiation <2 E .
heating at 100 °C (no irrad.) <2 4 6
other thianthrenes:
Ar = para-F-Ph
"o
|
Ar” A A A
3DM 3™ 3TF 3PX

>99% (1/2PM=2:1)  53% (1/2™ = 2:1)
81% (1/2°M=1:1.2) 37% (1/2™ = 1:1.2)
50% (1/2°M=1:2) 2% (1/2™ = 1:2)

<2% (1/2TF = 2:1)  >99% (1/2PX = 2:1)
<2% (1/2TF =1:2)  64% (1/2PX=1:1.2)
ester 5 formed (>64%) 69% (1/2PX = 1:2)

Figure 2. Reaction development. * Yield of isolated material.

2" and phenoxathiine 2°*. In turn, the reactions with either
strongly electron-rich tetramethoxythianthrene 2™ or elec-
tron-deficient tetrafluorothianthrene 2™ were slow or un-
productive. In the case of tetramethoxythianthrene 2™, the
reactions were selective toward the formation of 3™ but
sluggish, especially when excess 2™ was used. In contrast,
for 2™, the reaction resulted in the formation of ester 5 as
the primary product (> 64 % yields by the 'F NMR analysis)
in a competitive process."”

Substrate Scope

We found that a broad range of structurally diversified
(hetero)aryl thianthrenium salts 7-45 bearing an array of
functional groups of varied electronic influence and steric
demand can be prepared under the developed conditions
underscoring the generality of the strategy (Figure 3). For
instance, electron-deficient products, such as nitro 10°",
nitrile 11°™, and sulfone 12°™, as well as electron-rich
derivatives, including acetoxy 14, methoxy 15, and amine
26", were all successfully prepared under standard con-
ditions. Also, radical-prone or redox-sensitive moieties, such
as benzyl bromide 27°™ and aldehyde 28, were amenable. In
addition, different substitution patterns were tolerated,
including para-, meta-, ortho-substituted, and most con-
gested 2,6-bissubstituted derivatives, such as 33”™, albeit in a
lower (unoptimized) yield. Further, the reactions for a range
of heteroaryl carboxylic acids furnished target thianthrena-
tion products 34-44.

In general, for electron-deficient (hetero)aryl carboxylic
acids, we observed that the reactions with 2P™ or 2P
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typically formed the aryl-TT™ products in higher yields than
those with 2. Besides, when the reactions under the purple
light (390 nm) yielded the products inefficiently, the reac-
tions under blue light irradiation (427 nm) typically formed
the products in higher yields. For instance, the reaction of
2,4-bis(trifluoromethyl)benzoic acid formed a trace of 32
under the purple light but furnished the product in 78 %
under the blue light, under otherwise standard conditions.
The control experiments showed that 32 is unstable and
undergoes fast decomposition under reaction conditions
with purple light irradiation.

Synthetic Application

Bolstered by these results, we investigated the functionaliza-
tion of bioactive molecules that contain either carboxylic
acid or carboxylic-acid derivable functional group (Figure 4).
We showed that carboxylic acid-containing drug molecules,
such as probenecid used in the treatment of gout and
hyperuricemia, ataluren for treating Duchenne muscular
dystrophy, tamibarotene used against acute promyelocytic
leukaemia, and repaglinide treating diabetes mellitus type 2,
were all converted into their aryl thianthrenium salts 46, 47,
55, and 56. The latter could be readily transformed into the
3C-labeled carboxylic acids,* as exemplified with probene-
cid derivative *C-48. Such a facile two-step isotope labelling
procedure is attractive for the isotope tracing metabolomics
of complex bioactive carboxylic acids.”” Furthermore, the
easy access to carboxylic acid bioisosteres is valuable for
drug design,” especially when the carboxylic acid moiety is
an essential constituent of a pharmacophore but carries
significant drawbacks, such as metabolic instability or
limited passive diffusion across biological membranes.
Attractively, thianthrenium salts of carboxylic acid drug
molecules can be readily converted to their (caged) bio-
isosteres, as exemplified here by preparing derivatives of
ataluren, namely caged boronic acid ester® 49 and
sulfonamide®! 50. In turn, flavoxate, an anticholinergic drug
bearing a carboxylate ester motif, was converted into its
phosphate ester derivative 52 in a three-step sequence of
hydrolysis, thianthrenation, and functionalization.”® Simi-
larly, celecoxib, a non-steroidal anti-inflammatory drug
containing an arylalkyl moiety, was precisely modified at its
alkyl site. Upon chemoselective oxidation of its methyl
group to the carboxylic acid function,® followed by
thianthrenation and Negishi-type coupling,[*!! derivative 54,
the isobutyl homolog of celecoxib was attained.

Mechanistic Studies

Mechanistic investigations support our initial reaction
design, including the conceived copper(I)- and unexpected
copper(Il)-driven stabilization of the aryl-TT* products in
the reaction mixture under photoirradiation (Figures 5-6).
First, the stability of the aryl-TT* products under the
standard reaction conditions was confirmed in a control
experiment, in which 3 was recovered in >90 % NMR yield
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NaF (2.5 equiv.) N:R=H
NPM: R= OMe,

CH3CN (12.5 mM),

390 nm, 90 min
T
7,R = H: 68%
8,R=Cl: 78%
gom =Cl: 0
; QDM’E_I(_:'G;(?A’ " 16"V, R = OMe: 70% 21°M R =1:72%
O 1o R ea%t R 9 1R=Fer% R 10" 22,R = Br: 71%
R 1M R 0. Me'088°/ b 19°™ R = CN: 85% 24, R = OMe: 67%
) - 2! . 0o - DM -
20, R = COOMe: 829 25PM R = NO,: 469
para 13PM R = COOMe: 79% meta ‘ e: 82% ortho ‘ 2 46%

14, R = OAc: 46%
15, R = OMe: 44%

v
] TfO

[ ‘ 0
e I I
9 K . ® :j ‘ 9 )
§ ; T e Br H
v . 'y %. (\N ® [ ) OJJ
O\) S o
[ \
Z"’  gom 26°M 729%° 18 27°M 459% 28, 72%°
TfO Br 10 CFy, 11O OMe
ozNJ@/\ \ Me]@ OZN\©/ \
Cl F FsC OMe
29PM 5792 30, 68% 31PM 539, 32, trace, 78%° 33PM 36%
@0
®p
TfO 0 TfO "Wﬂ‘
-y . T L
N pZ I~ [ 4 L4 20 o s U4 U4
F3C N Y
P o o P
LA
37, X,Y = CH,CH: 85% ? 3
34, 50% 35PM 709 36, 35% 38PM XY = N,N: 45% 4’5 20
39°M XY = N,CH: 47%
®
TfO @) A/ o
I ‘ (0]
SOy oy " | o
S
F)\F
40, 46% 41, 46% 42, X = NMe: 79% 44, 38%? 45,52%

43, X = S: 40%°

Figure 3. Substrate scope. * 3 h, ® 2 h, 427 nm light; for further details and additional examples, see the SI.

when present as an additive in a thianthrenation of benzoic
acid 57 with 2 (Figure 5a). We also observed that aryl-TT* 3
remained stable under purple light irradiation in solution on
its own (Figure 5b, entry 1). However, aryl-TT* 3 did
decompose when irradiated in the presence of thianthrenes.
For instance, upon 30 min irradiation in solution with 2 or
2PM respectively, 18 % or 64 % of initial 3 decomposed,
forming fluorobenzene 4, in 18 % or 51 % (along with 12 %
of 3°™ in the latter experiment; entries 2-3, Figure 5b). The
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data indicate that the photodegradation of 3, in that case,
most likely involves the photoactivation of the electron
donor-acceptor (EDA) complexes of aryl-TT" and
thianthrenes,”>**! rather than the previously reported
direct photoinduced homolytic cleavage of the C—S bond.[*’!
In agreement, the UV/Vis absorption spectroscopy (Fig-
ure 6a) and the NMR data (Figure S5) show that aryl-TT"
salts associate with thianthrenes, forming photoactive EDA
complexes.”** Most importantly, in the presence of the
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Figure 4. Modifications of pharmaceuticals through decarboxylative thianthrenation. Reaction conditions: a. acid (2.0 equiv.), 2 (1.0 equiv.),
Cu(OTf), (3.0 equiv.), Cu(MeCN),OTf (2.0 equiv.), NaF (2.5 equiv.), CH;CN, 390 nm, 90 min; b. i: *CO,, ZnEt, (5.0 equiv.), CuCl (10 mol %),
(BnNHCO),CH, (20 mol %), dmf, rt, 12 h, ii: HCl (4.0 M in dioxane); c. B,pin, (2.5 equiv.), pyridine (5.0 equiv.), (Ir[dF(CF;)ppy],(dtbpy))PFs

(1 mol %), MeCN, 456 nm, 6 h; d. i Rongalite (1.5 equiv.), Pd(dppf)Cl, (5 mol %), iPrOH, 60°C, 12 h, ii: HOSA (4.0 equiv.), NaOAc (7.0 equiv.), 0—

25°C, 1 h; e. LIOH (10 equiv.), thf, MeOH, H,0, rt, 2 h; f. P(OEt); (5.0 equiv.),
(1 mol%), MeCN, 456 nm, 3 h; g. KMnO, (2.0 equiv.),
(30 mol %), DMF (0.1 M), 60°C, 1 h.

Cu(I) or Cu(II) additives, the aryl-TT" salts in the solution
with thianthrenes were stabilized against photodegradation
(entries 4-6, Figure 5b). As initially proposed, the Cu(I)
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pyridine (5.0 equiv.), Nal (20 mol %), (Ir[dF (CF;)ppy],(dtbpy))PFs
H,0, reflux, 6 h; h. iBul, Zn (3.0 equiv.), pyridine (0.5 equiv.), PdCl, (10 mol %), APhos

salts can capture the aryl radicals and regenerate the aryl-
TT™ salts, as indicated by the formation of cross-exchange
3°™ in 37% in the reaction of 2°™ and 3. Cu(Il) did also
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a Stability of aryl-TT" under reaction conditions

PhCOOH a spectator: /©/ g
57
(2 equiv.) F
+ ©/ - . P + 3 (>90%)
2 F stdlcond. 7 H
(1 equiv.) (Fig. 2) .

3 (0.5 equiv.) 4 (~5%)

Most of 3 present as a spectator remained intact,
indicating the stability of aryl-TT" salts under reaction conditions

b Stability of aryl-TT* with additives under irradiation

additives
3 —— 4 (+3M
(1 equiv.) 390 nm, 30 min

entry additives remaining 3/% yields of 4/% & 3°M/%

1 no additives >95 <2

2 2 (1.5 equiv.) 83 18

3 2PM (1 5 equiv.) 36 51 12

4 2°M(15equiv.) + Cu(l) (2 equiv.) 36 6 37

5  2PM(15equiv.) + Cu(ll) (3 equiv.)  >95 <2 <2

6  2°M (4 equiv.) + Cu(ll) (1.5 equiv.) 74 (58)* <2 (2 8 (19)

*90 min

- Aryl-TT* salts remain intact under 390 nm irradiation in the absence of thianthrenes
but readily decay in their presence
- Photodegradation is slowed down in the presence of Cu(l) & Cu(ll) salts that,
respectively, mediate the regeneration of aryl-TT" salts & prevent their photoactivation

Figure 5. Stability of aryl-TT* salts under reaction conditions & the
influence of different components of the reaction mixture.

stabilize the aryl-TT™ salts, albeit most likely via a different
mechanism than Cu(l). Neither 3™ nor 4 were formed
when irradiating the solution of 2°™ and 3 in the presence of
excess Cu(Il) (2°/3/Cu(Il) ratio of 1.5:1:3). However, both
3°™ and 4 were formed slowly when excess thianthrene was
present (2°™/3/Cu(Il) ratio of 4:1:1.5). The data suggest
that Cu(II) can effectively prevent thianthrenes from
forming the EDA complexes with aryl-TT™, thereby inhibit-
ing the photodegradation of the latter.

The additional spectrophotometric and radical trapping
studies are in agreement with the LMCT-enabled radical
mechanism (Figure 6b-d). The UV/Vis spectra of the
reaction mixture confirmed the presence of the character-
istic bands of LMCT of Cu(Il) carboxylates and d-d
transitions of Cu(II),l'" present also in the mixture of acid 1,
Cu(Il), and the bases (Figure 6b). Both bands declined in
the course of the reaction, in line with the reduction of
Cu(II) to Cu(I) and the conversion of carboxylates. Besides,
the UV/Vis spectra of a mixture of 2 and Cu(Il), in the
presence or absence of Cu(I), indicated that Cu(II) oxidizes
a small portion of 2 to the thianthrene cation radical (2°%) of
a characteristic purple colour (absorption at 540 nm),?!
which is also present in the model reaction mixture. The
characteristic purple colour of the mixture is also present
without light irradiation, indicating that the oxidation is
independent of light. Based on the molar absorption
coefficient of an independently prepared tetrafluoroborate
salt of 2°*,* ~0.3% of 2 was oxidized into 2°* in the initial
reaction mixture, which is in line with the redox potentials
(E,°[Cu(IT)/Cu(T)] = +0.96 V¥4l and E,,"2*7/2]= +
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a UV-Vis absorption spectra of aryl-TT* salt in the presence of thianthrenes
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o
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350 360 370 380 390
wavelength (nm)

Aryl-TT* & thianthrenes associate to form photoactive electron donor-acceptor
complexes, according to the UV-Vis spectra, i.e., bathochromic shifts of the band

of 3 in the presence of 2 or 2P, and the NMR titration data (Fig. S5)

b UV-Vis absorption spectra of reaction components & model reaction mixture
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——Cu(ll) + Cu(l) + 2 27/BF, ——4.0 min ——8.0 min
——Cu(ll)+1+NaF  ——Cu(ll)+1+NaOH  ——16 min ——32 min
—1 3
¢ Control reactions with thianthrene cation radical vs thianthrene
Cu(OTf), (3.0 equiv.), .
NaF (2.5 equiv.) -
1 (2 equiv.) + 2 (1 equiv.) — > 3 (45%)
CH3CN (12.5 mM),
390 nm, 30 min
as above " B
1 (2 equiv.) + 2"*/BF,~ (1 equiv.) ———————— 3 (22%) 2"/BFy

d Radical trapping experiments

1,0

: std cond.
1(2 equiv,) (as in Fig. 2) O @
+ — F 58 (32%) + 59 (24%)

2 (1 equiv.) CH3CN/benzene (1:1)

OO

A
3(23%) + 4(8%) + 5(12%)

Figure 6. Spectroscopic studies & control experiments.

1.26 V" both in acetonitrile versus SCE). Control side-by-
side reactions of 1 with either 2 or 2°*, in the absence of
reducing Cu(I) additives, furnished 3 in 45 % or 22 % yield,
respectively (Figure 6c). Given the lower yield of 3 in the
reaction with 2°* than that with 2, and the gradual reduction
of 2°F to 2 occurring in solution, 2 is most likely involved
directly in the product formation, rather than 2°*. Lastly, in
agreement with the intermediacy of aroyloxyl and aryl
radicals, the experiment with benzene as a radical trapping
additive resulted in the formation of phenyl ester 58 and
fluorobiphenyl 59 (Figure 6d)."”
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Conclusion

Opverall, the work presented here reveals that a broad range
of electronically and sterically varied (hetero)aryl thianthre-
nium salts can be prepared from (hetero)aryl carboxylic
acids in the operationally simple protocol using inexpensive
reagents and light. Given the excellent availability of various
carboxylic acids and the versatile reactivity of thianthrenium
salts, the methodology can facilitate the synthesis of existing
fine chemicals and accelerate the discovery of new func-
tional molecules. For instance, the strategy could be
particularly appealing when the synthesis of libraries of
derivatives of compounds bearing carboxylic acid or carbox-
ylic acid-derivable functional groups is required.
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