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Abstract: A metal- and oxidant-free catalytic method for
accessing structurally diverse thioesters from readily acces-
sible, widespread aldehydes, is described. A strategy of a
simple organic 9,10-phenanthrenequinone-promoted hy-
drogen atom transfer (HAT) with visible light was success-
fully implemented to selectively generate acyl radicals
without inducing crossover reactivity of thioester prod-
ucts. The preparative power of the method was demon-
strated by broad substrate scope and wide functional
group tolerance, and enabled the late-stage modification
of complex structures, which are difficult to achieve with
the existing protocols.

/

Thioesters are a class of compounds widely used in chemical
and biological synthesis. Thioester acetyl-CoA is a ubiquitous
acetylation reagent in biosynthesis and metabolism.! Their
comparable reactivity to acyl chlorides but high stability make
them attractive in organic synthesis.” Notable examples in-
clude native chemical ligation (NCL) for peptide and protein
synthesis as well as amide and ester formation.”

The acylation of thiols with carboxylic acids, acid anhydride,
or acyl chloride is the most widely used protocol for thioester
synthesis.”® Significant advances on developing atom-eco-
nomical catalytic methods have been made,” typically carried
out with transition metals as catalysts such as carbonylation,™
cross-coupling®™ and allylic substitution.”” However, some of
these processes can be complicated by metal-sulfur poisoning,
and thus, often require high catalyst loading, long reaction
time and/or high temperature.”’ Therefore, catalytic methods,
which can overcome these issues, will streamline thioester syn-
thesis and significantly broaden their synthetic application.

Organocatalysis using small organic molecules as promoters
offers a solution to address these issues.”! Metal free acyl radi-
cal engaged thioester formation process by employing widely
available aldehydes as radical coupling progenitors® has long
been investigated since the seminal work by Takagi."” These
transformations are generally carried out with a catalyst. How-
ever, stoichiometric radical initiators,”""” or oxidants"? are essen-
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tial for effective radical generation (Scheme 1a). Such a large
amount of reagents particularly peroxides and the accumula-
tion of in situ produced highly concentrated radicals often
induce more side reactions and displays low functional toler-
ance, which is crucially important in the elaboration of struc-
turally complex, medicinally relevant frameworks.

We questioned whether use of visible light instead of oxi-
dants as radical generation force could afford a milder, and
more general and atom economical approach for the synthesis
of thioesters." However, it is recognized that the develop-
ment of photocatalytic thioesterification of aldehydes is partic-
ularly difficult because both aldehydes (reactants) and thioest-
ers (products) are often used as acyl radical progenitors in
photocatalytic acyl radical formation.”! The potential cross re-
activity could significantly affect the process. The development
of a photocatalytic system to selectively control their reactivi-
ties is vital.

With this in mind, we propose to design a photocatalytic hy-
drogen-atom transfer (HAT) process for selective abstraction of
H atom of aldehyde (Scheme 1b). Furthermore, a photocatalyst
solely serving as HAT without photoredox or energy-transfer
capacity is critical because they can activate thioesters to pro-
duce acyl radicals. In our continuing effort on developing orga-
nocatalytic processes, we pursued to explore organic dyes as
promoters." Benzophenones and quinones have been used
for HAT"® Nonetheless, they mediated HAT generally carried

a. Metal-free thioesterification of aldehydes by using radical initiators or oxidants (previous works)

o radical i_nitiators
I+ RSHRS-SRIRSSOAr __oroXdants - -

R H R™ "SR’
radical initiators:
diazo compound (1.0-1.2 equiv): Ref. [11]
oxidants:
DMP (6.0 equiv): Ref. [12a]; phenazine (1.2 equiv), Ref. [12b,c];
TEMPO (2.0 equiv, 100 °C), Ref. [12d]; Na,S,0g (4.4 equiv), Ref. [12¢];
TBP (4.0 qeuiv), Ref. [12f]; DTBP (3.0 equiv, 120 °C), Ref. [12g];
TBHP (2.0 equiv), Ref. [12h]; DBI (1.0 equiv), Ref. [12]]

b. Photoorganocatalytic thioestification of aldehydes with visible light (this work)

Challenge: Competing
acyl radical generation

9,10-phenanthrenequinone

00 (5 mol%)

e} % o
J (o}
RJ\H % R\S/S RJ' A
acyl radical RN SR
CH.

3 Na,COs;, MeCN, blue LED, RT 38 examples

® new metal- and oxidant-free photoorganocatalyst promoted HAT with visible light

* selective generation of acyl rdaicals from aldehydes

© mild reaction condiitons: broad substrate scope and wide functional group tolerance
® enabling late-stage modification of complex structures

Scheme 1. Metal-free thioesterification of aldehydes. DMP: Dess-Martin peri-
odinane; TEMPO: (2,2,6,6-tetramethylpiperidin-1-yl)oxyl; TBP: tert-butyl per-

oxide; DTBP: di-tert-butyl peroxide; TBHP: tert-butyl hydroperoxide; DBI: di-
bromoisocyanuric acid.
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out under UV light. Such strong irradiation can induce homo-
lytic cleavage of the thioester C—S bond.'® Studies have
shown that bond dissociation enthalpy (BDE) considerations
are less important than C—H bond polarity in HAT."® We there-
fore conceived that direct hydrogen abstraction of highly po-
larized C—H bond of aldehyde by using this class of activators
with weak visible light might be possible.!'”:'8

Herein, we wish to disclose the results of the investigation,
which leads to the first photoorganocatalytic, selective process
for thioester formation from aldehydes with visible light
(Scheme 1b). A simple, cost-effective 9,10-phenanthrenequi-
none photocatalyst was discovered to chemoselectively pro-
mote the process under mild reaction conditions. Notably, the
process displayed broad substrate scope and wide functional
group tolerance, and enabled late-stage modification of com-
plex structures, which are difficult to achieve with the existing
protocols. 12

Our exploratory studies began with a model reaction of al-
dehyde 1a (0.2 mmol) with commonly used sulfenyl donors
(0.24 mmol) including thiol, disulfide and thiosulfonate S-ester
2a in the presence of a ketone catalyst (0.01 mmol) in MeCN
(2.0 mL) irradiated with blue LEDs under N, atmosphere
(Table 1). Thiol and disulfide did not produce desired product
3a with phenylglyoxylic acid (I), whereas 10% of 3a was ob-
tained with thiosulfonate 2a (entry 1) We believe that
highly polarized S—SO, bond renders S electrophilic, and thus,
enables it to selectively react with the acyl radical. Encouraged
by this result, we evaluated several ketone catalysts and found
that acenaphthoquinone (V) promoted the thioesterification of
aldehyde more efficiently with yield of 40% (entries 2-5). To
further improve the reaction yield, we reasoned that the by-
product 4-methylbenzenesulfinic acid might be detrimental.
Therefore, a base was applied. Indeed, the yield was improved

dramatically to 75% with 1.0 equiv Na,CO; (entry 6). Further-
more, analysis of the photocatalysts suggests that

the ketones containing an adjacent dicarbonyl

moiety displayed higher catalytic activity presumably

due to stronger electron acceptance capability in Aromatic:

HAT process. Thus, we probed diketone compound
(VI), which delivered much better yield of 95%
(entry 7). It is worth noting that catalyst VI is highly
cost-effective ($0.5g7"). Decreasing Na,CO; loading
to 0.5 equiv and increasing reaction concentration to
0.2 m did not affect the yield (entries 8 and 9). As ex-
pected, visible light is indispensable for this process
(entry 10) and O, hampers the radical-engaged pro-
cess (entry 11) in control studies. These findings led
to establish the optimal protocol, used for probing
the scope of the photocatalytic thioesterification pro-
cess.

The methodology serves as a mild, general ap-
proach for the synthesis of a wide array of thioesters.
Significant structurally diverse aldehydes including ar-
omatic (3a-3k), heteroaromatic (31-3t) and aliphatic
structures (3u-3x) and biologically relevant frame-

Amino acid:

o}
R‘\ SBn
P

3aR =4-Me, 95%

3b R = 4-OMe, 95%

3¢ R = 4-CF3, 85%/2
3d R=4-SO,Me, 61%[31
3e R = 41, 83%®

3f R = 4-F, 97%@

3g R =2-Me, 78%!

o gt

3q, 72%
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Table 1. Exploration and optimization studies.”’

o
9 /—© catalyst (5 mol%), addictive
OS S SBn
5 MeCN, blue LED, Ny, RT, 14 h

3a

cata Iyst

g, G0 of o & &b
|||

Entry Catalyst Addlctlve YleId [9%]"™

1 | none 10

2 | none trace

3 n none trace

4 v none trace

5 v none 40

6 Vv Na,CO,"“ 75

7 Vi Na,CO,"“ 95

8 'l Na,CO,;¥ 95

9kl VI Na,CO,¥ 95

10 VI Na,CO, trace

11 'l Na,CO, 0

[a] Reaction conditions: unless specified, a mixture of 1a (0.2 mmol), 2a
(0.24 mmol), and catalyst (0.01 mmol) in MeCN (2.0 mL) was irradiated with
blue LEDs in N, atmosphere at RT for 14 h. [b] Yield of isolated products.
[c] 1.0 equiv used. [d] 0.5 equiv used. [e] 1 mL of MeCN used. [f] In the dark.
[g] Exposed to air.

the thioester products in good to excellent yields (61-95 %)
(Scheme 2). The mild procedure can tolerate a variety of func-
tional groups. For example, aromatic iodide is not affected by
the reaction conditions (3e), whereas it is generally not com-
patible with transition-metal catalysis. Selective acylation of
thiols over phenol hydroxy group without requiring protection
can be achieved (3j). Moreover, radical sensitive C=C double
bond (3 k, 3x) are not affected by the mild protocol.

o Q VI (5 mol%), Na;CO3 (0.5 equiv. o
I« $-5Bn (6 mof%), NazCOs ¢ ) JC
R”“H i R” “SBn

3

o] MeCN (0.2 M), blue LED, N, RT, 14 h
1 2a
AcHN/©)L Meozc/©)‘\ /©)‘\ \/\o/©)L
3h, 88%!° 3i, 84%0! 3j, 7% 3k, 83%!°!

Heteroaromatlc o

w@?@o*g*

31, 99%0 3m, so%lbl 3n, 70%@ 30, 74%I®) 3p, 60%!

Allphatlc

3r,97% O/I::A 3u, 86% 3v, 86%

3s, 93%0

Sugar: ;
BzO, OBz @(\)‘\SB”
o : Cl 3w, 80%

m@ BzO" 6—404@_5&1 \/\/\/Mssn

3y, 64%0

MeO o

3z, 88%"! 3x,43%8 O

works amino acid (3y), and saccharide (3z) can be
employed as substrates for the process and deliver

Chem. Eur. J. 2019, 25, 8225-8228 www.chemeurj.org

Scheme 2. Scope of aldehydes. Reaction conditions: unless specified, see the Experimen-

tal Section. Yields are calculated based on isolated products. [a] Reaction time: 24 h.

[b] Reaction time: 36 h.
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Next, we probed the structural alternation of thio-

sulfonate S-esters under the optimized reaction con- Ri

ditions (Scheme 3). Again, this strategy provides a
preparative power for the synthesis of various thio-
esters. In addition to aliphatic thioesters (Scheme 2),
aromatic (3aa-3ad) and amino acid (3ag) and sac-
charide (3ah-3ai) derived compounds can be effi-
ciently constructed (62-92% yield) from their corre-
sponding thiosulfonate S-esters. Particularly, the ex-
ample of non-protected monosaccharide provides an
opportunity to modify carbohydrates eliminating te-
dious protection and deprotection procedures.

The success in the application of this mild synthet-
ic protocol for the structurally diverse aldehydes and
thiosulfonate S-esters encouraged us to explore the
synthetic methodology for more challenging targets
of complex biologically active molecules including
clinically used therapeutics (Scheme 4).%° Marketed
drug ibuprofen and probenecid aldehyde precursors
were selectively thioesterificated to give the products
3aj and 3ak in good yields of 85 and 63 %, respec-
tively. When the native ursodeoxycholic acid derived
aldehyde was subjected to the thioesterification reac-
tion with benzyl, amino acid and monosaccharide de-

o
0 R

1 .R
@* Ot @*S
(¢}
3aa, 75% 3ab, 96% 3ac, 62%

oA ol A0

VI (5 mol%), Na;CO; (0.5 equiv)

MeCN (0.2 M), Blue LED, Ny, RT, 14h

3ad, 76% 3ae, 97% 3af, 60%!°!
o o
(e} O__.OMe
COOMe /©)‘\ >< /©)‘\ S
/©)L NHBoc p "o HO" “'OH
OH
3ag, 87%0 3ah, 76%["1 3ai, 92%l°)

Scheme 3. Scope of thiosulfonates. Reaction conditions: uncles specified,
see the Experimental Section. [a] Reaction time: 24 h. [b] Reaction time:
36 h.

rived thiosulfonate S-esters, the desired products 3al, 3am
and 3an were obtained in high yield (68, 90 and 97 %, respec-
tively). Furthermore, unprotected mycophenolic acid aldehyde
derivative was selectively modified to produce thioester 3ao
with 51% vyield. These examples demonstrate the potential of
this approach to selectively decorate complex molecules under
benign reaction conditions.

A plausible mechanism is proposed for the VI promoted rad-
ical involved thioesterification of aldehyde (Scheme 5). In a typ-
ical ketone promoted HAT,"® irradiation of catalyst VI by visible
light generates the excited state VI¥, which promotes a HAT to

Chem. Eur. J. 2019, 25, 8225-8228 www.chemeurj.org
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j\ . ?S?_S,Rz VI (5 mol%), Na;CO3 (0.5 equiv) i
H R R Vs

o MeCN (0.2 M), Blue LED, Np, RT, 14h

o~ oo o0
TORL0 O

probenecid derivative
3ak, 63%

ibuprofen derivative
3aj, 85%

MeOOC
NHBoc

OH

ursodeoxycholic acid derivative HO™ OH ursodeoxycholic acid derivative
3al, 68% H 3am, 90%
o OH
0. Z S

0 0 .0
OMe e} ' ><
o
O)Q
ursodeoxycholic acid derivative
3an, 97%

mycophenolic acid
3ao, 51%

Scheme 4. Scope of complex molecular architecture. Reaction conditions: uncles speci-
fied, see the Experimental Section.

give radical 4. The resultant nucleophilic radical 4 attacks the
electrophilic thiosulfonate S-ester 2 affords thioester product
3. The second HAT between radical 5" and VI-H radical gener-
ates catalyst VI and by-product sulfinic acid 6 to complete the
catalytic cycle. The by-product 6 (Ar=p-MeC¢H,) was isolated
in 61% yield and verified by "H NMR spectroscopy.

In conclusion, we have developed a metal- and oxidant-free
method for the thioesterification of aldehydes. A new strategy
using a simple organic 9,10-phenanthrenequinone promoted
HAT with visible light was successfully implemented to selec-
tively generate acyl radicals without inducing crossover reactiv-
ity of thioesters. The mild method exhibits excellent substrate
scope and outstanding functional group tolerance. Significant-
ly, it is also proved to be useful in a late-stage functionalization
of complex molecules at room temperature.

fj\ o
R p H
\\ \ 2
o' ’o %
VI-H Ar \\
hv ?’
O o _Ss,
Ar o
5
oD g
Sy,
v A" S0

Scheme 5. Proposed mechanism.
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Experimental Section

General procedure: See Schemes 2-4. To an oven-dried 10 mL-
Schlenk tube equipped with a stir bar, was added Na,CO; (10.6 mg,
0.1 mmol), 9,10-phenanthraquinone (2.1 mg, 0.01 mmol), aldehyde
1 (0.24 mmol), thiosulfonate S-ester 2 (0.2 mmol) and MeCN (1 mL).
The mixture was degassed the freeze-pump-thaw method, then
sealed with parafilm. The solution was then stirred at RT under the
irradiation of a blue LED strip for specified time. After completion
of the reaction, the mixture was concentrated and purified by flash
chromatography on silica gel.
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