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By means of quantum chemistry (PBE0/def2-TZVPP; DLPNO-
CCSD(T)/cc-pVTZ) and small, but reliable models of Polyhedral
Oligomeric Silsesquioxanes (POSS), an array of astrochemically-
relevant catalysis products, related to prebiotic and origin of
life chemistry, has been theoretically explored. In this work, the
heterogeneous phase hydrocyanation reaction of an unsaturated
C=C bond (propene) catalyzed by a Ni center complexed to a
silica surface is analyzed. Of the two possible regioisomers, the
branched iso-propyl-cyanide is thermodynamically and kinetically
preferred over the linear n-propyl-cyanide (T=200 K). The
formation of nitriles based on a regioselective process has
profound implications on prebiotic and origin of life chemistry,
as well as deep connections to terrestrial surface chemistry and
geochemistry.

Unraveling heterogeneous phase astrochemistry and catalysis
(solid-gas/solid-solid) starting with the "dirty ice" hypothesis of
van Hulst1, is of crucial importance in the formation of com-
plex organic molecules (COM)2–7. The composition of the het-
erogeneous phase spans from pure H2O or CO ices and their mix-
tures8, to inorganic compounds such as SiC9, TiO2

5, olivine10,
forsterite11,12, enstatite12 and aluminosilicates13,14. The pres-
ence of organic material in astrophysical objects15 as well as
in the Solar System16, is well established. In the Solar Sys-
tem, data acquired by direct spectroscopic analysis via interplan-
etary probes or terrestrial-based observations reveal a complex
organic chemistry16. In particular, the chemical complexity of
meteoric samples shows an elegant CHNOS organic chemistry17.
To further enrich our understanding of heterogeneous phase as-
trochemistry, we have developed an interest in the role of transi-
tion metals (TM) such as Fe18 and Ni and "chemical defects".
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"Chemical defects" such as atoms on a mineral surface displaying
free valences were shown to develop a fascinating catalytic chem-
istry with the formation of organic molecules and/or polymers
starting from simple molecules/atoms (HCN, CO, H)19,20. Of par-
ticular interest are regio/enantio-selective chemical processes due
to their direct involvement in prebiotic chemistry with the regios-
elective processes attracting less scientific attention. An efficient
way to get a regioselective chemistry is the use of organometal-
lic catalysts based on early and late transition metals, as is well
known in industrial and laboratory chemistry21. The aim of the
present study is to understand if and how a Ni atom complexed
to a silica surface is catalytically active with organic substrates in-
ducing regioselective reactions. The selection of Ni is based on its
cosmic abundance (after Fe the most abundant TM in space) and
on its known ability to perform regioselective hydrocyanation of
unsaturated double carbon bonds22. It should be mentioned that
Ni atoms can be present also on minerals not correlated to the
Ni mineral class. This hypothesis has a long standing tradition,
where rare elements are ubiquitously present on rock forming
minerals (10 to 1000s parts-per-million) and possibly responsi-
ble for the origin of Life and metabolism due to their catalytic
activity23. The astrochemical model here proposed benefits from
the catalytic properties of a Ni atom bound to a silica surface per-
forming a hydrocyanation reaction on a propene molecule. In this
study, propene is the minimally-sized substrate needed to form
two regioisomers, linear n-propyl-cyanide (l) and branched iso-
propyl-cyanide (b) (see Fig. 1).

Fig. 1 Non-stoichiometric reaction scheme of propene hydrocyana-
tion displaying the two regio-products: linear (l); n-propyl-cyanide and
branched (b); iso-propyl-cyanide.

The importance of nitriles in chemistry, synthetic and prebiotic
chemistry is well known, being fundamental building blocks for
the synthesis of carboxylic acids, amines, amides and as interme-
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diates in the Strecker reaction (amino acid synthesis). For exam-
ple, simple organic/prebiotic building blocks can be synthesized
by nitriles hydrolysis, with the formation of carboxylic acids. In
the presence of low water activity, primary amides are the main
products. By reduction, primary or tertiary amides are synthe-
sized and the electrophilic carbon center can undergo a nucle-
ophilic attack. Most importantly, the various products (carboxylic
acids, amides, imino-esters) will maintain the original l (linear) or
b (branched) alkyl skeleton determining a possible excess of lin-
ear or branched carboxylic acids, amides and amino-esters. The
POSS model (POSS: partially condensed silsesquioxane of for-
mula [H7Si7O9(OH)3]) used in the present work (see Fig. 2) is
a small silica cluster, but was extensively used to analyze the het-
erogeneous phase catalytic mechanisms of silica surfaces on both
the theoretical and experimental levels24–28.

Fig. 2 Ni bound to the POSS model.

The adoption of the POSS model is due to: a) its ability to eas-
ily model "chemical defects" on siliceous surfaces. In particular,
our research focuses on the [SiO]x matrix common to all siliceous
minerals of astrochemical interest where silanol (SiOH) groups
are present, as suggested by the 3.2 µm band detected on the nu-
cleus surface of comet 67P/Churyumov–Gerasimenko29 and as
found by H+

2 irradiation of the major minerals of carbonaceous
chondrites30. Furthermore, SiOH groups lead to the astrochem-
istry of siloxyl (SiO•)19,20,31 and sylil (Si•) radical defects or if
the SiOH acid/base properties must be considered, as known in
zeolites; b) a transition metal-containing POSS is a model of het-
erogeneous phase catalysts25 and was used by us to model the
formation of H2 from atomic H on a Fe+ 18; c) finally, the selected
POSS with only 29 atoms allows a powerful synergy between DFT
and high-level ab initio methods to get accurate thermodynamic
and activation energy data involved in the synthesis of astro-
inorganic/organic compounds19,20,31. The formation of reactive
free metal sites such as Fe or Ni can be the result of a "space-
weathering" mechanism32–34 i.e. photon processing, solar/stellar
wind, cosmic rays, magnetospheric and micrometeoroid bom-
bardment. Furthermore, the detection of neutral atomic Fe and
Ni in the coma of the comet C/1996 B2 (Hyakutake)35 as well as
on other 20 comets36 raises the question not only of the associ-
ated formation mechanisms of the two TMs, but what chemistry
can be developed once Fe and/or Ni remain bound to the rocky

surface displaying free valences. Regarding the selected Ni ligand
sphere (Fig. 2), similarly to the Fe-POSS model18, H can react
with the siloxo groups bonded to the Ni center by the sequence:
(SiO)3Ni+H→(SiO)2Ni-(SiOH)+H→(SiO)Ni-(SiOH)2+H→Ni(SiOH)3

to give a variety of Ni atoms differently coordinated. However,
the selected Ni ligand sphere anchors Ni to the silica surface while
allowing geometrical flexibility to ligate molecules i.e. propene,
H, CN. Ni(I) is known mainly as an catalytic intermediate, though
recent research has amplified its importance37. The proposed Ni-
based propene hydrocyanation mechanism on a silicate surface is
shown in Fig. 3.

Fig. 3 The proposed six elementary steps of propene hydrocyanation on
a Ni atom bond to a silica surface.

Differing from laboratory and industrial chemistry, where HCN
undergoes to a 2e− oxidative addition to form a hydrido-cyanide
complex22, the sequential reaction of atomic H, the most abun-
dant atom in the Universe and the •CN radical, highly abundant
in the ISM (inter-stellar medium)38, cometary coma39,40 and Ti-
tan’s atmosphere41, was considered. Radical reactions are gener-
ally characterized by low activation energies opening the possibil-
ity to synthesize new compounds at relatively low temperatures.
The selected T=200 K is a lower bound for HCN polymerization
to progress efficiently (see later analysis on the chemical kinet-
ics). In Fig. 4 the computed PES is reported (see ESI†), while in
Fig. 5 the minima are depicted.

To find the minima, the conformational space of all compounds
was manually analyzed, together with the spin multiplicity (see
ESI†). As expected, low spin compounds are the most stable. The
energy difference between high-low spin ∆hs−ls ≥26.0 kcal/mol,
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Fig. 4 Calculated PES (∆G, kcal/mol, T=200 K) of propene
hydrocyanation calculated by the ORCA program42. Geometry
optimizations/entropy corrections: PBE0/def2-TZVPP43–45; single
point corrections: DLPNO-CCSD(T)/cc-pVTZ46–49. Only DLPNO-
CCSD(T) corrected energies are reported (see ESI†). All compounds
are in the lower spin state (see ESI†).

Fig. 5 All atom models of the two important TSs: 3 TS I B and 3
TS I L, determining the splitting into two reaction channels L and B, as
reported in Fig. 3 and Fig. 4. For a detailed view of all the elementary
steps see ESI†.

which makes the PES spin crossing thermally forbidden at T=200
K. In the 1st step, ligand exchange, the Ni center is bound to
two propene molecules to saturate the Ni ligand sphere near
to the canonical 18 e−. Obviously, the Ni ligand sphere de-
pends on which organic (COM, CH3OH, C2H5OH) or inorganic
(H2O, CO, NH3) phase covers the mineral surface. Here, we
have hypothesized an environment relatively rich in H, CN, CO
and unsaturated organic substrates as observed in patches on
67P/Churyumov-Gerasimenko and other comets50–52. In the 2nd

reaction step, H addition, one propene molecule must be replaced
by an atomic H resulting in a 1e− change. The total reaction is
energetically favored by ∆G=-39.6 kcal/mol with a barrierless ad-
dition of H to the Ni center (see ESI†). Most importantly, the H ad-
dition is the splitting point determining two pathways for the for-
mation of the linear n-propyl-cyanide (l) or branched iso-propyl-
cyanide (b) (see Fig. 5). The propene ligand can rotate around
the Ni-(C=C) axis, leading to two conformers in which either the

terminal CH or CH2 are closer to the Ni-hydride. This change
forms the two regioisomeric transition states 3 TS I B (∆G†=5.3
kcal/mol) and 3 TS I L (∆G†=9.8 kcal/mol), showing a clear pref-
erence for the branched form. The migratory insertion products,
3 B and 3 L are both characterized by a Ni-H agostic interaction53

with the hydrogen of the transferred hydride. The agostic interac-
tion is underlined by a slight uphill thermodynamics of ∆G=1.2
kcal/mol (isoenergetic at the DLPNO-CCSD(T) level of theory)
compared to the initial compound 2. The isomerization reaction
connecting the branch 3 B to the linear 3 L, was also analyzed.
However, a ∆G† value of 29.3 kcal/mol at the considered T forbids
the isomerization. The 4th reaction step, CN radical addition (sim-
ilarly to the H oxidative addition is a 1e− change) is barrierless
(see ESI†) with favorable thermodynamics of ∆G=-74.3 kcal/mol
for the linear 4 L and ∆G=-78.0 kcal/mol for the branched 4 B,
determining a slight thermodynamic preference of the b over the
l isomer of ∆∆G=-3.7 kcal/mol. The 5th reaction step, reductive
elimination, involves the cyanide transfer to the substrate and is
characterized by the two TSs 5 TS II B and 5 TS II L and the two
b and l products, 5 B and 5 L, respectively. In both pathways, the
thermodynamics are downhill for reaction products 5 L, (∆G=-
35.2 kcal/mol) and 5 B (∆G=-37.5 kcal/mol). However, 5 TS II
L is characterized by an activation energy of ∆G†=9.5 kcal/mol
while 5 TS II B has an activation energy of ∆G†=12.0 kcal/mol.
Finally, the dissociation steps for both products are near thermo-
dynamical neutrality (at the DLPNO-CCSD level of theory). It
should be underlined that compound 5 B, with the cyanide nitro-
gen coordinated to Ni, (∆G=25.3 kcal/mol) can be an interesting
reactive intermediate. In fact, in presence of organics such as
aldehydes (R-CHO) or ketones (R1R2CO), cyanohydrins can be
formed. By kinetic modeling54,55 at T=200 K, ‡ the estimated re-
action time (step 1 to 5) is t≈20 seconds while by increasing the
temperature tote T=300 K, t≈10−3 seconds (see ESI†). The total
reaction time is determined by the formation of the final product
5 B surmounting 5 TS II B, while due to the low energy barrier of
3 TS I B, intermediate 3 B is formed within 10−3 sec. The consid-
ered range of temperatures can be experienced, for example, by
astronomical objects, especially comets, where temperature rises
periodically by surface heating due to strong orbital eccentricity
while approaching the central star, like the Sun, or by dust par-
ticles and greater bodies (asteroids, planetoids) in the stable as
well as turbulent phase of a proto-planetary disc and planetary
system evolution. Finally, the resulting regioexcess re%=0.99 of
the b isomer (see ESI†) defines the POSS-Ni system as an efficient
catalyst in the synthesis of branched alkylnitriles, rationalized by
the free energy diagrams in Fig. 4. In fact, the b isomer is al-
ways thermodynamically preferred and the rate determining step
can be associated to the 3 TS I L and 3 TS I B pairs, where the
∆G†

l−b=4.5 kcal/mol implies a ≈105 faster reactivity of the 3 TS
I B compared to 3 TS I L. §. The second TS pair 5 TS II L and
5 TS II B, though show a ∆G†

l−b=-2.5 kcal/mol, resulting in a

‡ Kinetic constants were obtained by the computational data and deduced by the
Eyring relation

§ At T=200 K for a ten-fold increase in the kinetics, the term RT*ln10=0.91 kcal/mol
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≈500 times faster reactivity of 5 TS II L, due to the extremely
low population of 4 L compared to 4 B, which causes the b iso-
mer to be the main product. A comparison with the same reaction
(propene+•CN+H) conducted without the help of the Ni cata-
lyst, was analyzed (see ESI†). No barriers have been found and
∆Gl−b=0.7 kcal/mol at T=200 K gives a 14.5% population of the
linear isomer, which is ≈104 higher compared to the Ni catalyzed
reaction (Markovnkov addition). In conclusion, the proposed Ni
based C=C hydrocyanation is able to stabilize highly reactive rad-
ical species, such as H and •CN, coordinated to the Ni atom in a
regio-selective hydrocyanation in the heterogeneous phase, while
maintaining and enhancing the regio-character of the correspond-
ing homogeneous gas-phase reaction.

The potential implications of the reported findings are beyond
the regioexcess of nitriles, affecting prebiotic, origin of life, and
terrestrial geochemistry by opening, conceptually, new possible
synthetic pathways. For example, the proposed Ni catalyzed [-
C=C-] hydrocyanation can be involved in the excess of branched
fatty acids (mono- and di carboxylic) or amines, as found in some
meteorites56–59, being both carboxyl acids and amines easily ob-
tained by nitriles. Finally, astro-regiochemistry can result in a wide
chemical variety of products with the regioexcess dependent from
the physico-chemical conditions in both heterogeneous and ho-
mogeneous phases60 i.e. strongly dependent on astrophysical en-
vironments.
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