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We report conversion of esters to thioesters via selective C-O bond cleavage/weak C-S bond formation
under transition-metal-free conditions. The method is notable for a general and practical transition-
metal-free system, broad substrate scope and excellent functional group tolerance. The strategy was suc-
cessfully deployed in late-stage thioesterification, site-selective cross-coupling/thioesterification/decar-
bonylation and easy-to-handle gram scale thioesterification. Selectivity and computational studies were
performed to gain insight into the formation of weak C-S bonds by C-O bond cleavage, which contrasts
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1. Introduction

The chemistry of carboxylic acid derivatives represents the cor-
nerstone of organic synthesis." While it is traditionally
accepted that thioesters are more reactive than esters due to
better leaving group aptitude (e.g. pK, = 15.2, MeOH vs. pK, =
10.3, MeSH) (Fig. 1A),> reversing the traditional reactivity
trends represents a highly attractive approach in chemistry.

In this context, thioesters are fundamental building blocks
in biochemistry and organic synthesis.’ The versatile utility of
thioesters includes their role in the synthesis of cellular com-
ponents, such as fatty acids and terpenes.*® Furthermore,
thioesters are key intermediates in various processes involving
ATP.*? In chemistry, the key role of thioesters is as acylating
reagents." Moreover, thioesters contain the privileged sulfur
moiety, which has gained prominence in sulfur therapeutics
(Fig. 1B).* Among methods for the synthesis of thioesters,
typical route involves the reaction of acyl chlorides with metal
thiolates.” Other methods involve displacement of halides
with thiocarboxylates, condensation of carboxylic acids with
thiols,*” Mitsunobu reaction of alcohols with thioacetic
acids,® and carbonylation reactions in the presence of thiols.’
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with the traditional trend of nucleophilic additions to carboxylic acid derivatives.

Recently, major progress has been made using carboxylic
acid derivatives as electrophiles in metal-catalysis.'®'" In par-
ticular, amides have emerged as powerful electrophiles by the
selective N-C bond cleavage driven by amide bond destabiliza-
tion and twist in order to decrease the ny — 7w*c—o
conjugation.”” ™ Aromatic esters have also been employed in
cross-coupling reactions via O-C cleavage, wherein the high
energy barrier is alleviated by electronic delocalization to lower
the np — 7*c—o conjugation and enable high chemoselectivity
in the cross-coupling."® Furthermore, as the field has begun to
mature, these processes have been expanded to carboxylic
acids via O-C bond activation,'®'” and thioesters via S-C
bond activation, providing convenient methods for thioether
synthesis.'®

As such, recent studies spurred by electronic-activation
have shown that direct interconversion between carboxylic acid
functional groups is possible, involving amide to amide,"®
amide to ester,”® amide to thioester,”’ and ester to amide®”
interconversion using both transition-metal-catalysis and tran-
sition-metal-free conditions (Fig. 1C). While metal-catalyzed
manifolds show promise for future developments, it should be
noted that from environmental and practical standpoints tran-
sition-metal-free processes are vastly preferred.”® In general,
the acyl X-C functional group reactivity is in the following
order: amides < esters < thioesters.'®**> Therefore, the conver-
sion from more reactive thioesters to less reactive esters is
readily available.>* In contrast, due to the high leaving group
aptitude of thiolates,* there is no driving force for the conver-
sion from esters to thioesters under typical conditions, and at
present there are no general methods for the conversion of
esters to thioesters available. While it should be noted that
limited examples of ester to thioester conversion have been
reported,>® these methods are limited by the use of highly acti-
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Fig. 1 (A) Reactivity order of carboxylic acid derivatives. (B)
Pharmaceutically-relevant sulfur scaffolds. (C) Recently reported inter-
conversions  between amides, esters, and thioesters. (D)
Thioesterification of esters (this work).

vated substrates (e.g. 4-NO,-C¢H,), polar solvents (e.g. DMF)
that are impractical from the synthetic standpoint, and limited
substrate scope.

In particular, there are no general methods for the synthesis
of S-aryl thioesters, which provide a pathway for decarbonylative
thioether synthesis via decarbonylation.'® As part of our
program on the reactivity of carboxylic acid derivatives,"**>%>'
we report a general and practical method for the conversion of
esters to thioesters via selective C-O bond cleavage/weak C-S
bond formation wunder transition-metal-free conditions
(Fig. 1D). The present method shows the following advantages:
(1) mild conditions and significantly expanded substrate scope
superseding previous methods; (2) practical and readily avail-
able KOAc as an activator in easily removable non-polar solvent,
which are beneficial over previous protocols; (3) versatile syn-
thetic applications in late-stage thioesterification of pharmaceu-
ticals, including tandem protocols; (4) the conversion of esters
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to thioesters in a tandem C-Br/C-O/C-S bond activation for the
synthesis of thioethers; (5) easy-to-handle gram scale synthesis
of thioesters; (6) mechanistic and selectivity studies on the
C-O/C-S bond cleavage. Overall, the method may open up new
applications in engaging the versatile aryl ester bonds?*** in a
plethora of transformations.

2. Results and discussion

The proposed thioesterification was examined using phenyl
benzoate (1a) and 4-methoxybenzenethiol (2a) as model sub-
strates (see ESIT). We were delighted to find that although no
reaction was observed in the absence of base (Table ESI-1,f
entry 1,<2% conversion), promising results were obtained
using Na,COj3, which delivered the desired product in 75%
yield (Table ESI-1,} entry 2). Examination of different bases
(Table ESI-1,} entries 1-9) resulted in identifying KOAc as the
optimal base, which provided significantly improved yields of
the desired product (Table ESI-1,} entry 7). It is important to
note that Cs,CO; and NaOAc were ineffective (Table ESI-1,f
entries 4 and 6), while K,CO; and K;PO, delivered the
product in modest yields (Table ESI-1,T entries 3 and 5). Next,
the effect of solvent was examined (Table ESI-1,} entries 9 and
10), revealing that tetrahydrofuran is the optimal solvent for
this transformation. Further examination of the reaction con-
ditions revealed that the reaction proceeds at lower tempera-
tures (Table ESI-1,} entries 11 and 12), albeit with a decreased
efficiency. Moreover, optimization of the reaction stoichio-
metry revealed that the reagent stoichiometry could be
decreased to 1.5 equiv. of thiol and 2.0 equiv. of base with a
minimal decrease in the reaction efficiency (Table ESI-1,f
entries 13 and 14). It is interesting to note that the sodium
and potassium cations seem necessary, while the acetate
counterion is more important in the current system. We
believe that this effect is related to the stability of the thioester
products under the reaction conditions.

With the optimal conditions in hand, we next investigated
the substrate scope of this KOAc-mediated conversion of aryl
esters to thioesters via C-O bond cleavage/weak C-S bond
formation (Fig. 2, top). As shown, we first selected 4-methoxy-
benzenethiol (2a) as a standard nucleophile. A wide range of
unactivated esters bearing electron-neutral (3a-b) and elec-
tron-withdrawing substituents (3c-k) is well compatible with
this transformation. Polycyclic aromatic substrates, such as
naphthyl (3b) are also well tolerated, delivering the desired
thioester product in 98% yield. Furthermore, halides, such as
fluoro (3d), chloro (3e) and bromo (3f) are readily accommo-
dated, delivering handles for further modification. Of note,
halides are rarely compatible with transition-metal-mediated
interconversion methods.'®"*> Moreover, cyano group (3g) is
also compatible with this method. Importantly, the substrate
containing two different ester groups (3h) underwent highly
chemoselective thioesterification, delivering the product
resulting from the nucleophilic addition to the aromatic
ester bond (c¢f. aliphatic ester, vide infra). Furthermore, it is

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Thioesterification of esters under transition-metal-free conditions. Conditions: ester (1.0 equiv.), thiophenol (3.0 equiv.), KOAc (4.5 equiv.),

THF, 80 °C, 15 h. Isolated yields. See ESI for details.}

noteworthy that electrophilic functional groups, such as
ketones (3i) can be readily employed under these mild
conditions. Moreover, ortho-substitution as well as meta-
substitution is well compatible as demonstrated by using
the fluoro- (3j) and chloro-functionalized substrates (3Kk).
Importantly, this method can also be used to convert elec-
tron-rich heterocyclic substrates, such as 2-furyl and 2-thienyl
to give the desired thioesters (3l-m) in excellent yields.
Finally, we were delighted to find that o-alkyl ester (3n) is
also compatible with this method, delivering the thioester
product in 59% yield.

Next, we tested differently substituted esters on the aryl
moiety (Fig. 2, middle). Notably, para-CF;-functionalized ester
(10) delivered the desired thioester in excellent yield.
Furthermore, the substrate containing two ester functional
groups (1p) showed exquisite chemoselectivity in the reaction,
delivering the product in 98% yield. Moreover, hindered ortho-
substituted ester (1q) showed promising reactivity. Aliphatic
esters are fully recovered from the reaction conditions, as

This journal is © The Royal Society of Chemistry 2021

expected from the excellent chemoselectivity observed in the
intramolecular competition substrates (3h, 1p).

Finally, we tested the generality of the method with respect
to the thiol component (Fig. 2, bottom). It is noteworthy that
the method tolerates fully unbiased electron-neutral (30-p),
electron-donating (3a) and electron-withdrawing (3q) sub-
strates. Furthermore, steric hindrance is also tolerated (3r),
delivering the product in 51% yield.

To demonstrate the synthetic utility of the method, we per-
formed several studies (Fig. 3). First, in late-stage derivatiza-
tion, we were delighted to find that this KOAc-mediated proto-
col could be applied to the direct thioesterification of an aryl
ester of Probenecid, antihyperuricemic, (1r) to give the desired
product in 98% yield in the presence of the sulfonamide bond
(Fig. 3A). Second, to exemplify the potential of this method in
sulfide synthesis, we demonstrated the site-selective Suzuki
cross-coupling, thioesterification, decarbonylation sequence
via C-Br/acyl C-O/acyl C-S bond cleavage (Fig. 3B). It is note-
worthy that the direct Suzuki cross-coupling in the presence of

Org. Biomol. Chem., 2021,19, 2991-2996 | 2993
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thioester group was not feasible due to thioester degradation.
This sequential approach highlights the strategic deployment
of bench-stable carboxylic acid derivatives in aryl/acyl intercon-
version reactions using Pd-, Ni- and transition-metal-free
reactions.' %' b 1972

Preliminary mechanistic studies were conducted to gain
insight into this intriguing process. We hypothesize that the
observed reactivity is a balance of several contributing factors.

(1) First, intermolecular competition studies were con-
ducted (Fig. 3C). Thus, aromatic esters are inherently more
than their alkyl counterparts (3v:30 >20:1).
Furthermore, electron-deficient esters are inherently more
reactive than electron-rich esters (3w: 3x = 15 : 85). In addition,
electron-rich thiols are more reactive than their electron-
deficient counterparts (3a:3y = 83:17). Finally, aromatic
thiols are more reactive than S-alkyl thiols (30:3z = 64:36).
This experiment suggests that although the reaction is slightly
slower with aliphatic thiols, S-alkyl thiols should be suitable
for the reaction. Thus, we have investigated aliphatic thiols.
For the synthesis of PhCOSEt, the desired product was
obtained in 22% yield under standard conditions. Overall,
these effects are consistent with nucleophilic addition to the
ester bond.

(2) Next, resonance energies of the thioester bond in
PhCOSPh and ester bond in PhCO,Ph were calculated using
the COSNAR method.*® Geometry optimization was performed
at the B3LYP/6-311++G(d,p) level (see ESIt). Extensive studies

reactive
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(A) Synthesis of probenecid thioester. (B) Sequential synthesis of sulfide. (C) Intermolecular competition experiments. (D) Gram scale syn-

have shown that this level is accurate in predicting structural
and energetic properties of carboxylic acid derivatives.
Resonance energy of the S-C(O) bond in PhCOSPh is 7.6 kcal
mol ™", which is much lower than the resonance energy of the
0-C(0) bond in PhCO,Ph of 16.1 kcal mol™
seminal studies by Liebman and Greenberg demonstrated that
esters retain a large part of the resonance energy in the tran-
sition state.’” Therefore, we obtained a detailed rotational
profile of the thioester bond in PhCOSPh and ester bond in
PhCO,Ph by systematic rotation along the O-C-X-C angle (see
ESI}). The rotational barrier was determined to be 8.04 kcal
mol ™" (90° O-C-S-C angle), and 8.07 kcal mol™ (90° O-C-O-C
angle).

(3) Furthermore, the thiolate is a better leaving group than
alkoxide (pK, = 10.0, PhOH vs. pK, = 6.6, MeSH);”
thiolates are significantly more nucleophilic than alkoxides (N
=22.6, RCH,S- vs. N = 16.0, RCH,0-).”*

Overall, these preliminary studies are consistent with the
relative facility of the nucleophilic addition to the acyl bond of
aryl esters to give a weak S-C(O) acyl bond in thioesters via pre-
ferential collapse of the tetrahedral intermediate. An
additional factor that could be involved is the relative solubility
of the reaction components.

Finally, to demonstrate the practicality of the method, we
conducted a gram scale reaction, which provided the desired
thioester product in 83% yield after simple filtration (Fig. 3D),
attesting to the practicality of the developed protocol.

However,

however,

This journal is © The Royal Society of Chemistry 2021
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3. Conclusions

In summary, we have developed a general and practical
method for converting esters to thioesters via C-O bond clea-
vage/weak C-S bond formation. The method is notable for
operationally-simple and general reaction conditions, broad
functional group tolerance and excellent chemoselectivity with
respect to aryl esters and sensitive acyl groups. This approach
tolerates a range of functional groups that are incompatible
with previous methods. The utility has been demonstrated in
late-stage thioesterification, sequential bond activation and
large scale synthesis. We anticipate that studies on the reversal
of the traditional reactivity trend of carboxylic acid derivatives
will provide a powerful re-routing toolbox of the carboxylic
acid reactivity in various aspects of synthetic chemistry. Future
studies will focus on expanding the scope of the method to ali-
phatic thiols as well as investigation of transition-metal-cata-
lyzed conditions to establish room temperature thioesterifica-
tion including unactivated ester derivatives.
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