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Abstract 

Thioamide bonds are important intermediates in prebiotic chemistry. In cyanosulfidic prebiotic chemistry, they 
serve as crucial intermediates in the pathways that lead to the formation of many important biomolecules (e.g., 
amino acids). They can also serve as purine and pyrimidine precursors, the two classes of heterocycle employed 
in genetic molecules. Despite their importance, the formation of thioamide bonds from nitriles under prebiotic 
conditions has required large excesses of sulfide or compounds with unknown prebiotic sources. Here, we describe 
the thiol-catalyzed formation of thioamide bonds from nitriles. We show that the formation of the simplest 
of these compounds, thioformamide, forms readily in spark-discharge experiments from hydrogen cyanide, 
sulfide, and a methanethiol catalyst, suggesting potential accumulation on early Earth. Lastly, we demonstrate 
that thioformamide has a Gibbs energy of hydrolysis ( �G

◦
r
 ) comparable to other energy-currencies on early Earth 

such as pyrophosphate and thioester bonds. Overall, our findings imply that thioamides might have been abundant 
on early Earth and served a variety of functions during chemical evolution.

Keywords Proto-metabolism, Origin of life, Hydrogen cyanide, Thioformamide

Introduction
Thioamide-containing compounds are important 
intermediates in the formation of biomolecules, such 
as nucleobases and amino acids, under prebiotic 
conditions. α,β − unsaturated thioamides cyclize 
and subsequently react with a variety of nucleophiles 
to generate pyrimidines (e.g., uracil, cytosine, and 
4-thiouracil) [1]. It has also been demonstrated that the 
simplest thioamide-containing molecule, thioformamide, 
might mediate the formation of purine precursors [2]. 
In cyanosulfidic prebiotic chemistry, the formation of α
-hydroxythioamides is integral in the synthesis of amino 
acids and isoprenoid precursors from cyanohydrins [3].

However, the formation of thioamide bonds from 
nitriles and sulfide can be challenging. Often times these 
reactions require large excesses of sulfide (five to ten-fold) 
or long reaction times [1, 4, 5]. More recent work has 
demonstrated that thiophosphate ( PSO3−

3  ) can efficiently 
facilitate the thiolysis of nitriles to form thioamides [5] 
with only a two-fold excess of thiophosphate. However, 
a source of thiophosphates on early Earth remains uncer-
tain. Some recent work has shown that meteoritic deliv-
ery of phosphorous-bearing minerals and subsequent 
photoredox reactions might offer a source [6]. Here, we 
demonstrate that alkyl-thiols can serve as catalysts for 
the thiolysis of nitriles to yield thioamides. Thiols are 
ubiquitous in biochemistry (e.g., cysteine residues in 
the active sites of many enzymes) and thiol-containing 
compounds, such as thioesters, are pivotal intermediates 
in many prebiotic networks [7–10]. Furthermore, thiols 
might have been incorporated into biochemistry before 
phosphate [11, 12].

We sought to test whether thiols can catalyze the thi-
olysis of nitrile bonds to form thioamides under prebiotic 
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conditions. We began our inquiry by conducting spark 
discharge experiments and performed subsequent reac-
tions with isolated nitriles to further explore thioamide 
bond formation. We also used ab initio modeling to char-
acterize the thermochemical properties of the simplest 
thioamide, thioformamide. The results presented below 
illustrate the catalytic role thiols might have played in 
prebiotic chemistry, mirroring the role they play in bio-
chemistry today.

Methods
Unless stated otherwise, all reactions were carried out 
in an N2-sparged phosphate-buffer (0.1 M) with an N2

-headspace at room temperature. Degassed HCl or 
NaOH was used to to adjust the pH.

Spark discharge experiments
Spark discharge experiments were carried out under a 
mildly reducing atmosphere ( H2 −N2 −

13 CO2 ; 0.33 bar 
each). Gaseous 13CO2 was generated from sodium bicar-
bonate ( NaH13CO3(s) , Cambridge Isotope Laboratories) 
and degassed hydrochloric acid (4 N; HCl). Excess HCl 
was added to NaH13CO3 in a 1100-mL round-bottom 
flask under vacuum. The reaction was allowed to proceed 
for 30 min at room temperature, after which residual acid 
and water was removed before proceeding. The same 
procedure was used to generate a neutral atmosphere 
( N2 −

13 CO2 ; 0.5 bar each).
Phosphate buffer (0.2 M; pH 8; VWR) and sodium 

sulfide nonahydrate (0.1 M; Na2S · 9H2O ; EMD Mil-
lipore) were added as the aqueous phase in a 1100-mL 
round-bottom flask. An Electrotechnics BD50E Tesla 
coil and two tungsten electrodes were used to gener-
ate a spark for 72 h at 42 kV. During this time, the flask 
was kept in a water bath at ∼ 5◦C to maintain a con-
sistent temperature. After 72  h, the aqueous phase was 
incubated with methanethiol (20  mM; introduced as 
CH3SNa ) at room temperature for 48 h.

HCN reactions
Reactions with HCN were carried out with isotopi-
cally labeled potassium cyanide (20  mM, K13CN ; Cam-
bridge Isotope Laboratories) and sodium sulfide (20 mM, 
Na2S · 9H2O ). Alkyl thiol was also added as either meth-
anethiol (20 mM, CH3SNa ; Sigma Aldrich) or ethanethiol 
(50 mM, CH3CH2SH ; Sigma Aldrich).1 Each reactant was 
placed into a serum vial and dissolved in degassed phos-
phate buffer (0.1 M) and under an N2 headspace.

Reactions with a headspace containing H2S (g) were 
carried out in a manner similar to those above, with equi-
molar amounts of K13CN and CH3SNa (20 mM). Gase-
ous H2S was generated by placing Na2S ⋅ 9 H2 O (s) under 
vacuum and adding degassed 4 N HCl. This reaction was 
allowed to proceed for 24 h at room temperature. After 
24 h, 7.5 mL of H2 S (g) (1.5 bar) was added to a reaction 
of K13 CN and CH3SNa in degassed phosphate buffer with 
an N2-headspace.

Non-alkyl thiols were screened for their ability to cata-
lyze the formation of thioformamide. Reactions contain-
ing cysteamine (2-aminoethanethiol hydrochloride) and 
N-acetyl cysteamine were carried out in the same manner 
as the thioformamide-forming reactions above.

To confirm the identity of thioformamide, reactions 
were also carried out to form thioformamide from HCN 
and sodium thiophosphate ( Na2PO3S ; Sigma-Aldrich) 
following the methods of Ritson et al. [5].

Further reactions were conducted to determine if com-
pounds other than HCN present in the spark discharge 
mixture could serve as precursors to thioformamide. 
Reactions with formamide (20  mM, HCONH2 , Acros 
Organics) and sodium thiocyanate (20  mM, NaSCN, 
Acros Organics) were carried out in a manner similar to 
those described above, “HCN reactions” replacing K13 CN 
with either formamide or sodium thiocyanate. To deter-
mine whether or not alkyl thiols were serving as catalysts 
themselves via the mechanism proposed below or just 
acting as an acid, we reacted imidazole (20 mM, Thermo 
Scientific) with K13 CN and Na2 S · 9 H2 O and did not 
detect the production of thioformamide.

3‑cyanopyridine reactions
Thionicotinamide-forming reactions were carried out 
with 3-cyanopyridine (25  mM, Sigma-Aldrich), sodium 
sulfide (50 mM), and methanethiol (50 mM).

Nuclear magnetic resonance spectroscopy
Samples were prepared for nuclear magnetic resonance 
spectroscopy (NMR) by adding 0.1 mL of deuterium 
oxide ( D2 O, 99.8 atom % D; Acros Organics) to 0.5 mL 
of the reaction mixture. NMR spectra were collected on 
either a Bruker Avance-III-HD-500 or a Bruker NEO-
400 spectrometer. Spectra for 1 H (500 MHz, 400 MHz) 
were collected using solvent suppression (zgesgp). Pro-
ton-decoupled spectra for 13 C (125 MHz, 100 MHz) 
were collected using the pulse program zgpg30. Yield 
determinations for HCN reactions were carried out 
by increasing the recycle delay ( d1 = 60 s ; zgig). The 
optimal recycle delay was determined using inversion 
recovery experiments. Spectra were also collected for 
Distortionless Enhancement by Polorization Transfer 
(DEPT 135; deptsp135) and J modulation (jmod) in initial 

1 Initial reactions were carried out with a ratio of 2:5:5 HCN:sulfide:thiol, 
but subsequent reactions were carried out with equimolar amounts of each 
reactant.
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experiments when determining the structure of thiofor-
mamide. All spectra were processed using the MestReN-
ova software suite [13].

Thermodynamics and kinetics
Density functional theory calculations
To compute the thermochemical properties of the com-
pounds involved in the hydrolysis of thioformamide, we 
employed Gaussian 16 [14] to perform ab initio density 
functional theory calculations. B3LYP level of theory 
(Becke-style 3-parameter density functional theory with 
the Lee-Yang-Parr correlation functional) was used with 
the basis set 6-311++g(3df,3pd), which have been previ-
ously used to study thioformamide [15]. Solvation effects 
were taken into account with a self-consistent reaction 
field (SCRF) and a polarizable continuum model (with 
integral equation formalism; IEFPCM).

Standard state enthalpy ( �H◦
r  ) and Gibbs energy ( �G◦

r  ) 
of reaction were calculated from thermochemical output 
using the equations below [16]:

where ε0 is the total electronic energy of a compound and 
Hcorr and Gcorr are the thermal corrections to enthalpy 
and free energies, respectively.

Kinetic rate constants
Kinetic rate constants for the formation of thioforma-
mide were determined from reaction yields from quan-
titative 13C NMR. The formation of thioformamide was 

(1)
�H◦

r =
∑

(ε0 +Hcorr)prod −
∑

(ε0 +Hcorr)reac

(2)�G◦
r =

∑

(ε0 + Gcorr)prod −
∑

(ε0 + Gcorr)reac

assumed to follow a second-order rate law and the kinetic 
rate constant (k) was determined accordingly. Since the 
concentration of HCN was equal to the concentration of 
H2S,

The hydrolysis of thioformamide was determined in pre-
vious work to have a half-life ( t1/2 ) of 3 days [2]. Taken to 
be a pseudo-first order reaction (where the rate of reac-
tion is only dependent on the concentration of thiofor-
mamide) the kinetic rate constant can be calculated from:

If [thio] = [thio]0
2  at t = t1/2

Results
The results of the reactions described below are 
described in Table 1.

(3)

d[HCN ]

dt
= −k[HCN ]

2

∫ t

t0

1

d[HCN ]2
d[HCN ] = −k

∫ t

t0

dt

k =
1

t

[

1

[HCN ]t
−

1

[HCN ]0

]

d[thio]

dt
= −k[thio]

∫ t

t0

1

d[thio]
d[thio] = −k

∫ t

t0

dt

[thio]t = [thio]0 exp(−kt)

(4)k = −
ln 1

2

t1/2

Table 1 Summary of selected reactions carried out in this study

 Unless stated otherwise, all reactions are carried out in the aqueous phase for 48 h. The identity of the thioamide produced are indicated in the second column. Initial 
reaction conditions are specified, where RT indicates room temperature

Reaction Thioamide produced Conditions used Notes

Reducing sulfidic spark
discharge mixture + CH3SH

Thioformamide Incubation reaction carried out at RT See text for spark discharge description

Neutral sulfidic spark
discharge mixture + CH3SH

Thioformamide Incubation reaction carried out at RT See text for spark discharge description

HCN + H2S + CH3SH Thioformamide pH 7 and 11; 4 ◦ C and RT Yield of 33% in 48 hours at RT

HCN + H2S(g) + CH3SH Thioformamide pH 7; RT –

HCN + H2S + CH3CH2SH Thioformamide pH 7 and 11; RT –

HCN + H2S + cysteamine None pH 7; RT –

HCN + H2S + N-acetyl cysteamine None pH 7; RT –

HCN + H2S None pH 7 and 11; 4 ◦ C and RT –

HCN + H2S + imidazole None pH 7; RT –

3-cyanopyridine + H2S + CH3SH Thionicotinamide pH 7; 72 hours at RT Near complete conversion

3-cyanopyridine + H2S Thionicotinamide pH 7; 72 hours at RT Some product observed, but not as 
much as with thiol catalyst
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Thioformamide‑forming reactions
Spark‑discharge experiments
Carbon-13 NMR spectra for the mildly reducing 
( H2 −N2 −

13CO2 ) spark discharge mixture indicates 
that a variety of organics were produced in these experi-
ments (Fig.  1). When this solution was incubated with 
methanethiol (as described in Sect. "Spark discharge 
experiments"), a peak corresponding to a carbonyl carbon 
was detected ( δ13C = 193.6 ppm ). Spectra collected using 
the DEPT135 and JMOD pulse programs indicated that 
this corresponded to a carbon with one proton attached. 
A lower diversity of organic compounds was detected in 
the neutral spark discharge mixture but after incubation 
with methanethiol, the same peak ( δ13C = 193.6 ppm ) 
was again detected Figs. 2, 3 with 13C NMR.

Isolated HCN reactions
We tried several reactions to reproduce the compound 
detected in the spark discharge incubations. Reactions of 
cyanide, methanethiol, and sulfide produced thioforma-
mide at 4 ◦ C and room temperature, as well as at pH ∼ 7 
and pH ∼ 11 . Quantitative 13C NMR indicated a ∼ 33% 
yield of thioformamide from HCN at pH ∼ 7 . We deter-
mined that the phosphate buffer was not having any 

influence on the reaction by conducting the same reac-
tion in carbonate buffer as well as in water. Both of these 
reactions produced thioformamide. (see Supplemental 
data). Reactions of formamide and sodium thiocyanate in 
place of cyanide did not produce any detectable thiofor-
mamide (see Supplemental Data).

We reacted hydrogen cyanide with sodium thiophos-
phate (a known way to produce thioformamide [5]) to 
confirm the production of thioformamide. Carbon-13 
NMR spectra from this reaction showed an identical 
chemical shift ( δ13C = 193.6 ppm ), confirming the pro-
duction of thioformamide in our experiments (Fig.  4, 
Supplementary Data).

Notably, reactions of cyanide and sulfide alone did not 
lead to the production of thioformamide indicating that 
methanethiol is acting as a catalyst in the formation of 
thioformamide. Indeed, reactions of cyanide and sulfide 
with ethanethiol also lead to the production of thiofor-
mamide, signifying that these alkyl thiols are likely acting 
to catalyze the formation of thioamide bonds in the pres-
ence of sulfide.

Additionally, a few reactions reactions where non-alkyl 
thiols were used in place of methane- or ethanethiol 
failed to produce thioformamide. These reactions seem to 
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Fig. 1 Carbon-13 NMR spectra for reducing spark discharge experiment ( H2 − N2 −
13

CO2 ). Spectrum A shows the spark discharge mixture. 
Spectrum B shows the spark discharge mixture after 48 h of incubation with methanethiol at room temperature. Identifiable carbon compounds 
are labeled; the omitted region did not contain peaks. Peaks further downfield represent carbon nuclei with a poorer electron density (e.g. carbonyl 
and nitrile carbons), while those further upfield correspond to carbon nuclei with a greater electron density (e.g. alkyl and alkenyl carbons). The 
peak corresponding to the carbonyl carbon of thioformamide is highlighted in blue
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have preferentially formed other products instead of thi-
oformamide. For example, cysteamine, a thiol-containing 
precursor to coenzyme A [17] reacted with cyanide to 
form a thiazole (a nitrogen- and sulfur-containing five-
membered heterocycle).2. Reactions using cysteine, a 
thiol-containing α-amino acid, also did not catalyze the 
formation of thioformamide. We suspect this is due to 
the formation of cyanohydrins, a favorable product of the 
reaction of amino acids and cyanide.

Thionicotinamide‑forming reactions
To test whether thiols can catalyze the formation of other 
thioamides, we examined the reaction of 3-cyanopyridine 
and sulfide with methanethiol as a catalyst. This reaction 
resulted in the near complete conversion of 3-cyano-
pyridine to thionicotinamide at pH ∼ 7 (Fig. 5). In these 
experiments, visual precipitation of thionicotinamide 
was observed in the reaction vial owing to the poor sol-
ubility of thionicotinamide relative to 3-cyanopyridine 
in water at 25◦ C ( 0.02 g L−1 compared to 140 g L−1 for 

thionicotinamide and 3-cyanopyridine, respectively). This 
reaction did not produce thionicotinamide at higher pH 
values. Reactions of 3-cyanopyridine with sulfide in the 
absence of a thiol catalyst still produced thionicotinamide, 
but not in the amounts produced in the presence of a thiol 
catalyst.

Proposed mechanism
We propose that the formation of thioamide bonds from 
nitriles proceeds through two subsequent nucleophilic 
substitution reactions (Fig. 6). The catalytic thiol initially 
attacks the nitrile carbon (reducing the triple bond) to 
form a thioimidate intermediate. Bisulfide then attacks 
the carbonyl carbon of the thioimidate to yield a tetrahe-
dral intermediate. This intermediate collapses to reform 
the C=N double bond as the thiol catalyst leaves to form 
the thiolimine which subsequently tautomerizes to form 
the more thermodynamically stable thioformamide [15].

Alternatively, the thiol might be protonating the nitrile 
nitrogen, making it more electrophilic and thus suscep-
tible to nucleophilic attack by sulfide. To examine this 
possibility, we reacted cyanide and sulfide with imida-
zole, which could act as an acid (pKa ∼ 7). We did not 
observe the production of thioformamide in these reac-
tions and conclude that the mechanism above is a likely 
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Fig. 2 Carbon-13 NMR spectra for neutral spark discharge experiment ( N2 −
13

CO2 ). Spectrum A shows the spark discharge mixture. Spectrum B 
shows the spark discharge mixture after 48 h of incubation with methanethiol. Identifiable carbon compounds are labeled; the omitted region did 
not contain peaks. Peaks further downfield represent carbon nuclei with a poorer electron density (e.g. carbonyl and nitrile carbons), while those 
further upfield correspond to carbon nuclei with a greater electron density (e.g. alkyl and alkenyl carbons). The peak corresponding to the carbonyl 
carbon of thioformamide is highlighted in blue

2 We did not definitively identify the products of these experiments, but the 
formation of thiazolines from nitriles and cysteamine has been previously 
characterized [18].
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explanation for the thiol-catalyzed formation of thioam-
ide bonds.

Thermodynamic and kinetic results
Density functional theory calculations and Gibbs energy 
of reaction
Thioformamide can potentially hydrolyze to form either 
formamide or thioformic acid. To study the energetics of 
these reactions, we performed density functional theory 
(DFT) calculations in Gaussian. We used the thermo-
chemical output to calculate the enthalpy of reaction 
( �H◦

r  ) and Gibbs energy of reaction ( �G◦
r  ) for these reac-

tions. For the formation of thioformic acid, we calculated 
�H◦

r = 27.728 kJmol−1 and �G◦
r = 23.593 kJmol−1 . The 

hydrolysis of thioformamide to yield formamide has an 
enthalpy of reaction of �H◦

r = −25.0158 kJmol−1 and 
a Gibbs energy of reaction of �G◦

r = −27.350 kJmol−1 . 
Thus, under standard state conditions, the hydrolysis of 
thioformamide to formamide is significantly more favora-
ble than the hydrolysis to thioformic acid (Fig. 7).

Next, we calculated a Gibbs energy of reaction ( �Gr ) 
for varying concentrations of thioformamide and forma-
mide under plausible prebiotic conditions. Previous esti-
mates of formamide steady-state concentration depend 

largely on the pH and temperature, and range from 
∼ 10−14 − 10−10 M (pH 4 to pH 10 at 50◦C), assuming 
the main source of formamide is the hydrolysis of HCN 
[19]. While there is not enough information to estimate 
a steady-state concentration of thioformamide (Sect. 
"Kinetic rate constants"), we demonstrate that the hydrol-
ysis of thioformamide proceeds spontaneously under a 
wide range of formamide and thioformamide concentra-
tions (Fig. 8).

Kinetic rate constants
We initially suspected the rate of thioformamide forma-
tion to be quite high given that product was observed in 
experiments after just one hour at room temperature (data 
not shown). We used quantitative 13C NMR and Eq. 3 to 
confirm our observations and determined the kinetic rate 
constant for the thiol-catalyzed formation of thioforma-
mide to be kf ≈ 5.8× 10−4 Lmol−1 s−1(at 25◦C) . We 
compared this rate of formation to the rate of hydrolysis 
measured in previous studies. The kinetic rate constant 
for the hydrolysis of thioformamide to formamide is 
kh = 2.7 × 10−6 s−1  (at 25◦C) [2]. Given that , kf >> kh  
it seems likely that, absent a significant sink, thiofor-
mamide would accumulate in a prebiotic environment. 
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Fig. 3 Carbon-13 NMR spectra for reactions of cyanide and sulfide with methane- and ethanethiol. Spectrum A shows the methanethiol-catalyzed 
formation of thioformamide at pH 7; spectrum B corresponds to this reaction at pH 11. Spectrum C shows the ethanethiol-catalyzed formation 
of thioformamide at pH 7; spectrum D shows the reaction at pH 11. The peak corresponding to the carbonyl carbon of thioformamide 
is highlighted in blue
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While this neglects any utility thioformamide might have 
in prebiotic reactions (see below), it illustrates that thi-
oformamide could have accumulated in potentially quite 
large quantities on early Earth.

Discussion
The experiments we have conducted show that alkyl thi-
ols can catalyze the formation of thioamide bonds from 
nitriles and sulfide under prebiotic conditions. Fur-
thermore, the simplest thioamide molecule, thioforma-
mide, could accumulate under prebiotic conditions. The 
hydrolysis of thioformamide to formamide yields free 
energy in quantities comparable other prebiotic energy 
carriers.

Thioamides in prebiotic chemistry
Thioamides, especially α-hydroxythioamides, have 
established importance in prebiotic chemistry, func-
tioning as amino acid precursors in prominent theories 
of prebiotic metabolism [3]. However, much remains to 
be explored with regards to thioformamide’s possible 
roles in prebiotic chemistry. Thioformamide has been 
shown to readily convert aminomalononitrile (a cyanide 
trimer) into isochyrsean (a thiazole: a sulfur-contain-
ing heterocycle) [2]. It also plays a role in the conver-
sion of diaminomalononitrile (a cyanide tetramer) into 

4-aminoimidazole-5-carboxamide (AICA), an adenine 
precursor [2]. It is also possible that thioformamide 
stored chemical energy on a prebiotic Earth. The mod-
eled Gibbs energy of hydrolysis for thioformamide to 
yield formamide ( �G◦

r≈ −27 kJmol−1 ) is comparable 
to the standard state values for thioester bond hydroly-
sis ( �G◦

r≈ −31 kJmol−1 for acetyl-CoA), pyrophosphate 
bond hydrolysis ( �G◦

r≈ −19 kJmol−1 ), and ATP hydrol-
ysis to ADP and orthophosphate ( �G◦

r≈ −31 kJmol−1 ) 
[21, 22]. It is possible that the free energy afforded by the 
hydrolysis of thioformamide could have fueled some of 
the earliest proto-biochemical or biochemical reactions 
on Earth. It is clear that a mechanism for energy transfer 
(e.g., phosphorylation, thioesterification) would need to 
exist for this energy to be harnessed, and such a mecha-
nism remains unknown. Thioformamide might have the 
potential to serve as a condensing agent for processes 
like amino acid polymerization via N-terminal activa-
tion in a mechanism similar to other sulfur-containing 
compounds (e.g., CS2 and COS) [23]. Preliminary experi-
ments testing this hypothesis have yet produce detectable 
amino acid oligomers or activated intermediates similar 
to N-carboxyanhydrides or thiono-oxazolidones.
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Fig. 4 Carbon-13 NMR spectrum for the formation of thioformamide from hydrogen cyanide and sodium thiophosphate. The peak observed 
in these reactions ( δ13C = 193.6 ppm) is identical to those in the reactions of cyanide, sulfide, with an alkyl thiol catalyst
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Thiols and nitriles on prebiotic Earth
The novel route for thioamide formation presented above 
obviously requires the presence of simple alkyl thiols. 
On Earth today, it seems that most alkyl thiols, at least 
in hydrothermal settings, are produced from the ther-
mal degradation of microbial biomass [24]. There have 
only been a few studies on the formation of thiols under 
prebiotic conditions. In spark discharge experiments 
containing CH4 and H2S , methane- and ethanethiol (as 
well n-propanethiol and 2-propanethiol) were produced 
in relatively modest amounts (<1% yield) [25]. Heinen 

and Lauwer further demonstrated that alkyl thiols (C1-
C5) can be readily produced from H2S , H2 , and CO2 via 
a carbonyl sulfide intermediate [26, 27]. Non-alkyl thiols 
such as the α-amino acid cysteine and other thiols (e.g., 
cysteamine) are produced in spark discharge experi-
ments in the presence of gaseous H2 S [28]. Cysteine may 
have also been formed from Michael addition of H2S to 
dehydroalanine [29], though the stability of free of dehy-
droaminoacids is questionable, as they convert rapidly 
to compounds like pyruvate. While we were not able to 
successfully form thioamide bonds using non-alkyl thiol 
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Fig. 5 Carbon-13 NMR spectrum for the formation of thionicotinamide from 3-cyanopyridine and sulfide with a methanethiol catalyst. Reactions 
were carried out for 72 h at room temperature. Peaks corresponding to the carbons on the pyridine ring are labeled in both (A and B). Unlabelled 
peaks in spectrum B correspond to carbons on the 3-cyanopyridine ring. In the presence of the thiol-catalyst, a near complete conversion 
of 3-cyanopyridine was observed (spectrum A). In the absence of the catalyst, some conversion is still observed, but not to the same extent 
(spectrum B)
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catalysts (e.g. cysteine), we suspect that this is due to the 
formation of cyanohydrins, for example, from HCN and 
cysteine.

Despite the uncertainty in how simple alkyl thiols 
were synthesized on early Earth, they likely played a 

pivotal role in prebiotic chemistry by forming high-
energy intermediates in many reaction pathways [7, 30, 
31]. Thiol-based energy currencies are readily formed 
under prebiotic conditions [7, 32] and are thought to 
pre-date phosphate-based energy currencies [11, 33]. 
The work presented here demonstrates yet another 
role that thiols might have played on early Earth.

HCN is an important building block in many prebiotic 
chemical scenarios. Foundational experiments in prebi-
otic chemistry showed that HCN produced in spark 
discharge reacts with aldehydes and ketones to yield an 
α-aminonitriles which subsequently form amino acids 
[34–36]. Later work demonstrated that HCN polymer-
izes at higher concentrations ( >∼ 10mM ) to form the 
pentamer adenine, a nucelobase employed in RNA, 
DNA, and coenzymes such as coenzyme A [37, 38]. 
The stable tetramer of HCN, diaminomalononitrile can 
also serve as a precursor to other purines as well (e.g. 
gaunine and xanthine) [38].

HCN is also the fulcrum in the modern theory of 
cynaosulfidic protometabolism- e.g. [3, 39]. In this 
scheme, HCN, H2S , Cu ions, and phosphate serve as 
the feedstock molecules that result in the production of 

S

H NH2

H2O

H2O O

H NH2

O

H SH

H2S

NH3+

+

+23 . 593

−27 . 350

ΔG∘
r
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Reaction
Fig. 7 Gibbs energy of reaction ( �G

◦
r  ) for the hydrolysis 

of thioformamide to yield either thioformic acid or formamide. Gibbs 
energy values were computed with B3LYP/6-311++g(3df,3pd)/
scrf=(iefpcm,solvent=water)

Fig. 8 Gibbs energy of reaction ( �Gr ) for the hydrolysis of thioformamide to yield formamide. Here, a value of 10−7 M is used as an estimate 
for the H2S concentration on early abiotic Earth under a weakly reducing atmosphere [20]. Steady-state concentrations of formamide are a function 
of temperature and pH; values here represent a temperature of 50◦ C and a pH range of 4 to 10 [19]
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an array of vital biomolecules [3]. Numerous additional 
studies have refined and expanded the original theory 
[40–43], but HCN remains pivotal to this scenario of 
prebiotic metabolism.

HCN can be produced in several ways and was likely 
abundant on early Earth. Photolysis of methane produces 
methyl ( CH3 ) or methylene ( CH2 ) radicals, which can 
recombine with atomic nitrogen (N, itself a product atmos-
pheric chemistry) to form HCN [44]. Before the origin of 
life on Earth (and thus a biological source of methane), 
photochemical production rates of HCN from methane 
photolysis are estimated to have been ∼ 107 cm−2 s−1 [45].

HCN is also produced from electrical discharges (e.g. 
spark and corona) under simulated prebiotic atmos-
pheres. Using corona discharge, Raulin et  al demon-
strated that HCN is produced in the presence of CH4 and 
either N2 or NH3 [25]. Combinations of H2 , N2 , and CH4 , 
CO, or CO2 were all shown to produce HCN under spark 
discharge conditions [25]. HCN can also be produced 
from spark discharge in neutral atmospheres ( N2 , CO2 , 
and H2 O) [46]. Electrical discharge on CO, NH3 , and 
water have also recently been shown to yield HCN [47]. 
Many of these experiments rely on gas mixtures that are 
more reducing than some recent estimates of the compo-
sition of the early atmosphere, which is currently thought 
to have been mildly reducing or neutral [48]. While HCN 
production under neutral conditions is certainly possible, 
as shown here and in previous studies [46], it might not 
have been enough to reach millimolar levels required in 
some prebiotic chemical schemes.

Exogenous sources of HCN could have also bol-
stered prebiotic inventories on early Earth. It has long 
been acknowledged that meteorites might have played 
an important role in delivering HCN, as well as other 
compounds of prebiotic importance, to an early Earth 
[37, 49]. HCN has also been detected in several mete-
orites ranging in abundance from 50 to 2500 nmol g−1 
[50]. Additionally, spectroscopic measurements have 
detected abundant HCN (1 % relative to water) in doz-
ens of comets [51]. Other recent work has shown that the 
atmospheric reentry of impact ejecta could have been a 
significant source of HCN, even in an oxidized atmos-
phere [52].

Regardless of the source, HCN might have accumu-
lated in local environments on early Earth such as lakes 
[53] or evaporative basins or in global oceans. This HCN 
feedstock could have provided abundant starting mate-
rial for building molecules of prebiotic relevance [36, 37, 
39]. HCN can add to other compounds to create longer 
nitriles and plays an important role in several proposed 
prebiotic reaction networks [3].

In the presence of sulfide and an alkyl thiol catalyst, this 
exogenously- or atmospherically-derived HCN feedstock 
would have been readily converted to thioformamide 
in any low-iron environments, such as surface waters, 
on early Earth. Given how rapidly the thiol-catalyzed 
formation of thioformamide proceeds, this process, if 
nothing else, might been a significant HCN-sink.
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Fig. 9 We demonstrate in this work that thioformamide can be formed from HCN and H2S with a thiol-catalyst (highlighted in blue). 
Thioformamide also reacts with the HCN trimer aminomalononitrile to form purine precursors [2]
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Thioamide abundance on early Earth
Given that the rate of formation of thioformamide is sev-
eral orders of magnitude higher than the rate of hydrol-
ysis [2], it seems likely that thioformamide could have 
accumulated to significant concentrations on early Earth 
absent significant sinks. Further roles for this compound 
in a prebiotic context are not well-established, but given 
the ease with which thioformamide can be formed from 
readily available prebiotic building blocks, the utility of 
the this simple compound merits further investigation 
Fig. 9.

The thiol-catalyzed formation of thioformamide 
from hydrogen cyanide represents an early form of 
proto-biochemical catalysis. Simple alkyl thiols such 
as methane- and ethanethiol can be produced under 
plausible early Earth conditions [25–27], and could have 
could have made nitrile-rich feedstocks more available to 
participate in early reaction networks.

Thiols play a vital role in biochemical reactions, such as 
activating carboxylic acids towards further carbon-car-
bon bond forming reactions. Thiol-containing cofactors 
such as coenzyme A facilitate crucial anabolic reactions 
in cells (e.g. in the citric acid cycle). Acetyl-CoA is a 
thiol-containing cofactor employed by many enzymes to 
activate carboxylic acids towards further reaction. While 
acetyl-CoA is structurally complex, it was likely pre-
ceded by much simpler molecules [54]. Thiol moieties on 
cysteine resides often activate compounds and catalyze 
reactions in the active sites of enzymes. An example of 
this can be found in the nitrilase superfamily of enzymes, 
which use cysteine in the active site to catalyze the 
hydrolysis of nitriles to carboxylic acids via a thioimidate 
intermediate [55].

Overall, our findings demonstrate a novel route for 
thioamide bond formation on early Earth. Thiols can 
activate nitriles to yield thioamide bonds in the presence 
of sulfide. Once formed from abundant nitrile feedstocks, 
these thioamides could have stored free energy or partici-
pated in prebiotic networks to further fuel the formation 
of other compounds of prebiotic importance.
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