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Amide and Thioester Synthesis via Oxidative 
Coupling of Alcohol with Amines or Thiols Using Alcohol 
Dehydrogenases 
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3.1. Abstract 

 

Amide and thioester moieties are prevalent in pharmaceuticals, natural products, and 

functional materials, but their chemical synthesis suffers from poor atom economy and ungreen 

conditions, while biocatalytic methods require ATP-dependent enzymes, activated 

intermediates, or show limited scope and activity. Here, we report the oxidative coupling of 

alcohols with ammonia or amines catalyzed by alcohol dehydrogenases (ADHs) via 

hemiaminal intermediates to form primary and secondary amides at pH 9.5–10.5. Pf-ADH 

preferably converted linear aliphatic or arylaliphatic alcohols (up to 90% conversion), while 

Pp-ADH and Aa-ADH preferably converted branched or aromatic alcohols (up to 99% 

conversion). Preparative-scale synthesis of an N-methyl amide gave >99% conversion and 87% 

isolated yield. The method was extended to thioacid and thioester formation via hemithioacetal 

intermediates using hydrogen sulfide or thiols at pH 7. Pf-ADH favored linear aliphatic 

alcohols (up to 93% conversion), Pp-ADH branched alcohols (up to 82% conversion), and Aa-

ADH aromatic alcohols (up to 98% conversion). A KPi/MTBE biphasic system enabled the 

reaction with poorly soluble long-chain thiols. Structure-guided engineering of Aa-ADH led to 

the Y151A and L186A variants with expanded activity toward longer-chain amines or thiols. 

This work highlights how enzyme promiscuity with protein engineering can enable new-to-

nature synthetic pathways for the production of valuable compounds. 
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3.2. Introduction 

 

The formation of amide bonds represents a fundamental transformation in organic 

synthesis, given the prevalence of amides in both natural and synthetic compounds. Notably, 

amide functionalities are found in approximately half of all compounds disclosed in medicinal 

chemistry patents,[1] and at least one amide group is present in 122 of the Top 200 Small 

Molecule Drugs by retail sales in 2024.[2] The available methods for amide synthesis can 

generally be classified into four groups: condensation from activated derivatives, thermal 

amidation, catalytic amidation utilizing metals or boron derivatives, and light or thermal-driven 

rearrangement.[3-17] Regrettably, most of these methods suffer from poor atom efficiency and 

the generation of copious amounts of waste.[18-19] Thioesters have also attracted significant 

interest owing to their broad utility in medicinal chemistry, materials science, and as 

intermediates in the synthesis of pharmaceuticals and natural products.[20-21] Conventional 

chemical approaches to thioester synthesis typically rely on activated acyl derivatives[22-23] or 

transition metal catalysis.[24-29] However, these methods suffer from limitations: the preparation 

of activated intermediates often lacks atom economy and selectivity, while metal-catalyzed 

protocols frequently require toxic CO gas and exhibit restricted substrate scope, all factors that 

hinder their scalability and practical application.[28-30]  

Biocatalytic amide synthesis is possible by using diverse enzymes.[31-32] Lipases and N-

acyl-transferases synthesize amides from esters or carboxylic acids, both in neat organic 

solvents and in aqueous buffer (Figure 3.1a).[33-44] In aqueous buffer, the rate of amide 

synthesis can be enhanced by enzyme engineering, while at the same time undesired hydrolytic 

activity is suppressed.[40, 45-46] Some ATP-dependent synthetases catalyze the formation of 

amides starting from carboxylic acids, ATP, and amines (Figure 3.1b).[47-55] By combining ATP 

with CoASH, N-acyl-transferases can also couple the activated thioester with an amine to yield 

amides (Figure 3.1c).[56-57] Amides can also be synthesized by hydrolysis of nitrile using nitrile 

hydratases (Figure 3.1d).[31, 58-60] Last year, an alternative approach was reported in which 

SAM-dependent methyltransferases were used to fluoromethylate carboxylates, generating 

fluoromethyl esters that subsequently reacted with amine nucleophiles to yield the 

corresponding amides. (Figure 3.1e).[61]   
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As for amide formation, biocatalytic thioester synthesis can also be accomplished using 

promiscuous hydrolase activity, starting from thiols and vinyl esters or carboxylic acids in neat 

organic solvents or—commonly after enzyme engineering—in aqueous buffer (Figure 3.1a)[62-

66]. However, most biocatalytic approaches involve the generation of coenzyme A thioesters 

using ATP and coenzyme A-dependent synthetases (Figure 3.1c).[67-68] These coenzyme A 

thioesters can then be used as substrates for CoA-dependent transferases to generate various 

products,[69-71] or for oxalyl-CoA decarboxylase (OXC)/2-hydroxyacyl-CoA lyase (HACL), in 

combination with aromatic aldehydes, to obtain α-hydroxy carboxylic acids.[72] S-N-

acetylcysteamine (SNAC), a thioester derivative of N-acetylcysteamine, can also replace 

coenzyme A in the synthesis of thioesters from short-chain fatty acids catalyzed by 

promiscuous adenylate-forming enzymes.[54] Finally, fluoromethylation of carboxylates using 

SAM-dependent methyltransferases, followed by nucleophilic attack by a thiol, is used to 

produce thioesters, similarly to what was described for amides (Figure 3.1e).[61] 

Alcohol dehydrogenases (ADHs), also called keto- or aldo-reductases, naturally 

catalyze the conversion of primary alcohols to aldehydes and secondary alcohols to ketones 

while concomitantly reducing NAD+ to NADH or the opposite reduction reactions.[73-77] In this 

work, we hypothesized that some alcohol dehydrogenases (ADHs) could exhibit promiscuous 

catalytic activity on hemiaminal intermediates. During the catalytic cycle of an ADH, a 

hemiaminal could form in situ by the intermolecular attack of an amine onto an aldehyde, the 

latter of which can also be generated through the natural oxidation of primary alcohols 

catalyzed by ADHs (Figure 3.1f). The only evidence in the literature about the ability of an 

ADH to oxidize a hemiaminal concerns an intramolecular cyclization to give a lactam 

product.[78] Therefore, we envisioned that the potentially broad promiscuous activity of certain 

ADHs on hemiaminals could enable enzymatic amide synthesis through the direct coupling of 

alcohols and amines. This method offers several advantages over the other biocatalytic 

strategies discussed: it does not require neat organic solvents, as in the case of hydrolases, 

which can reduce enzyme activity, stability, and substrate scope; it avoids the need for ATP as 

a cofactor, unlike ATP-dependent amide bond-forming enzymes (the required NAD⁺ is both 

cheaper and readily recyclable using atmospheric O2); and it does not rely on activated acyl 
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donors, as required by N-acyltransferases, which also suffer from limited substrate scope. It 

also avoids the limitations of nitrile hydratases, which are restricted to the formation of primary 

amides and are more complex to express due to their heterodimeric nature. Notably, in this 

work, we demonstrated that this type of promiscuous ADH activity can also be extended to 

other nucleophiles, such as thiols, to generate thioesters as final products.  

 

Figure 3.1: Amide or thioester synthesis catalyzed by: a) lipases or N-acyl-transferases 

from carboxylic acids or activated esters, usually in neat organic solvents or aqueous buffer; b) 

ATP-dependent synthetases from carboxylic acids; c) ATP-dependent synthetases and N-acyl-

transferases from CoA-thioester intermediates; d) nitrile hydratases from nitriles. e) SAM-

dependent methyltransferase, performing fluoromethylation of carboxylates followed by 

nucleophilic attack of amines or thiols; f) This work: oxidative coupling of alcohols and amines 

catalyzed by alcohol dehydrogenases. 
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3.3. Results and discussion 

 

The ADH from Pichia finlandica (Pf-ADH), which was studied in our lab due to its 

anti-Prelog stereoselectivity in the reduction of ketones,[79] was initially tested for the oxidation 

of n-hexanol (1a) to yield the corresponding amide (1d). A catalytic amount of NAD+ was 

added and internally recycled using a nicotinamide adenine dinucleotide oxidase (NOx) and 

dioxygen from air as a sacrificial cosubstrate (Figure 3.2).[80] Both enzymes were prepared by 

overexpression in E. coli BL21(DE3) cells and used in purified form. We conducted the first 

tests in ammonium formate buffer (100 mM, pH 9) with 1a (10 mM, Figure 3.2). Traces of the 

desired product (1d), along with aldehyde (1b) and the corresponding carboxylic acid (1c), 

showed the feasibility of the approach. Therefore, various sets of experiments were performed 

to optimize the reaction conditions in terms of buffer concentration (Table S3.1), pH (Table 

S3.3), and the concentrations of the enzymes ADH and NOx (Table S3.2) for amide formation 

from alcohol 1a. Using Pf-ADH, optimal reaction conditions were identified at pH 10, with 1 

to 5 M NH3/NH4⁺ and 10 µM of both ADH and NOx, resulting in 65%, 85%, and 96% 

conversion to amide 1d. (Table S3.4). Notably, the amount of carboxylic acid byproduct 1c 

was reduced to as little as 4%. 

Subsequently, we investigated whether other ADHs besides Pf-ADH, which has anti-

Prelog selectivity and NAD-dependency, could have similar promiscuous activity. The 

following ADHs in our lab possessing Prelog or anti-Prelog selectivity and NAD or NADP-

dependency were tested: Candida maris (Cm-ADH),[79] Bacillus subtilis (Bs-BDHA),[81-83] 

Aromatoleum aromaticum (Aa-ADH),[84-85] Paracoccus pantotrophus (Pp-ADH),[86] 

Thermoanaerobacter ethanolicus variant W110A (Te-ADHW110A),[87] and Bacillus 

stearothermophilus (Ht-ADH)[85, 88]. Since the inherent stability of these ADHs at high 

ammonium buffer concentration was unknown, we tested the enzymes for conversion of 1a at 

1 M NH3/NH4
+ species concentration in the pH range from 8.5 to 13. Except for Cm-ADH and 

Bs-BDHA, the other ADHs exhibited the same catalytic promiscuity as Pf-ADH. Aa-ADH 

worked the best at pH 10.5, Pp-ADH at pH 10, while Te-ADH and Ht-ADH gave the best 

results at pH 9.5 (Table S3.5). Next, the ADHs were tested at different buffer concentrations. 

Similar to Pf-ADH, Pp-ADH yielded higher amide 1d concentrations at higher buffer 
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concentrations (81–95% amide in the range from 2 to 5 M; Table S3.6). In contrast, the 

conversion to 1d worsened at high buffer concentrations with Aa-ADH, Te-ADHW110A, and Ht-

ADH (Table S3.6), probably due to lower stability under these conditions. Therefore, the best 

compromise between conversion to 1d and enzyme stability was generally set around 1 M 

NH3/NH4
+ buffer. These conditions led to 46% of 1d with Aa-ADH, 16% for Te-ADHW110A, 

and 10% for Ht-ADH. Finally, we investigated the influence of temperature on the reaction 

between 20 °C and 35 °C (Tables S3.7). While Te-ADH W110A, Pp-ADH, and Aa-ADH 

showed their best performance at 30 °C, Pf-ADH and Ht-ADH yielded higher conversions to 

the amide at 25 °C. 

 

Figure 3.2: Oxidative coupling of an alcohol with an amine to yield an amide catalyzed 

by Pf-ADH in ammonium formate buffer. Reaction conditions: ADH (10 µM), NOx (10 µM), 

and NAD+ (0.5 mM) at 30 °C, 170 rpm. 

To investigate the synthetic applicability of our method, we tested the reaction under 

optimized conditions on a broad panel of substrates (Figure 3.3). Initially, we screened linear 

short-chain aliphatic alcohols. Pf-ADH outperformed the other ADHs, yielding conversions 

between 86% and 90% starting from n-pentanol (2a), n-hexanol (1a), n-heptanol (3a), and n-

octanol (4a). Conversely, with increasing chain length using n-decanol (5a) and n-dodecanol 

(6a), Pp-ADH and Aa-ADH gave the best results with the highest amide conversion of 73% 

for 5a and 51% for 6a. Next, three branched hexanols were tested (7-9a), yielding the highest 

conversions between 62% and 80%. Interestingly, the ADHs behaved differently depending on 

the position of the methyl group with respect to the hydroxyl. Aa-ADH preferentially accepted 

substrates with the methyl group closer to the alcohol moiety (7a). In contrast, Pf-ADH was 

more sensitive to steric hindrance close to the hydroxyl group, thus better accepting alcohol 

9a. Pp-ADH activity was less affected by the position of the methyl substituent. Subsequently, 
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we tested alkyl aryl alcohols (10-13a) and benzyl alcohols (14-25a), yielding the respective 

amide product with moderate to excellent conversion. For alkyl aryl alcohols, Pf-ADH and Pp-

ADH afforded the highest conversions from 6% to 95%. In contrast, Aa-ADH consistently 

afforded the highest conversions with benzyl alcohols (from 12% to 97%), with the only 

exception being the more sterically demanding substrate 25a, which was better accepted by Pf-

ADH (55% conversion). The fluoro-substituted alcohols gave the highest conversions among 

all substituted benzyl alcohols, suggesting that the steric effect of the substituent has a greater 

influence than its electronic effect.  

To complete the scope, hydroxymethyl pyridines were tested, giving relevant 

conversions only with Aa-ADH. The capability of Aa-ADH to convert benzylic alcohols and 

hydroxymethyl pyridines correlates with the high activity of this enzyme for the reduction of 

acetophenone and derivatives thereof, as described in the literature.[84] We point out that the 

substrate scope was investigated mainly using 10 mM alcohol substrate and 10 μM ADH, 

corresponding to an enzyme loading of 0.1 mol%. Even in cases where the conversion was low 

(ca. 10%) or moderate (<50%), the calculated turnover numbers (TONs) still ranged from 

approximately 100 to 500, generally underscoring the immediate synthetic applicability of 

these biotransformations.  

Next, we decided to test whether our enzymatic methodology could be extended to the 

synthesis of N-substituted amides using 1a as the test alcohol substrate and formate buffer salts 

derived from different amine donors. Only the reaction conducted using methylamine as the 

donor led to the corresponding N-methyl substituted amide (1e) with Pf-ADH, Pp-ADH, Aa-

ADH, and Te-ADHW110A. In contrast, Ht-ADH could not synthesize the amide using 

methylamine. Thus, the oxidative coupling with all the alcohols from this study (1-28a) was 

performed with MeNH2/MeNH3
+ buffer (Figure 3.3), giving the same trend as observed with 

NH3 as the amino donor, with some exceptions for aliphatic and one benzylic substrate (3-4a, 

6-7a, 9a, 11a, 13a, 25a).  
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Figure 3.3: The substrate scope for the oxidative coupling of alcohols (1-28a) with 

ammonia to give primary amides (R=H, 1-28d) or with methylamine to give secondary amides 

(R= CH3, 1-28e) catalyzed by ADHs. The conversion reported is the average obtained by three 

independent measurements. [*] For substrates 26a, 27a and 28a, the reported values are 
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isolated yields for reactions at 100 mg-scale (for details see SI section 3.5.4). nd; not detected 

under the assay conditions. Reaction performed in amine buffer pH 10 or 10.5 for Aa-ADH, 1 

M or 2 M for Pf- and Pp-ADH, 0.1 mol% ADH, 0.1 mol% NOx, substrate 10 mM, NAD+ 0.05 

mM, unless otherwise stated. Reactions were performed at 30 °C at 800 rpm in 1 mL volume. 

[a] Reactions with 0.2 mol% of ADH. The analysis was performed with GC-FID with an Agilent 

J&W DB-1701 column (30 m) using toluene as internal standard (10 mM).  

A preparative scale synthesis was performed with n-hexanol (1a, 500 mg, 4.89 mmol, 

20 mM) using Pf-ADH (cell-free extract equivalent to ca. 20 µM of pure enzyme; for details 

see section 3.6.3) in MeNH3/MeNH4
+ buffer (2 M, pH 10). The reaction was incubated for 5 h, 

at 170 rpm and 25 °C. Pf-ADH yielded >99% conversion of 1a into N-methylhexanamide (1e) 

and, after work-up, 1e was isolated in 87% yield. Based on these data and considering the 

isolated yield of 87%, the productivity metrics of the scale-up were a chemical turnover number 

(TON) of 871, a turnover frequency (TOF) of 174 h-¹, and a space-time yield (STY) of 433 

mg·L⁻¹·h⁻¹.  

Notably, in this 500 mg-scale biotransformation, we observed an influence of the ADH 

preparation on reaction stability. When Pf-ADH was used as a crude lysate, the conversion to 

the product was >99% at both the 500 mg scale and the analytical scale (1 mL). In contrast, 

when Pf-ADH was used in purified form, the conversion was 70% and 94% at the 500 mg scale 

and analytical scale, respectively. This behavior has already been observed in other applications 

of enzymes for organic synthesis, as other proteins and/or biomolecules present in a crude 

lysate can have a protective action on the overexpressed biocatalyst.  

With robust conditions for amide formation established, we next investigated whether 

the same biocatalytic strategy could be applied to thioester synthesis using thiols as 

nucleophiles. In principle, ADHs can oxidize primary alcohols to aldehydes in the presence of 

thiols, forming thiohemiacetals in situ, which can then be oxidized to thioesters. To validate 

this hypothesis, we tested the ADHs that were found more active for amide formation (i.e., Pf-

ADH, Pp-ADH, and Aa-ADH) for the oxidation of 1-hexanol (1a) in a H2S/HS- buffer to yield 

the corresponding thioacid (Figure 3.4, products 1-24f). The reaction used 1a (10 mM) in the 

H2S/HS- buffer (50 mM, pH 10) with a catalytic NAD+ (0.5 mM), ADH (20 µM), and NOx 

(20 µM). Under these conditions, Pf-ADH, Pp-ADH, and Aa-ADH gave only trace amounts of 
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thioacid, while other ADHs stopped at the aldehyde (data not shown). Increasing the buffer 

concentration to 300 mM resulted in complete conversion of 1a, yielding a mixture of 

carboxylic acid (1c) and thioacid (1f), with the former predominating (Table S3.18).  

To improve selectivity, we screened pH values from 6.5 to 12.0. The highest thioacid 

selectivity with complete substrate conversion was observed at pH 7.0 (Table S3.19), likely 

due to the lower pKa of H₂S compared to water. At pH 7, the higher HS⁻/OH⁻ ratio enhances 

nucleophilic attack by HS⁻ and favors thioacid formation. At lower pH values (6.0–6.5), 

reduced enzyme activity leads to lower conversion, confirming pH 7 as the best compromise 

between enzyme activity and nucleophile availability. Building on the successful thioacid 

synthesis from 1a, we evaluated the scope to a range of primary alcohols, including long-chain 

aliphatic, branched, aryl, and benzyl ones. Pf-ADH and Pp-ADH performed best with aliphatic 

substrates, whereas Aa-ADH showed superior activity with benzyl alcohol derivatives (Figure 

3.4, products 1-24f).  

Next, we tested these ADHs for thioester synthesis via oxidative coupling of alcohols 

with methylthiol (MeSH) in MeSH-containing buffer at pH 7. Pf-ADH and Pp-ADH required 

1 M MeSH concentration, while Aa-ADH tolerated only 0.3 M MeSH (Table S3.21). 

Remarkably, all three enzymes successfully catalyzed methyl thioester formation (Figure 3.4, 

products 1-24g).  

Unfortunately, longer thiols were not accepted due to poor solubility in water. To 

address this, reactions with ethanethiol (EtSH) were conducted in a biphasic KPi buffer/heptane 

system. Lower ionic strength of the aqueous phase favored carboxylic acid formation, whereas 

higher ionic strength shifted the selectivity toward the desired thioester formation (Table 

S3.22). Longer thiols gave no conversion, as also observed in the analogous amide-forming 

reactions. The only exceptions were reactions with substrates 1a, 10a, and 14a, which yielded 

products 1h, 10h, and 14h using EtSH as nucleophile (Figure 3.4).  

Therefore, to broaden the substrate scope and improve reactivity in amide and thioester 

formation, we engineered Aa-ADH, selected due to the availability of its X-ray crystal structure 

(PDB: 2EWM), thereby enabling reliable docking studies (section 3.6.6). 
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Figure 3.4: Substrate scope for the oxidative coupling of alcohols (1–24a) with 

hydrogen sulfide (H₂S/HS⁻) to afford thioacids (R = H, 1–24f), and with alkyl thiols to afford 

thioesters (R = CH₃, 1–24g and R=CH2CH3, 1h, 10h and 14h), catalyzed by ADHs. The 

reported conversions are the averages of three independent measurements. Reaction performed 

in the thiol buffer pH 7, substrate 10 mM, NAD+ 0.5 mM, ADH and NOx 0.2 mol% unless 

otherwise stated. The concentration of HS- was 0.3 M in all cases. The concentration of MeS- 

was 1 M for the reactions with Pf-ADH and Pp-ADH and 0.3 M for the reactions with Aa-

ADH. *In these cases, the reactions were performed in a biphasic system consisting of KPi 

(500 mM, pH 7) and heptane (1:1 v/v), with EtSH 0.5 M. Reactions were performed at 30 °C 

at 800 rpm in 1 mL volume. [a] Reaction performed with 0.5 mol% of ADH. The analysis was 

performed with GC-FID with an Agilent J&W HP-5 column (30 m) using toluene as an internal 

standard (10 mM).  
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As a model substrate for the docking studies, we selected alcohol 1a (Figure 3.5a) to 

better explore the potential for expanding reactivity toward more challenging substrates. 

Additionally, the flexibility of the alkyl chain in 1a allowed us to identify alternative binding 

poses that could inform the design of more effective enzyme variants. Notably, 1a also proved 

to be one of the most reactive substrates for the thioacid formation. Docking of the reactive 

hemiaminal intermediate 1d’ within the active site of Aa-ADH (Figure 3.5b) revealed that 

residues Y93, Y151, and L186 are positioned around 1d’ and may influence substrate 

orientation and reactivity. To evaluate their role, we performed an alanine-scanning 

mutagenesis, targeting each of these positions individually. While the wild-type enzyme 

showed negligible conversion with longer-chain amine nucleophiles such as ethylamine or n-

propylamine, the Aa-ADHY151A mutant retained activity across all tested amines, achieving a 

42% conversion with the more sterically demanding n-propylamine. This suggests that Y151 

plays a critical role in modulating the spatial constraints of the binding pocket, likely relieving 

steric hindrance that limits productive binding of longer-chain amines. In contrast, Aa-

ADHY93A and Aa-ADHL186A showed only minimal activity, indicating that although these 

residues are proximal to the substrate, their mutation does not significantly improve access or 

stabilize the transition state for these nucleophiles. Overall, these results highlight Y151 as a 

promising engineering hotspot for expanding the substrate scope of Aa-ADH, particularly 

toward longer-chain amines. Unfortunately, the aromatic alcohol 14a remained unreactive in 

the oxidative coupling with these bulkier amines (Figure S3.10), including n-propylamine and 

isopropylamine, and afforded only 2% conversion with ethylamine. A rational explanation for 

the low reactivity of substrate 14a with ethylamine is provided by molecular docking studies 

(section 3.6.6), which revealed a non-productive binding pose with an unfavorable hydride 

transfer distance in the Aa-ADHY151A mutant. Interestingly, substrate 10a, which contains a 

less sterically hindered aromatic moiety, showed slightly improved reactivity, yielding 6% and 

3% of the corresponding amides with ethylamine and n-propylamine, respectively.  

To understand the improved activity of the Aa-ADHY151A mutant, we performed 

docking studies using the hemiaminal intermediate formed from 1a with ethylamine (1i’) or n-

propylamine (1j’, Figure 3.5c). The results showed that the Y151A mutation generates 

additional space in the active site, allowing accommodation of the longer alkyl chains. 

Interestingly, the ethyl or propyl substituent now occupies the region previously occupied by 
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the alkyl tail of 1a in the wild-type enzyme (compare dockings in Figure 3.5b and 3.5c). This 

shift in binding orientation highlights the role of Y151 in restricting access for bulkier 

nucleophiles and demonstrates how its mutation into alanine creates a cavity that permits 

alternative substrate poses, facilitating efficient catalysis with longer-chain amines.  

 

Figure 3.5: a) Challenges in amide synthesis with longer-chain amine nucleophiles. b) 

Enzyme engineering strategy to expand the reactivity profile of Aa-ADH. c) Molecular docking 

studies to investigate the increased reactivity profile of Aa-ADHY151A. Dockings performed 

with YASARA structure; UCSF Chimera software was used for visualization. 

Encouraged by the performance of the Aa-ADHY151A variant with challenging amines, 

we next explored its potential in reactions involving thiol nucleophiles to assess whether similar 

enhancements could be observed in thioester formation. The wild-type enzyme and the Y93A 

variant showed minimal to no activity across the panel of thiols tested. In contrast, the Aa-
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ADHY151A and Aa-ADHL186A mutants displayed improved reactivity, particularly with linear 

alkyl thiols (Figure 3.6). For instance, with n-propylthiol, the Aa-ADHY151A mutant afforded 

1l with 41% conversion starting from 1a as substrate and 46% conversion for 14l using 14a. 

The same variant also showed high activity with the longer n-butylthiol, reaching 68% 

conversion for 14m starting from 14a, which showed no activity in the amidation reaction. 

Finally, for the more sterically demanding i-propylthiol, the Aa-ADHY151A showed measurable 

levels of activity with both 1a and 14a (7% for 1n and 12% for 14n). Interestingly, while the 

bulky substrate 10a remained unreactive using the Aa-ADHY151A, it showed modest conversion 

with Aa-ADHL186A variant using n-propylthiol as reaction partner (13% for 10l). This variant 

also performed well with substrate 14a, yielding the corresponding thioesters 14l and 14n with 

44% and 11% conversion using n-propyl- and i-propylthiol, respectively. These results 

highlight L186A as a complementary and valuable mutation for expanding the enzyme’s 

substrate scope, especially with sterically hindered alcohols such as 10a that are poorly 

accepted by other variants.  
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Figure 3.6: a) General scheme of the biocatalytic reaction for thioester formation. b) 

Activity profile of Aa-ADH variants in thioester formation. The reported conversions are the 

averages of three independent measurements. Reaction performed in a biphasic system 

consisting of KPi (500 mM, pH 7) and heptane (1:1 v/v), with RSH 0.5 M. Reactions were 

performed at 30 °C at 800 rpm in 1 mL volume. The analysis was performed with GC-FID with 

an Agilent J&W HP-5 column (30 m) using toluene as an internal standard (10 mM). 

Finally, we conducted a series of experiments to elucidate the reaction mechanism 

(section 3.6.5), using the amidation as a model reaction. These data confirmed that the amide 

product is formed via the ADH-catalyzed oxidation of the hemiaminal intermediates. 

Removing ADH from the reaction mixture led to no amide formation. Notably, both alcohol 

and aldehyde could serve as initial substrates for the reaction. We also demonstrated that in 

ammonium free buffer, the presence of the ADH is necessary for the formation of the 

carboxylic acid via oxidation of the hydrate of the aldehyde. We believe that these mechanistic 

findings are extendable to other accepted nucleophiles such as sulfur donors like hydrogen 

sulfide and thiols. It is also interesting to note that a similar mechanism for amide synthesis, 

via coupling of alcohols and amines through a hemiaminal intermediate, has been reported in 

homogeneous catalysis using Ru(II) catalysts.[89] Our group also discovered a catalytic 

promiscuous activity in a variant of galactose oxidase from Fusarium sp. (GOx M3-5), which 

was capable of converting alcohols into nitriles using ammonia and atmospheric oxygen, also 

via a hemiaminal intermediate.[90]  
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3.4. Conclusion 

 

In summary, by harnessing the promiscuous activity of certain ADHs, we established a 

new approach for the sustainable synthesis of primary and secondary amides, thioacids, and 

thioesters. Our strategy enables achieving good to excellent conversions across a wide range 

of structurally diverse alcohol substrates. Notably, we demonstrated that the method’s 

applicability can be extended to longer-chain or bulkier nucleophiles through structure-guided 

enzyme engineering. Furthermore, by fine-tuning the reaction conditions, we could favor 

thioester formation over competing oxidation pathways. Moreover, active-site engineering, 

particularly by introducing the Y151A and L186A mutations in Aa-ADH, enabled efficient 

coupling with more sterically demanding alkyl thiols and longer-chain amines, illustrating how 

targeted mutagenesis can broaden substrate compatibility. Finally, scalability was exemplified 

through the oxidative coupling of 500 mg n-hexanol with methylamine, achieving quantitative 

conversion and highlighting the practical utility of the method in organic synthesis. 

Collectively, our findings deliver a versatile biocatalytic platform for the sustainable 

synthesis of both amides and thioesters. This work exemplifies the powerful synergy between 

enzyme promiscuity, reaction condition control, and protein engineering and, once again, 

highlights the importance of exploring enzyme promiscuity to uncover new catalytic activities 

of value to humanity. 
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3.5. Experimental section 

 

3.5.1. Enzyme expression and purification  

The enzymes were expressed in E. coli BL21(DE3) cells. Glycerol stock of these E. 

coli cells harbouring the plasmid encoding for the enzyme was added to LB medium (25 g/L) 

supplemented with kanamycin or ampicillin (kan; 50 µg/mL or amp; 100µg/mL), and grown 

overnight at 37 °C, 170 rpm. Next, 15 mL of this preculture was added to a 2 L flask containing 

800 mL of LB (25 g/L)/Kan (50 µg/mL) or Amp (100 µg/mL) medium, and shaken at 37 °C, 

170 rpm. After around 3 h, the OD600 was checked, and it was found to be in the range of 0.6–

0.9. Next, the culture was induced with IPTG (final concentration 0.5 mM) and further shaken 

at 170 rpm, at 25 °C, for 24 h. Culture was harvested, centrifuged (4500 rpm, 4 °C), and the 

cell pellets were washed with an aqueous solution of NaCl 0.9% w/w. The total amount of wet 

cells per 800 mL of culture was between 5.0 and 5.50 g. Finally, the cell pellets were frozen 

and stored at -20 °C. 

A Ni2+ column (HisTrap FF, 5 mL) was washed with distilled water (50 mL) and 

conditioned with lysis buffer (10 mM imidazole, pH 8, 50 mM KH2PO4, 300 mM NaCl, 50 

mL). Wet cells containing the enzyme were suspended in the lysis buffer (5-10 mL buffer added 

for 1 g of cells' wet weight). Next, the cells were sonicated until the suspension became darker 

and less viscous (10 s pulse ON, 10 s pulse OFF, amplitude 45%); the resulting suspension was 

centrifuged (14500 rpm, 4 °C, 60 min), and the supernatant was filtered through a 0.45 µm 

filter. In the case of NOx, before the disruption of cells containing overexpressed enzyme, a 

tiny amount of FAD was externally added. The solution was loaded into the column after the 

lysis buffer. The column was then washed with washing buffer (25 mM imidazole, pH 8, 50 

mM KH2PO4, 300 mM NaCl, 55 mL). Afterwards, the column was eluted with elution buffer 

(200 mM imidazole, pH 8, 50 mM KH2PO4, 300 mM NaCl, 10–15 mL). Both the washing and 

elution fractions were analyzed by SDS-PAGE. 

The combined solution of the elution fractions was dialysed overnight in KPi buffer 50 

mM, pH 8. The enzyme solution was concentrated, and the final concentration was measured 
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via a spectrometer by measuring the absorption at 280 nm and using the extinction coefficients 

of the enzyme (ε). Finally, the purity of the enzyme solution was judged by SDS-PAGE. 

When the enzyme has been used as a cell-free extract, after the sonication and the 

centrifugation, the supernatant was poured into a flask, shock-frozen with liquid nitrogen and 

connected to the lyophilizer overnight to dry the lysate and obtain a powder. 

When the enzyme has been used as whole cells, after the harvesting, the cells were 

resuspended with some KPi buffer 50 mM, poured into a flask, shock-frozen with liquid 

nitrogen and connected to a lyophilizer overnight to dry them, obtaining a powder. 

3.5.2. General procedure for amide formation 

In an Eppendorf tube (2 mL), NAD+ (0.5 mM), ADHs (10 µM), NOx (10 µM) were 

added in the buffer (amine-based buffer, different concentrations and different pHs) up to a 

final volume of 1 mL. The substrate (10 mM) was added from a DMSO stock solution. The 

reaction was incubated at 25 or 30 °C, 170 rpm for 24 h on an orbital shaker. The reaction was 

quenched with HCl 4M and extracted with EtOAc (500 µL X 2). Toluene was added as an 

internal standard. The organic layer was dried over MgSO4 and analysed by GC-FID on an 

Agilent DB1701 30 m column. 

3.5.3. Scale-up experiment 

0.668 g of lyophilized crude lysate deriving from cells overexpressing Pf-ADH (i.e., 

corresponding to ca. 20 µM of the pure enzyme in the final mixture) were suspended in a 1 L 

Erlenmeyer flask with 245 mL of methylammonium formate buffer (2 M, pH 10). The resulting 

mixture was incubated for 15 minutes at 170 rpm and 25 °C in an orbital shaker. Then, NAD+ 

(0.5 mM), NOx (20 µM), and the substrate 1a (20 mM) were added. The reaction mixture was 

incubated for 5 h, 170 rpm at 30 °C in an orbital shaker. 

The reaction was quenched with HCl 2 M to pH 3-4, extracted with EtOAc (50 mL x 

3), dried over MgSO4, and analyzed via GC-FID, as previously reported in analytical scale 

experiments. The conversion was >99%. Afterwards, the solvent was removed, yielding 531 
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mg of the desired product (4.27 mmol, isolated yield 87%, considering the EtOAc present in 

the sample).  

3.5.4. Scale-up experiments for substrate 26-28a 

The substrates 26-28a were not compatible with the acid work-up needed to extract all 

the components of the reaction (alcohol, aldehyde, carboxylic acid, and amide) because in an 

acid environment, the nitrogen of the pyridine ring is protonated, and the compounds are hard 

to extract quantitatively. Therefore, for an accurate determination as reported in the main 

manuscript, Figures 3.3 and 3.4, we selected the enzyme that led to the best results and 

performed the biotransformation on 100 mg of each substrate. For these substrates, the results 

reported in the Results and Discussion report the isolated yield of these compounds, using the 

crude lysate enzyme instead of the purified form. The procedure is the same as applied for the 

scale-up experiment on the synthesis of the N-methylhexanamide. 

3.5.5. General procedure for thioacid and methylthioester 

formation 

In an Eppendorf tube (2 mL), NAD+ (0.5 mM), ADHs (20 µM), NOx (20 µM) were 

added in the buffer (H2S or MeSH based buffer, different concentrations and different pHs) up 

to a final volume of 1 mL. The substrate (10 mM) was added from a DMSO stock solution. 

The reaction was incubated at 30 °C, 800 rpm for 24 h in a thermomixer. The reaction was 

quenched with HCl 4M and extracted with EtOAc (500 µL X 2). Toluene was added as an 

internal standard. The organic layer was dried over MgSO4 and analysed by GC-FID on an 

Agilent DB1701 30 m column. 

3.5.6. General procedure for thioester formation 

In an Eppendorf tube (2 mL), NAD+ (0.5 mM), ADHs (20 µM), and NOx (20 µM) were 

added in KPi buffer 500 mM, pH 7 up to a final volume of 500 µL. Then, heptane and the thiol 

were added, up to a final volume of 1 mL. The substrate (10 mM) was added from a DMSO 

stock solution. The reaction was incubated at 30 °C, 800 rpm for 24 h in a thermomixer. The 
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reaction was quenched with HCl 4M, the heptane was removed and the buffer was extracted 

with EtOAc (300 µL X 2). Toluene was added as an internal standard. The organic layer was 

dried over MgSO4 and analysed by GC-FID on an Agilent DB1701 30 m column. 

3.5.7. Computational studies 

3.5.7.1. General procedure of docking 

The molecular dockings were performed using Autodock Vina as a tool incorporated 

into YASARA structure using the crystal structure of Aa-ADH in complex with NAD (PDB: 

2EWB). In instances where variants of Aa-ADH were used, all mutations to the parental 

enzyme were simulated in silico using the YASARA structure software with the AMBER 03 

force field.[167] After the introduction of a mutation or modification, the energy of the system 

was minimized following a three-step protocol deformation. In step one, only the atoms 

constituting the mutated amino acid residue were subjected to energy minimization. In step 

two, the process for energy minimization was repeated by including all the atoms of the amino 

acid residues that are located within 6 Å distance from the mutated residue. In step three, the 

energy of the overall structure was minimized.  

The 3D structures of the substrates (1d′, 1i′, and 1j′) were built using YASARA 

structures, saved as pdb files, and subjected to energy minimization using the AMBER03 force 

field before docking. 

In all dockings (Table S3.24), the simulation box was placed 10 Å around the active 

site of the enzyme. For each simulation, 25 VINA docking runs of each ligand to the receptor 

were run. After clustering the 25 runs, the following 3 distinct complex conformations were 

found for each docking simulation. Results were sorted by binding energy, and in all cases, the 

binding pose with the best binding energy was selected. More positive energies indicate 

stronger binding and negative energies mean no binding. All binding poses were inspected 

visually. 



Chapter 3 

 

116 

 

3.5.7.2. Docking experiment to rationalize the lack of reactivity 

In a separate molecular docking simulation, we examined the binding of intermediate 

14d’, formed from 14a and ethylamine (Figure 3.5a), within the Aa-ADHY151A variant. 

Although this reaction yielded only 2% conversion, it provides valuable insight into the 

structural basis of the limited reactivity observed. The docking results suggest that while the 

aromatic ring of 14a is still accommodated within the enlarged cavity created by the Y151A 

mutation, the intermediate adopts a non-productive orientation. In particular, the distance 

between the hydrogen at the oxidation site of the hemiaminal and the C4 carbon of the NAD⁺ 

nicotinamide ring (dashed blue line in Figure 3.5b-c) was found to be 5.6 Å, which is too long 

for efficient hydride transfer. Notably, this pose corresponded to the most representative one 

from the only cluster identified in this docking run, with a calculated binding energy of 4.23 

kcal/mol, indicating stable yet catalytically unproductive binding. 

3.5.8. Site-directed mutagenesis 

The Aa-ADH variants were obtained by site-directed mutagenesis using the Q5 site‐

directed mutagenesis kit (NEB), according to following procedure. Mutagenic primers (Table 

S3.25, 0.5 μΜ) were used in PCR reactions (25 μL) using 20 ng of the template DNA, and Q5 

Hot Start High-Fidelity 2X Master Mix provided by the kit. PCR parameters were: 1 cycle for 

30 seconds at 98 ˚ C, followed by 25 cycles, each consisting of 10 seconds at 98 °C 

(denaturation), 30 seconds at the appropriate Ta (Table S3.25, annealing), and 3 minutes at 72˚ 

C (extension). After the PCR, the reactions were treated with Kinase, Ligase, and DpnI (KLD) 

enzyme mix for circularization and template removal. Next, 5 μL of the purified product was 

used to transform competent BL21 (DE3) E.coli cells. In total, 100 μL of the transformation 

was plated into LB-agar petri dishes containing kanamycin (50 μg mL-1) and the next day, 

single colonies were picked. These colonies were used to inoculate LB medium overnight. The 

resulting overnight cultures were used for plasmid extraction and for glycerol stock 

preparation. The mutations introduced were verified with sequencing, and the glycerol stocks 

were used for enzyme expression following the procedure reported in section 3.6.  
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3.6. Supplementary data 

 

3.6.1. Optimization of amide formation 

Table S3.1: Screening at varied ammonium formate buffer concentration on substrate 

1a. NAD+ (0.5 mM), Pf-ADH (25 µM), NOx (20 µM) were added in the ammonium formate 

buffer pH 9, up to a final volume of 1 mL. The substrate (10 mM) was added from a DMSO 

stock solution. The reaction was incubated at 30 °C, 170 rpm for 24 h on an orbital shaker. 

Buffer 

concentration 

[M] 

Alcohol 

[%]  

Aldehyde 

[%]  

Acid 

[%]  

Amide 

[%]  

1 n.d. n.d. 68 32 

2 n.d. n.d. 49 51 

3 n.d. n.d. 35 65 

4 n.d. n.d. 23 77 

5 n.d. n.d. 17 83 

 

Table S3.2: Test on substrate 1a to reduce the enzyme loading. NAD+ (0.5 mM), Pf-

ADH, NOx were added in the ammonium formate buffer pH 9, up to a final volume of 1 mL. 

The substrate (10 mM) was added from a DMSO stock solution. The reaction was incubated at 

30 °C, 170 rpm for 24 h on an orbital shaker 

Enzyme concentration 

[µM] 

Alcohol 

[%] 

Aldehyde  

[%] 

Acid  

[%] 

Amide  

[%] 

ADH 25 µM – NOx 20 µM n.d. n.d. 18 82 

ADH 20 µM – NOx 10 µM n.d. n.d. 18 82 

ADH 10 µM – NOx 10 µM n.d. n.d. 18 82 

ADH 5 µM – NOx 5 µM 46 6 5 43 

 



Chapter 3 

 

118 

 

Table S3.3: Screening at varied pH performed on 1a with Pf-ADH. NAD+ (0.5 mM), 

Pf-ADH (10 µM), NOx (10 µM) were added in the ammonium formate 1 M, up to a final 

volume of 1 mL. The substrate (10 mM) was added from a DMSO stock solution. The reaction 

was incubated at 30 °C, 170 rpm for 24 h on an orbital shaker 

pH Alcohol 

[%] 

Aldehyde 

[%] 

Acid [%] Amide [%] 

8.5 10 n.d. 70 20 

9.0 6 n.d. 67 27 

9.5 5 n.d. 47 48 

10.0 3 n.d. 32 65 

10.5 20 n.d. 13 67 

11.0 87 2 1 10 

12.0 99 1 n.d. n.d. 

13.0 100 n.d. n.d. n.d. 

 

Table S3.4: Screening at varied ammonium formate buffer concentration on substrate 

1a with Pf-ADH and with optimized pH. NAD+ (0.5 mM), Pf-ADH (10 µM), NOx (10 µM) 

were added in the ammonium formate pH 10, up to a final volume of 1 mL. The substrate (10 

mM) was added from a DMSO stock solution. The reaction was incubated at 30 °C, 170 rpm 

for 24 h on an orbital shaker 

Buffer 

concentration 

[M] 

Alcohol 

[%] 

Aldehyde 

[%] 

Acid [%] Amide 

[%] 

1 2 n.d. 32 66 

2 n.d. n.d. 15 85 

3 n.d. n.d. 9 91 

4 n.d. n.d. 5 95 

5 n.d. n.d. 4 96 
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Table S3.5: Screening at varied pH performed with different ADHs that led to the amide 

formation. NAD+ (0.5 mM), ADHs (10 µM), NOx (10 µM) were added in the ammonium 

formate 1 M, up to a final volume of 1 mL. The substrate (10 mM) was added from a DMSO 

stock solution. The reaction was incubated at 30 °C, 170 rpm for 24 h on an orbital shaker 

pH Ht-ADH 

Amide [%] 

Te-ADH-W110A 

Amide [%] 

Pp-ADH 

Amide [%] 

Aa-ADH 

Amide [%] 

8.5 4 4 14 17 

9.0 7 12 32 23 

9.5 10 16 42 33 

10.0 8 12 61 42 

10.5 2 2 52 46 

11.0 n.d. n.d. 4 10 

12.0 n.d. n.d. n.d. n.d. 

13.0 n.d. 4 n.d. n.d. 

 

 Table S3.6: Screening at varied buffer concentration at the best pH performed with 

different ADHs. NAD+ (0.5 mM), ADHs (10 µM), NOx (10 µM) were added in the ammonium 

formate (pH 9.5 for Ht-and Te-ADH, 10 for Pp-ADH and 10.5 for Aa-ADH), up to a final 

volume of 1 mL. The substrate (10 mM) was added from a DMSO stock solution. The reaction 

was incubated at 30 °C, 170 rpm for 24 h on an orbital shaker 

Buffer concentration 

[M] 

Ht-ADH 

Amide [%] 

Te-ADH-W110A 

Amide [%] 

Pp-ADH 

Amide [%] 

Aa-ADH 

Amide [%] 

0.5 4 10 41 38 

1 10 16 61 46 

2 4 9 81 40 

3 3 7 87 36 

4 2 2 91 31 

5 1 1 95 29 
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Table S3.7: Screening at different temperatures with the optimized conditions with Aa-

ADH, Pp-ADH, Te-ADHW110A, and Ht-ADH. NAD+ (0.5 mM), ADHs (10 µM), NOx (10 

µM) were added in the ammonium formate in the optimized conditions, up to a final volume 

of 1 mL. The substrate (10 mM) was added from a DMSO stock solution. The reaction was 

incubated at 30 °C, 170 rpm for 24 h on an orbital shaker 

Temperature [°C] Ht-ADH 

Amide [%] 

Te-ADH-W110A 

Amide [%] 

Pp-ADH 

Amide [%] 

Aa-ADH 

Amide [%] 

20 8 n.m. n.m. 21 

25 12 11 78 25 

30 10 16 81 46 

35 4 12 81 24 
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3.6.2. Time study amidation 

3.6.2.1. Pf-ADH 

Table S3.8: Time study on substrate 1a with Pf-ADH in ammonium formate buffer 

under optimized conditions. 

Time [hours] Alcohol [%] Aldehyde [%] Acid [%] Amide [%] 

0 100 n.d. n.d. n.d. 

0.5 85 6 1 7 

1 66 6 4 24 

2 31 4 8 57 

4 n.d. 1 11 88 

6 n.d. n.d. 12 88 

24 n.d. n.d. 12 88 

 

Figure S3.1: Time study performed on substrate 1a in ammonium formate buffer with 

Pf-ADH. 
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Table S3.9: Time study on substrate 1a with Pf-ADH and methylammonium formate 

buffer under optimized conditions. 

Time [h] Alcohol [%] Aldehyde [%] Acid [%] Methylamide [%] 

n.d. 100 n.d. n.d. n.d. 

0.5 83 1 n.d. 16 

1 58 1 n.d. 41 

2 8 1 1 90 

4 4 1 1 94 

6 4 1 1 94 

24 4 1 1 94 

n.d.: not detected as it was below the detection limit. 

 

Figure S3.2: Time study performed on substrate 1a in methylammonium formate buffer 

with Pf-ADH. 
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3.6.2.2. Pp-ADH 

 

Table S3.10: Time study on substrate 1a with Pp-ADH and ammonium formate buffer 

under optimized conditions. 

Time [h] Alcohol [%] Aldehyde [%] Acid [%] Amide [%] 

n.d. 100 n.d. n.d. n.d. 

0.5 86 11 n.d. 3 

1 64 18 3 15 

2 36 20 6 38 

4 14 13 11 62 

6 n.d. 9 13 78 

24 n.d. n.d. 19 81 

n.d.: not detected as it was below the detection limit. 

 

Figure S3.3: Time study performed on substrate 1a in ammonium formate buffer with 

Pp-ADH. 
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Table S3.11: Time study on substrate 1a with Pp-ADH and methylammonium formate 

buffer under optimized conditions. 

Time [h] Alcohol [%] Aldehyde [%] Acid [%] Methylamide [%] 

n.d. 100 n.d. n.d. n.d. 

0.5 84 4 n.d. 12 

1 65 4 n.d. 31 

2 16 2 n.d. 84 

4 8 2 1 89 

6 8 2 2 89 

24 8 2 1 89 

n.d.: not detected as it was below the detection limit. 

 

Figure S3.4: Time study performed on substrate 1a in methylammonium formate buffer 

with Pp-ADH. 
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3.6.2.3. Aa-ADH 

Table S3.12: Time study on substrate 1a with Aa-ADH and ammonium formate buffer 

under optimized conditions. 

Time [h] Alcohol [%] Aldehyde [%] Acid [%] Amide [%] 

n.d. 100 n.d. n.d. n.d. 

0.5 98 1 n.d. 1 

1 97 2 n.d. 1 

2 93 2 n.d. 5 

4 84 2 1 14 

6 80 1 1 18 

24 51 n.d. 3 46 

n.d.: not detected as it was below the detection limit. 

 

Figure S3.5: Time study performed on substrate 1a in ammonium formate buffer with 

Aa-ADH. 
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Table S3.13: Time study on substrate 1a with Aa-ADH and methylammonium formate 

buffer under optimized conditions. 

Time [h] Alcohol [%] Aldehyde [%] Acid [%] Methylamide [%] 

n.d. 100 n.d. n.d. n.d. 

0.5 99 1 n.d. n.d. 

1 98 2 n.d. n.d. 

2 93 4 n.d. 3 

4 90 4 n.d. 6 

6 90 2 n.d. 8 

24 89 1 n.d. 11 

n.d.: not detected as it was below the detection limit. 

 

Figure S3.6: Time study performed on substrate 1a in methylammonium formate buffer 

with Aa-ADH. 
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Table S3.14: Time study on substrate 14a with Aa-ADH and ammonium formate buffer 

under optimized conditions. 

Time [h] Alcohol [%] Aldehyde [%] Acid [%] Amide [%] 

n.d. 100 n.d. n.d. n.d. 

0.5 96 4 n.d. n.d. 

1 89 4 n.d. 7 

2 83 4 n.d. 13 

4 51 4 n.d. 45 

6 31 4 n.d. 65 

24 1 n.d. n.d. 99 

n.d.: not detected as it was below the detection limit. 

 

Figure S3.7: Time study performed on substrate 14a in ammonium formate buffer with 

Aa-ADH. 
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Table S3.15: Time study on substrate 20a with Aa-ADH and methylammonium formate 

buffer under optimized conditions. 

Time [h] Alcohol [%] Aldehyde [%] Acid [%] Amide [%] 

n.d. 100 n.d. n.d. n.d. 

0.5 96 4 n.d. n.d. 

1 89 4 n.d. 7 

2 83 4 n.d. 13 

4 51 4 n.d. 45 

6 31 4 n.d. 65 

24 n.d. n.d. n.d. 100 

n.d.: not detected as it was below the detection limit.

 

Figure S3.8: Time study performed on substrate 20a in ammonium formate buffer with 

Aa-ADH. 
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3.6.3. Preparative scale synthesis of N-methylhexanamide 

Table S3.16: Increased substrate loading for the preparative scale synthesis of substrate 

1a with the optimized conditions. 

Substrate loading Aldehyde Alcohol Acid Amide 

10 mM 1 4 1 94 

20 mM 4 71 n.d. 25 

30 mM 2 90 n.d. 8 

50 mM 1 98 n.d. 1 

70 mM 1 99 n.d. n.d. 

100 mM 1 99 n.d. n.d. 

n.d.: not detected as it was below the detection limit. 

Table S3.17: Test at increased enzyme concentration to improve the conversion with 

20 mM substrate concentration. 

Enzyme 

concentration 

Aldehyde Alcohol Acid Amide 

10 µM ADH 

10 µM NOx 

4 71 n.d. 25 

20 µM ADH 

10 µM NOx 

4 67 n.d. 31 

20 µM ADH 

15 µM NOx 

7 43 n.d. 50 

20 µM ADH 

20 µM NOx 

6 23 n.d. 71 

25 µM ADH 

25 µM NOx 

1 1 n.d. 98 

n.d.: not detected as it was below the detection limit. 
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Productivity metrics: 

Product: 4.27 mmol, 531 mg 

Conversion: 99% 

Isolated yield: 87% 

Enzyme: 20 µM x 0.245 L = 4.90 µmol 

TON = (moles product)/(moles enzyme) = 4270 µmol / 4.90 µmol = 871 

TOF = TON/time = 871 / 5h = 174.3 h-1 = 0.0484 s-1 

Space time yield (STY, mmol L-1 h-1) = 4.27 mmol / (0.245 L × 5 h) = 3.48 mmol·L⁻¹·h⁻¹ 

Space time yield (mass) = 531 mg / (0.245 L x 5 h) = 433 mg·L⁻¹·h⁻¹ 

1HNMR (300 Hz, CDCl3): 5.52 (s, 1H), 2.82 (d, J = 4.7 Hz, 3H), 2.18 (t, J = 7.4 Hz, 

2H), 1.65 (p, J = 7.5 Hz, 2H), 1.33 (m, 4H), 0.90 (t, J = 6.9 Hz, 3H). 

  



Amide and Thioester Synthesis using Alcohol Dehydrogenases 

 

131 

 

3.6.4. Optimization of thioacid and thioester formation 

Table S3.18: screening of the three ADHs that led to the formation of the thioacid. 

NAD+ (0.5 mM), ADHs (20 µM), NOx (20 µM) were added in the hydrogen sulfite buffer pH 

9r, up to a final volume of 1 mL. The substrate (10 mM, 1a) was added from a DMSO stock 

solution. The reaction was incubated at 30 °C, 800 rpm for 24 h in a thermomixer. 

Buffer 

Conc. 

[M] 

Pf-ADH Pp-ADH Aa-ADH 

Carb. acid 

[%] 

Thioacid 

[%] 

Carb. acid 

[%] 

Thioacid 

[%] 

Carb. acid 

[%] 

Thioacid 

[%] 

0.5 53 14 41 19 39 10 

1 73 27 75 25 20 34 

2 70 30 69 31 27 17 

3 66 34 65 35 19 7 

4 60 40 54 46 17 5 

5 10 1 50 40 9 1 
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Table S3.19: screening of the three ADHs that led to the formation of the thioacid with 

the buffer concentration 1 M. NAD+ (0.5 mM), ADHs (20 µM), NOx (20 µM) were added in 

the hydrogen sulfite buffer 1 M, up to a final volume of 1 mL. The substrate (10 mM, 1a) was 

added from a DMSO stock solution. The reaction was incubated at 30 °C, 800 rpm for 24 h in 

a thermomixer. 

Buffer 

Conc. 

[M] 

Pf-ADH Pp-ADH Aa-ADH 

Carb. acid 

[%] 

Thioacid 

[%] 

Carb. acid 

[%] 

Thioacid 

[%] 

Carb. acid 

[%] 

Thioacid 

[%] 

6.5 2 1 2 1 2 0 

7 1 54 1 54 4 70 

7.5 22 16 22 16 24 45 

8 15 6 15 6 9 39 

9 40 31 40 31 29 32 

9.5 27 16 27 16 34 8 

10 33 15 33 15 30 11 

10.5 37 29 37 29 28 27 

11 51 25 51 25 37 20 

 

Table S3.20: Second screen of buffer concentration after optimization of the pH (7). 

NAD+ (0.5 mM), ADHs (20 µM), NOx (20 µM) were added in the hydrogen sulfite buffer pH 

7, up to a final volume of 1 mL. The substrate (10 mM, 1a) was added from a DMSO stock 

solution. The reaction was incubated at 30 °C, 800 rpm for 24 h in a thermomixer. 

Buffer 

Conc. 

[M] 

Pf-ADH Pp-ADH Aa-ADH 

Carb. acid 

[%] 

Thioacid 

[%] 

Carb. acid 

[%] 

Thioacid 

[%] 

Carb. acid 

[%] 

Thioacid 

[%] 

0.1 20 56 16 84 20 72 

0.3 7 93 6 93 9 91 

0.5 8 92 4 81 8 92 

1 12 88 1 54 4 70 

1.5 1 55 1 41 3 52 
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Table S3.21: Buffer concentration screen performed with MeSH with the three ADHs. 

NAD+ (0.5 mM), ADHs (20 µM), NOx (20 µM) were added in the methyl mercaptan buffer 

pH 7, up to a final volume of 1 mL. The substrate (10 mM, 1a) was added from a DMSO stock 

solution. The reaction was incubated at 30 °C, 800 rpm for 24 h in a thermomixer. 

Buffer 

Conc. 

[M] 

Pf-ADH Pp-ADH Aa-ADH 

Carb. acid 

[%] 

Me-thioester 

[%] 

Carb. acid 

[%] 

Me-thioester 

[%] 

Carb. acid 

[%] 

Me-thioester 

[%] 

1 32 27 0 95 0 16 

0.5 36 9 2 46 0 23 

0.3 45 19 1 28 1 34 

0.1 21 2 2 10 11 26 

 

  



Chapter 3 

 

134 

 

Table S3.22: Optimization of reaction conditions for longer thiols insoluble in the buffer. 

NAD+ (0.5 mM), ADHs (20 µM), NOx (20 µM) were added in the KPi buffer pH 7, then the 

heptane and the thiol (0.5 M) were added, up to a final volume of 1 mL. The substrate (10 mM, 

1a) was added from a DMSO stock solution. The reaction was incubated at 30 °C, 800 rpm for 

24 h in a thermomixer. 

KPi buffer 

Pf-ADH Pp-ADH Aa-ADH 

Carb. acid 

[%] 

Me-thioester 

[%] 

Carb. acid 

[%] 

Me-thioester 

[%] 

Carb. acid 

[%] 

Me-thioester 

[%] 

500 mM 

monophasic 

17 1 - 9 - 8 

200 mM 

monophasic 

- - - 3 - 6 

100 mM 

monophasic 

- - - 2 - 5 

500 mM 

biphasic 

62 1 3 57 3 21 

200 mM 

biphasic 

62 1 3 47 3 17 

100 mM 

biphasic 

- 1 2 39 4 16 

500 mM  

1 M EtSH 

- - - - - 1 

500 mM  

0.1 M EtSH 

5 - 1 3 2 6 
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Table S3.23: Thiol concentration screen. NAD+ (0.5 mM), ADHs (20 µM), NOx (20 

µM) were added in the KPi buffer pH 7, then the heptane and the thiol were added, up to a final 

volume of 1 mL. The substrate (10 mM, 1a) was added from a DMSO stock solution. The 

reaction was incubated at 30 °C, 800 rpm for 24 h in a thermomixer. 

EtSH conc 

[M] 

Pp-ADH Aa-ADH 

Carb. acid 

[%] 

Et-thioester 

[%] 

Carb. acid 

[%] 

Et-thioester 

[%] 

1 17 43 18 12 

0.2 12 52 14 15 

0.3 11 53 9 18 

0.5 3 57 3 21 
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3.6.5. Control experiments to verify catalytic promiscuity and 

mechanism 

The reaction was tested under optimized reaction condition for both amides and 

thioesters formation in the following cases, using substrate 1a or the aldehyde 1b 

1) Without any ADH. 

2) Without any ADH and using the aldehyde as starting material. 

3) Without NOx but with NAD+ in catalytic amount (5 mol%). 

4) Without NOx but with 1.1 eq of NAD+.  

5) Without NOx but with 2.2 eq of NAD+.  

6) Without NOx, but with 1.1 eq of NAD+ and using the aldehyde as starting material. 

7) Without external addition of NAD+ (Note: some NAD+/NADH is bound to the 

enzyme during expression and purification). 

8) Without NOx and ADHs. 

9) Without NOX and NAD+. 

10) Without any ADH and NAD+. 

11) Without any ADH, NOx and NAD+ but using the aldehyde as starting material. 

12) In amine free buffer (HCO3
-/CO3

2- 1 M pH 10) with all the other enzymes and 

cofactors in the reaction mixture. 

13) In amine free buffer (HCO3
-/CO3

2- 1 M pH 10) using the aldehyde as starting 

material but without ADH. 
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14) In amine free buffer (HCO3
-/CO3

2- 1 M pH 10) using the aldehyde as starting 

material, but without ADH and NAD+. 

15-16) No ADH, alcohol and aldehyde as substrates in the reaction conditions in H2S 

formate buffer 

17-18) No ADH, alcohol and aldehyde as substrates in the reaction conditions in MeSH 

formate buffer 

19-20) No ADH, alcohol and aldehyde as substrates in the reaction conditions in 

bphasic system with EtSH 

21-22-23) No ADH, Carboxylic acid in reaction conditions 

24) No NOx, stoichiometric amount of NAD 
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Figure S3.9: Control experiments on substrate 1a to validate the catalytic promiscuous 

activity and reaction pathway. 
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3.6.6. Computational studies 

Table S3.24: Docking studies performed in this work 

Entry Enzyme Substrate Docking clusters  Binding energy (Kcal/mol) 

1 Aa-ADH 1d’ 

001 000004.4100 

002 000004.0430 

003 000003.0970 

2 Aa-ADHY151A 1i’ 

001 000004.8070 

002 000004.1080 

003 000003.5880 

3 Aa-ADHY151A 1j’ 

001 000004.4870 

002 000004.0060 

003 000003.8720 

 

 

Figure S3.10: a) Reaction investigated with docking simulations using 14d’ as ligand. 

b-c) Docking outcome of the best binding energy. 
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3.6.7. Site-directed mutagenesis 

Table S3.25: Primers used for construction of AA-ADH variants.  

Parental DNA Mutations  Primer Sequence (5’→ 3’) Ta 

Aa-ADH 

 

Y93A F CGCGGGCATCgcgCCGCTGATTC 57 

R TTGTTAACCAGGATGTC 

Y151A F GATCGAAGCGgcgACCCACTATATTAGC 58 

R TTCAGCCAATAGGTGG 

L186A F TGCGCCGAGCgcgGTTCGTACCG 66 

R ATCGCGTTCACGGTGATG 

3.6.8. Analytical methods 

Method A: constant pressure 6.9 psi, split ratio 20:1, T injector 250 °C. Temperature 

program: T initial 60 °C, hold 6.5 min, gradient 20 °C/min up to 100 °C; hold 1 min, gradient 

20 °C/min up to 280 °C; hold 1 min. 

Method B: constant pressure 6.9 psi, split ratio 20:1, T injector 250 °C. Temperature 

program: T initial 80 °C, hold 6.5 min, gradient 10 °C/min up to 160 °C; hold 1 min, gradient 

20 °C/min up to 200 °C; hold 2 min, gradient 20 °C/min up to 280 °C; hold 1 min. 
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3.7. NMR spectra 

 

1H NMR (300 Hz, CDCl3): 5.52 (s, 1H), 2.82 (d, J = 4.7 Hz, 3H), 2.18 (t, J = 7.4 Hz, 

2H), 1.65 (p, J = 7.5 Hz, 2H), 1.33 (m, 4H), 0.90 (t, J = 6.9 Hz, 3H). 

 

1H NMR (300 MHz, CDCl3) δ 8.59 (d, J = 4.5 Hz, 1H), 8.22 (t, J = 8.0 Hz, 1H), 7.86 

(m, 2H), 5.87 (br, NH, 2H). 13C NMR (101MHz, CDCl3): δ 166.8,149.5,148.3,133.4, 131.3, 

126.8, 

 

1H NMR (300 MHz, CDCl3): δ 9.04 (s, 1H), 8.75 (d, J = 3.5 Hz, 1H), 8.18 (d, J = 5.5 

Hz, 1H), 7.43 (q, J = 4.0 Hz, 1H),6.45 (br, NH, 2H). 13C NMR (101 MHz, CDCl3): δ 167.6, 

152.7, 148.3, 130.6, 129.2, 123.6 
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1H NMR (300 MHz, CDCl3): δ 9.03 (s, 1H), 8.76 (d, J = 3.5 Hz, 1H), 8.17 (dd, J = 

6.0, 1.8 Hz, 1H), 7.41 (dd, J = 7.4, 4.9 Hz, 1H), 6.10 (s, 2H). 13C NMR (101 MHz, CDCl3): δ 

166.4, 152.0, 148.7, 135.1, 129.6, 123.4. 

 

1H NMR (300 MHz, CDCl3) δ: 8.54 (1H, d, J = 4.7, 0.9 Hz), 8.20 (1H, dt, J = 7.8, 1.0 

Hz), 8.06 (1H, s), 7.84 (1H, dt, J = 1.7, 7.7 Hz), 7.42 (1H, ddd, J = 7.7, 4.7, 1.1 Hz), 3.04 

(3H, d, J = 5.2 Hz).13C NMR (101 MHz, CDCl3): δ 165.2, 149.8, 148.1, 137.4, 126.2, 122.1, 

26.1. 

 

1H NMR (300 MHz, CDCl3) δ: 9.01 (1H, d, J = 2.1 Hz), 8.67 (1H, dd, J = 4.8, 1.7Hz), 

8.14 (1H, dt, J = 7.9, 2.1 Hz), 7.35 (2H, m), 3.00 (3H, d, J = 4.8 Hz). 13C NMR (101 MHz, 

CDCl3): δ 166.2, 151.6, 148.3, 135.0, 130.3, 123.1, 26.5 

 

1H NMR (300 MHz, CDCl3) δ: 8.65 (2H, d, J = 6.2 Hz), 7.60 (2H, d, J = 6.2 Hz), 7.03 

(1H, br s), 2.97 (3H, d, J = 4.8 Hz). 13C NMR (101 MHz, CDCl3): δ 166.3, 150.4, 141.8, 

132.1, 125.4, 121.0, 26.9. 
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