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ABSTRACT: Important biological phosphate es-
ters such as sn-glycerol-3-phosphate, glycerol-2-
phosphate, and phosphoethanolamine were synthe-
sized under hydrothermal conditions. Phosphorus
was incorporated into the biomolecules, leading to
the formation of C O P type compounds hydrother-
mally. Only perlite-catalyzed reaction at 180◦C could
result in the formation of sn-glycerol-3-phosphate,
whereas glycerol-2-phosphate could be easily synthe-
sized at 100◦C with or without minerals and phos-
phoethanolamine was obtained within a temperature
range of 100 to 120◦C. C© 2010 Wiley Periodicals, Inc.
Heteroatom Chem 21:161–167, 2010; Published online
in Wiley InterScience (www.interscience.wiley.com). DOI
10.1002/hc.20591

INTRODUCTION

Hydrothermal systems are one of the most poten-
tial sites for the origin of life. Many significant evi-
dences convince that life originated hydrothermally
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[1–6]. It was suggested that life emerged in marine
hot springs, which were equipped with all neces-
sary conditions that could facilitate the origin of life
[7]. Acidic hydrothermal vents are known to support
the early life, in which acidophiles (one of the most
primitive extremophiles) reside [8]. Volcanic activi-
ties are known to be the most plausible sources of
acidic hydrothermal vents in which acidity is mainly
generated by the biological oxidation of elemental
sulfur [8].

S◦ + 3
2

O2 + H2O → SO2−
4 + 2H+

Many evidences suggest that iron-rich acidic hy-
drothermal sites are the relics of ancient (Archaean)
iron world [8] where life thrived very well. Not only
this, but also such sites are the potential sources
of important prebiotic minerals. Copious amounts
of minerals such as kaolinite, hematite, magnetite,
perlite, and zeolites are present in the acidic hy-
drothermal systems, along with many others [9,10].
Kaolinite mineral is abundant in acidic hydrother-
mal systems [11]. It is also abundantly located in
the western Australian acid lake systems [12]. De-
posits of kaolinite along with quartz are also found
in the slightly acidic hydrothermal systems [13]. As
mentioned previously, acidic hydrothermal systems
also have abundance of zeolites. It is believed that
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the formation of zeolites and clays is the most spe-
cific link between impact cratering and the origin
of life [9]. Recently discovered world’s oldest rocks,
which resemble volcanic rocks, are rich in min-
erals such as garnet, quartz, and many other sili-
cates [14]. Similarly, hematite is ubiquitous both in
highly acidic hydrothermal vents [8] and in highly
acidic rivers, along with quartz [15,16]. Perlite, a hy-
drated volcanic glass, is formed in acidic volcanic
systems. The spatial mineralogical zonation of Al-
ternation Halos beneath Australian volcanic hosted
massive sulfide deposits is rich in perlite, quartz,
hematite, and many other silicates [17]. Hence, it
can be assumed that acidic hydrothermal environ-
ments would have played a significant role, not only
in the origin of life but also in the accumulation
of the necessary minerals and clays that had cat-
alytic properties to synthesize biomolecules. As dis-
cussed previously, there is a strong possibility of the
origin of life under hydrothermal conditions with
the aid of various prebiotic minerals as catalysts.
However, there still remains a problem that needs
to be resolved: the biological C O P bond forma-
tion under hydrothermal conditions. It is necessary
to find out the possible sources of phosphorus (P)
for the prebiotic synthesis under hydrothermal con-
ditions, the ultimate incorporation of P into organic
biomolecules, leading to the formation of C O P
type biological compounds under hydrothermal con-
ditions. The only known example of phosphorylation
reaction under simulated hydrothermal conditions
does not demonstrate the very incorporation of P
into the organic systems [18]. Biomolecules need
C O P and C P linkages, which are formed from
inorganic P by utilizing enzymes [19]. To the best
of our knowledge, hydrothermally induced C O P
bond formation has not been demonstrated yet. Or-
thophosphate is the most common source of P-type
compounds and it exists in the form of minerals
[19,20]. These orthophosphate minerals are consid-
ered to be the major carriers of P on the earth
[19]. There are many known sources of PO4 (phos-
phate) compounds [21]; however, it is believed that
the most reliable sources are the volcanic activities,
which can produce water-soluble polyphosphates
via partial hydrolysis of P4O10 [22,23]. Although, or-
thophosphate shows quite sluggish reactivity toward
biomolecules but still it could be considered as one
of the most acceptable source for phosphorylation
for the early developing life in the oceans, owing to
its easy availability [24].

Biological phosphate esters such as glycerol
phosphates and phosphoethanolamine enjoy a spe-
cial place in the biochemistry of living organisms.
Prebiotic synthesis of glycerol phosphates has been

demonstrated earlier, which, so far, is the only re-
markable prebiotic synthesis of glycerol phosphates
[25]. In addition, there are no efficient methods de-
scribed to synthesize the phosphate esters under
prebiotic conditions [26]. Under ordinary organic
conditions, sn-glycerol-3-phosphate has been syn-
thesized [27–29], but these kinds of reactions are
very intricate. Here, for the first time, we report the
prebiotic hydrothermal synthesis of phosphate es-
ters including glycerol phosphates (Scheme 1) and
phosphoethanolamine (Scheme 2). Our work is one
of the most initial works to demonstrate the incor-
poration of P into the biological world hydrother-
mally and it also suggests how biological phosphates
would have synthesized for the hyperthermophiles
such as acidophiles. Moreover, it also throws some
light on the synthesis of biological phosphate esters
in the acidic hydrothermal systems.

RESULTS

The glycerol phosphates were detected and identi-
fied by comparing the retention time and MS (mass
spectrometric) fragments with those of standard.
The isomer of sn-glycerol-3-phosphate (glycerol-2-
phosphate) was identified by its same molecular
weight and retention time that showed a slight
difference with that of the standard sn-glycerol-
3-phosphate, whereas phosphoethanolamine was
characterized by peaks at 140, 79, and 97 (negative-
ion mode of MS). Its best yield was 0.83%, and it
could be obtained within a temperature range of
100 to 120◦C. We obtained glycerol-2-phosphate at
100◦C in both ways (with and without minerals).
However, the presence of minerals did increase the
yield (Table 2). Only perlite-catalyzed reaction at
180◦C could catalyze the formation of sn-glycerol-
3-phosphate. The yield of this reaction was 0.99%.
We then repeated the experiment without the min-
eral, but we were unsuccessful; rather, we obtained
glycerol-2-phosphate. This means that perlite was es-
sential for the synthesis of sn-glycerol-3-phosphate.
In our synthesis, the two isomers could not be ob-
tained simultaneously in the same reaction.

In our experiments, we also verified the effects of
temperature and pressure on the yields of our prod-
ucts. We selected glycerol phosphates as models to
find out the effects of aforementioned factors. It was
found that temperature greatly affects the yields of
glycerol phosphates. The effect of temperature on
the yields of glycerol phosphates is shown in Fig. 1.
The maximum yields were obtained at 160◦C. We
also studied the effects of pressure on our synthesis.
We conducted a series of experiments with a wide
range of pressure from 1 to 1.8 MPa and found that
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SCHEME 1 Synthesis of glycerol phosphates.

the pressure had a little effect on the reaction. How-
ever, the yields of the glycerol phosphates were very
slightly improved with maximum possible pressure
(1.8 MPa). The best yields were obtained at pressure
and temperature of 1.8 MPa and 160◦C, respectively.

DISCUSSION

It can be seen that minerals play a significant role
by increasing the percentage yield of the reaction
(Table 2). We successfully carried out the phospho-

SCHEME 2 Synthesis of phosphoethanolamine.

rylation of organic biomolecules. Our work clearly
reveals that it is possible to synthesize the biological
phosphate esters under simple acidic hydrothermal
conditions. An interesting observation was the syn-
thesis and existence of the glycerol phosphate even
at 200◦C. Furthermore, as mentioned previously,

FIGURE 1 Effect of temperature on the synthesis of glycerol
phosphates (percentage yield). The curve shows the effect of
temperature on the rate of reaction. As seen in the curve,
the reaction starts at 100◦C, maximizes at 160◦C, remains
almost constant until 180◦C, and then starts declining.
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perlite was essential for the synthesis of sn-glycerol-
3-phosphate because it catalyzed the attachment of
PO4 at the terminal position of glycerol. We can
also conclude that orthophosphate is one of the ul-
timate sources of P for the biological world. Also,
for the synthesis of glycerol phosphates, condens-
ing agents such as cyanamide or urea are not es-
sential and hydrothermal conditions also favor the
formation of C O P type biological compounds un-
like the previous works, which show that the pres-
ence of Mg2+ is somehow vital for the phosphoryla-
tion reactions [30]. We successfully synthesized the
PO4 compounds even without the presence of the
former one. It can also be concluded that the hy-
drothermal systems could be the most likely havens
for the high-energy PO4 esters that could easily be
transferred to the developing life. It is hard to get
the ultimate answer about the most common an-
cestors of bacteria and archaea. Some believe that
these were most likely to be mesophiles [31,32],
whereas some consider that probably these could
be hyperthermophiles [33,34]. But it is undeniable
that the hyperthermophilic organisms do occupy a
place somewhere near the basal position of the phy-
logenetic tree [33], and it is also worth mentioning
that the structuring of the genetic code took place at
acidic pH [35]. Hence, if it is believed that hyperther-

mophiles lie somewhere near the basal position of
the phylogenetic tree and were present in hydrother-
mal vents and volcanic springs, then we can trace
out all the possible routes by which biomolecules
would have synthesized under such extreme condi-
tions. Moreover, our experimental conditions, that
is, high temperature and lower pH, fortify our belief
that perhaps the earliest life could be acidophile-
type bacteria, which lived under acidic conditions
and could thrive very well at pH 2.

EXPERIMENTAL

All of the minerals (Fig. 2) were selected because of
their natural occurrences in the acidic hydrothermal
systems, as discussed previously. All of the prebiotic
minerals were pure with known compositions (per-
centage of various elements or their oxides) and were
obtained from Inner Mongolia Mineral Resource Co
Ltd. (Chifeng, China). No prior grinding techniques
were employed and the minerals were used with-
out any further proceedings. The details about the
minerals are given in the Table 1, which reveals the
chemical compositions, average sizes of particles,
physical appearances, and specific types or names of
the minerals, respectively. Reagents such as glycerol,
phosphoric acid, and ethanolamine were purchased

FIGURE 2 Different minerals used in the synthesis of phosphate esters. Different minerals used in our experiment and their
names are as follows: 1, offretite; 2, garnet; 3, quartz; 4, hematite; 5, perlite; and 6, kaolinite. In our experiment, perlite was
proven to be as an excellent catalyst for the incorporation of PO4 at the terminal carbon of glycerol. Only perlite-catalyzed
reaction at 180◦C could give sn-glycerol-3-phosphate.
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TABLE 1 Characterization of the Minerals Used

Entry General Name Special Name % Composition Particle Size (Diameter) Physical Appearance

1 Zeolite Offretite 63.54% SiO2
13.22% MgO

3.56% Al2O3
0.29% K2O
2.8% FeO
2.81% CaO
1.48% Fe2O3
1.91% Na2O

0.6–1 mm Brownish orange grains

2 Garnet (andradite) Topazolite 23.7% Ca
21.97% Fe
16.57% Si
37.76% O

0.4–1 mm Brown grains

3 Quartz White quartz 46.7% Si
53.3% O

0.3–0.5 mm White crystal

4 Hematite 70.0% Fe
30.0% O

0.1–0.8 mm Brick red grains

5 Perlite 74% SiO2
15% Al2O3

3% Na2O
4% K2O
1% Fe2O3
0.5% MgO
1.5% CaO
1% H2O

0.3–0.9 mm Gray grains

6 Kaolinite 39.5% Al2O3
46.5% SiO2
14.0% H2O

8–9 μm White amorphous

from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) and were of AR grade, whereas
standards, sn-glycerol-3-phosphate and phospho-
ethanolamine, were purchased from Tokyo Kasei
Kogyo Co. Ltd. (Tokyo, Japan) and ACROS (Geel,
Belgium), respectively.

Synthesis of Phosphate Esters

Glycerol phosphates were synthesized as follows:
2 mmoles of phosphoric acid, 4 mmoles of glycerol,
and 500 mg of the selected mineral were added into
steel alloy (Fe-Cr-Ni, alloy GB1220-92) autoclaves
with a filling capacity of 90%. Finally, water was
added to the reaction mixture up to the filling ca-
pacity of the autoclave. The same procedure was
repeated for another set of autoclaves but with a
difference that minerals were not included. The pH
of this experiment was 2. The autoclaves were then
sealed tightly and kept at a temperature range of 100
to 200◦C for 3 to 4 days. After the completion of re-
action, the products were taken out and analyzed.
Many prebiotic minerals including quartz, offretite,
garnet, perlite, hematite, and kaolinite were used as
catalysts at different temperatures. In the other ex-
periment, ethanolamine phosphate was synthesized
(Scheme 2) by adding ethanolamine and phospho-

ric acid (2 mmoles ethanolamine and 3 mmoles
phosphoric acid, respectively) into water. The solu-
tion was added into the autoclaves. The autoclaves
were sealed and placed in the ovens at a temper-
ature range of 80 to 120◦C for 3 days. This re-
action was completed successfully without the aid
of minerals. After the completion of reaction, the
products were taken out and analyzed by liquid
chromatography-mass spectrometry (LC-MS) (Figs.
3a and 3b). The characterization was performed on
the HPLC system (Agilent 1100), which consisted
of a binary pump, an autosampler, an oven, and
a Welchrom-C18 column (5 μm, 250 × 4.6 mm
i.d.; Welch Materials, Shanghai, China). Chromatog-
raphy was performed at 25◦C with an 8-min lin-
ear gradient elution from 3% to 50% methanol in
water containing 1% formic acid at a flow rate
of 0.5 mL/min. The products were detected by
liquid chromatography-tandem mass spectrometry
(LC-MS-MS) with an Applied Biosystems Sciex API
2000 (Foster, USA) Q-trap mass spectrometer set at
unit resolution in the multiple-reaction monitoring
mode. The transition of the deprotonated molecular
ions of glycerol phosphates was set at m/z 130 → 60,
with collision energy of −30 eV. Electrospray ioniza-
tion was used for ion production in negative mode.
Optimum values for gas 1, gas 2, and curtain gas (N2)
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TABLE 2 Effect of Minerals on the Synthesis of Phosphate Esters

Entry Temperature ( ◦C) Catalyst Yield (%) of A Yield (%) of B Yield (%) of C

1 100 Quartz 0.41 No 0.41
2 100 None 0.22 No 0.22
3 120 Kaolinite 0.60 No 0.60
4 120 None 0.32 No 0.32
5 140 Offretite 0.80 No 0.80
6 140 None 0.38 No 0.38
7 160 Garnet 1 No 1
8 160 None 0.53 No 0.53
9 180 Perlite No 0.99 0.99
10 180 None 0.50 No 0.50
11 200 Hematite 0.24 No 0.24
12 200 None 0.02 No 0.02

Yield (%) of glycerol phosphates (reaction 1, Scheme 1), carried out at pH 2. Reactants’ molar ratios were kept constant throughout the
experiment, that is, 2:1 for glycerol and H3PO4, respectively, where, A = glycerol-2-phosphate, B = sn-glycerol-3-phosphate, and C = total
sum of glycerol phosphates (A + B), respectively.

FIGURE 3 LC-MS spectrum of reaction 1. LC-MS-MS
chromatogram of (a) the standard sn-glycerol-3-phosphate;
(b) the product sn-glycerol-3-phosphate (reaction performed
at 180◦C in the presence of perlite).

flow rates were 50, 50, and 25 units, respectively.
The ion spray voltage (IS) and temperature were
−1500 V and 500◦C, respectively (Analyst software
version 1.4, Applied Biosystems, Foster, USA).

Effect of Minerals on the Synthesis
of Phosphate Esters

Our major goal was to synthesize our aim products;
besides, we were also interested to know about the
effect of minerals on the yield of our products and
to know whether these inhibit or catalyze the reac-
tion. Hence, keeping this in mind, we used different
minerals at different temperatures in our one set of
experiment and compared the results with the other
set of experiment that was carried out at the same
temperatures and in which catalysts were not used.

We selected our products of Scheme 1 (glycerol
phosphates) as a model compound to determine the
effect of minerals as catalysts. We tested all of the
minerals used in our experiment at different possi-
ble temperatures. However, the specific minerals at
specific temperatures, given in Table 2, gave the best
results.
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