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Abstract: Hydration reactions consist of the introduction of a molecule of water into a chemical
compound. This process is a particularly useful method to allow, for instance, the conversion of
alkynes into carbonyls, which are strategic intermediates in the synthesis of a plethora of
compounds. Herein we demonstrate that L-cysteine can catalyse the hydration of activated
alkynes in a very effective and fully regioselective manner to access 3-ketosulfones, amides and
esters in aqueous conditions. The mild reaction conditions facilitated the integration with enzyme
catalysis to access chiral B-hydroxy sulfones from the corresponding alkynes in a one-pot
cascade process in good yields and excellent enantiomeric excess. These findings pave the way
towards establishing a general method for metal-free, cost-effective, and more sustainable alkyne
hydration processes.

Introduction: Carbonyl compounds play a pivotal role in organic chemistry due to their
remarkable synthetic versatility, serving as fundamental building blocks for a wide range of
industrially relevant chemicals that we encounter in our daily lives. Among the different strategies
employed to access this moiety, the addition of water to alkynes, known as alkyne hydration,
stands out as a straightforward and atom-economical method.(7) Since Kutscheroff's discovery
in 1881, which demonstrated that Hg salts can catalyse the hydration of alkynes under mild
conditions,(2) significant progress has been made employing catalytic strategies (Fig.1A).(3)
Transition metal species have emerged as key catalysts,(4) with special emphasis in recent years
on Au salts due to their high capability to activate triple bonds, selectivity and ability to operate
under mild conditions.(5-8) Particularly, significant progress has been achieved in the hydration
of activated alkynes using Au species to obtain highly valuable a-functionalised ketones.(9-16)
Despite these remarkable advances, these methods rely on the use precious metals, which are
expensive, scarce and unsustainable. Moreover, these processes typically involve the extensive
use of large amounts of oil-derived organic solvents and exhibit a lack of regioselectivity, leading
to laborious downstream processes and low yields. Therefore, there is a pressing need to explore
metal-free alternatives for this transformation from both economic and sustainability perspectives.
The discovery and development of such alternatives would offer a potential substitution for
existing methods and would allow the mitigation of the environmental impact associated with
transition metal-based chemistry. In the pursuit of metal-free strategies, the use of catalytic
amounts of different acids has also been extensively implemented.(3, 77) Examples include the
use of trific acid and other Brgnsted acids such as ftrifluorosulfonimide to hydrate non-
functionalised alkynes,(78) tetrafluoroboric acid to access a-halomethylketones,(79) or the use of
anion exchange resins.(20) Generally, high temperatures and harsh reaction conditions are
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required which leads to low functional group compatibility. Furthermore, some enzymes can also
catalyse the addition of water to alkynes. For instance, the acetylene hydratase from Pelobacter
acetylenicus is a tungsten iron-sulfur protein that catalyses the non-redox conversion of acetylene
to acetaldehyde.(27—-23) The restricted substrate scope of this enzyme significantly diminishes its
general applicability in synthetic chemistry.

In the last two decades, the use of small organic molecules such as amino acids as catalysts —
known as organocatalysis — has emerged as a powerful technology in organic chemistry to
provide access to a broad variety of functional groups, in many cases under sustainable
conditions.(24—-29) Here, we present a highly regioselective and efficient approach to produce [3-
ketosulfones, amides and esters from the corresponding alkynes via hydration using L-cysteine
as the catalyst under aqueous and mild reaction conditions.

A. General catalytic hydration of alkynes Limitations of current technologies
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Fig. 1. Strategies for the catalytic hydration of alkynes. (A) General scheme of the
incorporation of a water molecule (i.e., hydration) into alkynes to form carbonyl compounds
through different catalytic strategies. (B) In this work, the use of catalytic amounts of L-cysteine
to effectively hydrate activated alkynes to access 3-ketosulfones, amides and esters is reported.

Results and discussion: Alkynes are important platform chemicals in synthetic chemistry as
they serve as starting materials to produce a variety of functional groups.(77, 30, 37) In our
continuous search for novel biocatalytic methods to functionalise activated alkynes under mild
conditions, we detected an unexpected side product when alkynylsulfone 1a(l) was incubated
under aqueous conditions in the presence of an oxidoreductase. Upon careful analysis, this
product was identified as the hydration product, the corresponding B-ketosulfone 2a(l), albeit at a
low yield. Control experiments using bovine serum albumin (BSA) confirmed the unspecific
character of the reaction, observing a 40% conversion to 2a(l) (Scheme S8). To gain deeper
insight into this unexpected result, an amino acid screening to investigate the potential
involvement of specific amino acids was conducted. We were pleased to find that, when
employing a large excess (7 equiv.) of histidine and cysteine, 16% and 19% conversions to the
hydration product were detected after 5 h., respectively (Table S1). Encouraged by these results,
further optimisation involving temperature and pH studies was performed (Fig 2, full study in
tables S2-S4), finding that both amino acids enable this reaction below stoichiometric ratios at pH
8 and 50 °C. However, L-Cys proved to be a more effective catalyst, and the reaction was found
to proceed in full conversion at pH 9.5 and 50 °C at only 10 mol% loading. With the optimised
conditions in hand, we started an in-depth exploration of the reaction scope. Initially, our focus

2

https://doi.org/10.26434/chemrxiv-2024-ks8ps ORCID: https://orcid.org/0000-0002-3364-1512 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-ks8ps
https://orcid.org/0000-0002-3364-1512
https://creativecommons.org/licenses/by-nc-nd/4.0/

10

15

20

was directed towards the catalytic hydration of a range of structurally diverse alkynylsulfones 1a-
g, categorised as type | (methylsulfones) and Il (phenylsulfones) according to Figure 2.

Concerning B-ketomethylsulfones 2a-c(l), important intermediates in the synthesis of active
pharmaceutical ingredients such as apremilast, we achieved quantitative conversions across all
instances employing 10 mol% of L-Cys at a temperature of 50 °C with yields ranging from
moderate to good (51-68%). Regarding the access to B-ketoarylsulfones 2a-c(ll), we were
motivated by their potential as 113-HSD1 inhibitors.(32, 33) Following a modified protocol
reported by Capaldo et al.,(34) we successfully prepared a series of alkynylphenylsulfones 1a-
g(ll) in good yields and subjected these substrates to organocatalytic hydration. Notably, we
achieved remarkable conversions even when dealing with compounds featuring alkyl
substituents, such as the instances of 2¢(ll) bearing a pentyl group and 2d(ll) incorporating a
cyclohexyl moiety. Using 10 mol% L-Cys at 50 °C, 2¢(ll) and 2d(ll) were obtained in 78 and 70%
isolated yields, respectively. Hydration of arylalkynes presenting both electron-withdrawing and
electron-donating groups 1e-g(ll) proved to be more challenging. For instance, a 3% conversion
was only obtained after 24h using 10 mol% L-Cys in the hydration of p-CFs-phenylalkyne 1f(ll).
Higher temperatures led to the formation of several side products, therefore higher catalyst
loadings were studied instead (Fig S9). Using 40 mol% L-Cys, a 54% conversion to 2f(ll) was
observed. Similar behaviour was observed for both m-MeO 2e(ll) and p-Br 2g(ll) derivatives,
finding low conversion values after 24h using 10 mol% catalyst. Good to excellent conversions
were found at higher loadings and temperatures, affording 2e(ll) and 2g(ll) in 60 and 57% isolated
yields, respectively (40 mol% L-Cys, 50 °C).

Initial investigations
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1 700 40 7 45
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0%9 j: 00 3 700 40 8 86
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Fig. 2. L-Cys-catalysed hydration of alkynylsulfones. Initial investigations, optimisation, and
scope of the cysteine-mediated organocatalytic hydration of alkynylsulfones. Deviations from
standard conditions are in bold.

Extended scope

These results prompted us to further explore this transformation by studying the hydration of other
activated alkynes. Firstly, a diverse range of alkynes containing a variety of electron-withdrawing
moieties, including carbonyls such as aldehyde, ketone, ester, amide and acid, as well as nitrile
and chlorine as weak activators were screened. Employing stoichiometric L-Cys under optimised
conditions (i.e., 100 mM KPi pH 9.5 buffer, 50 °C, 10% vol. EtOH), we successfully identified the
formation of the corresponding hydration products for both esters and amides. Unfortunately, no
reaction was observed for the remaining tested scaffolds, and in the case of 3-
phenylpropionaldehyde, it resulted in the decomposition of the starting material. Subsequently,
we proceeded to explore the potential for B-ketoester and B-ketoamide synthesis through the
means of organocatalytic alkyne hydration (Fig. 3). We initially studied the hydration of
commercially available 3-phenylpropiolamide 3a(lll), but initial attempts using a 10 mol% catalyst
at 50°C yielded no conversion to the desired p-ketoamide 5a(lll). In response, we increased the
catalyst loading to 20 mol%, resulting in a modest 14% conversion to 5a(lll). To optimise the
reaction conditions further, we explored the impact of temperature (Fig. S11). To our delight, we
observed excellent conversions at 80°C, ranging from 78% to over 99%, achieving an impressive
98% vyield of the desired product at a 0.3 mmol scale. Then, we expanded the study to include a
diverse range of N-substituted 3-phenylpropiolamides 3a(IV-IX) synthesised from 3-
phenylpropiolic acid incorporating aliphatic, cyclic, and aromatic amines. Remarkably, in the case
of the pyrrolidine derivative 3a(V), no starting material was detected after 24h, obtaining 5a(V) in
70% isolated yield. Piperonylamine derivative 3a(VIIl) was also converted into the corresponding
B-ketoamide 5a(VIIl) in good conversion under the same reaction conditions (77% conversion,
62% isolated yield). We then attempted the catalytic hydration of Weinreb amide 3a(lV). These
compounds are important intermediates that offer access to a broad range of functional
groups.(35, 36) Initially, a complex mixture of products was observed under standard conditions.
However, by optimising the reaction parameters with lower temperatures and higher catalytic
loadings (70 °C, 40 mol%) we were able to obtain 5a(lV) in good yield (73%). Similarly, higher L-
Cys loadings were necessary to obtain high conversion rates for aryl and aliphatic amides,
affording 5a(VI) and 5a(VIl) in 73 and 68% vyields, respectively. Notably, the aliphatic derivative
5b(VIIl) demonstrated excellent conversion and regioselectivity, resulting in the isolation of the
corresponding B-ketoamide 5b(VIIl) with a 72% yield. Unfortunately, no product formation was
observed when testing the amino acid derivative 3b(IX) under these conditions. A preparative
scale reaction to test the synthetic applicability was performed starting from 10 mmol (2 g) of
3a(lV) isolating 1.15 g of 5a(V) (53% isolated yield).

We next turned our attention towards B-ketoesters which are fundamental synthons in organic
chemistry.(37-39) Preliminary experiments starting from commercially available methyl ester
4a(X) using stoichiometric catalyst showed that L-Cys can also facilitate this transformation.
However, under catalytic conditions (pH 9.5, 50 °C, 10 mol% L-Cys), 3-phenylpropiolic acid was
detected as the sole product. As a result, we prepared a series of aliphatic esters in increasing
order of resistance to alkaline hydrolysis. The isopropyl derivative 4a(XIl) emerged as the most
promising substrate and, after a thorough optimisation (Figs S12 and S13), catalytic alkyne
hydration was achieved with an impressive >99% conversion rate, employing 40 mol% L-Cys at
70°C while yielding negligible amounts of 3-phenylpropiolic acid. In this manner, the
corresponding B-ketoester 6a(Xll) was afforded in 76% isolated yield. Furthermore, these
optimised conditions also enabled the synthesis of the octyl derivative 6b(XIl) in a remarkable
82% isolated yield.
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Fig. 3. B-ketoamide and B-ketoester synthesis via organocatalytic hydration of activated
alkynes. Conversions determined by 'H-NMR over the reaction crudes after 24h. Isolated yields
after flash chromatography purification.

Mechanistic investigations

To shed light on the possible reaction pathway, we carried out mechanistic studies beginning with
isotope labeling experiments whereby alkynylsulfone 1a(l) was subjected to hydration using H,O®
and stoichiometric L-Cys, resulting in 2a(l) obtained with high '®0 incorporation. Complementary,
no difference in conversion rate was found when the reaction was performed under N
atmosphere, which is consistent with the expected oxygen atom transfer from water to the
substrate. We next sought to identify possible reaction intermediates. Considering that the
addition of sulfides to alkynes is well-documented,(715, 40, 41) we hypothesised that the initial
step involves the addition of cysteine to the triple bond via the thiolate moiety, which is consistent
with the pH dependency observed during the reaction optimisation studies (Table S3). We next
probed the role of both acid and amino groups in the mechanism (Fig 4A). Control experiments
using 10 mol% N-acetyl-Cys and Cys-OMe resulted in a significant drop in conversion (26 and
51% respectively). Interestingly, cystamine was found to catalyse the reaction with a 65%
conversion rate, whereas no product was detected when 3-mercaptopropionic acid was
employed. These results strongly suggest the vital contribution of the amino group to the
mechanism. Notably, when homocysteine was employed as the catalyst, a substantial decrease
in conversion was observed. This observation hints at the involvement of a 5-membered
thiazolidine ring intermediate. Given that thiazolidine hydrolysis has previously been reported to
yield carbonyls,(42—44) we propose the following reaction mechanism (Fig 4B) in which, upon
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thiol 1,4-addition to 1a(l) to form a vinyl sulfide intermediate A, intramolecular Michael addition
involving the amino group leads to the formation of thiazolidine intermediate B. Subsequent ring
opening yields the corresponding imine intermediate C which ultimately undergoes hydrolysis to
yield the final hydration product 2a(l).

0 0O 0 !
(A) W cat. 10 mol% ' (B) o] 00
S !
P : ph)J\/so,Me | M__so,me s
Bh NaPi buffer pH 9.5 ! Ph o / ~
1a(l) EtOH 10 %viv 2a(l) I 2a(l) S) © Ph . @
0 50 °C, 24h : s o 1a(y "

HS/%OH E hydrolysis NH, 1,4-addition
- NH, ,3 o
e -
S?/EOO@ OOC\EN'_D
N C s
|

5/\/NH1

NMR conversion (%)
[
o

=
o

o SO;Me

Fig 4. Proposed mechanism. (A) Catalytic performance of different species. (B) Proposed
mechanism for the L-Cys mediated catalytic hydration of activated alkynes.

A chemoenzymatic cascade to access chiral B-hydroxy sulfones.

Cascade processes involve the combination of several synthetic steps within the same reaction
vessel, avoiding the need for intermediate isolation and purification. The main advantage of this
strategy is that it enables the construction of synthetic complexity with simpler setups.(45-49)
With our broad experience in the construction of chemoenzymatic cascades by merging chemical
and enzyme catalysis,(46, 50, 51) and considering the mild reaction conditions of the L-Cys-
mediated alkyne hydration, we envisaged that the organocatalytic reaction could be combined
with an enzyme-mediated asymmetric reduction process to access chiral 3-hydroxy sulfones,
which are important building blocks in the synthesis of different APIs such as apremilast and
bicalutamide. Based on our previous report on the chemoenzymatic oxosulfonylation-bioreduction
process combining catalytic amounts of FeCls and ketoreductases (KREDs),(52) several KREDs
from commercial sources and our in-house collection were selected and explored for the one-pot
concurrent process, in which all reaction components are added at once. To our delight,
commercial KREDs P1-B02 and P1-B05 from Codexis and the ADH from Ralstonia sp. (RasADH)
yielded promising results at 40 °C, with (R)-11a(l) obtained in 32, 52 and 67% conversions,
respectively. In all cases, (R)-11a(l) was obtained in >99% ee. We further explored temperature
optimisation using RasADH, which led to enhanced conversion rates, reaching 79% at 45 °C
(Table 1 Entry 6). However, attempting the reaction at even higher temperatures (Entry 7) resulted
in no product formation, likely due to protein denaturation. Given the non-specific nature of the
reaction, we contemplated the potential of RasADH to mediate both reactions concurrently.
Remarkably, employing this single catalyst in a two-step one-pot process yielded (R)-11a(l) in
>99% ee (Entry 5). However, the process did not proceed as effectively observing a modest 34%
conversion to the final product. Under a sequential set-up, full conversion to (R)-11a(l) was
obtained using P1-B05 (Entry 4). Concerning anti-Prelog KREDs, KRED-119 and KRED-P2-B02
exhibited promising results, observing (S)-11a(l) in >99 and 70% ee, respectively. Unfortunately,
a 44% conversion to the product was only observed for KRED-P2-B02 under concurrent
conditions (Entry 10), while KRED-119 showed complete inactivity in this setup. A sequential
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approach was implemented instead using KRED-119, obtaining (S)-11a(l) in full conversion and
>99% ee (Entry 15).

One-pot concurrent cascade to access chiral -hydroxy sulfones

Qé,-o @ KRED
) % - AR

O oo
P
Py via |~ N
Uy Sapummpre L [
y a(l) T o vel. 7 (R-1a(l) T (S)-Ma(l) 7 2a(l)
Entry KRED mode T(°C) 1a(l) (%)? 2a(l) (%)? 11a(l) (%)? ee (%)°
1 RasADH C 40 30 3 67 >99 (R)
2 KRED-P1-B02 C 40 63 5 32 >99 (R)
3 KRED-P1-B05 C 40 44 4 52 >99 (R)
4 KRED-P1-B05 S 40 <1 <1 >99 >99 (R)
5¢ RasADH C 40 57 8 34 >99 (R)
6 RasADH C 45 20 2 79 >99 (R)
7 RasADH C 50 <1 >99 <1 n.a.
8¢ RasADH C 45 18 23 58 >99 (R)
9 KRED-119 C 40 3 95 2 n.a.
10 KRED-P2-B02 C 45 a1 5 a4 70(S)
11 KRED-119 5 45 <1 32 68 >99 (S)
12 KRED-P2-B02 5 45 <1 <1 >99 70(S)
13 LbADH 5 45 <1 82 18 79 (S)
14 evo.1.1.200 S 45 <1 >99 <1 n.a.
15 KRED-119 5 50 <1 <1 >99 >99 (S)
16¢ KRED-119 5 45 <1 64 36 99 (5)

Conditions: 10 mol% L-Cys, 20 mM substrate concentration. C: concurrent. S: sequential. 2 Determined by GC-FID and 'H-
NMR analysis. ® Determined by HPLC using Chiralpak AD-H chiral column. ¢ no L-Cys. ¢ 15% vol. EtOH.

Table 1. One-pot cascade combining L-Cys-catalysed hydration of alkynylsulfones
5 followed by a bioreduction step.

In summary, we have found that L-Cys enables the incorporation of a molecule of water into
activated alkynes in a very effective manner. This groundbreaking discovery brings significant
advantages in terms of both economics and sustainability. At a mere cost of less than €0.5 per

10 gram of catalyst, this approach exhibits significant promise as a more economical and
environmentally friendly alternative to existing strategies. The synthetic potential is demonstrated
through the successful preparation of a wide array of B-ketosulfones, amides and esters in good
to excellent yields. Moreover, the bio-compatible conditions also facilitate the effective integration
with ketoreductases, allowing streamlined access to synthetically relevant chiral B-hydroxy

15 sulfones from the corresponding alkynes in a two-step one-pot process. We believe our results
will inspire the search for novel catalytic species to develop metal-free strategies for general
alkyne hydration under mild reaction conditions.
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