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Transition-Metal-Free Esterification of Thioamides
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ABSTRACT: Herein, we report an exceedingly mild method for direct, transition-metal-free esterification of thioamides through
the selective generation of tetrahedral intermediates. The method represents the first transition-metal-free approach to direct thio-
amide to thionoester transform in organic synthesis. This reactivity has been accomplished through N, N-Boc,-thioamides that en-
gage ground-state-destabilization of the ny—n"c—s conjugation. The ground-state-destabilization of “single-atom” bioisosteric thio-
amides will expand the arsenal of valuable amide bond functionalization reactions.

The direct transformation of carboxylic acid derivatives rep-
resents one of the most fundamental processes in organic syn-
thesis.' In recent years, particular attention has been given to
direct transformations of amides owing to the pivotal role of
amide bonds in chemistry and biology,? where amides repre-
sent the most common functional group in pharmaceuticals
and the key linkages in peptides and proteins.’

In this regard, two generic pathways have been developed,
(1) transition-metal-catalyzed cross-coupling via acyl-metal
intermediates,* and (2) transition-metal-free reactions via tet-
rahedral intermediates (Figure 1A).° Both reactivity frame-
works are underpinned by the development of ground-state-
destabilization concept of the acyclic amide bond,® where the
amidic resonance (15-20 kcal/mol, ny — 7'co conjugation) is
tailored by steric and electronic substitution in common am-
ides.” The transition-metal-free manifold of activating amide
bonds is significantly useful due to inherent advantages of
transition-metal-free reactions, such as operational-simplicity,
scalability, the use of readily-available and non-toxic reagents
as well as the environmental and practical benefits.®

In contrast to amide bonds, the direct activation of thioam-
ides has been a major challenge. Thioamides represent the
closest amide bond bioisosteres in the strictest sense, where
the replacement of the N-C(O) linkage with its N-C(S) coun-

terpart brings about important structural and electronic altera-
tions (Figure 1B).’ As a consequence, thioamides have found a
host of major applications in organic synthesis'® and medicinal
chemistry,!" including as conformational probes,'”> pho-
toswitches,'® coordination complexes,'* and bioactive mole-
cules.”® However, the direct addition to the thioamide bond is
even more challenging than to amides due to higher barrier to
rotation around the N-C(S) bond vs. N-C(O) bond (by ap-
proximately 5-7 kcal/mol).!® The difficulty of the direct addi-
tion to the thioamide bond is highlighted by the fact that the
rate of hydrolysis of planar thioamides is ten-times slower
than that of corresponding amides, which itself is regarded as
an exceedingly slow process in organic synthesis.
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B C. Transition-metal-free esterification of thioamides: this study
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Figure 1. Context of this work: direct esterification of thioamides by N—
C(S) activation.

Within our program on amide bond activation'’, herein, we
report a mild method for direct, transition-metal-free esterifi-
cation of thioamides through the selective generation of tetra-
hedral intermediates (Figure 1C). The method represents the
first transition-metal-free approach to direct thioamide to thio-
noester transform in organic synthesis. The challenge of direct
esterification of thioamides has been addressed through the
implementation of N,N-Boc,-thioamides that engage ground-
state-destabilization of the nn—m’c=s conjugation. The method
is characterized by broad scope and excellent functional group
tolerance inherent to transition-metal-free protocols. We have
demonstrated the potential of this mild esterification in late-
stage functionalization. We anticipate that the ground-state-
destabilization of bioisosteric thioamides will expand the arse-
nal of valuable amide bond functionalization reactions.

In particular, the present method permits for thioamide to
thionoester disconnection, while the classical methods involve
the use of Lawesson’s or Curphey’s reagents for ester to thio-
noester disconnection.'® More generally, the method represents
the first transformation of thioamides to thionoesters, demon-
strating that ground-state-destabilization of thioamides is suit-
able for oxygen nucleophiles.® Thionoesters are broadly useful
intermediates in organic synthesis.”'® The reaction is signifi-
cantly more challenging than transamidation owing to the
lower nucleophilicity of alcohols.>*!¢

Our studies commenced with optimization of the reaction
between N,N-Boc,-thiobenzamide (1a) and 4-methoxyphenol
(2a) (see SI). After very extensive optimization, we estab-
lished that the combination of K;PO, as a base and THF as a
solvent provided optimal results, affording the desired thionic

acid ester in 98% yield at room temperature. It is worthwhile
to note that THF was found superior to other solvents, includ-
ing CH;CN, CHxCl,, EtOH, hexane, CHCl; and toluene. Fur-
thermore, a decrease of the reaction yield was observed at
higher temperatures. Moreover, the crucial importance of
K3PO4 was highlighted by the fact that other bases, including
K»COs, NaOrBu, NaHMDS, NaOH, Et;N, Na,CO;, KOH,
provided inferior results. Finally, it should be noted that the
N,N-Boc;-thiobenzamide is prepared directly from the corre-
sponding 1° thioamide by a site- and chemoselective ferz-
butoxycarbonylation process, which enables to engage generic
thioamides in this mild esterification.

With the optimized conditions in hand, the scope of this
novel esterification method with respect to the phenol compo-
nent was examined (Scheme 1). As shown, we found that the
reaction is broad in scope and readily tolerates various elec-
tronically-differentiated alcohols. As such, electron rich (3a),
electron-neutral (3b), alkyl-substituted (3¢—3d) and conjugated
biaryl (3e) phenols afforded the desired thionoesters in excel-
lent yields. Furthermore, halogen substitution was well-
compatible (3f-3h), including even sensitive chloro and bro-
mo functionalities that would be problematic in transition-
metal-catalyzed protocols and provide handles for further
derivatization. Finally, more sterically-demanding phenols
could also be employed as demonstrated by 1-naphthol, fur-
nished the desired product in 94% yield (3i).

Next, the scope with respect to the thioamide component
was evaluated (Scheme 2). The critical aspect is the availabil-
ity of N,N-Boc,-thioamides from the corresponding benzthio-
amides. We established that this esterification method is com-
patible with electronically-differentiated thioamides, such as
electron-rich (3j), alkyl-substituted (3k-31) and halogen-
substituted (3m-3p) thioamides. It is noteworthy that even
very sensitive halides, such as chloro (3m), bromo (30) and
iodo (3p) are compatible, albeit in slightly decreased yields.
Finally, we found that the reaction is not limited to electron-
rich thioamides and also encompasses challenging electron-
deficient thioamides, such as 4-CF; (3q), that are prone to N—
Boc deprotection.

Having established the scope of this novel esterification re-
action using aromatic alcohols, we next became intrigued to
test aliphatic alcohols as substrates in this process (Scheme 3).
Although the standard conditions used for aromatic alcohols
proved unsuccessful, we found that the combination of
KHMDS as a base and THF as a solvent at 50 °C proved suit-
able for esterification with aliphatic alcohols (see SI). We
were pleased to find that these conditions were general and
accommodated various aliphatic alcohols. As such, simple
aliphatic alcohols (4a—4b), B-branched (4¢), more sterically-
demanding o-branched (4d—4e) and long aliphatic chain alco-
hols (4g—4j) performed well in this reaction. Furthermore,
activated benzyl (4k) and even bromo-substituted (41) could be
employed as well, providing the thionoester products in high
yields. It is worth noting that meta-substitution in both phenol
(3K, 31) and thioamide (3u) component is well-tolerated. Of
note, these substrates contain sensitive functional groups, such
as formyl and bromide. Furthermore, ortho-substituted phenols
are well-tolerated (3j, 3v, 3aa). In contrast, ortho-substituted
thioamides are not compatible due to steric hindrance. At pre-
sent, aliphatic thioamides are not tolerated. These reactions
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result in recovery of starting materials. Likewise, tertiary alco-
hols are not tolerated, resulting in decomposition. Nitrogen
nucleophiles are also suitable for the reaction manifold involv-
ing ground-state-destabilized thioamides.* Carbon nucleo-
philes have not been tested at present; however, precedents
from the twisted amide chemistry are known.*

We performed late-stage functionalization of complex alco-
hols to highlight the synthetic utility of this process (Scheme
4). In the event, the reaction of eugenol, a fragrance containing
allyl bond (3r), as well as estradiol, a steroid hormone con-
taining aliphatic and aromatic alcohols (3s), and ethinylestra-
diol, an estrogen drug containing sensitive propargyl alcohol
and terminal alkyne (3t), proceeded in good to high yields
demonstrating the potential use of the method in derivatization
of complex substrates. The reactions using KHMDS resulted
in decomposition. Notably, (3s) and (3t) were fully character-
ized by x-ray crystallography, confirming the chemoselective
esterification of the aromatic alcohols (vide infra).
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“bSee Scheme 1.

Considering the versatility of the method, we also tested the
capacity of N,N-Boc, thioamides to participate in direct thi-
oesterification (Scheme 5). Pleasingly, the ditioester product
(6) was formed, showcasing that the approach could be used
for a thioamide-to-S-thioester transform.

Scheme 3. Alcohol Scope of the Esterification of N,/N-Boc,-
Thioamides “*
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3



Scheme 4. Late-Stage Functionalization
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To assess the scalability, the reaction was performed on a
gram scale (Scheme 6). Gratifyingly, the reaction afforded the
desired product in 84% yield without any modification, attest-
ing to the scalability of the protocol.

Mechanistic studies were performed to gain insight into the
selectivity of this method (Scheme 7). First, by subjecting
different N-Boc thioamides, we established than N,N-Boc,
thioamides are preferred substrates (Scheme 7A). This finding
is consistent with the high amidic resonance of the thioamide
bond requiring double N,N-Boc,-activation. From the synthet-
ic standpoint, this reactivity enables for selective functionali-
zation of 1° thioamides. Next, competition experiments were
conducted (Scheme 7B—7E). We found that electron-deficient
thioamides were inherently more reactive (4-CF;:i4-t-Bu =
71:29) (Scheme 7B). This is consistent with the relative elec-
trophilicity of the thioamide bond. Furthermore, electron-rich
phenols were found to react preferentially using K3PO4 condi-
tions (4-MeO:4-F = 80:20) (Scheme 7C). This is consistent
with addition-deprotonation mechanism under these condi-
tions. In contrast, electron-deficient phenols and aliphatic al-
cohols were found to be more reactive under the KHMDS
conditions  (4-F:4-MeO  >95:5) (Scheme 7D) and
(nPrOH:PhOH >95:5) (Scheme 7E), consistent with deproto-
nation-first mechanism under these conditions.

Scheme 5. Thioesterification of V,N-Boc,-Thioamides
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This divergence represents a rare example of synthetically
useful selectivity control by the choice of reaction conditions
in the direct addition to amide derivatives. This reactivity
could be exploited in selective esterification using the natural-
ly-occurring 4-hydroxybenzyl alcohol (gastrodigenin), which
underwent selective reactivity at the aromatic oxygen, and
naturally-occurring 2-methoxyhydroquinone 2,5-
dihydroxyanisol), which reacted selectively at the more elec-
tron-rich oxygen (Scheme 8). The higher reactivity of aro-
matic alcohols is consistent with deprotonation/addition mech-
anism and the reactivity of more nucleophilic oxygen in these
cases. The reaction mechanism is consistent with the nucleo-
philic addition to the activated thioamide bond to furnish tet-
rahedral intermediate and collapse.'”

Scheme 8. Chemoselective Esterification
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In conclusion, we have reported the first direct, transition-
metal-free esterification of thioamides through the selective
generation of tetrahedral intermediates. The method represents
a selective thioamide to thionoester transform by engaging
N,N-Boc;-thioamides to enable ground-state-destabilization of
the thioamide bond. The potential of this mild esterification
was highlighted by the broad scope involving aromatic and
aliphatic alcohols. We demonstrated the utility of this method
in the direct late-stage functionalization of complex molecules.
We expect that the concept of ground-state-destabilization of
thioamides as the closest amide bond bioisosteres will enable
direct derivatization of thioamides in organic synthesis.
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