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1,4- and 1,5-diketones are remarkable structures in different fields as they serve as precursors of many
valuable derivatives such as heterocycles and they are also present in the skeleton of a wide variety of
natural products and biologically active compounds. Herein, we propose a novel and general methodology
that combines the use of both Weinreb and gold chemistries under mild conditions. Thus, starting from
pent-4-ynoic or hex-5-ynoic acid, the corresponding Weinreb amides were efficiently obtained, and then
after the reaction with a suitable Grignard reagent, a series of alk-4-yn-1-ones and alk-5-yn-1-ones were
synthesized in high to excellent yields (74-94%). Later, these compounds were hydrated using the gold()
catalyst JohnPhosAuCl and the additive NaBAr™, at very low loadings in an aqueous medium and at mild
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temperature, affording the desired dicarbonylic derivatives at high extent (92-98%). This method was also
applied to various aliphatic 1,m-diynes, which were transformed into the corresponding diketones (88-
93%). Due to the mildness of this reaction, it could be combined with different biocatalysts in a one-pot

DOI: 10.1039/d5cy00107b
sequential or concurrent approach to access a valuable tetrahydropyridine (1 g scale, 94% isolated yield,
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Introduction

1,4-Diketones’ - also known as v-diketones - and
1,5-diketones® - also known as &-diketones - are considered
as privileged scaffolds since they are present in numerous
natural products and bioactive molecules. Moreover, they are
precursors of several valuable and diverse compounds such
as heterocycles as a result of their high synthetic versatility.**
Due to this prominence, many different chemical approaches
have been described to obtain these derivatives." Among
them, few have been recurrently pursued (Fig. 1a) such as
the (i) organocatalytic Stetter reaction,”® (ii) the metal-
catalyzed addition of an enolate or a silyl enol ether to the
enol form of a carbonyl moiety through oxidative coupling or
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>99% ee) or a relevant diol (200 mg scale, 88% isolated yield, >99% ee, >99% de).

to an a,B-unsaturated ketone via the Michael addition,””® and
(iii) (photochemical) radical C-C formation.”™* However,
some of these methods have several drawbacks including the
use of high catalyst loadings or toxic metal species,
hazardous reaction conditions and sophisticated setups, low
atom economy and efficiency, and the generation of highly
reactive intermediates that reduce the selectivity and
productivity of the process. In this context, it is surprising
that the hydration of (di)alkynes to produce diketones has
been largely overlooked."*"*

Based on the synthetic possibilities of gold catalysis and
its suitability to combine with biocatalysis in cascade
transformations,">® we have envisioned the design of metal-
enzymatic routes to valorize carbonyl derivatives obtained
after gold-catalyzed hydration reactions. Biocatalysis has
demonstrated to be a powerful tool to access valuable natural
products  like  alkaloids'®?° or  nitrogen-containing
heterocycles,®** and also different chemoenzymatic
approaches have been considered to obtain these
derivatives.>®> A nice example is the combination of well-
implemented chemical methods with enzymes to obtain
chiral and highly appealing disubstituted 2,5-pyrrolidines and
2,6-piperidines,> starting from 1,4- and 1,5-diketones,>**
respectively. These processes usually occur through the
monoamination of one of the ketone groups, forming a
Al-pyrroline or a Al-piperideine intermediate after

Catal. Sci. Technol,, 2025, 15, 5055-5065 | 5055


http://crossmark.crossref.org/dialog/?doi=10.1039/d5cy00107b&domain=pdf&date_stamp=2025-08-23
http://orcid.org/0000-0002-9998-0656
http://orcid.org/0000-0003-4857-4428
https://doi.org/10.1039/d5cy00107b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cy00107b
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY015017

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 1404. Downloaded on 25/12/1404 08:44:15 ..

(cc)

View Article Online

Paper Catalysis Science & Technology
a) OSIR, OR ° c)
1 J\ or g i\ {k Mg Iridium
5 Palladium Platinum
ensted C
addition of enolates acids Ruthenium
fo carbony! compounds \ /
L, O O U D e
U R? o 3
e NS i R_% # 0% — &\E
' <: + HH
0 ®
umpolun radical C-C
/Q/U\R ma‘zionsg formation N
U - 100% atom economy Gold - outstanding activity
(dijalkyne - thermedynamically faveured = very mild reaction conditions
hydration - regiccomplementary approaches - aquecus media compatibility
B " '56&'};3!'336&'9'6!':&?;5:3:3&6? ...........................
Aucatalyzed
PANgC ps T ﬁ U‘(V Z "hyaaton u‘&))\.mi
/() EL,0 ? ° /(\ )\/\1 =23 M= D 1
oo e pn A RSN AN e o (I L e e e
12n ol H ! one-pot concurrent protoco! - simple starting materials
w : OM : - high-yielding reactions

- expensive lactone substrate
« limited tc 1.5-diketones
- 3 enzymes for the amination step

Colour code: - organccatalysis

. photecatalysis

- . Aucatalyzed :
- L — .
: /// /\/ Ll . T\/‘\ -
: H :

metal catalysis

- easily scalable processes
- bmad applicability

szhr

- biccatalysis

cenventicnal chemistry/catalysis

Fig. 1 a) Selected examples of synthetic approaches towards 1,4- and 1,5-diketones. b) Previously described syntheses of a chiral disubstituted
2,6-piperidine through the Al-piperideine intermediate target of this study. c) Types of catalysis to achieve the hydration of alkynes. d) Proposed
methodologies to obtain y- and d-diketones and further applications to one-pot sequential or concurrent chemoenzymatic protocols to synthesize

valuable enantiopure derivatives.

spontaneous cyclization, which afterwards is reduced into
the final enantioenriched heterocyclic product (Fig. 1b).

The addition of a water molecule to a C-C triple bond to
provide a carbonyl derivative is a very useful and studied
synthetic transformation.®® In fact, alkynes are known as
“carbonyl surrogates”,*> being platform molecules for
masking a ketone or an aldehyde when planning a chemical
route. This thermodynamically favoured transformation
occurs with a complete atom economy and can be mediated
by many different catalytic species (Fig. 1c), which can
provide the corresponding regiocomplementary products
(Markovnikov or anti-Markovnikov addition).>**” Since it was
discovered in the 19th century that mercury salts could
catalyze this reaction, several alternatives have been
investigated due to the toxicity of this metal. Among them,
Bronsted acids and metal species from Ru, Rh, Pd, Pt, Ir, and
Cu have demonstrated great versatility.*® In this field, gold(1)
complexes have emerged as a powerful tool since they can
mediate this transformation under very mild conditions with
high efficiency, demonstrating an excellent Markovnikov
preference and chemoselectivity in the presence of other
functionalities.*>*”*° Specifically, N-heterocyclic carbene
(NHC) ligands under acid-free conditions have been shown
to accelerate this reaction at very low loadings and even at
room temperature in aqueous media.**~*?

Herein, we propose a novel methodology to synthesize a
series of interesting linear diketones based on the Weinreb
amide® and gold(1)-catalyzed alkyne hydration chemistries.
This synthetic pathway provides the desired y- and
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d-diketones in very high yields under mild conditions from
simple and accessible starting materials through selective,
straightforward, and scalable transformations. Moreover, due
to the mildness of the metal-catalyzed reaction, its
application in a one-pot chemoenzymatic sequential process
will be exemplified to access relevant enantiopure Al-
piperideine®>***° and pyrrole derivatives (Fig. 1d, top). Also,
starting from commercial 1,o-diynes, a series of diketones
will be accessed through gold(i) catalysis, and in one case, it
will be combined in a concurrent manner with a biocatalyst
(ADH) to synthesize a valuable enantiopure diol**
(Fig. 1d, bottom).

Results and discussion
Synthesis of alk-4-yn-1-ones and alk-5-yn-1-ones

After an extensive survey of the different methods available
for the preparation of alkynones (see Table S17), we selected
the combination of Weinreb and Grignard chemistries to
synthesize the desired compounds. In this method depicted
in Scheme 1a, the first step consists of the Weinreb amide
formation of commercially available pent-4-ynoic acid using a
coupling reagent, followed by the addition of a Grignard
reagent to afford the corresponding alk-4-yn-1-one. Due to
the special reactivity of these amides,” by simply selecting
the adequate nucleophilic reagent (aryl or alkyl), a broad
spectrum of derivatives could be made. Although this
methodology was only described starting from pent-4-ynoic
acid,”>™*’ it was envisaged that by changing it to hex-5-ynoic

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 a) Synthesis of alk-4-yn-1-ones and alk-5-yn-1-ones 1a-o. b) Synthesis of alkynones 1m and 1n. c) Synthesis of alkynone 1lo.

acid, the access towards alk-5-yn-1-ones would also be
straightforward.

The synthesis of the target alkynones could be easily
scaled up (9.3 mmol) and the products were obtained in good
to excellent overall yields (63-96%, Scheme 1a),
independently on the carboxylic acid used as the starting
material, and also worked fine for aliphatic substrates (1b
and 1c) and aryl compounds containing methyl, methoxy,
and halogen atom groups. In the reaction scope,
disubstituted derivatives were included (1m and 1n, 74-76%,
Scheme 1b) as well as a bulkier naphthalene derivative 10
(63%, Scheme 1c). In the specific case of alk-5-yn-1-ones
la-c, they were isolated after simple liquid-liquid extraction
avoiding the utilization of a chromatography column, which
was compulsory for the rest of the derivatives to obtain them
in excellent purity for the hydration step.

Gold-catalyzed synthesis of 1,4- and 1,5-diketones

The next stage was to focus on the synthesis of the desired y-
and §-diketones from the corresponding alk-4-yn-1-ones and
alk-5-yn-1-ones in the previous section. Herein, it is
important to highlight that Au-catalyzed hydration of alkynes
functionalized by carbonyl groups is facilitated by the
assistance of the carbonyl group as reported by different
research groups.*®*®*° To study the gold-catalyzed hydration

This journal is © The Royal Society of Chemistry 2025

step, alkynone 1a was selected as the benchmark substrate,
and a series of gold() catalysts were applied in this
transformation (Table 1). Among them, we can highlight the
employment of commercially available IPrAuNTf, ([1,3-
bis(2,6-diisopropylphenyl)imidazole-2-ylidene][bis-
(trifluoromethanesulfonyl)imide] gold(1)) that has shown to be
very active in the regioselective hydration of terminal alkynes
under very mild reaction conditions.’® We performed these
reactions at 40 °C and in a mixture of water and
2-methyltetrahydrofuran (2-MeTHF), a solvent that can be
derived from natural resources,”’ to improve the substrate
solubility. Hence, different gold catalysts (2.5-5 mol%) were
tried in this transformation (Table 1, entries 1-11). Among
them, PPh;AuCl, BrettPhosAuNTf, and JohnPhosAuNTf, led
to complete conversions towards diketone 2a. In some cases
with other catalysts, a small quantity (<7%) of unknown
secondary products were attained in this reaction. Due to the
excellent result observed with JohnPhosAuNTf, (Table 1,
entry 11), its use in lower loading was attempted (0.5-1
mol%) also finding excellent results (Table 1, entries 12 and
13). At this point, we decided to study the use of chloro[(1,1"
biphenyl-2-yl)di-tert-butylphosphine] gold(1) (JohnPhosAuCl,
311 € per g, Sigma-Aldrich) driven by its lower price in
comparison to AulPrNTf, (450 € per g, Sigma-Aldrich). As
expected, JohnPhosAuCl did not show significant activity due
to the highly coordinating character of the chloride anion

Catal. Sci. Technol., 2025, 15, 5055-5065 | 5057
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Table 1 Influence of the gold() catalysts (species and loading), reaction media and time for the hydration of 1-phenylhex-5-yn-1-one (1a, 100 mM)
o o o ! By Al Na CFs
// Au(l) catalyst (x mol%) i \P/—’Bu N > ;
H,0:2-MeTHF (x:x v/v) W l ° 4 .
1a 40°C, xh 2a : oFy
(100 mM) ! JohnPhosAuC NaBArF, ;
Entry Catalyst (mol%)/additive® (mol%) H,0:2-MeTHF (v/v) t (h) 1a” (%) 2a” (%) By-products” (%)
1 [IPrAu];[PO,] (5) 4:1 24 95 5 <1
2 IPrAuOCS (5) 4:1 24 53 46 1
3 IPrAuOTS (5) 4:1 24 39 61 <1
4 IPrAu(MeCN)BF, (2.5) 4:1 24 58 42 <1
5 IPrAuNTf, (2.5) 4:1 24 <1 97 3
6 IPrAuOTf (2.5) 4:1 24 <1 93 7
7 IPr*AuOTf (2.5) 4:1 24 <1 97 3
8 PPh;AuCl (2.5)/NaBAr", (2.5) 4:1 24 <1 >99 <1
9 BrettPhosAuNTf, (2.5) 4:1 24 <1 >99 <1
10 JohnPhos(MeCN)BF; (2.5) 4:1 24 53 47 <1
11 JohnPhosAuNTf, (2.5) 4:1 24 <1 >99 <1
12 JohnPhosAuNTf, (1) 4:1 24 <1 >99 <1
13 JohnPhosAuNTf, (0.5) 4:1 24 <1 >99 <1
14 JohnPhosAuCl (2.5) 4:1 24 92 8 <1
15¢ JohnPhosAuCl (2.5)/NaBAr", (5) 4:1 24 <1 92 8
16° JohnPhosAuCl (2.5)/NaBAr", (2.5) 4:1 24 <1 96 4
17¢ JohnPhosAuCl (1)/NaBAr", (1) 4:1 24 <1 >99 <1
18° JohnPhosAuCl (1)/NaBAr", (1) 9:1 24 <1 >99 <1
19° JohnPhosAuCl (0.75)/NaBAr", (0.75) 9:1 24 <1 >99 <1
20° JohnPhosAuCl (0.5)/NaBAr", (0.5) 9:1 24 <1 >99 <1
21° JohnPhosAuCl (0.25)/NaBAr", (0.25) 9:1 24 95 3 2
22° JohnPhosAuCl (0.5)/NaBAr", (0.5) 9:1 16 <1 >99 <1
23° JohnPhosAuCl (0.5)/NaBAr",; (0.5) 9:1 8 13 87 <1
24° JohnPhosAuCl (0.5)/NaBAr", (0.5) 9:1 6 30 70 <1
25° JohnPhosAuCl (0.5)/NaBAr", (0.5) 9:1 4 65 35 <1

“ The amounts of the corresponding catalysts and additives (in mol%) appear in parentheses. ” Conversion values were measured by GC
analyses (see Section X in the ESIf). ¢ Both JohnPhosAuCl and NaBAr", were previously dissolved in 2-MeTHF.

(Table 1, entry 14), hindering an adequate action of the metal
catalyst. To improve it, this ion must be previously removed
and substituted by another non-coordinating anion, which
will lead to the formation of a more active species.””

Among the various options that exist in the literature, the
use of sodium tetrakis((3,5-bistrifluoromethyl)phenyl)borate
(NaBAr",) as an additive can be very advantageous due to the
excellent results observed for other transformations,” and
also because of its low price (~4 € per g, BLDpharm). Gladly,
using this pair of components, it was possible to diminish
the Au(i) catalyst loading to 1 mol%, affording exclusively
1,5-diketone 2a (Table 1, entries 15-17).

Since the combination of this protocol with different
enzymatic reactions was envisaged, the quantity of the
organic solvent was reduced from 4:1 to 9:1 v/v (Table 1,
entries 18-21). Under these conditions, we could even reduce
both JohnPhosAuCl and NaBArf, to 0.5 mol%, not
compromising the excellent performance of the process after
24 h. Finally, a time study of the reaction was performed
(Table 1, entries 22-25), observing that at least 16 h were
necessary to reach total conversion towards 2a with excellent
selectivity (Table 1, entry 22).

Once the reaction conditions were optimized, the
substrate scope of this transformation was studied

5058 | Catal Sci. Technol., 2025, 15, 5055-5065

(Scheme 2). Satisfyingly, independent of the substitution
pattern, both alk-4-yn-1-ones and alk-5-yn-1-ones 1la-o (2
mmol-scale, 100 mM) were quantitatively hydrated providing
the corresponding diketones 2a-o in excellent isolated yields
and purity (91-98%) without the need of chromatography
column purification (Scheme 2a), the only exception was ketone
2d (21% yield) that was recovered after simple liquid-liquid
extraction in low yield due to its volatility. As an additional
development of this process, we also tried the gold(i)-catalyzed
hydration on 1,o-diynes 1p-r under the same conditions
(Scheme 2b). The results were again excellent, and diketones
2p-r could be isolated under a chromatography-free set-up in
excellent yields (88-93%). Using this methodology, among the
aliphatic products obtained, it was remarkable that 1,6-diketone
(2q) and 1,7-diketone (2r) could be easily accessed, opening the
door for future applications with other types of substrates.

The synthetic application of some of these diketones is
highlighted in Fig. 2. For instance, starting from 1,5-diketone
2b,*" dihydropinidine, a natural alkaloid found in coniferous
trees, which exhibits antifeedant activity against large pine
weevils, and isosolenopsin (from 2¢),>” an alkaloid secreted
by fire ants, which has demonstrated different relevant
biological activities, were synthesized. 1,4-Diketones have
shown to be excellent molecule platforms for accessing

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 a) Synthesis of y- and &-diketones 2a-o through the Auf(i)-
catalyzed alkyne hydration reaction. b) Synthesis of aliphatic diketones
2p-r starting from 1,o-diynes.

antimycobacterial compounds, such as BM521 (ref. 54)
(obtained from 2g) and BM212 (ref. 55) (synthesized from 2n).
The importance of diketones as synthons has also been
demonstrated, for instance for the synthesis of an allosteric
modulator of the a7 nicotinic acetylcholine receptor (A-867744)
that can be beneficial for, e.g. Alzheimer's disease.’® As a final
example, d-diketone 2k has been described as a precursor of
a-herbertenol,”” a sesquiterpene with antifungal activity found
in a wide variety of liverworts.

Application of the hydration reaction to chemoenzymatic
protocols

The design of one-pot sequential or concurrent
chemoenzymatic protocols has become a valuable synthetic
tool to enhance the productivity of a synthetic route, while
diminishing the time, energy, resources and waste due to the
avoidance of intermediate isolation and purification
steps.'®*%7%3 In recent years, gold chemistry and biocatalysis
have been successfully merged to synthesize relevant
enantioenriched compounds.'”'® Obviously, the main

This journal is © The Royal Society of Chemistry 2025
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1,4- and 1,5-diketones synthesized in this study. In blue is the part of
the molecule that is directly derived from the target dione.

problem when carrying out these transformations has been
finding adequate conditions to couple both catalyst actions.
For instance, when applying gold(i) or gold(u) salts in the
reaction medium, with few exceptions,®"®® the protocol was
performed in a sequential manner as the pH, the
temperature or the reaction media were not compatible.®®™°
Different breakthroughs have been followed to overcome this
issue such as the employment of compartmentalization
techniques like gold encapsulation,”®”* micelle formation,”
(modular) catalyst(s) immobilization, or the use of gold-
enzyme biohybrids.”®

Also, the utilization of stable NHC-Au(i) complexes has
allowed the development of concurrent processes in aqueous
media using oxidoreductases such as alcohol dehydrogenases
(ADHs)’*”77 and ene-reductases,® however, in the case of
amination enzymes such amine transaminases (ATAs),"”*"%* a
sequential mode was compulsory due to the cross-reactivity
between the gold catalyst and the amine donor necessary for
the ATA.** Thus, having on our hands an appropriate method
to obtain diketones, we envisaged the combination of our
gold(1)-catalyzed method with two different types of enzymes to
synthesize (28)-2-methyl-6-phenyl-2,3,4,5-tetrahydropyridine
[(S)-3], 2-methyl-5-( p-tolyl)-3,4-dihydro-2H-pyrrole (4a)
enantiomers, 5-(4-chlorophenyl)-2-methyl-3,4-dihydro-2H-
pyrrole (4b) enantiomers and (2S,55)-hexane-2,5-diol [(2S,5S)-5]
(Scheme 3).

In the first case, starting from alkynone 1a and after the
hydration process, an ATA would be necessary to achieve the
regioselective monoamination of the diketone intermediate
2a, which after spontaneous cyclization, would provide the
desired product. Previous attempts to synthesize this
compound and others similar ones presented some
drawbacks (Fig. 1c),>>***° such as the high price of the

74,75
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/O \\\ ADH-A (200 mg), NAD* (1 mM) Y\/‘\
SN /\\\ 2-MeTHF (10% viv)

2-PrOH (10% viv) OH
H,0 (80% v/v)
40°C, 24 h

(5)-3 1p, 200 mg

(100 mM)

(25,58)-5

o
943 mg 88% yield

265 mg
>99% ee >99% ee and >99% de

ATA-025
(2 mg) ~ (R)-4a,b
E—— N 67-73% conversion
R >99% ee

(analytical scale)

2-PrNH, (1 M) E. colil/ArS-ATA y
PLP (1 mM) (100 mg) N ss(»gs)a;oa}:;ld
.
30°C, 24 h, 220 rpm " N 120-122 mg

>99% ee
(semipreparative scale)

Scheme 3 Au()-ATA one-pot combinations: a) synthesis of tetrahydropyridine (S)-3 on a preparative scale through a sequential approach. b)
Access to dihydropyrroles (S)-4a and (S)-4b on analytical and semipreparative scale through a sequential approach. c) Synthesis of diol (2S,55)-5

on a semipreparative scale through a concurrent process.

lactone used as the starting material (~850 € per g, Sigma-
Aldrich), limiting the method to the synthesis of
1,5-diketones, and also the use of three enzymes for the
biocatalytic step. Our methodology can overcome the first
two problems, and for the last stage we tried to find suitable
stereoselective ATAs that could accept isopropylamine
(2-PrNH,) as the amine donor, largely simplifying the
reaction development. By carrying out an enzymatic
screening (Table S1 in the ESIT), we discovered different
possible candidates to promote this biotransformation.
Hence, among them, we selected ATA from Chromobacterium
violaceum (Cv-ATA)** that afforded (S)-3 quantitatively and in
excellent enantiomeric excess (>99% ee, Scheme 3a). The
amount of 2-PrNH, was analyzed to minimize its use, which
can be explained due to the favourable shift in equilibrium
towards imine formation due to the cyclization step (Fig. 3).
Different amine donor loadings were tested (1.5-50 equiv.) in
order to find the optimal conditions for its implementation
in the gold-ATA sequence, finding that 40 equiv. were
necessary to reach full conversion after 24 h at 30 °C (see
further details in Table S57).

Due to the incompatibility between the gold catalyst and
the amine donor,”® employed in large molar excess regarding
the ketone substrate, a sequential mode was compulsory.
Once the hydration step finished, the buffer containing
2-PrNH, and the cofactor pyridoxal 5-phosphate (PLP) and
lyophilized cells of Escherichia coli heterologously expressing
Cv-ATA were added to the same recipient, leaving the reaction

100

80

60

40

20

0
1.5 5 10 25 40 50

Isopropylamine (equiv.)

(5)-3 (%)

Fig. 3 Influence of the isopropylamine loading in the Cv-ATA-
catalyzed biotransamination of 2a.
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at 30 °C for 24 h. To demonstrate the applicability of this
protocol, the chemoenzymatic approach was scaled up to 1 g
of 1a, affording enantiopure (S)-3 in 94% isolated yield
(Scheme 3a). The environmental impact of this sequential
system was evaluated using the E-factor concept,® focusing
on the waste generated, and finding that the downstream
process affected by 52.5% the overall procedure. The organic
solvent contribution for product isolation was around 50%
and the total contribution of water, used as a reaction
medium, was 45% (Fig. S5 in the ESI}). Excluding solvents,
for this sequential transformation, a remarkable E-factor
value of 23.2 was obtained, being silica gel as the highest
contributor (16.2) due to the use of a chromatography
column (Fig. S4 in the ESI¥).

The methodology was further extended for the synthesis
of dihydropyrrole derivatives 4a and 4b starting from alk-4-
yn-1-ones 1g and 1j in good yields (63-73%), accessing both
possible enantiomers (R)- and (S)4ab by selecting
stereocomplementary transaminases such as ATA-025 and
E. coli/ArS-ATA, respectively (Scheme 3b). In the third
example, it was decided to combine the Au(i)-catalyzed
reaction with ketone bioreduction using an ADH
(Scheme 3c) to synthesize (25,55)-hexane-2,5-diol, a key
starting material, for instance to produce various chiral
phosphine ligands.**®® Hence, starting from dialkyne 1p,
the JohnPhosAuCl and NaBAr", system would hydrate it to
form diketone 2p, and then a suitable stereoselective ADH
would give the desired final diol (2S,55)-5. Among the
different biocatalysts described to catalyze this bioreduction,
the ADH from Rhodococcus ruber (ADH-A)*® was selected, as
this Prelog ADH can be efficiently expressed in E. coli, is
very stable in the presence of high proportions of organic
solvent and at elevated temperatures, and can simply use
propan-2-ol (2-PrOH) for recycling the nicotinamide cofactor
(NAD"). In our case, we employed a partially purified enzyme
obtained after shock heating treatment. Due to our previous
experience in the combination of these oxidoreductases with
other gold catalysts,” a concurrent approach where all
catalysts and reagents were added from the beginning was
tried. Gladly, the transformation was complete after 24 h at
40 °C, and it could be easily scaled up to 200 mg of

This journal is © The Royal Society of Chemistry 2025
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1p, isolating enantiopure and diastereopure (2S,55)-5 in
88% yield (Scheme 3c).

Conclusions

Well-established chemical protocols such as the Weinreb
and Grignard transformations, together with the use of
catalytic gold(r) chemistry, have been merged to create a
novel pathway towards y- and d-diketones. A chemical route
was designed that involved the formation of a Weinreb
amide from easily accessible starting materials, followed by
the addition of a Grignard reagent that afforded selectively
a series of alk-4-yn-1-ones and alk-5-yn-1-ones in good to
high yields (63-96%). Then, it was envisaged to employ gold
chemistry to hydrate these final derivatives in a
regioselective way to provide the desired 1,4- and
1,5-diketones. By carrying out a catalyst screening, the
JohnPhosAuCl and NaBAr", system was selected as it could
deliver the final products at minimum catalyst loading
under very mild conditions in an aqueous medium and a
selective manner. Thus, eleven dicarbonylic derivatives were
synthesized in very high to excellent yields (92-98%). This
method was very general and could be applied to relevant
precursors containing aromatic compounds with different
substitution patterns and aliphatic derivatives. Also, it could
be used with three different 1,0-diynes that were selectively
hydrated at both sides giving the corresponding diketones,
mostly with very high yields (21-93%).

As an application of the metal-catalyzed transformation, it
was combined with two different biocatalytic systems, one
employing an amine transaminase and the second using an
alcohol dehydrogenase, to provide two chemoenzymatic
cascade processes. In the first case, a valuable
tetrahydropyridine was synthesized through a one-pot
sequential approach due to the incompatibility of the Au(i)
catalyst and the amine donor necessary in the enzymatic
process. The reaction could be easily scaled up to 1 g, isolating
the desired enantiopure product in 94% yield. The sequential
strategy was also demonstrated for the synthesis of
dihydropyrrole derivatives, the access to both possible
enantiomers being possible by selecting stereocomplementary
transaminases. In the third example, a relevant diol was
obtained enantiopure and diastereopure due to the
combination of the metal-mediated alkyne hydration with
ADH-catalyzed ketone bioreduction in a concurrent manner,
and was scaled up to 200 mg affording the target diol in 88%
isolated yield. Overall, we believe that this short and simple
methodology can be broadly applied to the synthesis and
derivatization of y- and §-diketones in excellent yields and will
be of interest for researchers of different fields.

Experimental
General

Non-commercially available terminal alkynes were chemically
synthesized, exhibiting physical and spectral data in agreement

This journal is © The Royal Society of Chemistry 2025
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with those reported in the literature (see Sections III-V in the
ESIf for full characterization). Alkynes 1p-r were purchased
from commercial sources. Chemical reagents and cofactors
(NAD" and PLP) were purchased from Sigma-Aldrich, except
the additive NaBAr",, which was obtained from BLDpharm.
Some gold(i) catalysts such as IPrAuNTf,, PPhs;AuCl,
BrettPhosAuNTf, and JohnPhosAuCl were obtained from
Sigma-Aldrich, while JohnPhosAuNTf, was synthesized from
the corresponding chloride derivative. Other gold species were
obtained as previously described in the literature:**** [IPrAul;,-
PO, IPrAuOCs,”* IPrAuOTs,”" IPrAu(MeCN)BF,,”*
IPr*AuOTf,”> and [1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene][trifluoromethanesulfonate] gold(i) (IPrAuOTf).>*

General procedure for the synthesis of alkynes 1a—c

This procedure was adapted from the one described by
Yuan et al.’® N,N-Dimethylaminopyridine (DMAP, 244 mg, 2
mmol, 0.10 equiv.), N,N-cyclohexylcarbodiimide (DCC, 10.3
g, 50 mmol, 2.50 equiv.), triethylamine (Et;N, 3.1 mL, 22
mmol, 1.10 equiv.) and N,O-dimethylhydroxylamine
hydrochloride (2.15 g, 22 mmol, 1.10 equiv.) were
successively added to a solution of hex-5-ynoic acid (2.2 mL,
20 mmol, 1 equiv.) in dry dichloromethane (50 mL) inside a
Schlenk flask. The solution was stirred at room temperature
overnight under a nitrogen atmosphere. After this time, the
solvent was evaporated under reduced pressure and the
mixture was purified by column chromatography (SiO,, 70%
Et,O/hexane), furnishing the corresponding Weinreb amide
as a smelly yellowish oil (2.88 g, 93% isolated yield). A
portion of the resulting product was used for the synthesis
of propargylic ketones 1a-c.

Subsequently, a 2 M solution of the corresponding
Grignard reagent in THF (18.6 mmol, 2.0 equiv.) was
added dropwise to a stirred solution of N-methoxy-N-
methylhex-5-ynamide (1.4 g, 9.3 mmol) in dry THF (35
mL) at 0 °C inside a Schlenk flask under a nitrogen
atmosphere. After 3 h of stirring at this temperature, the
reaction was warmed to rt and stirred for additional 3 h.
At this point, the reaction was quenched with an aqueous
saturated NH,CI solution (10 mL) and extracted with CH,Cl,
(2 x 20 mL). The combined organic layers were dried over
Na,S0,, filtered and the solvent evaporated under reduced
pressure. Purification by column chromatography (SiO,,
10% EtOAc/hexane for 1a and 70% Et,O/hexane for 1b,c)
afforded the corresponding alkynes la-c as colorless oils
(1.56 g of 1a, 98% yield; 1.08 g of 1b, 84% yield; and
1.72 g of 1c, 89% yield).

General procedure for the synthesis of alkynes 1d-1

This procedure was adapted from the one described by Yuan
et al.*® N,N-Dimethylaminopyridine (DMAP, 311 mg, 2.55 mmol,
0.10 equiv.), N,N-cyclohexylcarbodiimide (DCC, 13.1 g, 53.75
mmol, 2.50 equiv.), triethylamine (Et;N, 4.0 mL, 28.05 mmol,
1.10 equiv.) and N,O-dimethylhydroxylamine hydrochloride
(2.74 g, 28.05 mmol, 1.10 equiv.) were successively added to a
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solution of pent-4-ynoic acid (2.5 g, 25.5 mmol, 1 equiv.) in dry
dichloromethane (50 mL) inside a Schlenk flask. The solution
was stirred at room temperature overnight under a nitrogen
atmosphere. After this time, the solvent was evaporated under
reduced pressure and the mixture was purified by column
chromatography (SiO,, 80% Et,O/hexane), furnishing the
corresponding Weinreb amide as a smelly yellowish oil (3.46 g,
96% isolated yield). A portion of the resulting product was used
for the synthesis of propargylic ketones 1d-1.

Subsequently, a 2 M solution of the corresponding Grignard
reagent in THF (18.6 mmol, 2.0 equiv.) was added dropwise to
a stirred solution of N-methoxy-N-methylpent-4-ynamide (1.3 g,
9.3 mmol) in dry THF (35 mL) at 0 °C inside a Schlenk flask
under a nitrogen atmosphere. After 3 h of stirring at this
temperature, the reaction was warmed to rt and stirred for
additional 3 h. At this point, the reaction was quenched with
an aqueous saturated NH,Cl solution (10 mL) and extracted
with CH,Cl, (2 x 20 mL). The combined organic layers were
dried over Na,SO, and filtered, and the solvent evaporated
under reduced  pressure. Purification by column
chromatography (SiO,, 40% Et,O/hexane for 1d; 10% EtOAc/
hexane for 1e; 20% EtOAc/hexane for 1f, 30% EtOAc/hexane for
1i and 1j; 40% EtOAc/hexane for 1g, 1h, and 1l; and 70%
EtOAc/hexane for 1k) afforded the corresponding alkynes 1d-1
(266 mg of 1d, 93% yield; 271 mg of 1e, 97% yield; 298 mg of
1f, 98% yield; 283 mg of 1g, 93% yield; 226 mg of 1h, 94%
yield; 316 mg of 1i, 95% yield; 326 mg of 1j, 96% yield; 256 mg
of 1k, 96% yield; and 261 mg of 11, 84% yield).

General procedure for the synthesis of alkynes 1m and 1n

This procedure was adapted from the one described by
Grigolo and Smith.”® Magnesium (Mg, 182 mg, 7.44 mmol,
2.2 equiv.), lithium chloride (LiCl, 288.4 mg, 6.8 mmol, 2
equiv.) and diisobutylaluminium hydride (DIBAL-H, 68 uL,
0.068 mmol, 0.02 equiv.) were successively added to a
Schlenk flask with dry THF (7 mL) under a nitrogen
atmosphere. Then, 2-bromo-1-methoxy-4-methylbenzene (1
mL, 6.8 mmol, 2 equiv.) was added to this solution and
stirred for 3 h at rt. After this time, a solution of the Weinreb
amide (N-methoxy-N-methylpent-4-ynamide, 494.1 mg, 3.5
mmol, 1 equiv., or N-methoxy-N-methylhex-5-ynamide, 543.2
mg, 3.5 mmol, 1 equiv.) in THF was added dropwise at 0 °C
and stirred for 3 h. After this time, the reaction was warmed
to rt and stirred for additional 3 h. The reaction was
quenched with an aqueous saturated NH,Cl solution (10 mL)
and extracted with CH,Cl, (2 x 20 mL). The combined
organic layers were dried over Na,SO, and filtered, and the
solvent evaporated under reduced pressure. Purification by
column chromatography (SiO,, 30% EtOAc/hexane) afforded
the corresponding alkynes 1m and 1n (1.01 g of 1m, 74%
yield and 1.10 g of 1n, 76% yield).

General procedure for the synthesis of alkyne 10

This procedure was adapted from the one described by Yu
and co-workers.’* Magnesium (Mg, 124.1 mg, 5.07 mmol, 1.5
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equiv.) and iodine (I,, 8.58 mg, 0.034 mmol, 0.01 equiv.) were
successively added to a Schlenk flask with dry THF (5 mL)
under a nitrogen atmosphere. Then, 2-bromonaphthalene
(1.41 g, 6.8 mmol, 2 equiv.) was added to this solution and
stirred for 1 h at rt. After this time, a solution of the Weinreb
amide (N-methoxy-N-methylpent-4-ynamide, 494.1 mg, 3.5
mmol, 1 equiv., or N-methoxy-N-methylhex-5-ynamide, 543.2
mg, 3.5 mmol, 1 equiv.) in THF was added dropwise at 0 °C
and stirred for 3 h. After this time, the reaction was warmed
to rt and stirred for additional 3 h. The reaction was
quenched with an aqueous saturated NH,Cl solution (10 mL)
and extracted with CH,Cl, (2 x 20 mL). The combined
organic layers were dried over Na,SO, and filtered, and the
solvent evaporated under reduced pressure. Purification by
column chromatography (SiO,, 40% EtOAc/hexane) afforded
the corresponding 10 (952 mg, 63% yield).

General procedure for the gold-catalyzed hydration of alkynes
la-o

Alkynes 1a-o (2 mmol), JohnPhosAuCl (0.5 mol%, 0.01 mmol)
and NaBAr", (0.5 mol%, 0.01 mmol) were pre-dissolved in
2-MeTHF (2.0 mL) inside a round-bottom flask. Then,
distilled water (18.0 mL) was added, and the mixture was
stirred for 16 h at 40 °C. After this time, the reaction mixture
was cooled to rt and extracted with EtOAc (2 x 15 mL for 2a)
or Et,O (2 x 15 mL for 2b-n), dried over Na,SO,, filtered and
concentrated under reduced pressure. Diketones 2a-o were
obtained attaining the following results: 373 mg of 2a, 98%
yield; 290 mg of 2b, 93% yield; 467 mg of 2¢, 97% yield; 80
mg of 2d, 21% yield; 345 mg of 2e, 98% yield; 370 mg of 2f,
97% yield; 358 mg of 2g, 94% yield; 392 mg of 2h, 96% yield;
395 mg of 2i, 96% yield; 405 mg of 2j, 96% yield; 440 mg of
2k, 98% yield; 358 mg of 21, 92% yield; 426 mg of 2m, 97%
yield; 450 mg of 2n, 96% yield; 437 mg of 20, 91% yield; 202
mg of 2p, 88% yield; 260 mg of 2q, 91% yield; 290 mg of 2r,
and 93% yield.

Synthesis of tetrahydropyridine (S)-3 on a preparative scale

Alkyne 1a (1 g, 5.8 mmol), JohnPhosAuCl (16.0 mg, 0.5
mol%, 0.029 mmol) and NaBAr", (25.5 mg, 0.5 mol, 0.029
mmol) were dissolved in 2-MeTHF (5.8 mL) inside an
Erlenmeyer flask, and then distilled water (52.2 mL) was
added. The mixture was stirred at 40 °C for 16 h. After this
time, 100 mM KPi buffer pH 7.5 (174 mL) containing PLP (1
mM) and 2-PrNH, (1 M) and lyophilized cells of E. coli
heterologously expressing Cv-TA (580 mg) were added. The
mixture was kept under orbital shaking at 220 rpm at 30 °C
for 24 h. After this time, the solution was extracted with
EtOAc (2 x 80 mL), the organic layers were combined, dried
over anhydrous Na,SO, and filtered, and the solvent
evaporated under reduced pressure. Purification by column
chromatography (15.3 g SiO,, 10% EtOAc/hexane, 15 mL/135
mL) afforded the corresponding tetrahydropyridine (S)-3
(>99% ee) as a smelly yellowish oil (943 mg, 94% isolated
yield, see Sections X and XI in the ESI for analysis details).

This journal is © The Royal Society of Chemistry 2025
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Synthesis of dihydropyrrole derivatives (S)-4a and (S)-4b on a
semipreparative scale

Alkyne 1g or 1j (1 mmol), JohnPhosAuCl (2.8 mg, 0.5 mol%,
0.005 mmol) and NaBAr", (4.4 mg, 0.5 mol%, 0.005 mmol)
were dissolved in 2-MeTHF (1 mL) inside an Erlenmeyer
flask, and then distilled water (9 mL) was added. The mixture
was stirred at 40 °C for 16 h. After this time, 100 mM KPi
buffer pH 7.5 (30 mL) containing PLP (1 mM) and 2-PrNH,
(1 M) and the transaminase ArS-ATA (100 mg) were added.
The mixture was kept under orbital shaking at 220 rpm at
30 °C for 24 h. After this time, the solution of each reaction
was extracted with EtOAc (2 x 15 mL), and the organic
layers were combined, dried over anhydrous Na,SO, and
filtered. The solution was concentrated, measuring the
conversion and the enantiomeric excess of (S)-4a and (S)-4b
by HPLC analyses (see Section X in the ESIf). These
enantiopure dihydropyrrole derivatives were obtained as a
smelly yellowish oil (120 mg, 69% isolated yield for 4a and
122 mg, 63% isolated yield for 4b) after column
chromatography purification on silica gel using a mixture of
20% EtOAc/hexane as the eluent.

Synthesis of diol (25,55)-5 on a semipreparative scale

Hexa-1,5-diyne (200 mg, 2.56 mmol), JohnPhosAuCl (7.7 mg,
0.5 mol%, 0.0128 mmol) and NaBAr", (11.3 mg, 0.5 mol%,
0.0128 mmol) were dissolved in 2-MeTHF (2.56 mL) inside a
round-bottom flask. Then, 2-PrOH (2.56 mL), distilled water
(20.5 mL) containing NAD' (1 mM) and semi-purified
expressed ADH-A (200 mg) from heat treatment were added.
The mixture was kept under magnetic stirring at 40 °C for 24
h. After this time, the solution was extracted with Et,O (2 x
10 mL), and the organic layers were combined, dried over
anhydrous Na,SO, and filtered. The solvent was evaporated
under reduced pressure. Purification by column
chromatography (SiO,, 50% Et,0/CH,Cl,) afforded (2S,5S)-
hexane-2,5-diol (5, >99% ee and >99% de, see Sections X
and XI in the ESIt) as a colorless oil (265 mg, 88% yield).
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